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Resumo 
 


O desenvolvimento dos conversores de potência com elevado rendimento é uma tarefa 


muito importante e constitui um enorme desafio para os especialistas em Electrónica de 


Potência. Existem actualmente aplicações, que não só exigem um rendimento elevado 


como também uma completa independência mecânica entre o transmissor e o receptor 


de energia eléctrica. O trabalho apresentado consiste no estudo detalhado de 


conversores onde a transferência de energia se processa sem contacto.  


 


Começa por se investigar o conversor ressonante série (conversor mais adequado para a 


transferência de energia sem contacto) na sua forma ideal com o objectivo de 


caracterizar as zonas de operação correspondentes ao melhor rendimento. O estudo 


efectuado permitiu obter expressões generalizadas originais e úteis ao projecto dos 


conversores de energia sem contacto, constituindo também uma base para o 


desenvolvimento de um modelo aproximado do conversor real. Este modelo engloba os 


parâmetros magnéticos do transformador com fraco acoplamento e permitiu a 


determinação das características do conversor de energia sem contacto de uma forma 


expedita. Evidencia-se assim uma melhor compreensão do funcionamento interno do 


conversor, indicando um desvio da zona do máximo rendimento, em comparação com o 


caso do conversor ideal.  


 


Os resultados obtidos permitiram apresentar uma nova forma melhorada de regulação 


instantânea que consiste na combinação dos modos de frequência variável e de largura 


de impulso. O método baseia-se no cálculo, em cada meio período, da quantidade de 


energia que é transferida da malha de ressonância para a carga. Medições efectuadas 


sobre conversores industriais e sobre um protótipo laboratorial confirmam toda a análise 


teórica realizada. 


 


 


Palavras-chave:  


Transferência de energia sem contacto, Conversor de ressonância série, Rendimento, 


Transformador de baixo acoplamento magnético, Operação super ressonante, Regulação 


do conversor ressonante em FM e PWM 
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Abstract 
 


The development of more efficient power converters is the most important and 


challenging task for Power Electronics specialists. In the same time, many currently 


existing or yet to appear future applications require full mechanical independence 


between the transmitter and receiver of the electrical energy. This contactless form of 


energy transfer is the concern of the presented work. The work is based on the study of 


the Series Loaded Series Resonant converter which prove to be the best suitable for the 


contactless energy transfer.  


 


The work investigates the idealized Series Resonant Power Converter with the objective 


to find the best efficiency zones of operation. Generalized expressions obtained are 


original and useful. Based on the magnetic parameters of the loosely coupled 


transformer (magnetic link), the characteristics of the contactless power converter are 


described in approximated form. The approximation permits easier and faster 


calculation of the converter variables, thus predicting a shift of the maximum efficiency 


zone compared to the ideal converter case.  


 


The approximated form of the equations permitted to present a new instantaneous form 


of regulation which combines the frequency and pulse width modes which is free from 


the previously known defects. The method is based on calculating the energy portions 


supplied to the load during each half period.  


 


Measurements performed on industrial converters and on the laboratory experimental 


converter, confirm the predicted theoretically behaviour of the converter. 
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(Non-Ideally) Coupled Transformer, Inductive Coupled Power Transfer (ICPT), Super-


Resonant Operation, Resonant Converter Regulation in FM and PWM 
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Appendix 3.1. Data of ferrite material applied in the analysis and 


simulation 
 


 
Table 1. EPCOS (formerly: Siemens) technical data of ferrite grade N27, compared to high frequency 


material N67 
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Appendix 3.2. FEMM simulation results of pot core for linear 


ferrites 
 


The presented corresponds to simulation of pot core PM62/49 (linear model, μr=1400). 


 


 
Fig. 1. Pot core model with air gap s=0 mm, lower winding energized, linear model of magnetic 


characteristics 


 


It is seen the good distribution of the flux and the maximum density of roughly 14 T. 


This high value is in practice not possible but the characteristics are supposed linear.  


 


 
Fig.2. Pot core model with air gap s=2.6 mm, linear case, air gap only in the centre leg of the pot core (a 


factory design) 
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Fig.3. Pot core model, air-gap already s=7.6 mm  


 


 
Fig.4. Pot core model with air gap s=12.6 mm (lowest coupling), almost no change of colour is observed 


in the upper half core (almost no flux linked with the receiver half core) 
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Appendix 3.3. FEMM simulation results of pot-core, non-linear 


ferrite  
 


 
Fig.1. Pot core model, air gap s=2.6 mm, µr=1400, linear case, current present only in the lower winding, 


maximum current density J=2.45.106 A/m2, I=22A 


 


Fig.1 case uses the maximum copper area that the coil former of PM62/49 can afford. 


For the experiments the copper area was reduced, increasing the current density. 


 


 
Fig.2. Flux density distribution along the red line passed through the air gap, distance measured from the 


rightmost side of the core, linear permeability µr=1400 
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Length (mm) Bm (T) 


0.00000000e+000 1.21658168e-001 


6.32735347e-001 1.21543510e-001 


1.26547069e+000 1.21382197e-001 


1.89820604e+000 1.21192359e-001 


2.53094139e+000 1.21000991e-001 


3.16367673e+000 1.20591376e-001 


3.79641208e+000 1.20123466e-001 


4.42914743e+000 1.19599614e-001 


5.06188277e+000 1.18794699e-001 


5.69461812e+000 1.17850614e-001 


6.32735347e+000 1.17329396e-001 


6.96008882e+000 -2.04154107e-003 


7.59282416e+000 -3.18069990e-003 


8.22555951e+000 -4.46793808e-003 


8.85829486e+000 -6.30255818e-003 


9.49103020e+000 -8.11953209e-003 


1.01237655e+001 -1.02166119e-002 


1.07565009e+001 -1.24057855e-002 


1.13892362e+001 -1.48264947e-002 


1.20219716e+001 -1.78374953e-002 


1.26547069e+001 -2.14404724e-002 


1.32874423e+001 -2.51415566e-002 


1.39201776e+001 -2.96274303e-002 


1.45529130e+001 -3.61956046e-002 


1.51856483e+001 -4.27741213e-002 


1.58183837e+001 -5.29878613e-002 


1.64511190e+001 -6.62952682e-002 


1.70838544e+001 -8.48263461e-002 


1.77165897e+001 -1.16112729e-001 


1.83493251e+001 -1.51611602e-001 


1.89820604e+001 -1.86217268e-001 


1.96147958e+001 -2.01883550e-001 


2.02475311e+001 -2.03910860e-001 


2.08802664e+001 -2.05746586e-001 


2.15130018e+001 -2.06557807e-001 


2.21457371e+001 -2.06911477e-001 
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2.27784725e+001 -2.07002714e-001 


2.34112078e+001 -2.07175084e-001 


2.40439432e+001 -2.07210319e-001 


2.46766785e+001 -2.07208853e-001 


2.53094139e+001 -2.07200217e-001 


2.59421492e+001 -2.07321994e-001 


2.65748846e+001 -2.04637193e-001 


2.72076199e+001 -2.03536065e-001 


2.78403553e+001 -1.98338656e-001 


2.84730906e+001 -1.75760159e-001 


2.91058260e+001 -1.43480325e-001 


2.97385613e+001 -1.01812001e-001 


3.03712966e+001 -9.69352233e-002 


3.10040320e+001 0.00000000e+000 


Table 1. Flux density for constant permeability µr=1400 


 


 
Fig.3. Non-linear core, air gap s=2.6 mm, current exciting only the lower core, maximum current density 


J=2.45.106 A/m2, I=22 A 
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Fig.4. Flux density distribution along the red line passing the air gap, distance measured from the 


rightmost side of core, non-linear permeability, I=22 A 


 


Length (mm) Bm (T) 


0.00000000e+000 1.24633217e-001 


6.32735347e-001 1.24527497e-001 


1.26547069e+000 1.24354029e-001 


1.89820604e+000 1.24148906e-001 


2.53094139e+000 1.23941677e-001 


3.16367673e+000 1.23501205e-001 


3.79641208e+000 1.22992703e-001 


4.42914743e+000 1.22413228e-001 


5.06188277e+000 1.21500001e-001 


5.69461812e+000 1.20430739e-001 


6.32735347e+000 1.19836993e-001 


6.96008882e+000 -2.13129564e-003 


7.59282416e+000 -3.28537981e-003 


8.22555951e+000 -4.58991758e-003 


8.85829486e+000 -6.45059098e-003 


9.49103020e+000 -8.29346951e-003 


1.01237655e+001 -1.04228179e-002 


1.07565009e+001 -1.26461024e-002 


1.13892362e+001 -1.51057216e-002 


1.20219716e+001 -1.81665835e-002 


1.26547069e+001 -2.18332912e-002 
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1.32874423e+001 -2.56010329e-002 


1.39201776e+001 -3.01725553e-002 


1.45529130e+001 -3.68682121e-002 


1.51856483e+001 -4.35768483e-002 


1.58183837e+001 -5.39987358e-002 


1.64511190e+001 -6.75817293e-002 


1.70838544e+001 -8.65080033e-002 


1.77165897e+001 -1.18445508e-001 


1.83493251e+001 -1.54673820e-001 


1.89820604e+001 -1.90006704e-001 


1.96147958e+001 -2.05961385e-001 


2.02475311e+001 -2.08001739e-001 


2.08802664e+001 -2.09849247e-001 


2.15130018e+001 -2.10657248e-001 


2.21457371e+001 -2.10999283e-001 


2.27784725e+001 -2.11080895e-001 


2.34112078e+001 -2.11244686e-001 


2.40439432e+001 -2.11274186e-001 


2.46766785e+001 -2.11267294e-001 


2.53094139e+001 -2.11255265e-001 


2.59421492e+001 -2.11378299e-001 


2.65748846e+001 -2.08643110e-001 


2.72076199e+001 -2.07525961e-001 


2.78403553e+001 -2.02228100e-001 


2.84730906e+001 -1.79195403e-001 


2.91058260e+001 -1.46263819e-001 


2.97385613e+001 -1.03749707e-001 


3.03712966e+001 -9.87740409e-002 


3.10040320e+001 0.00000000e+000 


Table 2. Flux density for non-linear permeability, I=22 A 


 


The simulation in Fig.5 is carried out at the same air gap s = 2.6 mm and non-linear 


characteristics of N27 material, but the current density is twice as high. The current 


density here will be J = 4.9.106 A/m2 and the current is made twice as high I = 44A for 


the same winding arrangement as the previous one.  
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Fig.5. Non-linear core version, air gap s=2.6 mm, current only in the lower winding, I=44 A 


 


 
Fig.6. Flux density distribution along the red line, axis distance measured from the rightmost side of the 


core, non-linear permeability, I=44 A 


 


Length (mm) Bm (T) 


0.00000000e+000 2.15708191e-001 


6.32735347e-001 2.15496887e-001 


1.26547069e+000 2.15215369e-001 


1.89820604e+000 2.14879082e-001 


2.53094139e+000 2.14540119e-001 


3.16367673e+000 2.13816713e-001 


3.79641208e+000 2.12993852e-001 
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4.42914743e+000 2.12079249e-001 


5.06188277e+000 2.10679755e-001 


5.69461812e+000 2.09036419e-001 


6.32735347e+000 2.08127888e-001 


6.96008882e+000 -3.83709728e-003 


7.59282416e+000 -5.92737379e-003 


8.22555951e+000 -8.27998151e-003 


8.85829486e+000 -1.16171170e-002 


9.49103020e+000 -1.49149972e-002 


1.01237655e+001 -1.86861924e-002 


1.07565009e+001 -2.26323226e-002 


1.13892362e+001 -2.69588332e-002 


1.20219716e+001 -3.23045328e-002 


1.26547069e+001 -3.86681710e-002 


1.32874423e+001 -4.52001186e-002 


1.39201776e+001 -5.30705059e-002 


1.45529130e+001 -6.45564463e-002 


1.51856483e+001 -7.60394237e-002 


1.58183837e+001 -9.38490754e-002 


1.64511190e+001 -1.17030010e-001 


1.70838544e+001 -1.49375152e-001 


1.77165897e+001 -2.03979649e-001 


1.83493251e+001 -2.66102497e-001 


1.89820604e+001 -3.26815324e-001 


1.96147958e+001 -3.54525479e-001 


2.02475311e+001 -3.58613644e-001 


2.08802664e+001 -3.62335538e-001 


2.15130018e+001 -3.64093632e-001 


2.21457371e+001 -3.64899802e-001 


2.27784725e+001 -3.65151344e-001 


2.34112078e+001 -3.65573653e-001 


2.40439432e+001 -3.65699106e-001 


2.46766785e+001 -3.65748417e-001 


2.53094139e+001 -3.65776170e-001 


2.59421492e+001 -3.66030398e-001 


2.65748846e+001 -3.61313415e-001 


2.72076199e+001 -3.59400970e-001 


2.78403553e+001 -3.50250153e-001 
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2.84730906e+001 -3.10422245e-001 


2.91058260e+001 -2.53452967e-001 


2.97385613e+001 -1.79864156e-001 


3.03712966e+001 -1.71254857e-001 


3.10040320e+001 0.00000000e+000 


Table 3. Flux density at non-linear permeability, I = 44A 


 


The calculation in Fig.8 is targeting the situations of saturation by making the current 


extremely intensive. The air gap s=2.6 mm again. The N27 characteristics are non-


linear, current is available only in the lower winding. The current density in the winding 


is four times the initial (basic) value and is now J=9.808.106 A/m2, i.e. I=88 A. 


 


 
Fig.7. Non-linear core version, air gap s=2.6 mm, current present only in the lower winding, I=88 A 
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Fig.8. Flux density distribution along the red line, distance measured from the rightmost side of the core, 


non-linear permeability, I=88 A 


 


Length (mm) Bm (T) 


0.00000000e+000 3.11254989e-001 


6.32735347e-001 3.10864609e-001 


1.26547069e+000 3.10410747e-001 


1.89820604e+000 3.09810972e-001 


2.53094139e+000 3.09204305e-001 


3.16367673e+000 3.07925505e-001 


3.79641208e+000 3.06486725e-001 


4.42914743e+000 3.04915525e-001 


5.06188277e+000 3.02577477e-001 


5.69461812e+000 2.99833204e-001 


6.32735347e+000 2.98352845e-001 


6.96008882e+000 -6.43532501e-003 


7.59282416e+000 -9.91088568e-003 


8.22555951e+000 -1.37960079e-002 


8.85829486e+000 -1.92267394e-002 


9.49103020e+000 -2.45817313e-002 


1.01237655e+001 -3.05402860e-002 


1.07565009e+001 -3.67542802e-002 


1.13892362e+001 -4.34544534e-002 


1.20219716e+001 -5.15997569e-002 


1.26547069e+001 -6.10247630e-002 


1.32874423e+001 -7.06168980e-002 
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1.39201776e+001 -8.18390950e-002 


1.45529130e+001 -9.80115328e-002 


1.51856483e+001 -1.14021349e-001 


1.58183837e+001 -1.38405034e-001 


1.64511190e+001 -1.69840460e-001 


1.70838544e+001 -2.13267357e-001 


1.77165897e+001 -2.87318215e-001 


1.83493251e+001 -3.72757194e-001 


1.89820604e+001 -4.55762128e-001 


1.96147958e+001 -4.96526880e-001 


2.02475311e+001 -5.05110629e-001 


2.08802664e+001 -5.13087128e-001 


2.15130018e+001 -5.18035870e-001 


2.21457371e+001 -5.21077475e-001 


2.27784725e+001 -5.22924320e-001 


2.34112078e+001 -5.24994979e-001 


2.40439432e+001 -5.26143369e-001 


2.46766785e+001 -5.27129578e-001 


2.53094139e+001 -5.27782838e-001 


2.59421492e+001 -5.28407481e-001 


2.65748846e+001 -5.21208598e-001 


2.72076199e+001 -5.17747011e-001 


2.78403553e+001 -5.04338743e-001 


2.84730906e+001 -4.47984185e-001 


2.91058260e+001 -3.67623656e-001 


2.97385613e+001 -2.64169220e-001 


3.03712966e+001 -2.52059160e-001 


3.10040320e+001 0.00000000e+000 


Table 4. Flux density at non-linear permeability, I=88 A 
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Appendix 3.4. Pot-core simulation by MagNet 
 


The illustrated separation distances are: 0.5 mm, 1 mm, 2 mm, 4 mm, 5 mm, 8 mm, 


10 mm, 16 mm, 20 mm, 32 mm. As the modelled core had a 2 mm air gap cut from the 


central leg by the factory, the equivalent distance is  1 mm larger, represented by (if 


imagined two half-cores with zero initial air-gap) distances equal to 1.5 mm, 2 mm, 3 


mm, 5 mm, 6 mm, 9 mm, 11 mm, 17 mm, 21 mm, 33 mm. 


 


           
Fig.1. Modelled PM62/49 core at 0.5 mm mechanical distance with incorporated gap of 0.5 mm 


(corresponds to real air-gap of 1.5 mm) 
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Fig.2. Mechanical distance 1 mm (2.5 mm real air gap) between the two half-cores 


           
Fig.3. Mechanical distance 2 mm (4.5 mm real air gap) 
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Fig.4. Mechanical distance 4 mm (8.5 mm real air gap) 


             
Fig.5. Mechanical distance of 5 mm (10.5 mm real air gap) 
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Fig.6. Mechanical distance 8 mm (16.5 mm real air gap) 


                   
Fig.7. Mechanical distance 10 mm between the ferrite halves (20.5 mm real air gap) 







 A-21


                     
Fig.8. Mechanical distance 16 mm (32.5 mm real air gap) 


                       
Fig.9. Mechanical distance 20 mm (40.5 mm real air gap) 
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Fig.10. Mechanical distance is maximal and fixed at 32 mm (64.5 mm real air gap) 


 


 


s L1 Lm K 


1 3.0018E-04 2.7338E-04 0.91072
1.5 1.8664E-04 1.5876E-04 0.85061


2 1.4568E-04 1.1682E-04 0.80187
2.5 1.2398E-04 9.4114E-05 0.75912


3 1.1040E-04 7.9566E-05 0.72069
3.5 1.0084E-04 6.9034E-05 0.68457


4 9.3805E-05 6.1044E-05 0.65075
4.5 8.8423E-05 5.4753E-05 0.61922


5 8.4311E-05 4.9705E-05 0.58955
5.5 8.0874E-05 4.5344E-05 0.56067


6 7.8227E-05 4.1737E-05 0.53354
6.5 7.6191E-05 3.8825E-05 0.50958


7 7.4217E-05 3.5958E-05 0.48450
7.5 7.3077E-05 3.3872E-05 0.46351


8 7.1670E-05 3.1606E-05 0.44099
8.5 7.0807E-05 2.9782E-05 0.42061


9 7.0148E-05 2.8242E-05 0.40260
9.5 6.9335E-05 2.6512E-05 0.38237
10 6.8780E-05 2.5082E-05 0.36468


10.5 6.8605E-05 2.3871E-05 0.34795
11 6.8165E-05 2.2572E-05 0.33114


11.5 6.7779E-05 2.1398E-05 0.31570
12 6.7527E-05 2.0180E-05 0.29884


12.5 6.8048E-05 1.9670E-05 0.28907
13 6.7785E-05 1.8525E-05 0.27329


13.5 6.7745E-05 1.7639E-05 0.26038
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14 6.8359E-05 1.7396E-05 0.25448
14.5 6.8227E-05 1.6550E-05 0.24257


15 6.8845E-05 1.6259E-05 0.23616
15.5 6.9291E-05 1.5840E-05 0.22860


16 6.8646E-05 1.4276E-05 0.20796
16.5 6.2793E-05 1.3348E-05 0.21257


17 6.2797E-05 1.2820E-05 0.20414
17.5 6.2721E-05 1.2285E-05 0.19586


18 6.2659E-05 1.1790E-05 0.18816
18.5 6.2829E-05 1.1373E-05 0.18102


19 6.2884E-05 1.0929E-05 0.17379
19.5 6.2829E-05 1.0481E-05 0.16681


20 6.2826E-05 1.0034E-05 0.15972
20.5 6.2963E-05 9.6833E-06 0.15379


21 6.3024E-05 9.2815E-06 0.14727
21.5 6.3059E-05 8.9540E-06 0.14199


22 6.3188E-05 8.6346E-06 0.13665
22.5 6.3233E-05 8.3202E-06 0.13158


23 6.3511E-05 8.0382E-06 0.12656
23.5 6.3844E-05 7.8540E-06 0.12302


24 6.4140E-05 7.6521E-06 0.11930
24.5 6.4354E-05 7.4249E-06 0.11538


25 6.4325E-05 7.1017E-06 0.11040
25.5 6.4447E-05 6.8834E-06 0.10681


26 6.4595E-05 6.6431E-06 0.10284
26.5 6.1400E-05 5.9942E-06 0.09763


27 6.1285E-05 5.7767E-06 0.09426
27.5 6.1365E-05 5.5714E-06 0.09079


28 6.1718E-05 5.4037E-06 0.08755
28.5 6.1609E-05 5.1918E-06 0.08427


29 6.1659E-05 5.0154E-06 0.08134
29.5 6.1681E-05 4.8510E-06 0.07865


30 6.1800E-05 4.6836E-06 0.07579
30.5 6.2085E-05 4.5380E-06 0.07309


31 6.2022E-05 4.3710E-06 0.07048
31.5 6.2116E-05 4.2346E-06 0.06817


32 6.2253E-05 4.1106E-06 0.06603
32.5 6.2369E-05 3.9834E-06 0.06387


33 6.2744E-05 3.8829E-06 0.06188
33.5 6.2796E-05 3.7514E-06 0.05974


34 6.2990E-05 3.6392E-06 0.05777
34.5 6.3409E-05 3.5655E-06 0.05623


35 6.3037E-05 3.3989E-06 0.05392
35.5 6.3502E-05 3.3508E-06 0.05277


36 6.3456E-05 3.2248E-06 0.05082
36.5 6.1264E-05 2.9720E-06 0.04851


37 6.1177E-05 2.8795E-06 0.04707
37.5 6.1161E-05 2.7784E-06 0.04543


38 6.1436E-05 2.6989E-06 0.04393
38.5 6.1359E-05 2.6061E-06 0.04247


39 6.1445E-05 2.5284E-06 0.04115
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39.5 6.1593E-05 2.4540E-06 0.03984
40 6.1832E-05 2.3826E-06 0.03853


Table 1. Results from simulation of loosely coupled transformer with pot core, linear ferromagnetic 


material, permeability µr=1400 


 


s L1 Lm K 


1 2.5817E-04 2.3405E-04 0.90656 
1.5 2.0684E-04 1.8124E-04 0.87621 
2 1.6657E-04 1.4288E-04 0.85783 
2.5 1.3630E-04 1.1837E-04 0.86849 
3 1.2995E-04 1.0274E-04 0.79063 
3.5 1.1606E-04 8.7385E-05 0.75290 
4 1.0802E-04 7.7792E-05 0.72016 
4.5 1.0154E-04 6.8954E-05 0.67907 
5 9.5348E-05 6.1029E-05 0.64006 
5.5 9.2331E-05 5.5725E-05 0.60353 
6 8.7921E-05 4.9944E-05 0.56806 
6.5 8.5673E-05 4.5974E-05 0.53662 
7 8.3142E-05 4.2715E-05 0.51376 
7.5 8.1446E-05 4.0005E-05 0.49118 
8 8.0249E-05 3.7786E-05 0.47086 
8.5 7.9063E-05 3.5665E-05 0.45110 
9 7.7908E-05 3.3539E-05 0.43050 
9.5 7.7557E-05 3.2142E-05 0.41443 
10 7.7190E-05 3.0767E-05 0.39859 
10.5 7.8151E-05 3.0925E-05 0.39571 
11 7.7893E-05 2.9741E-05 0.38182 
11.5 7.7656E-05 2.8584E-05 0.36808 
12 7.7420E-05 2.7572E-05 0.35613 
12.5 7.7540E-05 2.6747E-05 0.34495 
13 7.7715E-05 2.5968E-05 0.33414 
13.5 7.7917E-05 2.5245E-05 0.32400 
14 7.7995E-05 2.4514E-05 0.31431 
14.5 7.8367E-05 2.3951E-05 0.30563 
15 7.8635E-05 2.3388E-05 0.29743 
15.5 7.9004E-05 2.2865E-05 0.28942 
16 7.9546E-05 2.2459E-05 0.28235 
16.5 6.8435E-05 1.5007E-05 0.21928 
17 6.8482E-05 1.4456E-05 0.21110 
17.5 6.8563E-05 1.3952E-05 0.20350 
18 6.8647E-05 1.3459E-05 0.19606 
18.5 6.8776E-05 1.2990E-05 0.18888 
19 6.8891E-05 1.2548E-05 0.18214 
19.5 6.9655E-05 1.2760E-05 0.18318 
20 6.9826E-05 1.2364E-05 0.17707 
20.5 7.0042E-05 1.2008E-05 0.17144 
21 7.0245E-05 1.1658E-05 0.16597 
21.5 7.0351E-05 1.1315E-05 0.16084 
22 7.0565E-05 1.0990E-05 0.15574 
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22.5 7.0751E-05 1.0678E-05 0.15093 
23 7.0985E-05 1.0391E-05 0.14639 
23.5 7.1209E-05 1.0102E-05 0.14187 
24 7.1337E-05 9.8363E-06 0.13789 
24.5 7.1756E-05 9.5925E-06 0.13368 
25 7.2033E-05 9.3465E-06 0.12975 
25.5 7.2077E-05 9.0986E-06 0.12623 
26 7.2321E-05 8.8762E-06 0.12273 
26.5 6.6986E-05 6.7760E-06 0.10116 
27 6.7120E-05 6.5612E-06 0.09775 
27.5 6.7260E-05 6.3580E-06 0.09453 
28 6.7403E-05 6.1570E-06 0.09135 
28.5 6.8304E-05 6.2729E-06 0.09184 
29 6.8473E-05 6.0871E-06 0.08890 
29.5 6.8638E-05 5.9139E-06 0.08616 
30 6.8607E-05 5.7373E-06 0.08363 
30.5 6.8795E-05 5.5903E-06 0.08126 
31 6.8966E-05 5.4319E-06 0.07876 
31.5 6.9151E-05 5.2752E-06 0.07629 
32 6.9356E-05 5.1338E-06 0.07402 
32.5 6.9542E-05 4.9903E-06 0.07176 
33 6.9726E-05 4.8573E-06 0.06966 
33.5 6.9919E-05 4.7247E-06 0.06757 
34 7.0012E-05 4.6004E-06 0.06571 
34.5 7.0153E-05 4.4766E-06 0.06381 
35 7.0362E-05 4.3565E-06 0.06192 
35.5 7.0572E-05 4.2528E-06 0.06026 
36 7.0795E-05 4.1554E-06 0.05870 
36.5 6.6899E-05 3.3631E-06 0.05027 
37 6.7026E-05 3.2648E-06 0.04871 
37.5 6.7852E-05 3.3184E-06 0.04891 
38 6.8023E-05 3.2255E-06 0.04742 
38.5 6.8162E-05 3.1305E-06 0.04593 
39 6.8304E-05 3.0450E-06 0.04458 
39.5 6.8450E-05 2.9596E-06 0.04324 
40 6.8605E-05 2.8848E-06 0.04205 


 
Table 2. Results from simulation of loosely coupled transformer with pot core, non-linear ferromagnetic 


material N27, initial permeability µi=1400 
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Appendix 3.5. Simulation of planar coils 
 


  
Fig.1. The simulated set of two planar inductors with parallel ferromagnetic plates 


 


The Table 1 summarizes the results from the initial simulations. The precision was 


insufficient and the magnetizing inductance has shown quite strange behaviour. Later 


the results were improved.   


 


d L M Llk K W 


[mm] [µH] [µH] [µH] [%] [mJ] 


50 25.832 23.876 1.956 92.428 5.1664 


75 25.628 22.878 2.75 89.26955 5.1256 


100 25.545 22.108 3.437 86.54531 5.109 


125 24.928 21.137 3.791 84.7922 4.9856 


150 24.324 20.491 3.833 84.2419 4.8648 


Table 1. Results from MagNet simulation, fewer nodes used, faster simulation 


 


The next figures show some groups of images of the field at d = 100 mm resulted from 


the program FEMM modelling. The images represent the half of the winding, since the 


transformer is symmetrical. The cross-section is performed along the symmetry axis. 


The symmetry allows using the 2D simulation by FEMM program.  


 


The illustrations are in three groups for the three simulation manners, corresponding to 


calculating by the considerations (a), (b) and (c): 
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a) Only one winding is energized by current. Then the auto-inductance of this winding 


is calculated through the energy of the magnetic field, which values are received by 


FEMM:  


 


2


2
I
W


L μ=  


 


b) At condition of both the windings supplied by equal value of currents, having the 


same directions in relation to the section plane (matched currents). Then is calculated 


(by FEMM) the magnetic energy of the region: 


 


Wµa 


 


c) At condition of both the windings supplied by equal value of currents, having 


opposite directions in relation to the section plane (un-matched currents). Then FEMM 


is applied to calculate the magnetic energy of the region: 


 


Wµb 


 


The mutual inductance is then calculated by the formula: 


 


22I
WW


M ba μμ −
=  


 


Since the primary and the secondary windings are equal, M = Lm (the mutual and the 


magnetizing inductance are equal). 


 


The first series of images is showing the inductive coupling with ferrite plates and the 


illustrations begin with the case (a), i.e. energizing only the upper winding.  
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Fig.2. Energized upper winding only, as in (a) 


 


 
Fig.2. Energized both the upper and lower windings, as the case (b) 
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Fig.3. Energized both upper and lower windings, as the case (c) 


 


Second group, without ferrites, 20 turns: 


 


     
Fig.4. Energized only the upper winding, referred in (a) 
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Fig.5. Energized both upper and lower windings, as in (b) 


 


   
Fig.6. Energized both upper and lower windings, as in (c) 


 


The last couple of windings (Figs. 7, 8 and 9) does not use ferrite plates, but the number 


of turns is increased to 40 turns (each winding). 
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Fig.7. Energized only the upper winding of the magnetic link, as in (a) 


 


     
Fig.8. Energized both upper and lower windings of the magnetic link, case (b) 
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Fig.9. Energized both upper and lower windings of the magnetic link, as in (c) 


 


The next illustration shows the two coils (with and without the ferrite plates) modelled 


for MagNet simulation at a distance d=200 mm. 
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Fig.10. MagNet simulation arrangement at 200 mm distance and ferromagnetic concentrating plates 


 


 
Fig.11. MagNet simulation arrangement at 200 mm distance, without ferromagnetic cores 
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The following figures show some of the flux distribution structures (used for calculating 


the magnetic parameters). 


 


 
Fig.12. Distribution of |B|, d=50, I1=20A, I2=20A 


 


 
Fig.13. Distribution of |B|, d=100, I1=20A, I2=20A 
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Fig.14. Distribution of |B|, d=150, I1=20A, I2=20A 


 


 
Fig.15. Distribution of |B|, d=200, I1=20A, I2=20A 
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Appendix 5.1. Current form factor and behaviour of the variables 


in the extreme zones of operation 
 


A. High frequency and low output voltage 


 


The zones of worst efficiency (highest value of ρi) are the leftmost bottom corner of 


Fig.5.1 and rightmost part of Fig.5.2 (this zone also is going outside the figure). 


Combining the two figures some characteristics can be observed.  


 


The minimum output voltage implies close to short circuit operation, as q ≈ 0. In this 


case the two voltage mirrors VLC will become equal in value and opposite in sign. Then 


the second segment of the resonant circuit becomes a symmetrical image of the first one 


and the current pumped into the resonant circuit in the first interval is returned entirely 


to the source in the second interval. At that highest switching frequency the angle ψ1 


will tend to 0. The half-period xo itself also tends to 0 and it is possible to approximate 


the sinusoidal shapes with linear functions sin(x) ≈ 
3


3!
xx −  and cos(x) ≈ 


2


1
2!
x


− . To be 


more explicit here the symbol of the conduction angle value x=ψ1 will be replaced by 


x=ψf (from “forward”) and the recovery angle ψ2 is replaced by ψr (from “reverse”). At 


this simplification and as ψf <<1, from (5.3) and (5.7) the normalized average current 


becomes: 


 


max2 c
o


o


vI
x


=  ≈ 


2


2


2(1 ) 1 1
2


1 ( )
2


f


f
f r


q


q


ψ


ψ
ψ ψ


⎛ ⎞
− − +⎜ ⎟⎜ ⎟


⎝ ⎠
⎛ ⎞
+ + +⎜ ⎟⎜ ⎟


⎝ ⎠


 ≈ 
2(1 )


(1 )( )
f


f r


q
q


ψ
ψ ψ
−


+ +
 ≈ 


2
fψ


   (1) 


 


As it was already noted in this moment ψf ≈ ψr and to achieve minimum average current 


(1) both angles must proportionally diminish. The limit will be found at theoretically 


infinite frequency (practically, the maximum possible frequency with real switching 


devices).  
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3 3


rms


1 12 2
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I
2( )


f r
f f r r


f r


ψ ψψ ψ ψ ψ


ψ ψ


⎡ ⎤⎛ ⎞ ⎡ ⎤⎛ ⎞
− − + − −⎢ ⎥⎜ ⎟ ⎢ ⎥⎜ ⎟⎜ ⎟ ⎝ ⎠⎢ ⎥ ⎣ ⎦⎝ ⎠⎣ ⎦≈


+
 ≈ 


3
fψ


   (2) 


From (1) and (2) the idealized expression is obtained of the extreme (worst) value of ρi 


for the highest frequency and lowest output voltage: 


 


2
3iρ =  ≈ 1.1547          (3) 


 


This value is the limit to which tends the current form factor at the leftmost bottom 


corner of Fig.4.12. In fact, it indicates very good efficiency even in this case of high 


frequency and low voltage, typical for the lowest output power. 


 


B. High output voltage, relatively high output current 


 


In the region of high output voltage (q ≈ 1) and relatively high output current, i.e. F ≈ 1, 


it is observed in Fig.5.2 the presence of many curves of different current form factor 


values. In Fig.5.1 all the curves presented graphically that represent the values of ρi < 


1.11072 (pure sinusoid) are closed ones, although for achieving clear graphics the lines 


are not shown completely closed. In fact, they return back to the top leftmost point 


(Io=0, q=1). In order to find the limit to which the current form factor is tending at the 


highest output voltage, the relations (5.3) and (5.4) are be used, where the angular 


expressions (4.34) and (4.35), at q=1 and Io ≠ 0 are reduced correspondingly to ψf ≈ 


max


max


1 1 1.arccos
1 1


c


c


v
v


⎛ ⎞− −
⎜ ⎟− +⎝ ⎠


 ≈ arcos(–1) = π and ψr ≈ max


max


1 1 1.arccos
1 1


c


c


v
v


⎛ ⎞+ +
⎜ ⎟+ +⎝ ⎠


 ≈ arcos(1) = 0. 


Since Ifmax ≈ vcmax ≈ Irmax and sin(2ψf) ≈ 0 ≈ sin(2ψf), the simplified expression taken 


from (4.38) is: Irms ≈  [ ] [ ]2 2
max max0 0 0


2
c cv vπ


π
− + −


 ≈ max


2
cv  and together with Io ≈ max2 cv


π
 


it results in ρi ≈ 
2 2
π . Effectively, the current form factor at the top border (q=1, Io ≠ 0) 


is equal to that of the “pure” sinusoid, ρi =1.11072. From this result comes the 


conclusion that all curves corresponding to lower ρi than this value are closed curves, 


placed inside the zone, limited by the ρ curve of a pure sinusoid. This last closed curve 
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is returning from the infinity to the point (q = 1, Io = 0) exactly following the line (q = 1, 


Io ≠ 0). The curves of ρi < 1.11072 will not touch the line (q = 1, Io ≠ 0). All the curves 


of higher coefficients (ρi >1.11072) in Fig.4.9 begin at the point (q=1, Io=0) and finish at 


the abscise axis.  


 


C. Resonance zone (F≈1), highest output current 


 


In relation to expressing the current form factor at very high values of the resonant 


current (Io ≈ ∞), the same formulas (4.34) and (4.35) can be applied. The approximation 


is based on admitting extremely large amplitudes of the resonant current and hence of 


the resonant capacitor voltage. In consequence, at the tending to infinity resonant 


inductor current and resonant capacitor voltage, it is obtained: ψf ≈ 1 .arccos
1


q q
q


⎛ ⎞− − ∞
⎜ ⎟− +∞⎝ ⎠


 


≈ аrссоs(–q) and ψr ≈ 1 .arccos
1


q q
q


⎛ ⎞+ + ∞
⎜ ⎟+ +∞⎝ ⎠


≈ аrссоs(q). Taking into account that аrссоs(–


q) = π – аrссоs(q), then the sum of the two segments in this area is π and as a 


consequence all the characteristics at Io = ∞ are identical to those of the pure sinusoidal 


current. This conclusion at first sight is not useful because Io = ∞ is impossibly high and 


the generic super-resonant converter is not supposed to operate too close to the 


resonance. In fact, for some contactless converters the best mode of operation is close to 


the resonance, e.g. the double LC circuit converter described in [A32] and this 


simplified pair of expressions: ψf = аrссоs(–q) and ψr = аrссоs(q) is a modelling aproah 


for a possible regulation. In the proximity of the resonance, the resonant capacitor 


voltage will tend also to infinity, because of the proportion expressed in (5.3). The 


resonance frequency in normalized form is 1F π
π


= = , the maximum capacitor voltage 


can be calculated: vcmах ≈ (1 ).[1 cos( )]
[1 cos( )]
q π


π
− −


+
 ≈ ∞. The current form factor is again that 


of pure sinusoid, ρi = 1.11072. In a close to resonance zone of operation, even in case of 


very short transistor conduction time ψf , the total current shape will remain sinusoid.  
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Appendix 5.2. Calculation with precision of some characteristic 


points of operation 
 


For confirmation of the graphically presented values various calculations where 


completed in several points of Fig.5.1 and Fig.5.2 (from Chapter 5) and the results are 


presented in Table1. The points which data served for the calculations are marked in the 


figures, Fig.1 and Fig.2, graphically repeating the Fig.5.1 and Fig.5.2 respectively. The 


accuracy of calculation was kept in order of 0.00036%. 


 


 q vcmax ρi F Io ψf  


[deg.] 


ψr 


[deg.] 


Ifmax (a,b,c,g,h) and Irmax (d,e,f)


a 0.9795 3.457 1.10 1.031 2.268 165.4 9.3 3.4775 


b 0.85 3.276 1.10 1.087 2.268 140.3 25.3 3,426 


c 0.2955 3.0163 1.12 1.181 2.268 92.9 59.5 3,7208 


d –0.2955 3.0163 1.12 1.181 2.268 59.5 92.9 3,7208 


e –0.85 3.276 1.10 1.087 2.268 25.3 140.3 3,426 


f –0.9795 3.457 1.10 1.031 2.268 9.3 165.4 3.4775 


g 0.85 0.474 1.10 1.405 0.424 113.9 14.2 0.624 


h 0.6235 3.1144 1.11 1.1405 2.261 116.6 41.2 3.490875 


Table.1. Results from the detailed calculation of characteristic points of operation 


 


These points in Fig.1 and Fig.2, illustrating the calculations correspond to the marked 


graphically points: a, b, c, d, e, f, g, h. The step-up operation was also verified (points d, 


e, f), although this function is not possible with the circuit of Fig.4.1 (Chapter 4) as it 


requires fully controllable devices in place of D5-D8. In this work the step-up converter 


will not be considered and to obtain higher output voltage a transformer is included 


before the rectifier bridge.  
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Fig.1. The normalized output voltage q as a function of the normalized average output current 


N r o
o


s


Z II
E


= , plotted for different values of the current form factor ρi, with the calculated operation points  


 


 
Fig.2. Normalized output voltage q as a function of the normalized switching frequency F plotted at 


different values of the current form factor ρi and compared with the calculated above points of operation 
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Appendix 5.3. Achievable width of PWM and output regulation 
scale  
 


In fact, the PWM operation has a draw-back. There is a certain permitted change in the 


PWM pulse width at the boundary PWM/FM that will not produce any change in the 


power applied to the output. The transistor conduction time will stay exactly the same 


ψf=1.245 (taking as example the values discussed above) even when the gate control 


pulse is widened up to the full half-period xo=2.09. The explanation, as it was already 


mentioned is that the converter half-period includes always the necessary diode 


conduction time ψr. As a consequence of this effect the largest gate pulse in PWM will 


be equal to the half-period xo=2.09 and no considerable change will happen if that pulse 


is not shorter than ψf=1.245 (at a fixed switching frequency F=1.5). 


 


Adopting as a fixed frequency of PWM operation the value F=1.5, the half period will 


be xo=2.09 and for the normalized output current Io=0.93 (at q=0.2) the conduction 


intervals are calculated as: ψf=1.245 and ψr=0.845. Keeping the same real resonant 


frequency fres=19.23 kHz, the corresponding time interval of transistor conduction will 


be tf=10.3 μs. This will be the maximum pulse width, equal to the normalized transistor 


conduction time for the FM operation at F=1.5. The minimum width will be 
7.7


fψ
=0.16 


(in radians) =1.34 μs. Calculating (for the same normalized output voltage q=0.2) the 


amplitude vcmax by equation (5.7) yields: vcmax≈0.0088. In consequence the minimum 


normalized regulated current is Io(min)=
2(0.0088) 0.0084


2.09
≈ , i.e. 111 times lower than the 


normalized output current Io=0.93 produced at F=1.5 and at maximal width ψf. 


 


In conclusion the main result is that for the same scale of pulse width variation, the 


output current regulation by FM operation of the SLSR super-resonant converter is 


1.46
0.08


=18.2 and this is clearly inferior to the wider regulation range that is offered by the 


PWM operation: 0.93
0.0084


=111.  
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The calculated variation of the output current applying PWM considered the switching 


frequency to be F=1.5. If the FM operation will be considered (as was already 


implemented) then the variation of the frequency down to F=1.2 will produce another 


2.5 times higher Io. The total variation then is roughly: (max)
(min)


o


o


I
I


=275, which result is 


the best from the compared. 
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Appendix 5.4. Calculation of the current form factor, regulation 


and output characteristics 
 


The strategy for the calculation is based on the formulas already developed for the FM 


operation with the addition of a resonant current pause ψp. The circuit is following the 


restriction (5.10) that keeps the capacitor voltage constant during the pause. It will be 


also assumed that the values, calculated at the boundary between the PWM and the FM 


operation must be valid for both PWM and FM. At those points of operation the angle 


of the transistor conduction ψf is the largest possible for the defined switching frequency 


(fixed value of xo). The FM operation graphics will not be presented (as they are already 


shown when FM was discussed) and outside the PWM zone the figures will be left 


empty.  


 


The curves of the current form factor have been calculated and drawn next (in a 


normalized form) for three different (normalized) frequencies of switching: F=1.05; F= 


1.428 and F = 1.5 which corresponds to the resonant half period xo = 3.0 rad; xo = 2.2 


rad and xo = 2.09 rad. The frequency F = 1.428 corresponds (only in case of ideally 


coupled transformer) to a compromise solution with better efficiency. In Fig.5.12, 


Fig.5.13 and Fig.5.14 (by the order of the above operation frequencies) are shown the 


output characteristics of the converter at constant current form factor value ρi. The entire 


zone inside the curve xp =0 (or ψp =0) corresponds to a fixed switching frequency F with 


a PWM regulation. This zone is used in order to achieve the minimum output power and 


the efficiency is not so important (although the current form factor is indicated). It can 


be seen that the higher output voltage (where the power is also higher) is again the best 


efficiency zone, similar to the FM graphics.  


 







 A-46


 


Fig.1. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


operation at normalized frequency F = 1.05 


 


In Figs.1, 2 and 3 the graphics are drawn at current form factor ρi from 1.13 to 1.6. The 


line “1+q” marks the non-discharge boundary and “xp = 0” marks the boundary between 


FM and PWM.  


 


 


Fig.2. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


operation at normalized frequency F = 1.428 
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Fig.3. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


operation at normalized frequency F = 1.5 


 


In Fig.4, Fig.5 and Fig.6 are shown the regulation characteristics of the super-resonant 


converter drawn at fixed switching frequency for different normalized width of the 


command pulses ψf as a parameter. These characteristics will be useful in order to 


decide the necessary control block characteristics as they reflect the same area of 


functioning as the previous figures. They demonstrate that the pulse width of the 


transistor conduction changes widely the output power. The graphics in Fig.4 are drawn 


at normalized width of the transistor conduction interval from 0.3 to 2.5 rad. The “1+q” 


is the boundary of the capacitor non-discharging and “xp = 0” marks the boundary 


between FM and PWM.  


 


 


Fig.4. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


operation at normalized frequency F = 1.05 
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Fig.5. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


operation at normalized frequency F = 1.428 


 


The graphics in Fig.5 are drawn at normalized width of the transistor conduction 


interval from 0.3 to 1.6 rad. The “1+q” is the boundary of the capacitor non-discharging 


and “xp = 0” marks the boundary between FM and PWM.  


 


 


Fig.6. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


operation at normalized frequency F = 1.5 


 


The graphics in Fig.6 are drawn at normalized width of the transistor conduction 


interval from 0.3 to 1.6 rad. The “1+q” is the boundary of the capacitor non-discharging 


and “xp = 0” marks the boundary between FM and PWM. 
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The Figures 7, 8 and 9 correspond to the same operation area as Fig.1, Fig.2 and Fig.3 


but illustrate the amplitude value of the resonant current. This is the current that the 


switches have to conduct and hence it must be taken into account for the projects. The 


peak current Ipeak depends on the switching-off moment and is not always equal to the 


virtual current amplitude Ifmax.  


 


 


Fig.7. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


and normalized frequency F = 1.05 


 


The graphics in Fig.7 are drawn at normalized amplitude Ipeak of the resonant current 


from 0.1 to 2. The “1+q” is the boundary of the capacitor non-discharging and “xp = 0” 


marks the boundary between FM and PWM. The line “1+q” in its upper part (for q > 


0.6) coincides almost completely with Ipeak = 2. 


 


 


Fig.8. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


and normalized frequency F = 1.428 
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The graphics in Figs.8 and 9 are drawn at normalized amplitude Ipeak of the resonant 


current from 0.1 to 1.5. The “1+q” is the boundary of the capacitor non-discharging and 


“xp = 0” marks the boundary between FM and PWM.  


 


 


Fig.9. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with PWM 


and normalized frequency F = 1.5 


 


Fig.10 is shown for comparing the normalized peak current values when Frequency 


Mode operation is used. It does not present big differences in relation to the PWM 


operation illustrated in Fig.9, with exception of the very low values of output current.  


 


 


Fig.10. Normalized output characteristics ( )oq f I=  of the SLSR super-resonant converter with FM 


operation. The graphics are drawn at normalized amplitude Ipeak of the resonant current from 0.1 to 3 
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As a conclusion, at low switching frequency, close to the resonance as in Fig.1, Fig.4 


and Fig.7, the output current characteristics are not limited from their right side (more 


correctly indeed, they are limited far away into the forbidden zone of the “short circuits” 


and very high resonant capacitor voltage). This limitation of the current is important and 


is especially searched as a “current source” characteristic. The slight difference shown 


in Fig.2, Fig.5 and Fig.8 as the presence of a small area with possible resonant capacitor 


discharge is the pursuit of wider zone of FM operation, leading to a higher efficiency. 


By the frequency used, F=1.428, the area of the regulated by PWM normalized output 


current is enlarged by 18%, compared to the F=1.5 version. That solution was already 


applied in industrial products as [R2]. This wider zone of operation should be avoided 


in the case of contactless energy transfer as it is possible to be necessary to operate often 


in that “short circuit” zone leading to lower reliability. The other three, Fig.3, Fig.6 and 


Fig.9, correspond to the safe operation with guaranteed limiting of the output current. 


 


If the characteristics drawn by the current form factor ρi are compared it is also seen that 


the fixed frequency F = 1.5 (and F = 1.428) operation have the advantage in achieving 


wider operation area with better current form factor especially at lower output voltage. 


At the operating frequency F = 1.5, the extremely large transistor pulse widths (up to 


2.5 radians), which is too dangerous and characterises the functioning at fixed frequency 


F = 1.05.  
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Appendix 6.1. Validation of modified circuit parameters 
 


The comparison in this simulation is performed between the realistic equivalent circuit 


of the contactless converter and the two equivalent circuits as in Fig.6.5 (a) and (b). If 


approved each circuit will have its system of equations and will permit to calculate the 


necessary values of the regulation and efficiency characteristics later. The results are 


expressed in their graphical form. 


 


Fig.1 corresponds to the switching frequency of F=1.44 and relatively good magnetical 


coupling, K=0.9.  


 


 
Fig.1. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.44, q =0.25 


 


The graphical plots in Fig.1 are taken at coupling K=0.9 (this equals about 1 mm 


distance of the two halves of PM62/49 ferrite core and is completely sufficient 


mechanically even for rotary connection). The circuit has additional resonant 


inductance, equal to the leakage one, i.e. a=1. As it will be seen there is no visual 


difference between the behaviour of the real and approximated circuits. The two lower 


currents are the real primary current, named “I(L7)” and the approximated current 


“I(L14)”. The upper currents are the real secondary current “I(L9)” and the 


approximated secondary current “I(L17)” taken from the corresponding equivalent 


circuit. The graphics are impossible to be distinguished. The current in the secondary is 
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lower (about 20 % less amplitude and slightly different shape) and this also perfectly 


corresponds to the expected waveforms. The output voltage was 50 V for a supply of 


200 V, i.e. q=0.25.  


 


In Fig.2 a lower frequency, F=1.152 is applied and the output voltage is also lower, 


q=0.1, i.e. a real value of 20 V. This closer to the resonance operation provokes much 


higher resonant current but the waveforms coincidence between the real circuit and the 


approximated ones is also excellent. 


 


 
Fig.2. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.152, q=0.1 


 


The current in the secondary side of the converter is almost the same as the current in 


the primary side because the operation is at a very low output voltage. It will be seen 


also later that the low voltage of the output helps to overcome the problems of the 


loosely coupling. To observe the difference in the circuit behaviour the image in Fig.3 


corresponds to absolutely the same conditions as the operation illustrated in Fig.2 but 


with a drastic change in the output voltage to 100 V, i.e. q=0.5. As a consequence the 


difference between the primary and the secondary current is greater but the real and 


approximated plots coincide to a great extent.  
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Fig.3. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.152, q=0.5 


 


In fact, also inFig.3 the secondary current is by roughly 17 % lower than the primary 


current. By this observation a conclusion can be drawn that operating closer to the 


resonant frequency helps to avoid influence of the lower coupling coefficient (i.e. the 


influence of Lm).  


 


The next Fig.4 represents the operation of the concurrent circuits at even lower 


magnetic coupling, K=0.8. This coupling corresponds to roughly 2 mm of distance 


between PM62/49 core halves (linear idealized ferrite) or to 3 mm (the same core with 


real, non-linear magnetic characteristics), as taken from the data in Chapter 3). The 


output voltage is 50 V, i.e. normalized q =0.25 and the switching frequency is F = 1.44 


(normalized).  
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Fig.4. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.44, q=0.25 


 


The coincidence between the real and approximated circuits behaviour is excellent 


(secondary current 20 % lower than the primary, as the coupling is lower). 


 


The next simulation represents the converter at the same switching frequency but at the 


output voltage made 100 V. The current will be lower in the secondary by 25 % and in 


the primary will be lower by only 15 %: 


 


 
Fig.5. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.44, q=0.5 
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The difference between the real and approximated circuits behaviour is slight although 


the conditions are difficult (close to short circuit in the primary, seen by the triangular 


forms). 


 


In the next Fig.6 the operation at the same coupling (K= 0.8) will be moved closer to the 


resonant frequency (F = 1.152) and the output voltage lowered to 20 V (normalized q = 


0.1).   


 


 
Fig.6. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.152, q=0.1 


 


As expected the resulted from approximated model shapes correspond exactly to the 


real ones. The current in the secondary is about 20 % lower than the one in the primary 


(valid for both the real and approximate values). 


 


To see the behaviour of the same circuits at the same frequency F = 1.152 but at higher 


output voltage, is shown the next illustration of Fig.7. 
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Fig.7. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.152, q=0.5 


 


In Fig.7 (at K=0.8), at the differing primary and the secondary currents, the simulated 


average and rms values can be considered coinciding well as the differences are mostly 


expressed in a slight phase shift.  


 


The simulations in Fig.8 are taken at a condition of K= 0.6. The graphics correspond to 


the normalized frequency F = 1.44. 


 


 
Fig.8. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.44, q=0.25 
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It can be concluded the same as above: some approximated instant values are slightly 


higher than the real ones, but for the average and rms values the difference will be even 


smaller. Obviously the output current is roughly half of the primary one.  


 


The next image (Fig.9) corresponds to a lower switching frequency, F = 1.152.  


 


 
Fig.9. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Lower 


plots: primary currents. Upper plots: secondary currents. Switching frequency F=1.152, q=0.25 


 


The approximation looks excellent for the primary current and is also slightly better for 


the secondary current (the amplitudes are close to equal; there is only a slight phase-


shift). 


 


To prove further worsening coupling, the next image (Fig.10) will correspond to K= 


0.32, output voltage 50 V (normalized q = 0.25) and normalized frequency F = 1.3: 


 


The currents of the primary are: the real one I(L7) and the approximated I(L14). Their 


amplitude is roughly 85 A and the difference is very small. The secondary currents 


coincide well and the values reach just above 20 A.  
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Fig.10. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Higher 


amplitudes: primary currents. Lower amplitudes: secondary currents. Switching frequency F=1.3, q=0.25, 


K=0.32 


 


The last comparison (Fig.11) will include pulse regulation of the converter (in this case 


phase-shift). In the first figure the currents from the figure above are shown together 


with the capacitor voltage and the input voltage. The voltages are shown scaled, through 


dividing by 10, because of the high values: vcmax = 550 V and Vin = 200 V.  


 


 
Fig.11. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Higher 


amplitudes: primary currents. Lower amplitudes: secondary currents. Included also vc: resonant capacitor 


voltage scaled. Switching frequency F=1.3, q=0.25, K=0.32 
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The last figure (Fig.12) will demonstrate that the approximated model is reasonably 


valid also for the special types of control. In this example the alternating pulses have 1 


µs phase-shift from the total of 4.5 µs half period interval.   


 


 
Fig.12. Simulations of the contactless circuit and the two separate approximate equivalent circuits. Higher 


amplitudes: primary currents. Lower amplitudes: secondary currents. Switching frequency F=1.3, q=0.25, 


K=0.32, phase-shift regulation 


 


This figure proved that even for not-squared excitation the loosely coupled transformer 


in a SLSR converter can be approximated by two separated simplified resonant circuits, 


each for each side of the transformer.  
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Appendix 6.2. Non-ideal Characteristics 
 


The case of converter shown in Fig.1 does not allow normalized transformed output 


voltage higher than q=0.25. This concerns only the capability to produce any output 


power, not considering the efficiency of that production. In fact, its magnetic coupling 


corresponds to the distance of 18 mm for a relatively small dimension core as is 


PM62/49 is too exaggerated and will not be considered realistic.  


 


 
Fig.1. Normalized output characteristics of the contactless power converter when K=0.2 and a=1 


 


In Fig.2 the efficiency information is already available. As is seen in the figure the 


zones of the best efficiency moved to the bottom right part and the best efficiency zone 


should be found there.  


 


5 2 1.5 1.2 1.1


F = 1.05
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Fig.2. Normalized ρi characteristics of the contactless power converter when K=0.95 and a=0.2 


 


This is more visible in the next Fig.3. The scale of normalized output voltage is 


shortened because the situation makes impossible to obtain output voltage higher than q 


= 0.75.  


 


The distance between the two PM62 halves is roughly 0.5 mm (K=0.95) and 1 mm 


(K=0.9).  


 


 
Fig.3. Normalized ρi characteristics of the contactless power converter when K=0.9 and a=0.5 
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The next figures represent the zones of best efficiency in the plane of output voltage and 


normalized switching frequency. Fig.4 corresponds to K=0.95 (which means distance of 


0.5 mm for a PM62 core set). 


 


 
Fig.4. Normalized ρi characteristics of the contactless power converter related to the switching frequency 


F when K=0.95 and a=0.2 


 


The best efficiency operation zone moves to the left side to the frequency close to F=1 


(resonance). The figure again proves that working close to the lower output voltage is 


gaining efficiency. The operation at close to the resonant frequency is of course not easy 


and will be dangerous so some maximum proximity should be adopted, e.g. F=1.1. As it 


is seen this frequency is enough to assure the highest possible efficiency at the highest 


output power.  


 


The next Fig.5 corresponds to K=0.9 (where the distance between the PM62 halves is 


already 1 mm. 
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Fig.5. Normalized ρi characteristics of the contactless power converter related to the switching frequency 


F when K=0.9 and a=0.5 


 


The Fig.5 again shows the tendency of the converter to be more efficient closer to the 


resonance and at a lower output voltage.  


 


The next group of figures corresponds to the already discussed linear relation between 


the maximum resonant capacitor voltage and the average current in the output. The 


previously shown ideal version was drawn at fixed parameter q, but now for the loosely 


coupled transformer converter the parameter is more convenient to use as parameter the 


same current form factor ρi. In this manner it can be seen where the capacitor voltage is 


becoming too high, as those requirement for the capacitor voltage could be a problem. 


The capacitors of very high nominal voltage have quite limited capacitance value and 


hence bulky banks of numerous capacitors will be necessary.  


 


In the calculation for Fig.6 a small distance (0.5 mm roughly) is maintained between the 


two halves of the PM62/49 ferrite core set. 
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Fig.6. Maximum resonant capacitor voltage related to the normalized average output current for K=0.95 


and a=0.2 


 


Both Fig.6 and Fig.7 in a loosely coupled transformer converter show that the vcmax 


voltage is higher in the lower efficiency zones. Fortunately, the current form factor is 


worse (i.e. higher) where the output current is lower.  


 


Fig.7 is taken at K= 0.9 (distance roughly 1 mm for PM62 core). To be observed better 


the proportionality, the scale is enlarged to normalized current 2
N
oI = 4 and vcmax1 =5.   


 


 
Fig.7. Maximum resonant capacitor voltage related to the normalized average output current for K=0.9 


and a=0.5 
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The above illustration shows that all the possible curves are grouped tightly in a linear 


relation between the output current and the maximum capacitor voltage. Some curves 


finish abruptly. They correspond to the previous graphical characteristics q=f(Io) which 


also for some current values present some constant ρi curves finishing abruptly.  
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Appendix 8.1. Experimental results (laboratory SLSR converter) 
 
1. Input voltage 100 V, q=0.9, corresponds to Fig.8.15(a) 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
89.00 0.98 98.00 3.27 81.75 83.41837 
89.50 0.92 92.00 3.09 77.25 83.96739 
90.00 0.88 88.00 2.95 73.75 83.80682 
90.50 0.84 84.00 2.81 70.25 83.63095 
91.00 0.77 77.00 2.61 65.25 84.74026 
91.50 0.72 72.00 2.44 61.00 84.72222 
92.00 0.69 69.00 2.33 58.25 84.42029 
92.50 0.64 64.00 2.19 54.75 85.54688 
93.00 0.60 60.00 2.04 51.00 85.00000 
93.50 0.55 55.00 1.91 47.75 86.81818 
94.00 0.51 51.00 1.74 43.50 85.29412 
94.50 0.48 48.00 1.64 41.00 85.41667 
95.00 0.43 43.00 1.50 37.50 87.20930 
95.50 0.39 39.00 1.36 34.00 87.17949 
96.00 0.36 36.00 1.25 31.25 86.80556 
96.50 0.33 33.00 1.15 28.75 87.12121 
97.00 0.30 30.00 1.03 25.75 85.83333 
97.50 0.26 26.00 0.90 22.50 86.53846 
98.00 0.23 23.00 0.77 19.25 83.69565 
98.50 0.20 20.00 0.66 16.50 82.50000 
99.00 0.17 17.00 0.58 14.50 85.29412 


Table 1. Efficiency measured at input voltage 100 V, normalized output voltage q=0.9, distance 0 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
90.00 1.50 150.00 4.72 118.00 78.66667 
90.50 1.42 142.00 4.50 112.50 79.22535 
91.00 1.33 133.00 4.30 107.50 80.82707 
91.50 1.27 127.00 4.10 102.50 80.70866 
92.00 1.20 120.00 3.85 96.25 80.20833 
92.50 1.14 114.00 3.68 92.00 80.70175 
93.00 1.07 107.00 3.45 86.25 80.60748 
93.50 0.99 99.00 3.24 81.00 81.81818 
94.00 0.94 94.00 3.06 76.50 81.38298 
94.50 0.87 87.00 2.85 71.25 81.89655 
95.00 0.81 81.00 2.66 66.50 82.09877 
95.50 0.75 75.00 2.46 61.50 82.00000 
96.00 0.69 69.00 2.26 56.50 81.88406 
96.50 0.63 63.00 2.09 52.25 82.93651 
97.00 0.59 59.00 1.95 48.75 82.62712 
97.50 0.55 55.00 1.81 45.25 82.27273 
98.00 0.49 49.00 1.60 40.00 81.63265 
98.50 0.45 45.00 1.48 37.00 82.22222 
99.00 0.40 40.00 1.30 32.50 81.25000 


Table 2. Efficiency measured at input voltage 100 V, normalized output voltage q=0.9, distance 1 mm 
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f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
90.00 1.97 197.00 5.85 146.25 74.23858 
90.50 1.82 182.00 5.47 136.75 75.13736 
91.00 1.69 169.00 5.11 127.75 75.59172 
91.50 1.57 157.00 4.78 119.50 76.11465 
92.00 1.46 146.00 4.46 111.50 76.36986 
92.50 1.36 136.00 4.20 105.00 77.20588 
93.00 1.26 126.00 3.90 97.50 77.38095 
93.50 1.16 116.00 3.63 90.75 78.23276 
94.00 1.08 108.00 3.39 84.75 78.47222 
94.50 1.01 101.00 3.17 79.25 78.46535 
95.00 0.94 94.00 2.95 73.75 78.45745 
95.50 0.85 85.00 2.69 67.25 79.11765 
96.00 0.78 78.00 2.47 61.75 79.16667 
96.50 0.72 72.00 2.30 57.50 79.86111 
97.00 0.67 67.00 2.10 52.50 78.35821 
97.50 0.61 61.00 1.93 48.25 79.09836 
98.00 0.54 54.00 1.70 42.50 78.70370 
98.50 0.49 49.00 1.52 38.00 77.55102 
99.00 0.45 45.00 1.38 34.50 76.66667 


Table 3. Efficiency measured at input voltage 100 V, normalized output voltage q=0.9, distance 2 mm 
 
2. Input voltage 200 V, Io=2 A, corresponds to Fig.8.15(b) 
 


f (kHz) Iin (A) Pin (W) Vout (V) q  Pout (W) η (%) 
94.00 0.56 112.00 50.50 0.25 101.00 90.17857 
95.00 0.56 112.00 50.30 0.25 100.60 89.82143 
96.00 0.55 110.00 50.00 0.25 100.00 90.90909 
97.00 0.55 110.00 49.80 0.25 99.60 90.54545 
100.00 0.55 110.00 49.10 0.25 98.20 89.27273 
110.00 0.53 106.00 47.30 0.24 94.60 89.24528 


Table 4. Efficiency measured at input voltage 200 V, output current Io=2 A, distance 0 mm 
 


f (kHz) Iin (A) Pin (W) Vout (V) q  Pout (W) η (%) 


95.00 0.75 150.00 55.40 0.28 110.80 73.86667 
100.00 0.68 136.00 51.90 0.26 103.80 76.32353 
108.00 0.62 124.00 47.40 0.24 94.80 76.45161 
110.00 0.60 120.00 46.80 0.23 93.60 78.00000 
111.00 0.60 120.00 46.10 0.23 92.20 76.83333 
112.00 0.59 118.00 45.60 0.23 91.20 77.28814 
115.00 0.58 116.00 44.50 0.22 89.00 76.72414 


Table 5. Efficiency measured at input voltage 200 V, output current Io=2 A, distance 2 mm 
 
3. Input voltage 50 V, q=0.8, corresponds to Fig.8.16(a) 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
90.00 1.07 53.50 3.61 36.10 67.47664 
90.50 1.04 52.00 3.54 35.40 68.07692 
91.00 1.03 51.50 3.50 35.00 67.96117 
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91.50 1.00 50.00 3.43 34.30 68.60000 
92.00 0.97 48.50 3.33 33.30 68.65979 
92.50 0.94 47.00 3.26 32.60 69.36170 
93.00 0.91 45.50 3.16 31.60 69.45055 
93.50 0.88 44.00 3.06 30.60 69.54545 
94.00 0.84 42.00 2.97 29.70 70.71429 
94.50 0.82 41.00 2.89 28.90 70.48780 
95.00 0.78 39.00 2.79 27.90 71.53846 
95.50 0.75 37.50 2.68 26.80 71.46667 
96.00 0.73 36.50 2.61 26.10 71.50685 
96.50 0.70 35.00 2.52 25.20 72.00000 
97.00 0.67 33.50 2.43 24.30 72.53731 
97.50 0.64 32.00 2.34 23.40 73.12500 
98.00 0.62 31.00 2.25 22.50 72.58065 
98.50 0.60 30.00 2.19 21.90 73.00000 
99.00 0.57 28.50 2.10 21.00 73.68421 
99.50 0.53 26.50 1.98 19.80 74.71698 
100.00 0.51 25.50 1.92 19.20 75.29412 
100.50 0.49 24.50 1.85 18.50 75.51020 
101.00 0.47 23.50 1.79 17.90 76.17021 
101.50 0.46 23.00 1.74 17.40 75.65217 
102.00 0.44 22.00 1.68 16.80 76.36364 
102.50 0.42 21.00 1.62 16.20 77.14286 
103.00 0.40 20.00 1.54 15.40 77.00000 
103.50 0.38 19.00 1.48 14.80 77.89474 
104.00 0.37 18.50 1.43 14.30 77.29730 
104.50 0.35 17.50 1.38 13.80 78.85714 
105.00 0.34 17.00 1.34 13.40 78.82353 
105.50 0.33 16.50 1.30 13.00 78.78788 
106.00 0.32 16.00 1.26 12.60 78.75000 


Table 6. Efficiency measured at input voltage 50 V, normalized output voltage q=0.8, distance 0 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
100.00 0.55 27.50 2.01 20.10 73.09091 
100.50 0.53 26.50 1.95 19.50 73.58491 
101.00 0.51 25.50 1.86 18.60 72.94118 
101.50 0.48 24.00 1.78 17.80 74.16667 
102.00 0.46 23.00 1.72 17.20 74.78261 
102.50 0.45 22.50 1.66 16.60 73.77778 
103.00 0.42 21.00 1.57 15.70 74.76190 
103.50 0.40 20.00 1.51 15.10 75.50000 
104.00 0.38 19.00 1.46 14.60 76.84211 
104.50 0.37 18.50 1.41 14.10 76.21622 
105.00 0.36 18.00 1.36 13.60 75.55556 
105.50 0.34 17.00 1.31 13.10 77.05882 
106.00 0.33 16.50 1.25 12.50 75.75758 


Table 7. Efficiency measured at input voltage 50 V, normalized output voltage q=0.8, distance 1 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
100.00 0.55 27.50 1.95 19.50 70.90909 
100.50 0.51 25.50 1.83 18.30 71.76471 
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101.00 0.49 24.50 1.77 17.70 72.24490 
101.50 0.47 23.50 1.68 16.80 71.48936 
102.00 0.45 22.50 1.63 16.30 72.44444 
102.50 0.42 21.00 1.55 15.50 73.80952 
103.00 0.40 20.00 1.48 14.80 74.00000 
103.50 0.38 19.00 1.41 14.10 74.21053 
104.00 0.37 18.50 1.35 13.50 72.97297 
104.50 0.35 17.50 1.29 12.90 73.71429 
105.00 0.34 17.00 1.24 12.40 72.94118 
105.50 0.32 16.00 1.18 11.80 73.75000 
106.00 0.31 15.50 1.14 11.40 73.54839 


Table 8. Efficiency measured at input voltage 50 V, normalized output voltage q=0.8, distance 2 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
90.00 1.70 85.00 4.52 45.20 53.17647 
92.00 1.39 69.65 3.93 39.30 56.42498 
100.00 0.48 24.05 1.51 15.10 62.78586 
100.50 0.44 22.00 1.41 14.10 64.09091 
101.00 0.42 21.00 1.32 13.20 62.85714 
101.50 0.40 19.95 1.25 12.50 62.65664 
102.00 0.37 18.50 1.17 11.70 63.24324 
102.50 0.35 17.50 1.10 11.00 62.85714 
103.00 0.32 16.00 1.00 10.00 62.50000 
103.50 0.31 15.25 0.94 9.40 61.63934 
104.00 0.29 14.30 0.88 8.80 61.53846 
105.00 0.25 12.60 0.77 7.70 61.11111 
106.00 0.22 11.05 0.66 6.60 59.72851 
107.00 0.19 9.70 0.57 5.70 58.76289 
108.00 0.17 8.45 0.48 4.80 56.80473 
109.00 0.13 6.55 0.35 3.50 53.43511 
110.00 0.12 5.85 0.29 2.90 49.57265 
120.00 0.04 1.95 0.03 0.30 15.38462 
130.00 0.03 1.30 0.00 0.00 0.00000 
140.00 0.02 1.15 0.00 0.00 0.00000 
150.00 0.02 1.00 0.00 0.00 0.00000 


Table 9. Efficiency measured at input voltage 50 V, normalized output voltage q=0.8, distance 4 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
90.00 1.71 85.50 4.15 41.50 48.53801 
91.00 1.44 72.00 3.58 35.80 49.72222 
92.00 1.23 61.50 3.11 31.10 50.56911 
93.00 1.03 51.25 2.65 26.50 51.70732 
94.00 0.86 43.05 2.26 22.60 52.49710 
95.00 0.78 39.10 2.10 21.00 53.70844 
100.00 0.33 16.70 0.84 8.40 50.29940 
110.00 0.08 3.90 0.04 0.40 10.25641 


Table 10. Efficiency measured at input voltage 50 V, normalized output voltage q=0.8, distance 6 mm 
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4. Input voltage 50 V, q=0.6, corresponds to Fig.8.16(b) 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
100.00 1.00 50.00 3.94 29.55 59.10000 
100.50 0.97 48.50 3.84 28.80 59.38144 
101.00 0.93 46.50 3.74 28.05 60.32258 
101.50 0.91 45.50 3.65 27.38 60.16484 
102.00 0.88 44.00 3.57 26.78 60.85227 
102.50 0.86 43.00 3.48 26.10 60.69767 
103.00 0.82 41.00 3.38 25.35 61.82927 
103.50 0.80 40.00 3.30 24.75 61.87500 
104.00 0.78 39.00 3.22 24.15 61.92308 
104.50 0.75 37.50 3.14 23.55 62.80000 
105.00 0.73 36.50 3.07 23.03 63.08219 
105.50 0.72 36.00 3.02 22.65 62.91667 
106.00 0.70 35.00 2.96 22.20 63.42857 
106.50 0.68 34.00 2.88 21.60 63.52941 
107.00 0.66 33.00 2.84 21.30 64.54545 
107.50 0.65 32.50 2.78 20.85 64.15385 
108.00 0.63 31.50 2.71 20.33 64.52381 
108.50 0.61 30.50 2.66 19.95 65.40984 
109.00 0.60 30.00 2.60 19.50 65.00000 
109.50 0.58 29.00 2.55 19.13 65.94828 
110.00 0.57 28.50 2.50 18.75 65.78947 
110.50 0.56 28.00 2.45 18.38 65.62500 
111.00 0.54 27.00 2.40 18.00 66.66667 
111.50 0.53 26.50 2.36 17.70 66.79245 
112.00 0.52 26.00 2.30 17.25 66.34615 
112.50 0.51 25.50 2.26 16.95 66.47059 
113.00 0.50 25.00 2.23 16.73 66.90000 
113.50 0.49 24.50 2.18 16.35 66.73469 
114.00 0.48 24.00 2.15 16.13 67.18750 
114.50 0.47 23.50 2.11 15.83 67.34043 
115.00 0.46 23.00 2.08 15.60 67.82609 
115.50 0.45 22.50 2.03 15.23 67.66667 
116.00 0.44 22.00 2.01 15.08 68.52273 
116.50 0.43 21.50 1.98 14.85 69.06977 
117.00 0.42 21.00 1.94 14.55 69.28571 
140.00 0.22 11.00 1.08 8.10 73.63636 


Table 11. Efficiency measured at input voltage 50 V, normalized output voltage q=0.6, distance 0 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
100.00 0.99 49.50 3.86 28.95 58.48485
100.50 0.96 48.00 3.76 28.20 58.75000
101.00 0.93 46.50 3.66 27.45 59.03226
101.50 0.89 44.50 3.55 26.63 59.83146
102.00 0.86 43.00 3.46 25.95 60.34884
102.50 0.84 42.00 3.36 25.20 60.00000
103.00 0.81 40.50 3.28 24.60 60.74074
103.50 0.78 39.00 3.20 24.00 61.53846
104.00 0.76 38.00 3.12 23.40 61.57895
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104.50 0.73 36.50 3.04 22.80 62.46575
105.00 0.72 36.00 2.96 22.20 61.66667
105.50 0.69 34.50 2.89 21.68 62.82609
106.00 0.67 33.50 2.83 21.23 63.35821
106.50 0.65 32.50 2.73 20.48 63.00000
107.00 0.63 31.50 2.66 19.95 63.33333
107.50 0.62 31.00 2.61 19.58 63.14516
108.00 0.60 30.00 2.55 19.13 63.75000
108.50 0.58 29.00 2.49 18.68 64.39655
109.00 0.57 28.50 2.43 18.23 63.94737
109.50 0.55 27.50 2.38 17.85 64.90909
110.00 0.54 27.00 2.33 17.48 64.72222


Table 12. Efficiency measured at input voltage 50 V, normalized output voltage q=0.6, distance 1 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
102.50 0.77 38.50 3.08 23.10 60.00000
103.00 0.75 37.50 3.01 22.58 60.20000
103.50 0.73 36.50 2.93 21.98 60.20548
104.00 0.71 35.50 2.86 21.45 60.42254
104.50 0.68 34.00 2.78 20.85 61.32353
105.00 0.66 33.00 2.71 20.33 61.59091
105.50 0.64 32.00 2.62 19.65 61.40625
106.00 0.62 31.00 2.55 19.13 61.69355
106.50 0.60 30.00 2.48 18.60 62.00000
107.00 0.58 29.00 2.43 18.23 62.84483
107.50 0.56 28.00 2.37 17.78 63.48214
108.00 0.55 27.50 2.30 17.25 62.72727
108.50 0.53 26.50 2.25 16.88 63.67925
109.00 0.51 25.50 2.19 16.43 64.41176
109.50 0.50 25.00 2.15 16.13 64.50000
110.00 0.49 24.50 2.10 15.75 64.28571


Table 13. Efficiency measured at input voltage 50 V, normalized output voltage q=0.6, distance 2 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
100.00 0.80 40.20 2.90 21.75 54.10448
101.00 0.73 36.50 2.67 20.03 54.86301
102.00 0.67 33.25 2.46 18.45 55.48872
103.00 0.62 31.00 2.30 17.25 55.64516
104.00 0.56 28.00 2.15 16.13 57.58929
105.00 0.52 26.00 2.00 15.00 57.69231
105.50 0.50 25.00 1.92 14.40 57.60000
106.00 0.48 24.00 1.86 13.95 58.12500
106.50 0.47 23.50 1.81 13.58 57.76596
107.00 0.45 22.50 1.74 13.05 58.00000
108.00 0.42 21.00 1.63 12.23 58.21429
109.00 0.39 19.50 1.55 11.63 59.61538
110.00 0.36 18.00 1.44 10.80 60.00000
120.00 0.20 10.00 0.82 6.15 61.50000
130.00 0.13 6.50 0.51 3.83 58.84615
140.00 0.09 4.25 0.32 2.40 56.47059
150.00 0.06 3.00 0.20 1.50 50.00000
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160.00 0.03 1.45 0.08 0.60 41.37931
170.00 0.02 0.95 0.03 0.23 23.68421
180.00 0.02 0.75 0.01 0.08 10.00000


Table 14. Efficiency measured at input voltage 50 V, normalized output voltage q=0.6, distance 4 mm 
 


f (kHz) Iin (A) Pin (W) Iout (A) Pout (W) η (%) 
95.00 1.08 54.00 3.32 24.90 46.11111


100.00 0.62 31.00 2.08 15.60 50.32258
102.00 0.51 25.45 1.72 12.90 50.68762
103.00 0.47 23.30 1.59 11.93 51.18026
104.00 0.42 21.00 1.45 10.88 51.78571
105.00 0.38 19.00 1.32 9.90 52.10526
110.00 0.25 12.70 0.87 6.53 51.37795
120.00 0.12 5.75 0.33 2.48 43.04348
130.00 0.05 2.55 0.06 0.45 17.64706
140.00 0.03 1.70 0.01 0.08 4.41176 


Table 15. Efficiency measured at input voltage 50 V, normalized output voltage q=0.6, distance 6 mm 
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Introduction 


 


 


 
Abstract: This chapter contains a general introduction to the thesis: the 


state of the art in contactless energy transmission, the 


motivation and objectives of the presented work, original 


contributions and organization. 
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1.1. General aspects of the contactless transmission of electric 


energy 
 


The technology of the mid-19th century had to find means for transporting an extremely 


powerful and volatile product: electricity. The need to transfer electricity took into 


account its capacity to carry two factors - information and power, and brought about the 


emergence of techniques for the transmission of information and power over large 


distances. At the same time the search has been on for ways to make the consumer of 


the transmitted information and power as independent as possible from its source in 


every aspect. Although imperative for the expanding industrial revolution, that intention 


has been difficult to fulfil and it took roughly a hundred years of development before 


some relatively detached or “contactless” transfer solutions were found. Even now most 


of the widely employed links between the transmitter and the receiver of either 


information or power are rigidly inseparable during their operation (e.g. connected by 


cabling, a ferromagnetic core, etc.).  


 


The concepts of information and power are always in association when either of them is 


electrically transmitted (the perception of “electrical” is here expanded to incorporate 


quantum and any other electromagnetic transmission). In fact, any electrical 


transmission of information is also a transmission of power, insofar as it is not possible 


to transfer information containing zero power just as any power transmission always 


contains information in terms of the values of its electrical variables. Of course, either 


type of transmission has its own priorities.  


 


When sending information, it is important that the transferred electrical variable (i.e. 


voltage, current, frequency, pulse width, number of pulses, etc.) be regarded as a signal 


and its parameters, such as shape, frequency, codes, etc., must on reception be identical 


to those that were transmitted. The signal may be, and usually is, scaled down, but it 


must reproduce in exact proportion the values of the sent variable. In this case, the 


electric power associated with the transfer is not important. The correctly codified 


information is considered successfully transferred while the received power might be 


attenuated even by a factor of one trillion: e.g., a 1 μW power of the received signal 
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from a 1 MW medium wave radio transmitter is perfectly acceptable so long as the 


modulation is received undistorted. In contrast, when an energy transfer is evaluated, 


the minimum loss of power over the necessary distance has been always the uppermost 


consideration, while the deviation of other variable values during the transmission is 


viewed as less critical. For example, if the pulse width varies in the process of 


regulation, or the waveform becomes distorted, it will not have the same level of 


relevance.  


 


In fact, neither can information be sent without any energy involved, nor can energy be 


transferred without being “shaped” by information. Energy needs to be sent and 


received within pre-defined limits in terms of voltage, current, frequency, etc.  


 


From the beginning, advances in electrical technology occurred in both areas, albeit 


with different motivation and success. The political context of the 19th century fuelled 


ambitions of military supremacy and that, in turn, favoured communications 


engineering, while the problems of electric power remained in the background. As a 


result, the high-voltage power distribution transformer of William Stanley came 49 


years after the telegraph of Samuel Morse in 1837 and 10 years after the telephone of 


Alexander Bell. The disproportion was also observable at engineering schools and 


universities: the two electrical engineering branches – weak currents (dealing with 


information) and strong currents (dealing with power), did not hold equal attraction for 


future engineers, inventors and, hence, for investors.  


 


Modern developments in electric power began to take place only after the emergence of 


power electronics in the late 1940s, when the first power semiconductor devices 


appeared. But even today, it is considered “cleaner” and more “intellectual” to work 


with information technology, communications and computers than to work with electric 


power, which is seen as “dirty”, “not-intellectual” and “old-fashioned”. This is another 


reason why contactless technology made its first inroads in communications. 


 


Several major inventors worked on the first contactless transmission of information. 


Nikola Tesla documented and published his experiments in wireless communication in 
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18931. Alexander Popov, a professor at the Russian Military Academy, also carried out 


with success a naval radio transmission in the same year.  


 


Currently, wirelessly transferred information involves in many cases both analogue and 


digital signals, with perfect quality of reproduction and an almost unlimited reach. The 


problem of contactless (wireless) transfer of information has largely been resolved, 


thanks both to the duration of its evolution, and to the relatively easy acceptance of the 


huge loss of power between a wireless transmitter and the receiver(s) of information.  


 


Roughly at the time of the first radio transmissions, Nikola Tesla had also been working 


on the more difficult problem of contactless transfer of energy. His ideas of global 


power transmission using electromagnetic waves seemed rather extravagant in his day, 


but have been recognized as valid in more recent times, in the 1980s. He published his 


work in 1904 [C133], but lack of financing kept the related experimental work from 


coming to fruition. He published another article on the subject in 1927 [C132], but after 


his death in 1943 contactless power continued to be ignored for a long time. Technology 


just was not ripe for the challenge. Only in 1984 did E. Abel et al. in [C137] mention 


possible technological methods to transfer power without contact, and since then more 


technologically viable and industrially applicable solutions have gradually emerged. 


 


In its present-day meaning, the word “contactless” incorporates several elements. First, 


there must be no galvanic contact between power source and load. This simple 


requirement for galvanic isolation is obviously insufficient to motivate the appearance 


of a new technology, as sundry modern electrical and electronic devices already feature 


galvanic isolation during both data and power transfer. Another connotation implies a 


certain distance between load and source – not a novel requirement, either, as converters 


already present many classical solutions for isolated and distant loads.  


 


                                                 
1 Although the invention of N. Tesla was published in 1893, it was Guglielmo Marconi, backed by British 
aristocrats, who received a patent in 1896 for exactly the same design as Tesla’s and even received the 
Nobel Prize for it in 1911. Only in 1943 did the US Supreme Court recognize Tesla’s primacy and 
annulled the patent issued to Marconi.  Meanwhile, the latter had successfully launched the industrial 
production of wireless telegraphs, which formed the backbone of all modern information transfer 
technologies. 
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The third and most important implication is that of a mechanical freedom of movement 


between the transmitter and the receiver of power – a feature lacking in previous 


converters, which characterizes all the contactless solutions that will be mentioned 


further on. This type of converter allows the consumer to be connected to (and 


disconnected from) the power source without touching it. It is free to rotate or to 


perform other movements without interrupting the transfer of energy. Such mechanical 


freedom is absent in classical power transmissions or, whenever imperative, is attained 


by means that include flexible cables or slip rings – solutions that are inherently 


dangerous, clumsy, and require frequent and costly maintenance and repairs.  


 


Contactless power transfer is a must for applications where conventional cables and 


connectors are impractical or useless – whether for the sake of convenience, safety, or 


because of the apparent absence of another solution. Presently, there are already a 


number of different contactless power transfer systems at power levels varying from a 


few milliwatts to hundreds of kilowatts with military, medical, industrial, space, 


underwater and everyday life application.  


 


1.2. State of the art in research and production of contactless 


power conversion equipment 
 


What follows is a brief outline of the way power converters are used for contactless 


energy transfer and of scientific research reports related to their operation. As evidenced 


by the wide-ranging list of these converters’ application, wireless power transfer has 


made its way to today’s technology agenda. What is more, contactless power transfer 


might well play a vital role in future, supplying energy to technologies that are just 


emerging, or that are yet to appear.  The wide spectrum of technical solutions that 


represent the technological and scientific state of the art will be illustrated by examples, 


which will also reveal the features that are common to the various kinds of contactless 


equipment.  


 







 


1-7 


Due to the variety of contactless solutions (as referred to in the bibliography), it is 


necessary to classify the examples into two main groups – high power and low power, 


with their respective subdivisions.  


 


1.2.1. High power contactless transfer 
 


a) People movers using magnetic levitation (MAGLEV) 


 


Power distribution to a locomotive by means of catenaries is no longer possible at 


today’s high speeds. Trains utilizing the principle of magnetic levitation (maglev) 


already exist, most notably in China, whose network of contactless railways covers 


more kilometres than the rest of the world combined. While in levitation, the train is 


supported and guided by attractive (repulsive) forces generated by electromagnets 


underneath the vehicle and along the track. Another maglev-based public transport 


project is a subway in Switzerland. 


 


Propulsion is provided by a system distributing power to windings in the track at the 


location of the train. Along with propulsion, the train acquires by contactless means the 


energy needed to power its onboard circuits, to recharge the batteries of safety and 


control devices and ensure passenger comfort. Some sources, like Min Chen et al. in 


[A46], propose solutions involving additional harmonics injection in the currents of the 


propulsion inductors. Others, such as Bueong-Mun Song et al. [A26], suggest a separate 


HF contactless power system. Maglev-based equipment is also used to provide a 


floating work surface for modern machine tools, allowing them to apply rapid strokes 


(500 mm) with a nanometric precision.2  


 


b) People movers using continuous supply to internal motors 


 


Other types of vehicles require that the propulsion power to be supplied by a contactless 


link directly to internally mounted electric motors. To operate effectively, maglev 


                                                 
2 Presented in www.apptech.philips.com/html/press_center/planar_maglev_pr.htm by the Royal Philips 
Electronics of the Netherlands  
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requires speeds exceeding 100 km/h, which makes it inapplicable to the heavier 


industrial movers. Some manufacturers like WAMPFLER3 offer wireless power transfer 


of up to 1000 kW. M. Jufer et al. [B15] and P. Germano et al. [B14] propose a lower 


transfer of power (several kilowatts) to a vehicle by means of large underground 


(sectioned) inductors. A third example of a people mover of this type is provided by the 


electric tramway in the Fairfax district of Los Angeles, California, USA.  


 


c) People movers with on-board battery supply 


 


Some vehicles are prevented from receiving energy (even contactlessly) along the entire 


route, and need to carry batteries which are recharged automatically at predetermined 


stops. Such an environment-friendly solution is in place at the Whakarewarewa natural 


park in New Zealand. In that particular case, the rate at which power is transferred is 


quite high, necessitated by the brevity of the vehicle’s stay over each recharging 


stations. Publications describing this system include [A14]. The design group, founded 


by J. Boys of the University of Auckland, already holds a number of patents.  


 


Electric passenger cars (and their hybrid versions) form a similar group. To be 


sufficiently autonomous, such a car needs to take on at least 90 kWh of energy in a very 


short time. But to reduce recharge time even to one hour will require the use of a 


hundred kilowatt charger per vehicle – and that is in perfect conditions, without 


factoring in such adversities as weather, humidity, worn contacts, etc. The only viable 


solution is provided by a contactless transfer of power, where voltages can be switched 


much more easily to fit different car and battery models. Publications on this topic 


abound in the last 10 years and include: Hideki Ayano et al. [A56], Y. Jang and J.van 


Wyk [A53] and Tomohiro Hata and T. Ohmae [A47], R. Laouamer et al. [A5]; some, 


like D. Jackson et al. [B2], focus on practical implementations of 1.5 kW, others. like N. 


Kutkut et al. [B4], of 120 kW. The patent [P9] issued to C. Henze describes a station 


which can recharge a large number of electric cars at the same time, each car receiving 


an intermediate level of 12.5 kW. 


 


                                                 
3 Presented in www.wampfler.com/index.asp?id=10&plid=15&e1=3&lang=E by Wampfler, Germany 
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The articles of J. Hayes et al. [B1] and [A10] describe and analyse the SAE J-1773 


standard for battery chargers, divided in Level 1 (120V, 15A) and Level 2 (240V, 40A) 


charging. As the world output of electric vehicles (EV) increases, such standardization 


becomes a necessity.  


  


d) Industrial transport 


 


An industrial environment, especially if highly polluted, restricts the use of normal 


electrical cables and connectors – even more so if frequent movement is also involved. 


This is where contactless transporters and platforms can offer a lot of advantages. Power 


requirements differ from case to case, and can reach a considerable value when 


supplying several motors. The need to ensure continuous movement usually shapes 


those constructions as a prolonged primary and a sliding secondary. One such device is 


described by P. Knaup and K. Kasse in [B21]. A high power level is needed by hoists, 


overhead production and container cranes, conveyors, automated storage/retrieval 


systems, automated monorail systems and the like. Examples are cited in the article by 


J. Meins [B17] and in the WAMPFLER4 production catalogue. Lower power industrial 


movers (1 kW) are described by K. Mitsuoshi et al. in [A7] and by other authors. 


 


e) Industrial automation and robots 


 


This group of applications is not expected to transfer a high average level power. 


However, the mechanical forces applied by actuators require considerable bursts of high 


peak power. Robots and handling technology can be much more flexible, rapid and safe 


if they can operate free from wires and galvanic contacts – not just the robot arms but 


also fully autonomous mobile robots that would be free to operate across an entire 


factory floor. Savings in down time for repair would also be considerable. The theme 


occurs as early as 1991 in publications by A. Esser and H. Scudelny [B29]. Other 


authors, like R. Lorenz [B32] and S. Adachi et al. [B20], describe the constructive 


challenges to robotic arms in new technology and offer ideas on how to deal with them. 


A nearly revolutionary vision is provided by G. Scheible et al. [A57], later also analysed 


                                                 
4 http://www.wampfler.com 







 


1-10 


by K. O´Brian et al. [A55]: to supply power to every point of a robot’s working space, 


by means of three-dimensional windings, where the three primary square winding with 


sides exceeding three meters are orientated in each of the three axis directions and the 


power is received at any point inside those windings.    


 


f) Machine tools  


 


These are becoming increasingly similar to robots in that they require not only freely 


moving platforms, but also multiple automatically replaceable tools to accomplish 


different operations on a single piece of metal. In [A64], for example, A. Green and J. 


Boys describe a contactless system for industrial material handling, permitting 


transferred power up to 2 kW.  


 


A key contactless component of a machine tool is the rotary joint which supplies power 


to the rotating head. An example of a power link to an “intelligent” metalworking tools 


set is provided by R. Steigerwald et al. in [B30].  


 


Two broader articles by J. Hirai et al. [B9] and [B11], contain a practical study of 


wireless transmission of power and information for a decentralized manufacturing 


system using autonomous motors. It describes a complex of a motor with an informatics 


system for advanced machining, where the increased number of degrees of freedom 


allows sophisticated machining postures. 


 


g) Mining, petroleum, underwater and other hazardous industries 


 


Deep underground works have always been threatened by highly explosive gases. 


Conventional connectors using galvanic contacts are not safe conduits of high power to 


the various excavating and hauling machines and safety equipment. One specialized 


solution is the sliding transformer, proposed by K. Klontz et al. in [B22] and later, by J. 


Barnard et al. in [B26]. A resonant converter for contactless coalmining battery 


charging is examined by A. Hu and J. Boys’s group at Auckland University [A23]. In 


[A67] J. Junlin et al. describe another sliding transformer project for underground 
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horizontal transit which uses a resonant converter (for energy transfer) and refers to the 


work [C60] published by S. Valtchev and J.B. Klaassens.  


 


Likewise, the use of galvanic contacts deep in the ocean is hampered by the high 


conductivity and aggressive PH factor of salt water. Together with high pressure, it 


impedes the connection and disconnection of electrical power to submerged equipment 


(submarine vessels as well as underwater mining equipment, oil rigs etc.). A special 


contactless coupling proposed by B. Heeres et al. [B28] uses an idea similar to a sliding 


or coaxial transformer, where the secondary core can be opened and then closed around 


the primary and slid down the primary. Another magnetic interface in the form of disk 


shaped transformer cores was put forth by M. Feezor et al. [A20] in 2001. In [A42] T. 


Kojiya and F. Sato suggest conical structures for the inductors mounted on the 


submersible, which would allow deep-sea submarines to easily achieve optimal and 


faster inductive connection.  


 


h) Military, aviation and space equipment 


 


Contactless technology is necessary in many military and space systems, where the 


sealing of the compartments is vital. For example, the satellite rotary connection (with 


the telescopic equipment) shown in [B13] is quite similar to the joint for machine tools 


described by R. Steigerwald et al. in [B30]. G. Roberts et al. have already published 


their report [B12] on the practical results from a 250 W contactless supply for space 


application at a symposium of the European Space Agency (ESA).  


 


Similar rotary connections for both power and signals are massively used by radar 


equipment. In classical radars, rotary joint large rings and brushes have been used to 


transfer tens or even more than 100 kW, together with smaller rings and brushes for the 


transfer of information. Such connections, though, are increasingly viewed as 


impracticable, restricting as they do the freedom of movement of the antenna and the 


rotating transceiver cabin; at the same time, the speed of these movements destroys the 


rotating galvanic contacts very quickly, necessitating frequent maintenance operations 


(and the existence of numerous backup radar installations).  
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i) Intelligent medical diagnostic equipment 


 


X-ray scanners, magnetic resonance scanners and computer tomography need free 


movement of the transmitting and receiving equipment along and around the patient, 


which is impossible to achieve if the transmitter and the camera are connected by wires. 


Although slip ring contacts are also in use, the quality of the image suffers, the system 


becomes very bulky and heavy, and the addition of any more degrees of freedom is 


impossible. The transmitted power can exceed 50 kW, and thus creates a problem for 


the super-precise receptors that have to send a noiseless signal to the computer. An 


example of contactless solution for this problem is contained in the patent of R. 


Steigerwald et al. published in [P4].   


 


j) Automobile equipment 


 


The automobile of the future will also need many contactless power connections, to 


reduce its wiring and increase its flexibility. Wires create particular problems in areas 


subjected to constant movement, such as the steering wheel. It is for this reason that in 


applications like the driver’s airbag (mounted inside the steering wheel) can be activated 


without slip rings. In [A82] of D. Jin et al., a contactless supply of power to trigger the 


airbag is proposed. The same type of power supply can also be used by the incorporated 


comfort equipment of the car. 


 


1.2.2. Lower power contactless transfer 
 


a) Entertainment systems 


 


Early publications about contactless power transfer in the late 1980s described 


amusement-oriented equipment, like aircraft onboard systems capable of transmitting 


multiple audio and video programs. In those systems the transmitted signal is 


accompanied by sufficient power sent inductively to the individual receiver in each 


passenger seat. A. Kelley [B23] reports an efficiency of maximum 53%.  
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b) Intelligent identification cards 


 


Most ID cards still contain only a limited amount of information, restricted by the use of 


magnetic recording. On the other hand, despite not entering into galvanic contact, they 


are not contactless. They need close proximity to the reading head. Some cards contain 


an electronic chip with more memory, but they receive their electric power through 


galvanic contact. Other cards do not have contacts but contain simple passively 


responding internal loops, albeit with a very limited capacity for information. The need 


to have available a lot of memory and to transfer all necessary information without 


direct contact, increases with each passing day. Such devices, called “smart cards”, 


require a contactless supply of power for their memory to be read and written to, and to 


transmit and receive information. A. Rozin’s patent [P1] shows the use of such a 


contactless (in this case, capacitive) link allowing the transmission of the necessary 


power at a high frequency.  


 


c) Power supply to sealed small electronic appliances 


 


There are many applications (hospital or personal hygiene equipment) where it would 


be helpful to have a watertight device that can be easily cleaned (and even sterilized) or 


can be used in an aggressive environment. Such a device has a battery without external 


electrical nodes which has to be recharged by means of a contactless power transfer. 


Already in the shops are contactlessly rechargeable toothbrushes and electric shavers. A 


shaver charger is analysed by H. Abe in [A12].  


 


d) Medical Implants 


 


A patient could be spared numerous inconveniences by the use of contactless power. 


Pacemakers and heart implants offer a case in point. A self-contained artificial heart that 


uses a transcutaneous transformer is described by G. Joung in [A8] as showing an 


efficiency of 70-80%. The patient’s quality of life is improved by the reduced size and 


weight of the implant and, most importantly, by the elimination of the need for a 


periodical opening of the thorax to replace the batteries. 
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Hearing implants offer a similar case study, with the internal electronic device that 


translates sounds directly into electrical stimulation of the nerve being embedded deep 


inside the body. An overall review is contained in [A59] by C. Fernandez. In [A49], M. 


Catrysse et al. analyze the potential causes of low effectiveness of contactless implants 


and conclude that it is advisable to switch the frequency from 500 kHz to 4 MHz for the 


bidirectional transfer of power and data, as the efficiency will remain good while no 


side effects will appear.  


 


In [A38] T. Leurer describes a telemetric system for the continuous monitoring of 


intraocular pressure by an implant which receives its power supply and sends its data 


through a contactless connection.  


 


e) Personal electronic equipment 


 


Portable equipment, like PDA computers and cellular phones are already charged 


without wires. Y. Jang in [A32] and [A63], and Chang-Gyun Kim in [A62], describe 


chargers with two resonant circuits (primary and secondary). A small phone charger is 


presented by W. Lim [A22], where the mobile phone can be placed anywhere on a thin 


transmitting table.  


 


The equipment described by [B14] and [B15] uses the same principle to recharge 


simultaneously many electronic devices placed randomly on top of that table. For the 


sake of efficiency, power is transmitted selectively only to those parts of the table where 


it is needed. The structure of the coils (meander type) is discussed by F. Sato in [B19]. 


K. Hatanaka [A28] proposes circular coil cells, while S. Hui [A51] proves that 


hexagonal coils are better at distributing the charging power.   


 


In conclusion, all of the above mentioned versions of contactless power supply use a 


powerful high frequency magnetic (sometimes electric) field to transfer the power to the 


independent, fixed or moving receivers. Unfortunately, existing publications and 


implementations seem to set rather small store by efficiency. Finding ways to achieve 
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high efficiency is the most important aspect of the present work, which concentrates (in 


general) on contactless energy transfer at a reasonably high power level with the 


maximum possible efficiency.  


 


1.2.3. Series loaded series resonant (SLSR) power converter 
 


The solution for contactless energy transfer presented in this work will be based on the 


SLSR converter. As will be shown later, resonant converters offer the most efficient 


solution to the problem of contactless energy transfer. These have come to be gradually 


accepted in power electronics since the 1970s. The next decades, the ‘80s and the ‘90s, 


witnessed notable progress in the area of switching converters, mainly in terms of 


increased frequency of commutation, better power density and overall efficiency. In 


reaching this target, the leading role had played the development of the resonant 


converters (and soft-switching technology converters) being the key players in these 


developments, accounting for lower switching losses and facilitating the attainment of 


high frequency operation without any degradation of the converter’s efficiency. 


 


As a result, resonant converters’ characteristics have improved sharply in terms of fast 


reaction and high efficiency. Yet industry has somehow managed to stay away from that 


principle of power conversion, restricting itself to just a few special cases. This is due to 


two particular reasons. First, the existence of two reactive loops of dissimilar dynamics 


(the resonant loop and the output filter) complicates the dimensioning of the converters, 


since it is more difficult to predict the waveforms of the electrical variables as compared 


to conventional hard-switching converters, which industry is much more familiar with. 


The complex reactive loops complicate the control strategy and hence the stability as 


well. The second reason for industry’s foot dragging is that the resonant converter may 


subject the power devices to levels of stress that are far from minimal. Although it is 


possible to reduce the commutation losses of converters based on resonant technology, 


in some applications the peak value of the electrical variables may reach excessive 


levels resulting in higher conduction losses or necessitating extra-large converter 


components. 
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Despite their limited adoption by industry, resonant-technology based converters have 


been showing such great promise that, once the two main drawbacks mentioned above 


have been minimized, they are expected to become the preferred or even the only 


solution to use in certain applications, among them high-density and high-efficiency 


power supply to military and space applications, where converter miniaturization is 


crucial and the operating frequency need to be 1 MHz or more. Another cases in point 


are the converters where the load is resonant by nature (induction heating converters), or 


where the requirement for a deep reduction of electromagnetic interference makes the 


soft-switching compulsory.  


 


SLSR converter versions are yet to be studied in depth, and will hopefully attract greater 


interest when considered in relation to the contactless transfer of energy. This author has 


himself contributed – [C60], [C93], [D15], [D16], [D21], etc., to the list of publications 


on SLSR converters contained in the bibliography.  


 


1.3. General physical requirements and technical restrictions 


in the contactless transmission of electric energy  
 


In view of the fact that all DC/DC power converters are potentially contactless by 


nature, contactless electric energy transfer should evidently pose no serious challenge. 


As a rule, such converters use a high-frequency isolation transformer between the 


primary and secondary sides of the circuit. The transformer magnetic circuits are often 


complex containing large air gaps and separated windings that could be physically 


divided. Unfortunately, the classical (square waveform) DC/DC converter cannot be 


simply split in two parts in order to achieve a contactless functionality.  


 


Electric and magnetic fields fade rapidly as the distance between transmitter and 


receiver increases. And since the efficiency of the energy transfer is the uppermost 


consideration for any power electronic equipment, the main objective of this work is to 


search for a type of converter that is capable to deliver power without significant loss. It 


is obviously difficult to convey power without loss. It is even more difficult to convey 


power without wiring, because of the field’s fading. But in many cases there are 
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possible solutions to be considered. As the next chapters will show, when emphasis is 


placed on high efficiency and on reasonably high power levels of transfer, the only 


possible solution is offered by magnetic coupling, usually referred to as Inductively 


Coupled Power Transfer (ICPT).  


 


As in other magnetically coupled power converters, ICPT employs the magnetic field as 


a link between the primary and secondary sides, but in order to compensate for the 


larger air gap, it employs unconventional schematic solutions. This work, therefore, 


intends to focus on that class of power converters. The next chapter will examine the 


kind of magnetic coupling which is available to today’s technology and which underlies 


the present work.  


 


The options before a designer of ICPT converters are as wide as their field of 


application. What limitations and physical effects he will have to deal with will depend 


on the choice of construction. And since it is not possible to define one universal 


topology to underlie all the different applications, this work will focus on a specific type 


of contactless converter with wide practical utilization, i.e., similar to a battery charger. 


When possible, general conclusions applicable to a larger class of converters will be 


formulated.  


 


The hardest key problem with respect to a contactless power converter is that its 


mechanical independence is greatly reducing the magnetic coupling coefficient K (far 


below its ideal value K=1 and occasionally to as low as K=0.02). Despite the fact that 


usually the magnetic coupling does not reach that lowest value in power conversion 


constructions, the parameter K being smaller than unity is the most important 


characteristic of the contactless power converter.  


 


It will be useful to separate the possible cases of reduced magnetic coupling. The first 


group is characterized by a relatively high level of coupling, e.g. K>0.5, and the second, 


by a lower level, roughly K<0.5. Attention will be directed to the higher level of 


coupling, as relevant to most power applications (from a few watts up to hundred 
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kilowatts). Weak coupling requires a separate study, and its solutions are outside the 


scope of this work. 


 


As a consequence of loose inductive coupling, leakage inductances too merit serious 


attention, as do winding capacitance, magnetizing inductance value, etc. Luckily, in 


each case study the coupling factor K does not change significantly during the operation 


(keeping the magnetic coupling roughly the same). For example, a battery charger will 


transfer power to the receiver only over a short distance, and the receiver is 


disconnected when the transmitting plug is moved out.  


 


In short, at any coupling level, parasitic elements in ICPT constructions such as stray 


capacitance and stray inductance are much higher and much more important than in 


cases of idealized power converters, and magnetizing inductance is much lower than in 


the ideal case.  


 


Expectations that the values of some parasitic parameters may grow as high and as 


important as the usual constructive parameters rule out a classical topology for the 


converter. A hard-switching converter will not be applicable, because it requires a 


minimum value of parasitic components. An unconventional industry-oriented solution 


should strive to make the parasitic elements contribute to the power transfer. One such 


way is to apply different variants of the converter’s “resonant operation” so as to 


include the parasitic parameters into the already existing, “compulsory” power circuit. 


 


With the development of mobile robotic equipment and electric-vehicle supply systems, 


resonant converters may prove not only extremely advantageous, but even indispensable 


because of the parasitic elements. The use of conventional hard-switching power 


converters offers no ready solution to this problem; on the contrary, a rise in leakage 


inductance, for instance, could have a destructive effect. In contrast, because of their 


principle of operation – by operating frequency or other control parameter variation, 


resonant converters could easily adapt themselves to the value changes of the resonant 


loop reactive components.  
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1.4. Motivation and objectives 
 


Energy converters have been gradually pushing up their characteristics, especially in the 


crucial area of efficiency. Efficiency is what spurred on the appearance of resonant 


converters and what accounts for their ongoing rise in popularity. In contactless energy 


transfer resonant processes are unavoidable because of the increased parasitic reactances 


that need to be included in the circuit. The resonant processes are also used to 


compensate for the low coupling coefficient by accumulating energy in the resonant 


loop. Awareness of the resonant conversion is therefore indispensable.  


 


Practice has shown that a loosely coupled transformer does not contribute to improved 


efficiency. As far as contactless energy converters are concerned, this consideration (the 


efficiency) was hardly given any attention and is usually overlooked in the publications. 


This work will analyze a resonant power converter with ideal and with non-ideal 


magnetic links. The analysis will highlight the influence of the loosely coupled 


transformer parameters on the converter’s performance and the ways to optimize it for 


top efficiency. And since efficiency is the main target of the study, approximations will 


be allowed for the sake of a faster defining of the best efficiency operation range, and 


whenever they are conducive to easier regulation of a resonant converter (whether 


contactless or otherwise).  


 


The pursuit of top efficiency and the dearth of studies of contactless power transfer by 


means of a series loaded series resonant (SLSR) converter have prompted the author to 


apply his previously acquired knowledge in laying down several main objectives:  


 


– To formulate a justified choice of the most suitable method for contactless 


energy transfer, considering mainly the efficiency of the process. The qualities that 


make the magnetic field linked converter (ICPT) the most suitable one for the 


purpose will be discussed in further detail.  


 


– To narrow down the choice by comparing in detail the available contactless 


conversion solutions (based on the criterion of maximum efficiency); the study 
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will thus concentrate on resonant converters and particularly on the series loaded 


series resonant (SLSR) converters as the most suitable conversion method.  


 


– To perform a more detailed study of the SLSR converter in the case of an ideally 


coupled transformer, and to present the results (mathematical expressions and 


models) in forms that permit their application to a non-ideal (contactless) 


converter. 


 


– To prove that the super-resonant frequency of operation guarantees higher 


efficiency of the SLSR converter, and that this is also in the case of a contactless 


inductive coupling with varying magnetic characteristics of the loosely coupled 


magnetic link.  


 


– To obtain the necessary results mathematically and in graphical form by 


modelling and analysis. The analytical solution for a non-ideal case will be 


facilitated by an approximation which splits the full (and more difficult to solve) 


equivalent circuit in two separated circuits: one for each side of the resonant 


converter, both circuits functioning simultaneously.  


 


– To create a new control strategy, more suitable for the resonant converter in 


general, but also applicable to contactless converter implementations.  


 


1.5. Original contributions 
 


This work is the result of the author’s experience, predominantly in the field of resonant 


converters, but lately in contactless energy transfer as well, presented in some 


publications from previous years, which themselves amount to original contributions on 


the subject. For example, this author’s earlier work [C60] is referred to by several 


articles including the article dealing with contactless energy transfer [A67]. The most 


essential original contributions of this work consist in the following: 
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1. The variations of the magnetic parameters of a loosely coupled magnetic link are 


investigated by calculation, simulation and measuring. An important observation is that 


the leakage inductance remains almost constant irrespective of the distance between the 


magnetic field transmitter and the receiver. Mathematical models of the most important 


variable elements of the equivalent circuit of the loosely coupled magnetic link are 


obtained. The behaviour of those elements is simulated and measured. 


 


2. As a consequence of the invariant leakage inductance the Series Loaded Series 


Resonant (SLSR) converter has been chosen as the most appropriate for the relatively 


high-power contactless converters. The losses of the sub-resonant and super-resonant 


SLSR converter are compared and the super-resonant operation is chosen because of its 


potentially lower switching losses. 


 


3. A transient analysis of the SLSR converter is done. Generalized analytic expressions 


(in case of the Frequency-Mode operation) are obtained for the conduction intervals, 


average and rms values of the resonant current, maximum capacitor voltage, etc. Those 


expressions permit to calculate rapidly and realistically the converter characteristics for 


varying circuit parameters. Output characteristics in normalized, universal form are 


obtained at changing frequency, current form factor, maximum resonant capacitor 


voltage. 


 


4. Other relations are derived for the Pulse Width Mode of operation of the SLSR 


converter and the increased depth of regulation achieved by this mode is demonstrated. 


A suggestion is made to use the PWM of operation only at the lowest output power 


levels and apply the frequency regulation for the full output power. The analysis of 


PWM operation is applying modifications to the previously obtained equations, finally 


presenting the results graphically.  


 


5. The zones of operation with a soft switching in PWM are pointed out. Those zones 


guarantee that the known problems of the resonant circuit commutation, as the short 


circuit recovery of the diodes and the Transformer Induced Low Frequency Oscillation 


(TLO), are avoided.  
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6. The contactless (loosely coupled) converter is modelled as a couple of two ideal 


SLSR converters. This model of the contactless converter is obtained by recalculating 


the circuit parameters, which allows presenting its output characteristics in function of 


the magnetic coupling coefficient. 


 


7. The zones of best efficiency of operation are defined in order to help to the design of 


the contactless converter. A conclusion is made about the zones of operation where the 


maximum power should be kept in case of varying magnetic coupling.  


 


8. Some original control circuits are shown and compared. The energy balance in the 


resonant circuit is used to propose an instant control strategy (suitable for any SLSR 


circuit). This new regulation is implemented in an analogue circuit which simulation 


results are shown, illustrating the idea. 


 


1.6. Organisation 
 


Chapter 1 outlines the state of the art, the study’s objectives to be achieved, and the 


original contributions.  


 


Chapter 2 presents and compares the different technologies available in terms of 


contactless energy conversion. Magnetic and electric fields are compared as means of 


energy conveyance. The capability of different converter topologies to compensate for 


the parasitic elements is compared. The chapter comes to an end with the conclusion 


that best suited for the purpose is a SLSR converter in super-resonant mode of 


operation.  


 


Chapter 3 investigates the loosely coupled magnetic link as the basis of a contactless 


converter. Calculations, simulations and measurements are applied to prove that the 


leakage inductance remains almost constant while the magnetizing inductance changes 


much more with the changing distance between the transmitter and receiver of the field. 


 







 


1-23 


Chapter 4 analyzes in depth the idealized SLSR converter in super-resonant mode, 


aiming to obtain information about its most efficient operation. Some general 


expressions are derived like the switching intervals in general form. The calculations 


help to analyse operation regimes. 


 


Chapter 5 applies the analysis of Chapter 4 to show the regimes of operation in the case 


of a resonant converter with an ideally coupled transformer. It includes also an analysis 


of the PWM operation. The results from this chapter are to be applied in designing the 


ideal SLSR converter and the loosely coupled transformer (contactless) series 


converters, in consonance with the conclusions contained in Chapter 6.  


 


A non-ideal and an ideal SLSR converter are compared in Chapter 6 and two equivalent 


circuits in lieu of the more complicated full equivalent circuit of the converter are 


suggested. Those circuits are used to obtain analytical results presented graphically and 


leading to conclusions about practical applications.  


 


Chapter 7 compares the different methods of converter regulation and proposes a new 


method using the energy balance of the converter to create a strategy that is better suited 


for the SLSR converter and especially for its contactless version. It concludes with a 


realistically simulated implementation as an example of this regulation method. 


 


Chapter 8 presents the experimental results from previously constructed SLSR 


converters, which exhibit tendencies already predicted by the calculations. A recently 


constructed converter is also measured and its results are presented as confirmation.  


 


Chapter 9 contains the general conclusions of help to future research on the subject. 


 


Lastly, a vast bibliography is offered to facilitate finding articles on the subject that are 


already published. 
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CHAPTER 2 
 


 


 


 


 


 


 


 


Identification of the Most Functional 


Technology for Contactless Energy 


Transfer 


 


 


 
Abstract: This chapter compares the viable principles and methods of 


energy transfer in modern technology with the aim to define its 


most effective technique. The choice is guided by the required 


high power capacity of the converter with the highest possible 


efficiency, when parasitic elements and their variations are 


included.  







2-2 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 







2-3 


2.1. Introduction  
 


From the technological point of view the choice of the contactless technique to transfer 


energy, is still quite restricted. In theory, any type of energy-containing field can be 


used as a carrier. For example, the electromagnetic field emitted by the most modern 


quantum generators and amplifiers can be very attractive because of the long distances 


that the concentrated and coherent beam can reach. Unfortunately the possible 


efficiency of the field (e.g. light) produced by powerful quantum devices is not higher 


than 5% of the electrical input power. The received power by the consumer will be very 


low and even lower if the losses in the link track are considered. This way the lasers 


miss the most important characteristic of the power electronic equipment, namely to 


guarantee a maximum transferred power.  


 


In this chapter the three available fields: electrical, magnetic and electromagnetic fields, 


will be compared in their capacity to be easily generated by electric power and at the 


same time to be used for the production of electric power. A conclusion will be drawn 


that the only technologically available field (today) at high power levels is the magnetic 


field. The application of the magnetic field in contactless energy transfer will involve a 


transformer with two mechanically detached primary and secondary sides, with lower 


(than usual) magnetic coupling. 


 


Power converters for driving the magnetic link (transformer) will be compared in their 


capability to operate at low magnetic coupling. From this comparison it will be 


concluded that the best solution is the resonant converter, operated in frequency mode 


of regulation when the maximum power is required. In order to achieve the highest 


possible scale of output power regulation two possible modes of operation of the 


resonant converter to reduce the output power will be compared: the pulse-width mode 


(PWM) and phase-shift mode (PSM). 


 


The important parasitic elements of the magnetic link (series and parallel inductances) 


will be compensated in different ways and the comparison between those 
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compensations will lead to the best converter for the contactless purpose: the series 


loaded series resonant (SLSR) converter. 


 


2.2. Electromagnetic field 
 


The electromagnetic field can transfer energy at an enormous power density. It is 


expected to become the energy carrier of the future, although for the moment, it is the 


most difficult to be used and to be controlled with precision. This field is more 


intensified at higher frequencies, but unfortunately power electronics is not able to use 


that high frequency range efficiently because the power semiconductor switches are still 


too slow to operate instantly in a fraction of a nanosecond. At lower frequencies the 


energy would be wasted and spread around as in the conventional radio transmitters. 


The other disappointment in the today’s technology is that even at the highest 


frequency, the energy is not concentrated enough to be propagated in the air without the 


classical waveguide. It is possible to have waveguides that are not as firm as the normal 


metallic waveguide but, up to now, the mechanical independence of the receiver has not 


been reached yet. Currently, some waveguides permit limited movement as a rotation 


(e.g. the BN635214 of Schleifring und Apparatebau GmbH, Germany, with less than 


0.2 dB total losses). In some cases a guided transferred electromagnetic power reaches 


levels of several megawatts. The difficult problem remains unsolved: how to transform 


the received electromagnetic power back into voltage and current needed by the 


available electro and electronic equipment. 


 


The electromagnetic field, if it would be possible to control, to guide and to receive it, 


will be the most powerful field, with minimum power loss. To give an idea about the 


losses in a high-quality waveguide, an example is obtained from the satellite technology 


and is shown in Fig.2.1. 
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Fig.2.1. Losses in different power waveguides including normal quality (Waveguide) and Tallguide 


waveguides (Antennas for Communications Co., USA), scale: 
0.0328 
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The minimum losses for high-quality waveguides as shown in Fig.2.1 are 6 to 10 times 


lower than the losses of a standard waveguide. When high power handling capability is 


considered (megawatts) the best waveguide can also transport several times higher 


power than standard waveguides. The losses are as low as 0.008 dB.m-1 (up to 0.06 


dB.m-1), which means that at a distance of 5 m the power losses will be 0.9 % (up to 7 


%). These values correspond to air-filled waveguides and the losses would be even 


lower in vacuum. There is no other nonconductive means for transporting electrical 


energy showing losses as low as these. Similar good characteristics can be obtained 


from dielectric waveguides for millimetre wave lengths and power up to the level of 100 


MW in vacuum and 1 MW in air, which transmission losses are 0.01 dBm-1 or lower 


(General Atomics, San Diego, USA). 


 


It could be concluded that the electromagnetic waves are an excellent link for 


transmitting very high power at low loss. Unfortunately, it will need a lot of work to 


become assured the control of the transmitted power, its guidance and the means to 


receive the energy in practically utilizable electrical form at the consumer site. 


 


The electromagnetic field is used since the end of the 19th century as a carrier for the 


information transfer and during this transmission process it necessarily delivers power 


as well. For example, the simple “detector receiver”, named also “crystal receiver” 
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needs no additional power supply. The received few microwatts power in its antenna is 


sufficient to supply the earphones. Unfortunately, the efficiency of this energy transfer 


is unacceptable as the received power is less than 10-9 % of the emitted power as the 


emission is not directed. 


 


It is possible to direct correctly the electromagnetic field, targeting the receiver by 


increasing the carrier frequency and sending out the power from a plane source with 


synchronised phase and frequency, as it is done in the quantum generators and 


amplifiers (lasers). This method was already mentioned as still not feasible for the 


moment because of the low efficiency of transformation of electrical power into light 


(usually 5%) and also due to the complexity of transforming back the intensive light 


into electricity. At the moment the only known application of a powerful laser beam is 


serving military purposes. 


 


The resonant transfer of energy was already experimented at higher power by Nikola 


Tesla. In some of his experiments he used tuned circuits known as the Tesla Coil, which 


have fascinated the minds in 1930-s and have enthusiasts until today. In this method he 


produced extremely high voltages (millions of volts) at a distance using a contactless 


transfer of energy by adjusting the mutual inductance between the transmitter and 


receiver coils, both included in resonant circuits. An illustration of the original Tesla 


experiments is presented in Fig.2.2 showing a megavolt discharge. The emitter of the 


power is behind the sitting technician (on the right) and the received power is provoking 


a huge discharge in front of the sitting person (on the left). 


 


 
Fig.2.2. Historical photograph from the laboratory of Dr. Tesla in USA 
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The construction referred in Fig.2.2 (electromagnetic resonance where the link is 


formed by the mutual inductance) has in fact a similar principle to the double resonant 


loops used in low power contactless charging equipment, e.g. in [A32], [A62], [A63], 


etc. The contribution in the construction of N. Tesla is the finding that the 


electromagnetic energy can be transferred (without any waveguide) exclusively by the 


receiver. Due to the magnetic coupling, which is not completely zero the (parallel) 


resonance provokes huge internal current in the secondary explaining the phenomenon 


of Tesla Coil. The frequency measured during the effects in this equipment was 400-


500 kHz, and the voltage produced was up to 6 MV.  


 


Other ideas of N. Tesla as the transfer of power by emitting long-wave energy by the 


receiver antennas switched on or off depending on the demand of power, were 


considered to be impossible. The supposed waveguide was the space between the Earth 


and the ionosphere. He even predicted (electromagnetic) resonant frequencies of the 


Earth namely 7 Hz, 14 Hz, etc., up to hundred kilohertz. He named those extremely low 


frequency electromagnetic waves as Tesla’s and expected them to behave as plane, 


scalar variables. The normal “Hertzian” waves’ characteristics, as broadcasting in all 


directions, decreasing the quantity of received energy by the square of the transmission 


distance etc., are a serious problem. In contrary, the Tesla’s waves (as Tesla supposed) 


are scalar waves, not dissipating in propagation through space and especially around the 


Earth. This subject, Dr. Tesla described in the article [C132] but it was not taken 


seriously by the scientists at his time.  


 


Only nowadays his predictions turned out to be applicable. For example, the contact 


with the submarines at a global distance is using low frequency electromagnetic waves. 


His idea to propagate the electrical energy around the world in the cavity between the 


Earth surface and the ionosphere at extremely low frequencies is not applied yet, but 


this “waveguide” is since 1980-s known as the Schumann Cavity. It surrounds the Earth 


starting from the ground level and extending up to a maximum of 80 kilometres, 


showing qualities of an almost perfect wave-guide for extremely low frequencies, close 


to the 8 Hz predicted by N. Tesla. The electromagnetic wave at a fundamental 


Schumann resonance frequency will propagate with little attenuation around the planet. 
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That resonant cavity can be excited and the energy can be delivered to any point of the 


Earth in a similar method as used in microwave ovens. As the wave inside the 


waveguide is plane, Tesla had the right to consider those waves different from the 


spherical, which he called “Hertzian”. For proving the long distance energy transfer, 


Tesla designed the famous Wardencliffe tower [C133], but the experimental work was 


not completed due to lack of funding. His ideas are still out of reach for our technology. 


 


2.3. Electric and magnetic fields 
 


As shown, the electromagnetic field can transport megawatts with attenuation of only 


0.01 dB/m or less. It is clearly better than transferring power through the magnetic field 


in an air-gap or through the electric field between two (or more) capacitor’s plates. In 


case of magnetic or electric fields, the intensity of the link is severely diminished when 


the distance is increased. Those fields can be easily concentrated (of course this must 


happen inside a device that is capable of concentrating the named field), i.e. inductor or 


capacitor. In both inductive and capacitive methods it is necessary to use alternate 


current (or voltage) source. The frequency of the alternate transmitted electrical variable 


may be higher or lower but due to the need of equipment size reduction, it is usually 


high. 


 


The choice of the best link for contactless energy transfer is between the capacitive and 


inductive methods (i.e. between electric and magnetic fields) as there is no other 


physical field capable of electric energy transfer. The devices, which can concentrate 


those fields, are the capacitor and the inductor (capacitive and inductive links). Either of 


them can serve the needs of the contactless transfer depending on the power, the 


frequency, the miniaturization requirements, etc. In the next two sub-paragraphs these 


links will be compared considering the necessity of transferring the maximum power 


with the maximum possible efficiency. 
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2.3.1. Capacitive link 
 


The capacitive link principle is based on the production of a high frequency alternating 


electric field, which is inducing AC current through the isolating electric gap (a 


capacitor). This is illustrated in Fig.2.3 [P1], where the secondary rectifier is producing 


the necessary DC supply for the consumer (in this case a small intelligent card). The 


base, which emits the power, is shown with one pair of capacitor plates but it can 


include more if the card has to receive more power or may be located in lateral position. 


In order to assure more current passing to the consumer, a series resonant loop is 


usually applied.  


 


 
Fig.2.3. Simplified sketch of a capacitive link between the power transmitter and a smart card [P1]  


 


Supplying consumers by a capacitive link was already known, e.g. during the WWII. 


Some radio receivers used capacitors as dividers to get lower voltage for the consumers 


directly from the 50 Hz AC line. The capacitor was working well as a lossless rheostat 


or voltage divider, having its impedance module equal to 1
Cω


. Unfortunately the 


nowadays construction of a contactless energy transfer cannot realize even a fraction of 


microfarad as used in those dividers. The capacitance of this link (at even smallest 


possible distance) is very low. The existing capacitive coupled transmitters and 


receivers of power are especially used at low power levels and for microminiaturized 


consumers, where the magnetic means of transfer would be too bulky, e.g. in the 


supplying of some intelligent cards. 
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To support higher power requirements, some concentration of the field can be made, 


using focusing dielectric materials with higher relative dielectric constant εr. This is not 


as easy and practical as the magnetic field concentration, because εr of any dielectric 


material is not more than 10. So, it can concentrate the electric field only a few times 


better in that material and quite a big surface will be necessary in order to avoid the 


field dispersion, if the distance will be larger. Due to physical reasons, the link 


capacitance is not more than several hundred pF (or even as low as several pF) requiring 


the application of very high frequencies. 


 


If a situation similar to the one presented in Fig.2.3 would be considered, the link 


capacitance consists of two pairs of plates each 4 cm2, connected in series and isolated 


by an air distance of 1 mm. This will result in two capacitances of 3.55 pF, which in 


series connection results in 1.77 pF, corresponding to an impedance of 90 kΩ at 1 MHz. 


Even if the plastic material of the card has a few times higher dielectric constant, the 


capacitance cannot grow much as the distance between the card and the transmitter 


increases. At 10 mm distance the capacitance is 10 times lower, so the impedance will 


be 0.9 MΩ or more if the fringing of the field would be considered also. To transfer at 


least a current of 1 mA rms the voltage will be 500 V rms between the plates for each 


pair. 


 


If the diode rectifier from Fig.2.3 is considered as the power doorway of the card, the 


rectifier capacitance will be at least 0.1 nF and will form a voltage divider with the 1.8 


pF in series. The card in this case will receive less than 1 % of the voltage from the 


mentioned HF voltage applied by the transmitter. This voltage is at least hundred times 


less than the emitted voltage by the generator.  


 


There are examples of capacitive transfer as referred in [P.1] where the weak link of the 


limited capacitance is providing a modestly good transfer at low transferred power and 


low efficiency. Outside the low power range, this kind of transfer has limited 


application. 
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2.3.2. Inductive link 
 


The inductive link principle consists in “magnetic” contact. This process is defined by 


the production and emitting of an alternating magnetic flux at relatively high frequency, 


by properly shaped windings with or without ferromagnetic core. When the magnetic 


flux reaches the receiver winding it induces AC voltage, thus forcing a current to be 


supplied to the consumer where it produces enough output power. As an example a 


simple rotary inductive link is presented in Fig. 2.4, which allows rotation of the 


secondary part in relation to the primary, or a slight variation of the distance. This is the 


simplified shape of core used for charging of the electric vehicle (EV) mentioned in 


[B29]. 


 


 
Fig.2.4. A rotary magnetic coupling device with separately wound primary and secondary windings used 


for contactless energy transfer [B29] 


 


The magnetic link principle is quite similar to the transformer design. It is usually 


named Inductive Power Transfer (IPT) or Inductively Coupled Power Transfer (ICPT). 


This field can be concentrated much more successfully (when compared to the 


capacitive link) by using high permeability ferromagnetic material to guide the field, 


because the relative permeability is higher. The relative permeability µr goes up to 


100000 for the material Super-Permalloy, but the most used material in practice: the 


ferrite core will not have more than µr=2000. It means that the concentrated flux in the 


desired direction will be two thousand times larger. The frequency is also not 


necessarily high, because the magnetic flux can be made more intensive by lowering the 


frequency. Although, it will be necessary to increase the frequency in order to reduce 


the dimensions of the circuit power components.  
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For high power conversion the used frequencies can be 20 to 50 kHz. From the point of 


view of keeping at least a minimum number of turns, the frequency also cannot be 


higher than a few hundreds of kHz (far from the MHz frequencies as required for the 


capacitive link). For example the MAGLEV trains and their power necessities can be 


supplied by an additional contactless converter (80 kW, 20 kHz) as shown in [A26]. 


Obviously, up to the moment, this is the way to transfer the maximal amount of 


electrical power without galvanic or mechanical contact.  


 


The magnetic field transported by inductive coupled elements has proven to be a 


powerful and robust link. The inclusion of a higher reluctance (due to the contactless 


transfer) in the magnetic path is a problem, because the higher reluctance will 


deteriorate the energy transfer, but it is not a crucial one. In this case there is no danger 


of electric discharge if the high intensity magnetic field is passing through inflammable 


gases and objects.  


 


Completely different is the behaviour of the electric field as a power carrier. The 


intensive electric field can provoke electric current in conducting material or electric 


discharge and destruction in dielectric materials, because to transport a reasonable level 


of power at a resonant frequency, very high intensities of electric field must be reached.  


 


Our environment consists of gases and liquids, which are insensitive to the magnetic 


field but in electric field the discharges and sparks are quite possible. As the contactless 


coupling is not expected to produce dangers but in contrary, to work safely in dangerous 


and aggressive ambient, it is better to leave the capacitive coupling only for the lowest 


intensity contactless energy transfer. 


 


The magnetic field is safer and is also easier to apply and to control in practice. The 


magnetic devices are slow but simple, reliable and controllable by simpler means. The 


magnetic amplifier is an example being applied already more than a hundred years. It is 


still used in power converters as shown in [A.66], where that device is the secondary 


PWM regulator, instead of the “electronic” solution of the IC post-regulators produced 


by Cherry Co. CS-5101 [A72]. 
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The efficiency evaluation is also giving priority to the magnetic coupling, because of the 


weakness of the capacitive link. The capacitance of several tens of nanofarads, which 


can reach the human body, is much higher than the possible capacitance between the 


transmitter and receiver of the capacitive link. So, the losses through leak to the 


surrounding bodies (not to mention the gas discharge, etc.) will consume the power. 


 


Many different versions of inductively coupled constructions can be listed, but the list is 


shorter if they would be grouped in a simplified classification. There is no need to 


invent much because the possible generalized types of assemblies have limited number 


and also because many practical implementations are already shown in the last years. 


The simplified illustration in Fig.2.5 presenting different configurations of the magnetic 


link is partially taken from [A17]. In this figure the variant (a) corresponds to the non-


ferromagnetic link between the transmitter and the receiver of the magnetic field. In this 


case there is no danger of saturation, but the magnetic flux is less concentrated and a 


good magnetic coupling is difficult to achieve. The next variant (b) is illustrating the 


case when one part of the loosely coupled transformer is using ferromagnetic material in 


order to concentrate the magnetic field. In variant (c) the ferromagnetic material is 


already partially embracing the entire magnetic path, leaving some air gap and in (d) the 


ferromagnetic material is having grip on both windings, leading to the best, almost ideal 


magnetic coupling. 


 


 
a.  b.  c.  d. 


Fig.2.5. Simplified configuration of different applications of ferromagnetic material in contactless energy 


transfer: a. no ferromagnetic material; b. only one of the windings using core; c. both windings using 


cores, with a large air-gap; d. both windings using magnetic cores with a small air-gap 


 


The practical implementation shown as a cross-section presented in Fig.2.6 can be 


attributed to any idealized case from (a) to (d), depending on the construction of the 


plates. In many cases those plates are made of dielectric material only to support the 
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windings mechanically, but usually the material is ferromagnetic in order to concentrate 


the magnetic field and to improve the coupling between the windings. 


 


 
Fig.2.6. Illustration of planar inductors practical implementation for charging people movers [A44] 


 


 
Fig.2.7. Illustration of a long primary winding and the gliding ferrite secondary as a receiver [B21] 


 


The practical implementation of Fig.2.7 corresponds to the idealized case of Fig.2.5-b, 


as the support for the primary is not ferromagnetic and a U-core is used only for the 


secondary. The application presented in Fig.2.8 is also idealized by Fig.2.5-b. 
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Fig.2.8. Application in an industrial crane with a long primary and a secondary with an E-shaped ferrite 


core for several kW power, produced by VAHLE Inc., Texas 


 


Another practical implementation is the rotary transformer which allows rotation of the 


mechanically isolated receiver of power, e.g. to be used in medical applications, in radar 


towers, in solar array rotation of the satellites, in robot arms, in intelligent metalworking 


machines, etc. In part (a) of Fig.2.9 a computerised tomography equipment is sketched, 


where the requirements for high precision does not allow contacts to be used for the 


transfer of energy and information. This figure was shown in patent [P4], where specific 


solutions are suggested and shown in the part (b) of Fig.2.9. All the four constructions 


resemble the (d) case of the idealization as shown in Fig.2.5. The versions of Fig.2.9b 


marked as (a) and (c) are using U-shaped ferromagnetic ring core. The versions (b) and 


(d) use E-shaped type of core. Solutions (a) and (b) allow a rotational motion 


compensating the radial motions and hence keeping the coupling coefficient constant 


but do not permit large axial movements. The (c) and (d) cases allow mechanically axial 


movement and easier disassembling at a price of coupling coefficient instability during 


the rotation. 


 


 
Fig.2.9(a). Sketch of computer tomography equipment with the necessary rotational movement 
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Fig.2.9(b). Different configurations applying rotary inductive power transfer illustrated in [P4] 


 


Another sketch of rotary magnetic coupling application was shown in Fig.2.4 which 


represents the power plugs used in the EV charging, rotary joints of some electro-


mechanic equipment (as robots or intelligent tools), or the supply for the radar rotating 


cabin.  


 


2.3.3. Conclusion after comparison of fields for energy transfer 
 


The electromagnetic field is still not capable to be technologically used as the energy 


carrier.  


 


The result from the comparison between the inductive and capacitive links is quite 


clear: the capacitive link lacks the capacity to transfer more than a minimum power as a 


fraction of a watt, so only one possibility stays: the inductive link. The inductive link 


can be constructed in many different ways, as mentioned above. 


 


In order to apply the inductive link it is still necessary to decide what type of high 


frequency DC-DC power converter will be the more efficient. 
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2.4. Power Converter applying Inductive Link 
 


Almost all of the known DC-DC converter topologies include a transformer as an 


inductive link for galvanic isolation between the input and output. This transformer is a 


very important device in the overall performance of the converter, and therefore, must 


be designed and constructed carefully to assure high magnetic coupling and efficiency. 


When the contactless power transfer is concerned its inductive link (the transformer) 


cannot have a very high magnetic coupling. This is a problem if some of the classical 


power converters are applied because they are very inefficient when utilizing a loosely 


coupled transformer. In the following paragraphs power converters will be compared 


with respect to their ability to handle a weak magnetic coupling. 


 


As one of the objectives of this work is to investigate the contactless transfer at 


relatively high power levels, the topologies that will be considered are based on the full 


bridge converter in order to achieve the highest power.  


 


The classical hard-switching converter and its versions with resonant transitions were 


analysed and it was concluded that this type of converters was not well adapted to the 


requirements of the contactless transfer. The following analysis also identifies the 


converter most harmful parasitic parameters. In consequence, it will be shown that in 


order to compensate those parameters a fully resonant solution must be adopted. 


 


2.4.1. Hard-switching converter (with secondary DC filter inductor) 
 


In the last decades, the majority of high frequency hard-switching power converters for 


high power applications use the full bridge DC-DC converter topology presented in 


Fig.2.10. In this figure the transformer is represented by a T-shaped equivalent circuit, 


where the inductances are representing the non-ideal transformer. The operation of the 


circuit consists in the periodic inversion of the input voltage by means of semiconductor 


switching devices, producing squared half-waves applied to the transformer. The 


characteristic elements of the transformer are presented by the primary and secondary 


equivalent inductances L(1) and L(2). These inductors are normally ignored due to their 
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very low values. The filter inductor L(out) at the output, is usually the most important 


inductor with the largest value of inductance. It prevents the converter from connecting 


directly to the output voltage source. In the contactless power converter the inductors 


L(1) and L(2) will become important together with the parallel (i.e. magnetizing) 


inductance L(par) which should be disregarded in the ideally coupled converter. 


 


 
Fig.2.10. Simplified diagram of a typical hard-switching converter configuration 


 


The hard-switching converter with a loosely coupled transformer is an unsuccessful 


solution for the purpose of this work as it can be seen in the simulation shown in 


Fig.2.11. The transformed inductance L(2) in this equivalent circuit is considered to be 


equal to L(1). The circuit elements are chosen to show the difference between an almost 


ideal coupling with coefficient K= ( ) ( )


(1) ( ) (2) ( )


par par


par par


L L
L L L L


=
+ +


=0.99 and a loose coupling 


with K=0.3. 


 


The currents obtained at the higher coupling coefficient (marked as K=0.99) are shown 


in the bottom plot of Fig.2.11. This shape is what can be expected from a hard switching 


converter in practice. The secondary current I(2)
1 is slightly lower than the primary 


current I(1) but both currents are approximately coinciding. The squared voltage (not 


                                                 
1 The instantaneous values of the electrical variables are marked by capital letters to be coherent with the 
simulation program. This happens whenever simulation results are presented. Although, when analytical 
expressions are concerned the classical nomenclature is adopted. 
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shown in the figure) produced by the switching bridge is provoking a trapezoidal 


current even when the inductance L(1) is only 1% of the total primary winding 


inductance (K=0.99). Large parts of the positive and the negative half periods are lost 


because of the transient processes but the total primary current is almost completely 


transferred to the output DC inductor and to the load, as shown in the bottom part of 


Fig.2.11. 


 


 
Fig.2.11. Hard-switching converter current waveforms for K=0.99 (bottom) and K=0.3 (top); Input 


Voltage Vin=200 V 


 


In the upper part of Fig.2.11 the primary is conducting only triangular current 


waveforms and no current is transferred to the secondary and to the output. This results 


from the drastic reduction of inductance L(PAR) while maintaining L(1) and L(2) almost 


unchanged or with slightly elevated values, thus corresponding to the reality, which will 


be demonstrated in Chapter 3.  


 


2.4.2. Improved (resonant) converter with secondary DC inductor 
 


The hard-switching converter with its secondary inductance can be modified into a 


resonant version by introducing the capacitor Cres in series with the primary inductance 


L(1) as this is demonstrated in Fig.2.12. This resonant circuit was used successfully in an 


industrial project [R2] and the analysis was published by S. Valtchev et al. in [D15]. It 


was proven that the converter presented better efficiency than the “classical” SLSR 


converter in super-resonant mode. 
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Fig.2.12. Resonant circuit derived from the hard-switching converter topology 


 


The output power was regulated in FM and PWM [D15]. This circuit is also simulated 


here to assess its possible application as a contactless power transfer converter. In 


Fig.2.13 the bottom plot shows a modestly good coupling value of K=0.83 and the 


upper plot corresponds to K=0.33. It can be seen that for K=0.83 the currents I(1) and I(2) 


are almost coinciding and even for K=0.33 the upper plot shows that this circuit 


transfers reasonably high part of the primary current. For a similar coupling K=0.3 


(Fig.2.11) the hard-switching converter was proven useless as its output current was 


zero. The upper plot of Fig.2.13 shows also the higher current circulating in the 


primary. This current is growing when the coupling is weak but not so much as the 


primary current of the hard switching converter. The DC secondary inductance L(out) 


although useful for the efficiency of the ideally coupled converter is not an advantage 


when contactless transfer of energy is considered and therefore this converter is not 


analysed here. 
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Fig.2.13. Resonant converter with a DC inductance [D15] for two coupling levels: K=0.83 (bottom one), 


K=0.33 (top plot) (controlled frequency) 


 


2.4.3. Soft-Transition Converter with additional primary inductance 
 


Recently different modifications of the “soft transition” are used in power converters 


and their high efficiency is based on the resonant transitions during the switching 


process. The circuit diagram is basically the same as in the circuit diagram of the hard-


switching converter (Fig.2.10), with the difference that the DC inductance L(out) can be 


absent or can have a very low value. However, sufficient inductance in the primary side 


of the transformer is required to avoid the danger of short circuit between the voltage 


sources.  


 


Usually, the control is based on Phase-Shift Mode (PSM) to maintain a sufficient level 


of energy in L(1).  


 


The simulation results for the phase-shift mode of operation are shown in Fig.2.14 for 


three different conditions: (a) the DC inductance L(out)=0 and the control is applied in 


frequency mode (equal to PSM with zero phase-shift); (b) the DC inductance L(out)=0 


and the control is utilizing a phase-shift equal to 2 µs (for a total half-period of 5 µs); (c) 


the DC inductance is equal to the primary inductance L(out)=L(1) and the phase-shift is 


constant and equal to 2 µs. 


 







2-22 


a)  


b)  


c)  


Fig.2.14. Soft-transition (non-zero primary inductance) converter: a) output inductance insignificant, 


regulation FM; b) output inductance insignificant, regulation PSM of 40%, i.e 3 µs active time; c) 


L(out)=L(1) and regulation PSM of 40%, i.e 3 µs active time. In each illustration the upper two plots taken 


at K=0.75 and the lower two at K=0.25 


 


In Fig.2.14 it is observed that for the modestly higher coupling coefficient K=0.75, the 


secondary current is by 10 to 40 % lower than the primary current. The weak coupling, 
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K=0.25 presents 0 % efficiency for all of the shown modes of shifting or output 


inductance. Although the output voltage is very low, (V0=70 V), no current is available 


at the output. 


 


As it was illustrated by Fig.2.13, the resonant elements in the circuit support the 


functioning of the contactless transfer. This is the reason to evaluate another original 


variant of the soft-transition converter for the application of contactless transfer. The 


power circuit shown in Fig.2.15 was constructed by this author applying a special 


inductor Llim with non-linear behaviour. The circuit was in fact a resonant circuit 


(including the capacitor Cres) and shows a measured efficiency of 97 %. Later it was 


published in a simplified version disregarding its resonant character in [D17] and [D18] 


of S. Valtchev et al. The special inductor Llim lowers its inductance when the inductance 


voltage reaches a certain proportion of the output voltage (originally 4:1, maintained by 


the design of Llim). The excessive energy of the transitions is clamped to a voltage, 


which in most converters is the regulated output voltage. In the case of a loosely 


coupled transformer, the special inductance Llim can be connected to the input voltage 


source.  


 


Unfortunately all soft-transition circuits are almost classical hard-switching converters 


presenting nearly rectangular current shapes and therefore very different from the 


resonant shape.  


 


 
Fig.2.15. Soft transition converter (PSM controlled) with a non-linear inductance Llim and a resonant 


capacitor 







2-24 


The simulations in Fig.2.16 show that the circuit of Fig.2.15 has the same difficulties 


with the contactless transfer as the classical hard-switching converter. As can be seen 


the currents circulating in the inductive link (transformer) are again triangular. 


 


 
Fig.2.16. Primary and secondary current I(1) and I(2) in the circuit of Fig.2.15 for duty cycle of 40%. Upper 


two plots with K=0.75. Lower two plots with K=0.25 


 


The first and the third plot represent operation including Cres. The second and the fourth 


plots correspond to the published circuit in [D17] and [D18] version. 


 


As can be seen from Fig.2.16 when the coupling is weak, no current is supplied to the 


load. Therefore the soft-switching circuit from Fig.2.15 is not suitable for contactless 


energy transfer. The reason is the same as for the hard-switching converter: the 


increasing values of inductive parasitic elements do not allow the energy to be 


transferred to the secondary circuit. The softened switching for the contactless 


applications is only of secondary importance, while the soft-transition converters can be 


considered as slightly modified hard-switching converters. In the following text, the 


soft-transition and the hard-switching converters are named “rough current form 


converters”, as they do not produce “softly” shaped current forms.  


 


In the group of “rough current form” converters, the parasitic elements are becoming a 


huge treat to the efficiency: if the higher leakage inductance of the transformer is 


considered together with the quite low magnetizing inductance, the primary current will 


not be transferred but only circulating there, and will not charge the output capacitor. 
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The soft-transition (phase-shift) converter solves partially (down to some minimum 


value for the output power) the problem of the parasitic capacitance of the power 


semiconductor switches. It does not solve the problem of the loosely coupled 


transformer. As it was demonstrated, hard-switching and soft-transition (rough current 


form) converters have the same or similar difficulties for the transfer of power when the 


coupling coefficient is decreasing.  


 


In conclusion, the full-scale resonant process must be applied to compensate the 


parasitic inductances and to improve the operation of the contactless converter.  


 


2.5. Parasitic Elements and their Effect on Resonant-Mode 


Contactless Power Transfer  
 


The hard-switching converter is extremely inefficient for contactless power transfer and 


is rarely used. Although, some exceptions exist, e.g. the converter described in [A82] 


applied as the detonator of the driver’s airbag in automobiles. This converter being a 


hard-switching forward converter cannot be efficient but in this application, the 


efficiency is not important, because it only operates once. In addition, the distance 


between the rotor and stator of the driving wheel is only 1 mm, so the magnetic 


coupling is also relatively high. 


 


The hard-switching and all of the “rough current form” converters are not prepared to 


deal with the weak inductive coupling of a non-ideal transformer with its non-zero 


series inductance and a non-infinity parallel inductance. The chosen resonant converter 


should overcome these adverse conditions by proper inclusion of the parasitic 


inductances into useful resonant loops. 


 


There are different ways to include the imperfect inductances in the above mentioned 


loops. In order to define the best type for the compensation of the parasitics, the next 


paragraph is dedicated to comparison between different ways of inclusion of the 


parasitics and the necessary additional reactive elements. 
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2.5.1. Parasitic Elements in the Power Circuit 
 


For simplifying the comparison, the generalized circuits are subjected to an AC 


simulation. The circuits are evaluated by their capability to neutralize more efficiently 


the parasitic inductances, especially neutralizing the influence of the parameters change. 


The elements of Fig.2.17 represent a simplified Steinmetz equivalent circuit of the 


loosely coupled transformer.  


 


The periodically inverted (by the full bridge switching matrix) input voltage is 


represented by the AC voltage source VG. The load, together with the preceding 


rectifier, sinking the entering alternating current, is represented as a resistance RL. The 


value of this resistance is defined as a ratio between the average rectified output voltage 


Vo and the average rectified current Io. The designations I(LG), I(RG), I(LL), I(RL), etc. 


are the rms values of the currents flowing through the corresponding devices.  


 


 
Fig.2.17. Simplified inductive power transfer with critical parasitic elements 


 


As referred above the AC generator VG (with its internal resistance RG) represents the 


operation of the power MOSFET transistor switches M1 … M4 (Fig. 2.10) and the DC 


input voltage. The loosely coupled transformer is represented by a T-type passive circuit 


with a parallel (LL(PAR)) inductance and series (LG(SER) and LL(SER)) inductances, 


influencing (by their changing values) the energy transfer from VG to the load RL. 


 


The equivalent circuit presented above in Fig.2.17 can be rearranged into a simplified 


circuit diagram of impedances, as illustrated by Fig.2.18.  
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Fig.2.18. Generalized scheme of the power transfer from the source to the load 


 


The impedance ZL in Fig.2.18 is the sum of the series inductance LL(SER) and RL 


presented in Fig.2.17. Being fully reactive, LL(SER) will not consume power but will 


characterize the impedance ZL as inductive. The rest of the circuit in Fig.2.17 will be 


represented as the equivalent generator parameters: VG and ZG.  


 


Considering Fig.2.18, it can be reminded the theorem of the maximum power transfer, 


i.e. that the optimal load impedance ZL is equal to the complex conjugate of generator 


impedance ZG i.e., GLZ Z=  or: 


 


L L G GR jX R jX+ = −          (2.1) 


 


Unfortunately, in the electrical and electronic power circuits RG is expected to be very 


low and in consequence the optimal condition (2.1) is not practicable and has to be 


modified. In general, the power converter will have a generator resistance as low as 


possible compared to the load impedance, so RL will be the device that exclusively 


defines the output current value. 


 


The current in the output impedance I(ZL), equal to the current in the generator 


impedance I(ZG), both impedances shown in Fig.2.18, will be denoted as I: 


( ) ( ) G
L G


G L


VI Z I Z I
Z Z


= = =
+


        (2.2) 


The active power PAV, supplied to the load in that case is: 


2 2
2


Re( )1 1Re( )
2 2


L
AV L G


G L


ZP I Z V
Z Z


= =
+


      (2.3) 


Finally, when the real and imaginary parts are separated, it results in: 
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The values like RG are to be minimized by the correct choice of power semiconductor 


switches and other circuit devices. Then for this lowest generator resistance (RG=0) and 


in case the reactance will tend to be compensated, the power is approximately: 
2
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    (2.5) 


 


The values of VG and RL are supposed to be known and not subjected to further 


adjustment. The reactances XG and XL must be properly chosen (compensated) in order 


to maximize PAV considering they are a combination of already existing parasitic circuit 


elements and specially introduced devices.  


 


It would be necessary to adjust properly the reactances XG and XL in order to force the 


term (XL+XG)2 to become zero. As XL is inductive (i.e. positive) because of the series 


inductance LL(ser), the rest of the circuit must have a capacitive character. This will 


guarantee that the whole loop becomes purely resistive and the obtained power is 


approximately: 
2
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       (2.6) 


To choose the way of capacitive compensation is not easy even in case of disregarding 


the winding capacitances and other minor parasitic elements. The circuit that is included 


in XG is not so simple even in its simplified version, shown in Fig.2.17. The important 


inductances that represent the flux paths (and will be discussed in more detail in 


Chapter 6) are at least two: the parallel (LL(PAR)) and the series (LG(SER)) inductances.  


 


The compensation has mainly two solutions: by adding a capacitor to the parallel 


inductance or to the series inductance. This compensation of the parallel or the series 


inductance can be done either in the primary or in the secondary side of the magnetic 


link. However, in practice, either solution is complex, because the final value for ZG 
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will partially involve not only one inductance intended to be compensated, but also the 


remaining parasitic elements. For example, to compensate the primary LG(SER) the 


capacitor can be placed in the primary or in the secondary. Best results will be obtained 


by placing it in the secondary because it will also compensate the series inductance of 


the secondary (however, this is not practically feasible for high power applications).  


 


To demonstrate comparatively the neutralization of different inductive elements, the 


comparison is done by simulation. The simulations were accomplished in AC analysis 


mode. The applied values of the used components and variables are presented in Table 


2.1. The amplitude of the square wave voltage VG is denoted as VGm. 


 


 Case 1 Case 2 Case 3 Case 4 


VGm 100 V 100 V 100 V 100 V 


RG (MOSFET) 0.01 Ω 0.01 Ω 0.01 Ω 0.01 Ω 


RL 10 Ω 10 Ω 1 Ω 1 Ω 


LG(SER) 12 µH 12 µH 12 µH 12 µH 


LL(PAR) 60 µH 6 µH 60 µH 6 µH 


LL(SER) 6 µH 6 µH 6 µH 6 µH 


Coupling K 91% 50% 91% 50% 


CPAR=CSER 200 nF 200 nF 200 nF 200 nF 


Table 2.1. Values and parameters in compared neutralization versions 


 


2.5.2. Compensating parasitic inductances by parallel resonance 
 


In the contactless power transfer research, the majority of the scientific contributions 


and the described industrial products still apply the parallel resonant loop compensation. 


This is mainly because of the traditions (from the vacuum tube times) in applying the 


Royer, Jensen and other push-pull square wave generators using the capacitor in parallel 


to the inductive circuit elements. The widely used push-pull construction with parallel 


LC loop is characterized by a long primary, not intended to concentrate the flux in a 


constant place. On the contrary, the flux is concentrated where it is necessary by a 


sliding core with the secondary as presented in Fig.2.7 and Fig.2.8 (from the industrial 


examples) or in [A7]. 
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The parallel (magnetizing inductance) branch of the Steinmetz circuit should not be 


considered as a parasitic element as it exists in all real transformers and represents the 


mutual part of the total primary inductance. Unfortunately in a loosely coupled 


transformer only a certain part of the totally produced primary flux is linked with the 


secondary and again only a certain part of the linked (to the secondary winding) flux 


will produce the voltage at the secondary terminals. This leads to a finite magnetizing 


inductance. If its admittance YPAR is considered, it has a purely positive non-zero 


imaginary value. The necessary negative complement to neutralize the YPAR is a 


capacitance with a value equal to YPAR (Fig.2.19). Accordingly, the parallel 


compensation will require a capacitance placed in parallel to the existing LL(PAR) as 


represented in Fig.2.19. This compensation not only produces a parallel resonance (a 


high impedance of the complete parallel branch C(PAR), LL(PAR) resulting in minimum of 


the primary current) but also a series resonance is observed as a peak of primary current 


(Fig.2.20). 


 


 
Fig.2.19. Parallel compensation of LL(PAR) by negative admittance of C(PAR) 


 


It will be proven in Chapter 6 that the inductance LL(PAR) will vary much more than 


LL(SER) and LG(SER). This wider change of the LL(PAR) value together with the fixed 


compensation capacitance C(PAR) (Fig.2.19) will produce a wider change of the resonant 


frequency which is more difficult to be followed by the control of the converter. 


 


The simulation is in fact an AC analysis of the circuit in Fig.2.19 applying only the 1st 


harmonic of the generator voltage and the parameter values from the Table.2.1. The 


graphically presented results in Fig.2.20 show the amplitude (directly proportional to 


the rms value as well) of the 1st harmonics of the output current I(LL) and of the 


generator current I(LG). Their variation with frequency, magnetic coupling and load 


value, correspond to the data in the Table.2.1.  
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Fig.2.20. Primary current: I(LG) and secondary current: I(LL), compensated parallel inductance: 1) Low 


load resistance, low coupling; 2) Low load resistance, good coupling; 3) High load resistance, low 


coupling; 4) High load resistance, good coupling  


 


For each considered combination (Table 2.1) of coupling factor and load, Fig.2.20 


shows the minimum of the primary current I(LG) at a different frequency. This 


frequency corresponds approximately to the parallel resonance implying the highest 


impedance of the C(PAR)/LL(PAR) branch is obtained there. The effect is combined with 


the series resonance that the C(PAR) produces with the series inductances at a slightly 


higher frequency. In this higher frequency the parallel branch is not completely 


compensated and the conjunction of paralleled admittances C(PAR)/LL(PAR) is becoming 


progressively capacitive: |XL(PAR)|>|XC(PAR)|. The load receives a higher current at the 


price of rising primary current as well.  


 


The curves in Fig.2.20 show that the primary current maximum and minimum do not 


coincide with the secondary current maximum and minimum. The optimized frequency 


for the energy transfer will be roughly between the parallel resonance (the minimum 


primary current) and the maximum of the secondary current. This maximum of the 


secondary current (as seen in Fig.2.20) occurs at a lower frequency than the series 


resonant frequency of the primary (the maximum of the primary current). As a 


consequence, the best efficiency will be found at a definitely lower frequency than the 


primary series resonant frequency which will not allow operation in super-resonant 


mode (in Chapter 4 the super-resonant operation mode is proven to be most efficient).  







2-32 


 


As it can be also seen in Fig.2.20, the resonant frequency varies with the changing load 


and magnetic coupling. This is the main draw-back of the parallel compensation. The 


frequency variations are so large that the switching frequency of the converter would be 


obliged to change unacceptably. In the discussed above example (from Table 2.1) the 


change in a search for the highest output current will span at least from 120 kHz to 230 


kHz. Usually, this kind of parallel compensated power circuit is operated at the 


maximum of the primary current oscillation and the regulation is done in the secondary 


by a boost type of switching stage as in [A11], [A14] and [A36]. A regulated DC supply 


voltage to the primary side (introduced by another switching converter) can be also 


implemented as in [A2]. 


 


2.5.3. Compensating the parasitic inductance by series resonance 
 


This compensation method consists in placing a capacitor in series with the series 


inductance of the primary, producing thus a series resonant loop. This variant has been 


used less frequently up to now. Fortunately, as it will be proven in Chapter 6 the series 


inductances are changing in a narrower zone of values (compared to the parallel 


inductance) and their compensation is expected to be more stable and predictable.  


 


The diagram presented in Fig.2.21 shows the connection of the said capacitor for series 


resonance compensation. Its negative impedance is compensating the primary but also 


secondary inductance in the effort to achieve XG=–XL, compensating if possible any 


available series inductances (parasitic and intentionally included). This compensation is 


not straightforward as there is a leakage (inductive) path through the LL(PAR) and its role 


is more dangerously noticeable when the coupling is becoming very low (K<0.5). In the 


case of that low coupling factor K the inductance LL(SER) will have higher value than the 


parallel inductance LL(PAR), so it is better to place the series capacitor in the secondary. 


This placement is, of course technically difficult to implement in power converters for 


high output power and high output current. 
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Fig.2.21. Series compensation (mainly) of LG(SER) by the negative impedance of C(PAR) 


 


A similar AC simulation is applied again to evaluate the series compensation and the 


graphical results are shown in Fig.2.22. The simulated schematic elements and their 


values are kept equal to the previously listed in Table 2.1.  


 


 
Fig.2.22. Primary current: I(LG) and secondary current: I(LL), compensated series inductance: 1) Low 


load resistance, low coupling; 2) Low load resistance, good coupling; 3) High load resistance, low 


coupling; 4) High load resistance, good coupling  


 


As it can be observed, Fig.2.22 presents more stable behaviour in comparison to the 


parallel compensation. The inconvenient resonant frequency variations observed before 


in Fig.2.20 are here minimized. This is due to the almost constant resonant frequency, 


produced by the loop C(SER),LG(SER),LL(SER). As a consequence, the operation frequency 


will be required to vary in the short zone from 90 kHz up to approximately 92 kHz to 


maintain the maximum of the output power (all in super-resonant mode of operation). 


This results in a perfect inherent stability and intrinsically simpler control, having no 


difficulty to follow the changing resonant frequency.  
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When the capacitive compensation was applied in the above cases, it treated the main 


inductive elements only. Some other resonant frequencies are normally also observed 


due to the less important parasitic reactances. Their influence is miner and is normally 


neglected. The mentioned above mode of operation: sub-resonant or super-resonant is 


considering the main elements only. The operation mode is an important subject 


discussed in more detail in Chapters 4 and 5, but it can be briefly illustrated by 


inspection of Fig.2.23, where the resonant current amplitude in relation to the applied 


frequency is shown in a generalized form.  


 


 
Fig.2.23. Normalized amplitude of the resonant current in a series loaded series resonant loop in function 


of the normalized switching frequency 


 


The regulation of the resonant current can be accomplished either by lowering the 


switching frequency (denoted as sub-resonant frequency zone), or by making the 


switching frequency higher than the resonance (super-resonant mode of operation). It 


will be proven further in Chapters 4 and 5 that the super-resonant mode of operation is 


the most reliable and efficient mode, but it requires modern, fully controllable and faster 


operating power devices. 


 


There is an important additional reason to choose the super-resonant mode of operation 


especially for the series compensated non-ideal transformer. This reason is the stability 


of this operation zone when series compensation is applied. As it is seen in Fig.2.22 the 


super-resonant slope is almost not changing its position, independently of the changing 


load and magnetic coupling. Compared to the similar curve presented in Fig.2.20, which 
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illustrates the parallel compensation circuit, the series compensation shows much higher 


stability of the super-resonant slope.  


 


2.5.4. Compensating series path of flux both in primary and secondary 
 


The conclusion that the super-resonant operation is the more stable mode can be further 


extended to the case of double sided compensation (capacitors in both primary and 


secondary).  


 


The compensations discussed before have been asymmetrical (the possible positions of 


the compensating capacitor were either in the primary or in the secondary winding). The 


symmetrical compensation, as in Fig.2.24 would be advisable to use when the parasitic 


path through the parallel inductance is expected to have very low impedance 


(LL(PAR)<LG(SER)). This creates undesirable second resonant frequency. Unfortunately, 


this solution is not easy to implement when the converted power and the secondary 


current are relatively high. 


 


 
Fig.2.24. Symmetrical compensation of the series inductances 


 


The circuit in Fig.2.24 will have one basic series resonant frequency fres (defined by the 


compensated series inductances LG(SER) e LL(SER)), corresponding equally to the primary 


and to the secondary sides (and to the total combined resonant circuit as well). The 


primary and secondary resonant loops are usually equal (referred to one of the sides): 


 


( ) ( )1 ( ) ( )2


1 1
2 2res


G SER SER L SER SER


f
L C L Cπ π


= =       (2.7) 
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In the case of symmetric (double) compensation there is inevitably another resonant 


frequency defined by the LG(SER)+LL(PAR) combined with the capacitance C(SER)1. It will 


influence the functioning as it is shown in the simulation. 


 


The AC simulation results related to this compensation method are presented in 


Fig.2.25, showing the primary and secondary resonant currents. The applied circuit 


elements and their (equal) values in the primary and secondary loops correspond again 


to the listed in Table 2.1. The magnetic coupling is extended down to the very low level 


of K=0.16 and in order to save space the results from the primary and secondary current 


are placed in different plots.  


 


 
Fig.2.25. Primary current: I(LG) and secondary current: I(LL), symmetric compensation, coupling equal to 


0.83, 0.5, 0.16: 1) High load resistance, primary current; 2) High load resistance, secondary current; 3) 


Low load resistance, primary current; 4) Low load resistance, secondary current 
 


The plots (1) and (2) in Fig.2.25 correspond to the higher output resistance, the same as 


in the cases (1) and (2) from Table 2.1. The two bottom plots (3) and (4) correspond to 


the lower output resistance as in cases (3) and 4 of Table 2.1. Each plot represents 


separately either the primary or the secondary current. The different graphics in each 


plot correspond to different magnetic coupling coefficients, marked as: K=0.83, K=0.50 


and K=0.16. 


 


Each graphic has two resonant current peaks. The leftmost resonant current peak is 


produced by the connected in series LG(SER) and LL(PAR) together with the primary 
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compensating capacitance C(SER)1. The frequency of the said peak fluctuates depending 


on the changing magnetic coupling (0.16<K<0.83) from 30 kHz to 87 kHz. Fortunately, 


the right-most peak that corresponds to the basic series frequency fres defined by (2.7) 


and especially its higher frequency slope, keeps exactly the same position. This is the 


proof that the super-resonant frequency operation guarantees stable frequency zone also 


when symmetric compensation is applied (Fig.2.24).The suggested frequencies are 


marked as “super-resonant zone” in Fig.2.25. 


 


The distance between the mentioned super-resonant zone and the left-most fluctuating 


“parasitic” resonant peak is quite large. When the coupling coefficient is high it is 


between 103 kHz (main frequency) and 31 kHz (parasitic frequency). Even when the 


magnetic coupling is very low, the lower frequency resonant peak in Fig.2.25 appears at 


a sufficient distance from the basic peak, namely from 87 kHz to 103 kHz.  


 


In the case of low magnetic coupling, the two symmetrical resonant circuits combined 


with the parallel inductance exhibit an effect of band-pass filter known from the radio 


circuits (where, in fact the same mutual inductance is used). For example, the diagram 


of current I(Ll6) is similar to the characteristic of an Intermediate Frequency (IF) band-


pass filter. It will resemble even more that filter characteristic if very low coupling 


would be applied. Even in a case of that very low magnetic coupling, the operation 


frequency will be kept in the zone of the right-most slopes of Fig.2.25 graphics. This 


stability is very convenient avoiding necessity of constantly changing switching 


frequency.  


 


The symmetric compensation can be regarded also as a series connection of the two 


resonant circuits described by (2.7) and the inductance LL(PAR) as a leakage branch. This 


leakage is not high (in the super-resonant zone) because LL(PAR) will produce a relatively 


high impedance compared to the two series resonant circuits. This is confirmed by 


Fig.2.25 which shows that the current amplitude in the super-resonant zone stays almost 


unchanged even when the magnetic coupling is varying in full scale.  
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As a conclusion, when it is necessary to deal with really low coupling coefficients (e.g. 


K=5%), and the transferred power is not high, this solution can be successfully applied 


as in [A32] and [A63].  


 


2.6. Phase-shift and pulse-width regulated minimum output 
 


The power converters that apply simple Frequency-Mode (FM) regulation as in the 


above shown figures reveal limitations when dealing with lower levels of output power. 


This problem will be addressed in Chapter 5 and is clarified also in [C93]. In general, 


the resonant converter can be forced to operate with shorten segments of the resonant 


current. This will be shown in Chapter 5 as well and similarly to the classical hard-


switching converter, this operation can regulate the output power to almost zero.  


 


The choice here will be made between the pulse-width mode (PWM) and the phase-shift 


mode (PSM) of regulation. The pulse-width mode is the classical way to control the 


hard-switching converter but because of the appearance of the soft-transition converters 


the PSM is also popular now. Each of those methods of regulation can be applied in the 


contactless resonant power conversion to reach the necessary minimum output power. A 


comparison is necessary in order to choose the best solution that presents the wider 


scale of output power regulation. 


 


For PSM control, at a fixed frequency the alternated square wave input voltage intrvals 


produced by the switching transistor matrix (e.g. as in Fig.2.10) are shortened and 


replaced partially with intervals of short circuit connection of the whole resonant circuit. 


By this, regulated time intervals (shifts) are produced, during which the resonant current 


is stored to circulate in the primary inductance (for a longer time).  


 


The PWM operation produces pauses as well but in contrary to PSM, these pauses are 


produced by totally switched-off power transistor matrix. In the case of PWM the only 


possible current path is against a high voltage (the input voltage or even higher), so the 


stored current in the primary inductance will be rapidly discharged. Both methods of 


control were compared using the same power circuit. Their results are equal when the 
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maximum duty cycle is used: when the shift is zero or the pause is zero. The circuit then 


is equal to that of the frequency-mode (FM) of operation. 


 


The circuit to be simulated is the generalized power circuit from Fig.2.21. It is a series 


compensated resonant circuit operating at relatively high switching frequency where the 


limits of FM regulation are already achieved. This explains why the simulated resonant 


current waveforms shown in Fig.2.26 consist of almost triangular segments.  


 


a)  


b)  


Fig.2.26. Comparison between PSM (top plot) and PWM (bottom plot): (a) at 2 µs command turn-on 


time; (b) at 1 µs turn-on time of the command 


 


In Fig.2.26 both in subdivision (a) and (b), the upper plot is showing the simulated 


current obtained from PSM regulation and the bottom plot corresponds to the PWM 


regulation. In Fig.2.26(a) the applied turn-on command pulse is 2 µs. The real 


conduction time of the power transistor is slightly longer than the command. A shorter 
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transistor conduction time for the PSM is observed as in this case the power switches 


have their anti-parallel diodes still conducting, when the control pulses are applied. The 


conduction time appears shorter as some time is necessary for the current to invert its 


direction. In the case of PWM the switches were turned off long before the control pulse 


is received, so the conduction time is longer.  


 


As a difference it is obvious that in PSM case, the primary inductance current i(L) has a 


very slowly decreasing rear slope and its shape is close to trapezoidal with a higher 


average value of the rectified current. It can be observed that for the PWM case the 


current triangles are much more abrupt and the average value of the rectified current is 


lower. The average of the rectified resonant current is easier to evaluate by observing 


the resonant capacitor as the necessary average current is proportional to the maximum 


resonant capacitor voltage (proven in Chapter 4). By comparing the maximum capacitor 


voltage between the two cases it can be seen that the PSM operation with a 2 µs 


command produces a higher (by 33%) average value of the rectified resonant current 


than what is obtained with PWM.  


 


The difference between the two methods is becoming more clear when shorter turn-on 


pulse is applied (1 µs), as illustrated in Fig.2.26(b). In this case the PSM variant shows 


roughly 60 % higher average current. Hence, to regulate the output power of the 


contactless series compensated converter (Fig.2.21) to its lowest level the PWM 


regulation will be more efficient than the PSM method.  


 


2.7. Conclusion 
 


The main conclusion of this chapter is that the best power link to apply for contactless 


transfer is the Inductively Coupled Power Transfer (ICPT). The ICPT is still nowadays 


the only technology capable to be implemented for relatively high transferred power 


levels. The converter operation with a loosely coupled transformer will be discussed 


further in the Chapter 6. 
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The necessary compensation of the loosely coupled magnetic link parasitic parameters 


was compared in its mainly two solutions. The parallel compensation of the magnetic 


elements is creating a parallel resonant circuit and is the most widely applied method. 


Nevertheless, as the comparison shows, the parallel-compensated contactless converter 


will have to operate close to, or in the dangerous sub-resonant mode with necessity also 


for larger switching frequency changes. That operation frequency fluctuation will 


complicate also the faster control of the conversion process. The parallel resonance is 


also characterized by the possible high voltage and current stress, not only for the LC 


components, but also for the vulnerable semiconductor power switches. In contrast, the 


series compensated contactless converter has its resonant circuit clamped to the DC 


input voltage with anti-parallel diodes. This prevents it from overvoltage peaks. In case 


of guaranteeing the super-resonant mode of operation, the current peaks (short circuit 


recovery processes) are also avoided. 


 


The chosen series resonant compensation will require the Series-Loaded Series-


Resonant (SLSR) power converter, which will be analysed in the next chapters 4 and 5. 


The SLSR converter opens the possibility to include the leakage inductances in the loop 


and make the link to the load almost ideal. To avoid the influence of the changing 


parallel (magnetizing) inductance, it will be necessary to operate the converter at a 


switching frequency higher than the basic resonant frequency (higher frequency slope) 


of the (Fig.2.22) which requires a converter operating in super-resonant mode. There are 


other important reasons for choosing the SLSR and the series compensation: 1) it will 


be demonstrated in the next Chapter 3 that the series inductance is changing less than 


the parallel inductance when the magnetic coupling varies; 2) in Chapter 5 will be also 


revealed that the SLSR converter possesses an intrinsic current limiting protection 


(especially in the Super-Resonant mode of operation). This protection turns up useful 


when the conditions of operation are changing abruptly. 


 


There are cases when the coupling goes down to K=0.05 or even less and it was briefly 


shown that a symmetrical solution with two magnetically coupled resonant loops 


resolves that problem. Unfortunately, for high power conversion it is necessary to avoid 


the secondary capacitor even in case of one unique capacitor. This capacitor is 
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preferable to remain in the primary of the transformer as it is preventing from 


asymmetrical magnetizing of the transformer. 


 


It was also concluded that in order to regulate the output power to its lowest level, the 


PWM regulation would be a better solution than the PSM regulation. The PWM 


regulation of the SLSR power converter is discussed further in Chapter 5. 
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CHAPTER 3 
 


 


 


 


 


 


Magnetic characteristics of a 


loosely coupled inductive link 


(transformer) 
 


 


 
Abstract: The characteristics of the magnetic flux in a loosely coupled 


transformer are studied for contactless power transfer. The 


electrical equivalent circuit is constructed and its parameters 


are determined in relation to the distance between the 


corresponding primary and secondary parts of the magnetic 


core. The obtained data are used in the next chapters as a base 


for the analysis of the power converter. 
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3.1. Introduction 
 


In the previous chapter it was concluded that the attention must be focussed on the 


magnetic field used as a contactless link for power transfer. In this chapter the 


parameters are clarified leading to a confirmation of that conclusion. 


 


Literature on the loosely coupled magnetic link is scarce although some exceptions 


appeared. The existing publications apply as a rule simplified geometric models with 


their semi-analytical description, which approximations are difficult to be used when 


the coupling factor is too low. Even in case of higher coupling factors the mathematical 


expressions obtained by geometrical modelling are in most cases too generalized and 


trivial. In [A1] the magnetic circuits (including pot core) are modelled as loops of 


reluctance. In the same time a Finite Elements Program simulations are also included, 


which help to compare the results. Similarly, in [A17], [B9], [B10] and [B11] the 


reluctances are approximated by blocks of simplified geometry, based on prismatic sub-


elements. Some other simplified models (two-dimensional geometrical approximation) 


are used in [B31] and [A39], applying the geometrical approximation for a gliding type 


of construction.  


 


It is expected that the parameters of the magnetic link (loosely coupled transformer) will 


be quite different from those of a typical high-frequency transformer. This means that it 


will be necessary to apply a different method with respect to the usual transformer 


calculations and design. In order to evaluate the correspondence of the simulation and 


analytical results, a simplified analysis is being carried out in the beginning of this 


chapter, based on the available formulas. The calculations based on those formulas are 


presented in order to compare their results to the obtained by numerical simulation 


programs (FEMM and MagNet). Finally the results are compared to the measurements 


performed on similar magnetic structures. 


 


The aim is to prove that the leakage inductances stay unchanged independently on the 


variations of the coupling factor. In addition it is made clear that the best method for 


compensation of the changing inductive elements is the series capacitive compensation. 
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3.2. Electrical equivalent circuit of contactless magnetic link  
 


The inductive coupling for contactless energy transfer includes special transformer-like 


loosely coupled magnetic constructions. Some of them were previously shown in 


Fig.2.4, Fig.2.5, Fig.2.6, Fig.2.7, Fig.2.8 and Fig.2.9. The practical implementations 


involve numerous different topologies. In fact, all of them are characterized by the same 


simplified circuit consisting of mutually coupled inductances, shown in Fig.3.1(a). 


 


 
Fig.3.1. Simplified circuit diagram of the inductive power link: a) expressed by coupled inductances and a 


mutual inductance; b) equivalent circuit with explicitly shown magnetizing inductance Lm 


 


The most convenient and classical representation introduced in 1892 by Karl Steinmetz 


replaces the magnetic flux linkage parameters by a set of self-inductances as presented 


in Fig.3.1(b). The parallel resistor of the original Steinmetz circuit representing the iron 


losses will be omitted. Those losses rise steeply when the magnetic flux density comes 


closer to the saturation level but this is rather unlikely to happen in case of loosely 


coupling (exhibiting high reluctance) and hence the iron losses will be insignificant. 


 


In the circuit of Fig.3.1(b) an electrically connected self-inductance Lm is used instead 


of the magnetically connected mutual inductance M. This substitution is only 


conditionally correct as Lm may have different values in the Steinmetz equivalent 


circuit, Lm1 or Lm2. Those are referred correspondingly to the primary and to the 


secondary side of the transformer. This difference is especially important when the 


primary and the secondary windings have different number of turns. When the turns 
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ratio is not mentioned which is the case of Fig.3.1(b), Lm is usually referred to the 


primary side.  


 


The series inductances in Fig.3.1(b), marked as differences “L1-Lm” and “L2-Lm” 


correspond to the primary and the secondary leakage inductances Llk1 and Llk2. If the T-


equivalent circuit is referred to the primary side, the secondary inductance is 


transformed to the primary side. In the case of expressions involving leakage and 


magnetizing inductances, the coupling coefficient is different than unity and defined as


1 2


MK
L L


= , representing the flux linkage between the primary and the secondary 


winding. The leakage inductances correspond to the primary and secondary windings 


number of turns N1 and N2 and to the flux fractions 1lkΦ  and 2lkΦ , each linked only to 


its own winding: 1 1
1


1


lk
lk


NL
i
Φ


=  and 2 2
2


2


lk
lk


NL
i
Φ


=  (for time-invariable values). The 


magnetizing inductance Lm, can either be expressed as seen from the primary: 


1


11
1 i


NL m
m


Φ
= ; or seen from the secondary: 


2


22
2 i


NL m
m


Φ
= . The flux 1mΦ  is the fraction 


from the total flux produced by the primary winding N1, which embraces the secondary 


and 2mΦ  is the fraction from the total secondary flux that catches the primary winding. 


The coupling coefficient K can be defined from either side: Lm1=K1L1 or Lm2=K2L2. The 


remaining leakage parts of L1 and L2 are: Llk1=(1-K1)L1 and Llk2=(1-K2)L2. The value of 


the magnetizing inductance is related to the mutual inductance: 


1 2 1 2 1 2 2 1
1


m m etr m m
etr


M K K L L L L a L L
a


= = = = . In this relation aetr is the “effective 


turns ratio” and can be close to the actual turns ratio 1


2


N
N


 if the linked fluxes 
1 1mN Φ  and 


2 2mN Φ  are equal: 1 1


2 2


m
etr


m


L Na
L N


= ≈ .  


 


In the case of contactless energy transfer it is unlikely that a loosely linked secondary 


would be the source of energy, because the transmission of energy is (generally) 


unidirectional. For this reason all the parameters will be referred to the primary. The 
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parameters used in the following analysis will be Lm=Lm1 and Llk1=L1-Lm. The (referred 


to the primary) value of the secondary leakage inductance will be in general, considered 


equal to the primary leakage inductance: *
2lkL ≈Llk1=L1-Lm. 


 


3.3. Geometry of the considered magnetic coupling devices 
 


The equivalent circuit (Fig. 3.1) is generalized and therefore, to analyse and compare 


the various magnetic solutions for the circuits to be used in contactless applications, it 


will be necessary the study to rely on some basic, representative constructions. Several 


examples can be seen in Figs. 2.4 to 2.9. In fact, after inspection on numerous actual 


solutions it may be concluded that there are two main topologies, which are used in 


most cases (with slight differences): the cylindrical and the planar. In both, the coupling 


consists in placing the receiver winding and its respective half core in close proximity to 


the magnetic field produced by the transmitter winding (placed on the primary half 


core).  


 


To find the relation between the magnetic parameters and the core separation distance, 


some widely used magnetic coupling constructions will be simulated using the above-


mentioned programs. Consecutively some simulated results will be verified by practical 


measurements. This way, the measurement will be the final assessment of the magnetic 


characteristics variation, although the simulation permits more flexibility in the 


parameter change investigation. 


 


As a reference for both topologies (cylindrical and planar) commercially standardized 


ferrite pot core and some practically experimented planar core sizes were used and the 


correspondent mechanical dimensions are presented in Fig. 3.2, Fig.3.3(a), Fig.3.3(b) 


and Fig.3.4(a). Fig. 3.2 represents two different standard pot cores characterized by the 


smallest openings available, which can be important in order to keep the same magnetic 


coupling when rotated [A90].  
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a)  b)  
Fig.3.2. Ferrite pot cores used in the experiments: a) P66/56; b) P150x30  


 


For the experimental circuit implementations though, some other similar standard cores 


were applied and presented in Fig.3.3(a) and Fig.3.3(b). These have been preferred 


because of the fast construction of the windings and their easier manipulation and 


exchange. 


 


a) b) c)  


Fig.3.3. Ferrite pot cores used in simulation and experiments: a) PM62; b) PM114/93; c) PM coil form 
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Another geometrical form for the inductive link construction subjected to analyse here, 


will be the plane inductor pair of spirals with 20 turns each, with or without 


ferromagnetic material. An example of two flat round plates of ferrite with two spiral 


windings fixed on the plates, facing each other’s direction is shown in Fig.3.4(a).  


 


a)  b)  


Fig. 3.4. Spiral windings: a) sketch of cylindrical ferrite plates with spiral inductors; b) defining inter-turn 


distance st and turn thickness w of the spiral winding 


 


In the case of spiral windings, an industrially standardized shape does not exist but the 


shape presented in Fig.3.4(a) resembles the induction cooker field concentrator [R1]. 


The planar cores are used for inductive coupling at larger distances between the receiver 


and the transmitter. For practical reasons, it was chosen to be a 20 mm thick plate 


having external and internal diameters of 300 mm and 30 mm, correspondingly. 


 


The ferromagnetic material considered for the simulated transformer and practically 


applied in all experiments (including high power) is N27, produced by Siemens (now: 


EPCOS) or its equivalent. The reason for this selection is the attractive price/volume 


ratio and the frequency range (up to 100 kHz for higher power levels). The material is 


illustrated by its data from the producer catalogue [A90] and these data were introduced 


in the simulations. In Appendix 3.1 these data are presented by Table 1 as taken from 


the EPCOS data catalogue. The high frequency material N67 is included in the same 


table to be compared to N27. Other equivalent to N27 produced types of ferrite material 


are: 3F3 and (the newer) 3C96 from Philips Ferroxcube, H6B of TDK, 77 of Fair Rite, 


F5 and (the newer) F44 of Neosid, etc. For the simulation, linear and non-linear models 
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are extracted from the catalogue data in order to compare the different behaviour of the 


ferrite. 


 


3.4. Magnetic parameters variation as a function of the 


mutual position of primary and secondary 
 


The analytical expression of the magnetic field distribution is known to be problematic 


even in case of the air-core inductors without any ferromagnetic material. When the 


complexity is increased by the existence of a non-linear and hysteretic ferromagnetic 


core, the solutions are exclusively numerical, requiring heavy calculations. There are 


some empirical and quasi-analytical solutions, which will be mentioned here, but the 


obtainable parameters are not sufficient for the requirements of the contactless energy 


transfer analysis. Therefore, the (limited) calculations, by the said empirically-analytical 


expressions, will be used only to verify that the simulation is the way to clarify the 


variation of the magnetic parameters with the mutual position between primary and 


secondary. 


 


In the following paragraphs it will be shown by comparison that the existing parameter 


expressions, valid only for some restricted applications, present the same results as the 


simulated and measured ones in similar circumstances. This is important in order to 


further validate the obtained later on simulated results.  


 


3.4.1. Analytic expressions for pot core parameters 
 


The pot core is the most complex case to be expressed analytically (its geometry is not 


as simple as is the disk, for example). Fortunately, when enlarging the air gap (or rising 


the distance between the windings) this action decreases the magnetic coupling 


coefficient K and increases the reluctance of the total magnetic circuit. As a result, the 


magnetic flux (hence its density) will be relatively lower than the flux of the non-


gapped magnetic circuit. This (in most cases) guarantees operation outside the 


saturation region and hence analytical expressions can be expected. A completely 
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analytical solution of the 3D magnetic circuit corresponding to Fig.3.2, Fig.3.3(a) or 


Fig.3.3(b) is however very hard to be accomplished. The calculation of the 3D flux 


distribution will always require too much approximation in the methods. In practical 


cases of magnetic circuits with fixed mechanical dimensions (mostly ideal cases), some 


information can be obtained from the manufacturers’ publications, where the roughly 


estimated results are verified and corrected by multiple measurements during the 


production. For example, a useful book [C134] for the practical design of Switched 


Mode Power Supplies (SMPS), suggests the following expression for the pot core and 


E-type core leakage inductance (p.297): 


 


2 8
1 2


sec


11.26 10
3
W W


lk f
W


h lL N K
b n


−=        (3.1) 


 


In this formula the symbols correspond to those adopted in the catalogues of EPCOS 


(Siemens), e.g. as published in [A90]: hw is the height and bw the width of the winding, 


illustrated in Fig.3.3(c), lw is the average length of one turn of the winding (all in cm), 


nsec is the number of the separated sections of the same winding and Kf is a correction 


factor. In the case of coil former with 2 sections, each corresponding to its proper 


(separable or separated) ferromagnetic half core, Kf=10, following the method in 


[C134]. The calculated value corresponds to the primary and to the secondary stray 


inductances together, and is considered equally distributed between the halves. This 


approximate formula is not free from empiricism, but gives good results as shown in the 


mentioned book (specifically for the SMPS cases). The coupling in this formula is 


supposed to be high, and the leakage flux is assumed to exist only outside the core 


(where μ≈μ0). Therefore, the leakage inductance can be calculated by this type of 


simplified expressions or graphically estimated following the manufacturer catalogue 


for high coupling factors. In some papers, as in [A1] magnetic circuits (including pot 


core) are modelled as simplified reluctance loops and compared to Finite Elements 


Program simulations. In that publication the analysis is quite vague. This is also the case 


presented in [A17]. In publications [B9], [B10] and [B11], the reluctances are modelled 


as approximated geometric blocks and also expressions are obtained for the inductance 


and for the coupling factor involving actual sizes of the prismatic sub-elements. An 
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analysis similar to this geometrical approximation but limited to two dimensions, is 


presented in [B31]. The article [A39] shows also a geometric approximation of the 


gliding construction version. In general, in all the inspected publications the presented 


expressions result merely from empirical analysis and can be considered as semi-


analytical solutions, which can be applied only to specific situations. Especially for the 


pot core, actually no expressions are available and no analytical solution is seen to be 


possible in fact, especially for the changing distance between the halves.  


 


A way to calculate the magnetic parameters may involve the use of catalogue data 


provided by the producer, e.g. [A90] and employing graphical methods. This way is 


even less reliable as it involves generalized practically defined values like average 


magnetic path length, effective cross-section, etc., which are only valid in limited and 


well-defined circumstances. Using the data supplied by the catalogue is even not correct 


for all different points of the core. For example, the effective permeability μe is only 


valid for toroidal core, but it is used for other shapes as well, as in the classical 


linearized formula: 
i


e


i
e


l
s μ


μμ
+


=
1


, where le is the effective length of the magnetic line 


and s is the averaged air gap. Unfortunately, even in the toroid core the flux density is 


not equal along the different locations in its cross-section, so μe will be different 


between the inner edge magnetic lines and the outside edge ones. Another problem is 


that the reluctance is very sensitive to the small air gaps. With the invisible micro-gap 


of 18 µm (two halves pressed together will have at least this average distance) the 


permeability is falling from the catalogue μi=2000 to the practically measured μe=1500. 


This effect and especially the 3D effects of more complex geometric forms are other 


reasons for inaccurate results obtained by calculating. 


 


The magnetic field fringing is also an unsolvable problem to calculate (for larger air 


gaps) by using simple arithmetic methods, as for example, the mentioned in [C142]. In 


general, the method consists in recalculating the cross-section area inside the air gap, 


enlarging it. The recalculation is explained by the Fig.3.5. The illustration of Fig.3.5(a) 


shows the sketch the real magnetic core having cross-section A=a.b. The next Fig.3.5(b) 


shows the approximation that enlarges the core dimension by s, where s is the air gap 
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distance. The final geometry of the air-gap with a cross-section AN= (a+s)(b+s) is 


shown in Fig.3.5(c).  


 


The above correction of the air gap size is based on the approximation of the magnetic 


field as homogeneous inside the semi-circular lines starting and finishing at the corners 


of the core as shown in Fig.3.5(b). The magnetic flux is exponentially decreasing with 


the distance. If its intensity outside the semi-circular lines (r= s
2


) is considered zero, the 


inside intensity has to be compensated, i.e. considered equal to the initial value (at r=0). 


This is proven by the integral of a decreasing exponential function: 
0


. .
x
rA e dx A r


∞
−


=∫ . In 


conclusion, the entire field is concentrated inside the distance r= s
2


 with a constant 


intensity (equal to the constant A).  


 


a)  b)  c)  
Fig.3.5. Practically used method of fringing field approximation: a) Realistic sketch; b) Flux 


approximation; c) Simplified calculation of cross-section area inside the air gap. 


 


Due to the above mentioned difficulties (i.e. the field is not concentrated rigorously in 


blocks of constant reluctance), and in order to achieve a more precise characterisation of 


the behaviour of that magnetizing pot core submitted to large air gap variations and for 


contactless energy transfer applications, a set of 2D and 3D simulations is used instead. 


Two available software packages are FEMM [A84] and MagNet [A83].  
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3.4.2. Analytic expressions for planar spiral windings 
 


For the planar winding due to the more simple geometric forms it is relatively easier to 


find approximated analytical or empirical-analytical equations. As an illustration, the 


single coreless spiral inductor will be analytically calculated and the results will be 


compared to numerically simulated values. In [A81] S. Mohan presents useful 


expressions for the spiral inductor and the most important of the defined geometrical 


parameters are shown in Fig.3.4(b). 


 


The inductance of the planar spiral coil is semi-empirically evaluated in [A81] using the 


concept of geometric mean distance (GMD), a concept that was used for the first time 


by E. Rosa in 1906 [C135]: 


 
2


21 2
3 4(ln )


2
o AVG


GMD f f
f


N d c cL c cμ ρ ρ
ρ


= + +       (3.2) 


 


The permeability is µ0=4π10-7 H/m (vacuum); N is the number of turns; dAVG is the 


average diameter )(5.0 INOUTAVG ddd += , where dOUT is the outer diameter and dIN is the 


inner diameter of the spiral; w is the width of the spiral turn as shown in Fig.3.4(b); s is 


the inter-turn spacing, defined in the same figure; ρf is the fill ratio, which is: 


OUT IN
f


OUT IN


d d
d d


ρ −
=


+
; the coefficients ci are layout dependent and are shown in [A81]. For 


the circular plane spiral winding these coefficients are: c1=1.00; c2=2.46; c3=0.00; 


c4=0.20. 


 


The accuracy of this semi-empirical expression decreases with the growing ratio ts
w


, 


where w is the turn thickness and st is the inter-turn distance (Fig.3.4). Nevertheless, it is 


proven in [A81] that the error is limited to less than 8%, especially for ts
w
≤1, which 


condition corresponds to the practically applied spiral inductors. The reason is that a 


smaller spacing improves the inter-turns magnetic coupling and reduces the area 
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consumed by the spiral. The geometry data used for calculation were taken from an 


actually constructed spiral inductor [R1]. These data will be applied further to the 


simulated spiral inductor model, i.e. permeability: 7
0 4 .10 H


m
μ μ π −= = ; number of 


turns: N=20; inter-turn distance: st=2 mm; turn thickness: w=3 mm; diameters dIN=30 


mm and dOUT=230 mm. In this case dOUT=dIN+40(w+s); dAVG= (230+30)
2


=130 mm; ρf=


(230-30)
(230+30)


=0.769. The layout coefficients are: c1=1.00; c2=2.46; c3=0.00; c4=0.20, 


producing a calculated value L=41.8 μH. The uncertainty in these results is large but to 


compare the formulas the result will be left exhibiting all those three digits.  


 


The inductors handbook of P. Kalantarov [C136] offers another formula for the same 


spiral winding: 


 
2


8
o AVGN dL μ


π
Ψ


=          (3.3) 


 


The definition of dAVG is the same as the applied in (3.2). The dimensionless coefficient 


Ψ depends on the fill ratio ρf, defined above and is expressed by a huge table and two 


polynomials for interpolation in complex cases. From that table it can be found that in 


this particular case (for ρf=0.77) the coefficient Ψ equals 16.1. The calculated 


inductance becomes L=41.9 µH.  


 


The results, obtained by the above mentioned formulas, taken from [A81] and [C136] 


are almost equal. This confirms that the planar spiral winding is an easier case to be 


calculated compared to the pot core inductor. Equation (3.2) produced a closer result to 


the values obtained later by the simulations and can be admitted as a slightly better 


description.  


 


It should be considered that the simulation programs involve large number of 


sophisticated calculations and guarantee better approximation to the reality in the field 


distribution. The disadvantage of the analytical expression of the inductance is more 
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obvious when a ferromagnetic core material is approaching the winding and especially 


when the permeability cannot be considered constant but its value changes depending 


on the hysteresis, flux density and on the location throughout the magnetic circuit. 


 


The results obtained through the (semi)analytical formulas are compared to the results 


of a simulation by programs FEMM [A84] and MagNet [A83] (presented later as well). 


In this comparison the simulation is two-dimensional. The geometrical parameters are 


the same as for the analytically calculated spiral inductor (as shown in Fig.3.4): 


7
0 4 .10 H


m
μ μ π −= = ; N=20; st=2 mm; w=3 mm; din=30 mm; dout=230 mm. 


 


The value obtained by FEMM simulation is L=39.8 μH. The difference is only 4% 


between this result and the calculated numerically from the MagNet program which 


results in L=41.4 μH. The values are compared in Table 3.1. 


 


L [μH] 
Analytical 1 


L [μH] 
Analytical 2 


L [μH] 
FEMM 


L [μH] 
MagNet 


41.8 41.9 39. 8 41.4 
Table 3.1. Comparison between the semi-analytical calculation methods (1) and (2) and the numerical 


calculations by simulation programs FEMM and MagNet. 


 


The difference existing between the results in Table 3.1 proves that even a simplest case 


(spiral inductor without ferrite core) is difficult to calculate. Modelling of the magnetic 


field distribution by simple geometric structures (mentioned in the literature) will not be 


successful in case of more complex real magnetic circuits. The difficulty consists in the 


relatively similar permeability of the ferromagnetic and non-ferromagnetic material 


(often it is a relation thousand to one), which results in poor concentration of the 


magnetic field inside the ferromagnetic material. The insufficient distinction between 


the permeability inside and outside the core produces a dispersion of the field. It is so 


large that the only reliable instruments for prediction of the magnetic parameters are the 


complex numerical methods as used in simulation packages like MagNet and FEMM. 
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3.5. Simulated magnetic parameters for varying distances  
 


The first reason to apply simulation programs is to a great extent related to the 


calculation effectiveness, especially when dealing with complex magnetic field 


distribution systems. This reason gets more weight when the analytical solutions are too 


heavy, difficult or even impossible to obtain. Another reason is that the simulation is 


much more flexible compared to the analytical methods. The simulation allows an 


easier testing in a diversity of changing conditions, which changes hardly permit to be 


calculated in their diversity.  


 


The measuring of the magnetic variables and characteristics in each point of the space 


and in each different condition is also extremely difficult. In the case of contactless 


energy transfer the magnetic characteristics can vary extensively and their in situ 


measurement is often difficult (or dangerous) and hence they can be determined only in 


specific fixed conditions and points.  


 


As a consequence, simulation programs (both the free version 3.3 of the two-


dimensional FEMM [A84] and the commercial version 6.14 of the three-dimensional 


MagNet [A83]) were applied, aimed at calculating the variation of the magnetic 


parameters with the changing contactless energy transfer conditions. Although the 


problem is 3D, the 2D modelling is also applicable because of the symmetry. The 3D 


simulation requires more complex calculations and is more difficult to implement with a 


reasonable precision in practical calculation time. In more complex cases it can be better 


used only to locate specific difficult spots like concentration points, for example. 


 


3.5.1. Pot core simulation  
 


The simulations used the simplified shape of the pot core PM62/49. The core is axially 


symmetrical and its magnetic characteristic is considered to be linear (in some of the 


simulations), with a constant permeability µ=1400. The existing technological lateral 


openings (as in Fig.3.3) are ignored. In fact, it is usually necessary (for the contactless 


energy transfer) to make the cores rotationally symmetrical (no lateral openings) to 
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maintain an equal magnetic coupling coefficient independently of the rotational position 


between the core halves. Usually the ferrite core is specially projected and constructed 


to comply with this. There are also ferrite cores in production as P66/56, shown in 


Fig.3.2(a) that has only one, quite narrow (7 mm) opening and P150/30, as in Fig.3.2(b) 


with no lateral opening at all.  


 


A fraction of the simulated PM62/49 core is illustrated in Fig.3.6. It can be seen as a 


simplified presentation of Fig.3.6(a), or with the applied mesh, dividing the surface for 


finite elements calculation as in Fig.3.6(b). The image of the magnetic flux is first 


marked by small vector arrow signs in Fig.3.6(c) and then by colour in Fig.3.6(d) to 


represent the different values of the flux density. The simulated windings have 20 turns 


each. The maximum current in the windings could reach an rms value up to 10 A per 


turn or more, considering the possible current density. When the magnetic coupling is 


weak the magnetizing current must be kept to a limit that assures a magnetic induction 


not higher than 300 mT (within the linear part of the magnetizing curve of N27 in 


Appendix 3.1). This rule of limitation will be more important later, when the non-linear 


model with the real B-H ferrite material magnetizing curve will be also used. 


 


То avoid any possible excessive loss of the total magnetic circuit reluctance, the models 


of the PM62/49 ferrite core will use in most cases an initial air gap of 1 mm to 2 mm. 


The pot cores are often fabricated with air gap in the central cylindrical leg of the 


structure (as shown in Fig.3.7) due to the better electromagnetic interference (EMI) 


isolation achieved and the more precisely defined air gap. To reflect this situation, some 


simulation models will be made asymmetrical, cutting also (initially) the centre leg. 


Further, the simulated cores will be represented by the right half of the cross-section 


regarding the left one as symmetrically equal. The excitation will be always applied to 


the lower part of the ferromagnetic pair Transmitter/receiver. 
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a) b) 


c) d) 
Fig.3.6. Simplified shape of ferrite core PM62/49 used in simulation: a) position of the windings; b) mesh 


of up to 30000 nodes; c) vectors showing the unilateral excitation; d) colour indication of flux 


concentration spots. 


 


 
Fig.3.7. Model of ferrite core set with prefabricated air gap in the centre column. 
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The excitation current used in the simulation is up to 22 A, but it was lower when 


necessary to limit the magnetic flux density, at roughly 300 mT. In fact, the current for 


the magnetic excitation in the linear case (µ=constant) is not important, because the 


inductance will stay constant and the flux density will follow the current proportionally. 


The situation is different when the BH curve is used. At higher currents the saturation 


will cause the relative permeability to drop drastically. Also the non-linear ferrite model 


is expected to have more leakage flux because the core will have lower permeability and 


higher reluctance. 


 


Fig. 3.8(a) shows the results of FEMM simulation for 8700 nodes and 17145 elements. 


The current is flowing in 20 turns. The figures show the 2D models of simulation in 


three different air-gap conditions: 0 mm, 2.6 mm and 7.6 mm. The air gap of 2.6 mm (a 


standard air gap for industrially produced PM type of cores) is modelled asymmetrically 


to be easily compared with the catalogue data. The flux density B is marked with colour 


code: images with more details are shown in the Appendix 3.2. 


 


a) b) c) d)  
Fig.3.8. Linear model arrangement of 2D FEMM program, used for calculation: a) image of the mesh; b) 


air gap 0 mm; c) air gap 2.6mm, d) air gap 7.6 mm. 


 


Further simulations are using the model corresponding to the N27 data presented in 


Appendix 3.1. The non-linear characteristics influence on the flux distribution is shown 


in Fig.3.9. The non-linear characteristics are presented in order to be compared to the 


linear model shown in Fig.3.9(a), which corresponds to the invariant permeability. For 


the other three cases, the permeability depends on the degree of saturation of the actual 


material in the actual magnetic paths. From Fig.3.9(b) to (d) the excitation current is 
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increasing to a very hard saturation. The intensity of the magnetic field is graphically 


represented by the density of magnetic lines. Observing the stray lines outside the 


ferromagnetic core (i.e. leakage flux) it is important to note that the lines have almost 


the same shape and density in the four different situations of Fig.3.9. The colour scale is 


slightly changed in Fig.3.9(d) to avoid the darker colours (the field inside the ferrite is 


more intense). 


 


a) b) c) d)  
Fig.3.9. Simulation (FEMM) models: a) linear µr=1400; b) non-linear µ, primary current 22 A; c) non-


linear µ, primary current 44 A; d) non-linear µ, primary current 88 A. 


 


Inspection of Fig.3.9 reveals that the stray flux lines outside the magnetic core are 


slightly rising in number and spreading aside from the primary winding when the 


excitation current is increased. The core reluctance is also increasing as some local spots 


are seen to reach levels of flux density close to the saturation. The detailed diagram of 


the flux is shown in Appendix 3.2, where the risk of saturation is seen in the central 


column of the core. 


 


The results of the simulations are used for calculation of the inductances by comparing 


the magnetic flux to the applied excitation current. In Table 3.2 the values of the 


primary inductance L1, the magnetizing inductance Lm, the coupling coefficient K and 


the leakage inductance Llk are calculated from the simulation data obtained by FEMM 


software when catalogue data of N27 (non-linear characteristics) ferrite material are 


used. The applied physical distance (d) is 0.5 mm, 1 mm, 2 mm, 4 mm, 5 mm, 8 mm, 10 


mm, 16 mm, 20 mm, 32 mm is modelled by core having a 2 mm air gap cut originally 


in the central pole (by the factory). Hence, the corrected distance d has 1 mm more as 
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equivalent value: 1.5 mm, 2 mm, 3 mm, 5 mm, 6 mm, 9 mm, 11 mm, 17 mm, 21 mm, 


33 mm. 


 


d L1 Lm K Llk 
[mm] [µH] [µH] [%] [µH] 
1.5 196.3 167.2 85.2 29.0 
2.0 99.2 65.1 65.6 34.1 
3.0 89.8 53.7 59.8 36.1 
5.0 79.9 39.9 49.9 40.0 
6.0 77.6 35.7 45.9 42.0 
9.0 76.1 28.6 37.6 47.5 


11.0 76.4 25.3 33.1 51.2 
17.0 67.6 12.4 18.3 55.3 
21.0 70.0 10.2 14.6 59.7 
33.0 69.4 4.3 6.2 65.1 


Table 3.2. The values of the primary inductance L1, magnetizing inductance Lm, coupling coefficient K 


and the leakage inductance Llk, simulated for a non-linear N27 ferrite. 


 


The data presented in Table 3.2 show a strong tendency in maintaining lower variations 


in some magnetic characteristics, while others are changing widely. When the distance 


duplicates from 1.5 to 3 mm, the magnetizing inductance value becomes 3.11 times 


lower and the leakage inductance rises by only 20%. The same happens for doubling the 


distance from 11 to 21 mm, which results in lowering the magnetizing inductance 2.48 


times but in only 14% higher leakage inductance. In total, the change from the 


minimum distance to the maximum, 64 times larger distance, results in change of the 


magnetizing inductance of 39 times and a change of the leakage inductance of only 2.2 


times. In fact, such a large change of the distance as the used in this simulation is never 


necessary in real contactless power transfer sets (transmitter/receiver). When relatively 


high power is considered as is the case with this study, the maximum distance will be 


usually the one that corresponds roughly to a magnetic coupling K=0.5. In this case the 


magnetizing inductance will vary 4.2 times and the leakage inductance varies by only 


27.5% (Table 3.2). 


 


The series resonant inductor to be included in the power converter is composed by this 


leakage inductance and by another fixed inductor1. Therefore, the resonant inductor will 


vary due to the variation of the leakage inductance. However, if the fixed inductor is at 
                                                 
1 Rarely, in some specific low power miniaturized high frequency converters the leakage inductance can 
be used as the entire resonant inductor. 
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least equal to the initial value of the leakage inductance, this variation will result in a 


very small resonant frequency variation. For example, considering that the leakage 


inductance varies 27.5%, the total resonant frequency change is less than 6.6%, because 


the resonant frequency change will be proportional to the square root of the series 


resonant inductance variation. Usually the applied frequency regulation of the Series 


Loaded Series Resonant (SLSR) converter (which is analysed in the following chapter), 


implies at least 200 % of frequency variation [C93] and this means that the 6.6% 


deviation is very narrow and hence easily can be followed by the control. The shown 


relative stability of the leakage inductance reinforces the choice of the series resonant 


compensation as the right decision for the changing magnetic coupling.  


 


To confirm the obtained results listed in table 3.2, i.e. the smaller variation of the 


leakage inductance compared to large variation of the magnetizing inductance, still 


more simulations were carried out also by means of MagNet software package [A83] 


both for linear and non-linear characteristics of the material.  


 


The results obtained by MagNet were not more than 10 % different when compared to 


the obtained from FEMM program in similar conditions. Four different simulated 


configurations are illustrated in Fig.3.10. The more complete list of the differently 


displaced ferromagnetic pairs is shown in Appendix 3.4. 


 


a) b) c) d)  


Fig.3.10. Simulated ferromagnetic sets at distances: 0.5 mm, 1 mm, 2 mm and 4 mm, i.e. air gap of: a) 1.5 


mm, b) 2 mm, c) 3 mm and d) 5 mm. The excitation (primary) winding is placed on the lower half-core 
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The selected results from the simulation, placed in Table 3.3, list the L1, Lm, K, obtained 


from the simulated linear magnetic material behaviour with relative permeability 


µr=1400. The broader list of calculated values, based on simulation with the MagNet 


package, is shown in Appendix 3.4. The referential colour scale is available also in 


Appendix 3.4.  


 


d L1 Lm K Llk 
[mm] [μH] [μH] [%] [μH] 
1.0 300.2 273.4 91.1 26.8 
1.5 186.6 158.8 85.1 27.9 
2.0 145.7 116.8 80.2 28.9 
2.5 124.0 94.1 75.9 29.9 
3.0 110.4 79.6 72.1 30.8 
3.5 100.8 69.0 68.5 31.8 
4.0 93.8 61.0 65.1 32.8 
4.5 88.4 54.8 61.9 33.7 
5.0 84.3 49.7 59.0 34.6 
5.5 80.9 45.3 56.1 35.5 
6.0 78.2 41.7 53.4 36.5 
6.5 76.2 38.8 51.0 37.4 
7.0 74.2 36.0 48.5 38.3 


Table 3.3. Results from the simulation of a loosely coupled transformer with pot core for contactless 


power transfer (linear ferromagnetic material with µr=1400). 


 


The result is also graphically presented in Fig.3.11, where the practical scale of change 


is limited between the minimum distance and the distance for which the magnetizing 


and leakage inductances are equal. This corresponds to the data presented in Table.3.3 


(distance of up to roughly 7 mm). A drastic change of the magnetizing inductance 


compared to the almost constant leakage inductance is observed from Fig.3.11. 
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Fig.3.11. Total inductance L1, magnetizing inductance Lm and leakage inductance Llk related to the 


distance d (linear ferromagnetic material, µr=1400) 


 


In Table 3.4 the list of selected values of the primary inductance L1, magnetizing 


inductance Lm and the magnetic coupling K is taken as excerpt from the calculated 


results of the simulation (Appendix 3.4), when non-linear ferromagnetic material N27 


with initial relative permeability µi=1400 was used.  


 


d L1 Lm K Llk 
[mm] [μH] [μH] [%] [μH] 
1.0 258.2 234.1 90.7 24.1 
1.5 206.8 181.2 87.6 25.6 
2.0 166.6 142.9 85.8 23.7 
2.5 136.3 118.4 86.9 17.9 
3.0 130.0 102.7 79.1 27.2 
3.5 116.1 87.4 75.3 28.7 
4.0 108.0 77.8 72.0 30.2 
4.5 101.5 69.0 67.9 32.6 
5.0 95.4 61.0 64.0 34.3 
5.5 92.3 55.7 60.4 36.6 
6.0 87.9 49.9 56.8 38.0 
6.5 85.7 46.0 53.7 39.7 
7.0 83.1 42.7 51.4 40.4 
7.5 81.5 40.0 49.1 41.4 


Table 3.4. Results from simulation of pot core loosely coupled transformer for contactless power transfer 


(non-linear ferromagnetic material N27 with initial permeability µi=1400). 
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Fig.3.12. Total inductance L1, magnetizing inductance Lm and leakage inductance Llk related to the 


distance d (non-linear ferromagnetic material N27) 


 


The calculations are based on simulation with MagNet simulation package. The results 


presented in Fig.3.11 and Fig.3.12 and based on Appendix 3.4, show that the leakage 


inductance changes are limited to the relation 2.3/1 (maximum/minimum). At the same 


time, the variation of the magnetizing inductance is close to 100:1. The data is derived 


numerically and from the images it is confirmed that the already proposed series-


resonant compensation of the variations in magnetic coupling will be the better 


alternative. 


 


3.5.2. Planar core simulations 
 


A set of two parallel planar spiral windings (transmitting and receiving the high-


frequency magnetic field) and another set of ferromagnetic plates concentrating the field 


of the two opposed spiral windings, are simulated. This type of contactless inductive 


link is one of the widely used solutions in bus battery chargers or in sub-aquatic power 


supplies. It must be admitted that the spiral inductor will have less inductance compared 


to a cylindrical winding with the same number of turns and constant diameter. 


Unfortunately, the spiral is the only way to wind two planar windings with a high 


number of turns and large cross-section of the wire and to keep the distance equal as 


well. 
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The simulation is based on disks by the same N27 ferrite material, mentioned before, 


with a diameter of 300 mm and an opening of 30 mm in the centre. This allows 


applying the same type of windings used in the simulation, with inner diameter of 30 


mm and outer diameter of 230 mm. The opening in the ferrite plate is necessary to pass 


the wire terminal (the windings are sandwiched between the two plates). A relatively 


large opening is also necessary to avoid the saturation because the spiral type of 


winding concentrates the high flux density into the centre. Each plate has 20 mm 


thickness. The windings consist of 20 spiral turns each of rectangular cross-section wire 


measuring 2x3 mm. The simulated inter-turn space is 3 mm. The wire has its longer side 


vertically orientated to the winding surface to have more inter-turn space and also to 


facilitate and stabilize the bending of that bulky wire. The maximum rms value of the 


current is limited (normally) to 20A and the flux values are kept in the practical limits 


of the applied material N27. 


 


A three-dimensional view of the windings that are simulated by MagNet simulation is 


shown in Fig.3.13. More detailed figures and results can be found in Appendix 3.5. 


 


a)  b)  
Fig.3.13. Sketches of: a) two spiral windings with N27 ferrite plate concentrators; b) the same windings 


without ferrite plates.  


 


Since 3D MagNet simulation requires longer calculations, the FEMM simulation 


program was first used applying 2D models. Because of the symmetry, the windings are 


represented by their halves as graphically shown in Fig.3.14.  
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a)     b)     c)  
Fig.3.14. Simulated inductor pares: a) primary and secondary of 20 turns each, ferromagnetic plates; b) 


same number of turns, coreless; c) coreless windings, 40 turns each 


 


The magnetic parameters (the varying inductances) are calculated applying the FEMM 


program for different distances between the pairs of planar spiral windings with a 


loosely magnetic coupling. The images in Fig.3.14, show the right halves of the spirals 


(the left halves are symmetrical to them). The main simulated variants of inductor pares 


are: a) primary and secondary consist of 20 turns each and both windings have parallel 


ferromagnetic plates; b) the windings have the same number of turns but the plates are 


removed (coreless magnetic coupling); c) the coupling is again coreless but the number 


of turns is doubled, 40 turns each. The variants are presented separately: 


 


a) Simulation applied to a pair of windings paralleled by ferrite plates 


 


The ferrite plate thickness is 20 mm, the external diameter is 300 mm and the internal 


diameter (the central opening) is 30 mm. The ferrite material has linear characteristics 


with permeability µr=1400 (modelled by 33681 elements between 17000 simulation 


nodes). Later on, the non-linear character of the N27 was also taken into account but it 


was discovered that it does not differ much from the linear assumption (for the planar 


core the saturation has almost no effect). Each winding consist of 20 spiral turns of 


rectangular shaped (2x3 mm) wire. 


 


Table 3.5 represents the changing values of the total primary inductance and the 


magnetizing inductance depending on the distance between the two windings. 
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d L1 Lm K Llk 
[mm] [μH] [μH] % [μH] 


50 86.0 44.8 52.2 41.1 
100 75.7 15.9 20.9 59.8 
150 74.3 6.6 8.9 67.7 
200 74.1 3.0 4.1 71.1 


Table 3.5. Primary inductance L1 and its components varying with respect to the distance between the two 


spiral windings (paralleled by planar cores made of ferromagnetic material with a constant relative 


permeability µr=1400) 


 


The general result is similar to the obtained from the pot core simulations: an 


extensively changing magnetizing inductance compared to the almost constant leakage 


inductance. If the distance is increased with a factor of two (from 100 mm to 200 mm) 


the magnetizing inductance changes 5.25 times. The leakage inductance under these 


conditions changes by only 15.8%. This means that if again considering an additional 


inductor as a fixed part of the resonant inductance and the additional inductor is at least 


equal to the leakage inductance (in the worst case), the resonant frequency will change 


by less than 3.9%. At a lower distance (doubled from 50 to 100 mm) the situation is 


similar: Lm changes 2.83 times, Llk changes by 31.2% which would result in a 


maximum change of the resonant frequency equal to 7.5 % (if the additional inductance 


is chosen at least identical to the leakage inductance). 


 


b) Simulation applied to the same pair of windings without ferrite plates, distance 


between the windings fixed at 100 mm 


 


At a distance d=100 mm, the inductances are L1=39.6 μH and Lm=5.06 μH which means 


Llk=34.5 μH. If compared to the results listed in Table 3.5, the removal of the ferrite 


plates has cut down the magnetizing inductance Lm by 3.1 times but has reduced the 


leakage inductance Llk only by 42%. The magnetic coupling of this pair of windings is 


naturally also lower: K=12.8% compared to the 20.9% in the case of additional ferrite 


plates (Table 3.5). 
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c) Another coreless pair of windings simulated, the number of turns is doubled (n=40), 


the distance is again d=100 mm 


 


In the case (c) the inductances are proportionally higher and the magnetic coupling is 


also improving, not only because of the number of turns, but because of the larger 


surface of geometrical overlapping as well. The total inductance L1=267.13 μH is 


approximately 6.8 times higher than the value of the inductance in the case (b). In the 


same time the magnetizing inductance Lm=62.97 μH becomes 12.5 times higher than 


the magnetizing inductance in the previous case (b). The leakage inductance is the main 


part of L1, as Llk=204.1 μH (because of the absence of ferrite). Again the leakage 


inductance is the one that changes the least. The coupling is K=23.6%, improving 1.8 


times compared to case (b). 


 


The self inductance and the mutual (magnetizing) inductance are calculated by 


energizing separately the primary and then both the primary and secondary windings 


(this is one of the methods available in the free simulation pack FEMM). The mutual 


inductance M and the magnetizing inductance Lm are considered equal because of the 


supposed equal number of turns and the symmetry of the primary and the secondary 


windings as shown in Fig. 3.15 and in Appendix 3.5.  


 


a)  b)  c)  
Fig. 3.15. Simulation and calculation of inductances L1 and Lm: a) energizing only the primary; b) 


energizing both windings with opposite phase; c) energizing both windings in phase 
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The total magnetic energy calculated by the program in the case shown in Fig.3.15(a) is 


used to define the inductance of the primary by (3.5). In this case the energized winding 


is the upper one and the integrated energy of the magnetic field is Wμ(a):  


 


( )
12


2 aW
L L


I
μ= =          (3.5) 


 


The mutual inductance is calculated by energizing the windings, applying equal value of 


current with opposed phase as in Fig.3.15(b) and with the same phase as in Fig.3.15(c). 


The integrated energy of the magnetic field is denoted as Wμ(b) and Wμ(c) corresponding 


to the illustration of Fig.3.15 and the calculation is shown in (3.6): 
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Results obtained similarly from the 3D simulation by the program MagNet were also 


compared to the 2D (FEMM) ones in order to be verified. The new results coincide well 


with the previously simulated, as it is shown in the Table 3.6. The ferromagnetic core 


characteristics used for this comparison, are considered linear. 


 


d L1 L1 Lm Lm Llk Llk K K 
 3D 2D 3D 2D 3D 2D 3D 2D 


[mm] [μH] [μH] [μH] [μH] [μH], [μH], [%] [%] 
50 99.1 86.0 46.8 44.8 52.3 41.1 47.2 52.2 
100 91.2 75.7 16.8 15.9 74.4 59.8 18.5 20.9 
150 88.0 74.3 7.2 6.6 80.8 67.7 8.2 8.9 
200 87.4 74.1 3.4 3.0 83.9 71.1 3.9 4.1 


Table 3.6. Comparison between MagNet simulations (3D) and FEMM (2D) simulations assuming linear 


character of magnetic material 


 


The results in Table 3.6 show a slight difference between the calculations of the two 


programs, and a lower accuracy of the heavier calculations of the 3D version. Despite 


the difference, both programs confirm the most important conclusion that the leakage 


inductance will change less than the magnetizing inductance when the distance is 


varying. 
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The change of distance from 100 to 200 mm reflects in a change of the leakage 


inductance by 11.4% (3D) or by 15.8% (2D). That will result in (worst case) a variation 


of the resonant frequency of 2.8% (3D) and 3.9 % (2D). At the same time the 


magnetizing inductance is changing 4.9 times (3D) and 5.3 times (2D). The same 


happens for shorter distances from 50 to 100 mm: a change of the leakage inductance of 


29.6% for 3D version and a change of the leakage inductance of 31.2% for the 2D 


version. So the resonant frequency will float by only 7.2 % (3D) and 7.5 % (2D). 


 


3.6. Verification of simulation results by measurements 
 


Finally, some measurements are performed to prove that the leakage inductance (Llk) 


has those relatively stable values predicted by the numerical simulations, independently 


of changing the distance between the transmitter and the receiver in the inductive power 


link. The experiments are carried out on two halves of PM62/49, each wound with 20 


turns. The measurement is aimed to obtain the Steinmetz parameters by applying signals 


with sinusoidal waveform and a frequency of 100 kHz. Table 3.7 shows the measured 


parameters for various values of the distance and higher level of applied measuring 


signal (hundreds of mA up to a few amperes).  


 


d (distance) s (airgap) L1 Lm Llk K 


[mm] [mm] [μH] [μH] [μH] [%] 


0 0 5052.0 5028.0 24.0 99.5 


1.3 2.6 144.5 113.7 30.8 78.7 


3.8 7.6 73.0 34.0 39.0 46.0 


6.3 12.6 64.1 18.7 45.4 29.0 


11.3 22.6 60.0 7.4 52.6 12.0 


26.3 52.6 59.2 1.1 58.1 1.8 


51.3 102.6 59.1 0.16 59.0 0.27 


Table 3.7. Measured magnetic parameters of inductive link based on pot core PM62/49 and N27 


ferromagnetic material. 
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Other measurements are accomplished by a RLC bridge allowing fast spectrum 


analysis. Measured at closer distances, for lower current (tens of mA) and around the 


same operation frequency of 100 kHz. The results are shown in Table 3.8. 


 


d (distance) s (air gap) L1 Lm Llk K 


[mm] [mm] [μH] [μH] [μH] [%] 


0 0 1830 1794.5 35.5 98.1 


0.2 0.4 967 930.5 36.5 96.2 


0.5 1.0 753 716.0 37.0 95.1 


1.0 2.0 388 350.5 37.5 90.3 


1.5 3.0 255 215.8 39.2 84.6 


Table 3.8. Measurements carried out at closer distance between the two halves of PM62/49 applying a 


lower current at 100 kHz operation frequency. 


 


The results confirm categorically the predicted stable value of the leakage inductance 


Llk and the much larger changes for the mutual (magnetizing) inductance.  


 


At very high distances, for a doubling of the distance from 26 mm to 51 mm the 


magnetizing inductance Lm changes 6.9 times. The leakage inductance under these 


conditions changes by 1.4%. This means that the total inductance changes with 0.7 % 


and the resonant frequency will change by 0.35%.  


 


It is not realistic to expect in practice such a good stability because this range of 


distances is really too large for the relatively small PM 62/49 core, although at closer 


distance its behaviour is similar. For example, at a change of distance from 1.3mm to 


3.8mm (which is a three times change), Lm changes 3.34 times and Llk changes by only 


21%. This will result in a change of the total inductance (fixed inductor plus the leakage 


inductance) of 10.5% while the resonant frequency will change by only 5.1%. 


 


3.7. Conclusion  
 


The results presented in Fig.3.11 and Fig.3.12 based on Appendix 3.4, show that the 


leakage inductance changes inside the limits of 2.3:1 and at the same time the change of 
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the magnetizing inductance is close to 100:1. The difference between the calculated and 


measured magnetic parameters shows a deviation of less than 5%. 


 


The overall conclusion is that the leakage inductance (which appears as the series-


inductance or part of it in the equivalent circuits of Chapter 2) has a much more stable 


and predictable behaviour for a variation of the coupling of the contactless transformer 


(inductive link). The data observed numerically and graphically confirm that the already 


proposed series-resonant compensation of the variations in the magnetic coupling will 


be the appropriate option. The series-resonance characteristic as produced by this 


compensation is supporting to use the SLSR converter being the only converter using a 


series-resonant tank for temporary storage of energy. 
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CHAPTER 4 
 


 


 


 


Analysis of the Idealized Series 


Loaded Series Resonant Converter 


for operation at maximal efficiency 


 


 


 
Abstract: This chapter presents the analysis of the Series Loaded Series 


Resonant (SLSR) converter in a general, idealized form. The 


mathematical expressions developed during the study provide 


the basis for the investigation of the most efficient regimes of 


SLSR converter operation. The obtained results permit to 


define the conditions, which guarantee the best efficiency 


operation. Those conditions will be further explored in Chapter 


5, calculating and presenting graphically the best modes of 


operation. The study developed in Chapter 4 will also 


constitute the starting point for the contactless energy transfer 


analysis as presented in Chapter 6. 
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4.1. Introduction 
 


This chapter is focused on the analysis of the idealized SLSR converter. As already 


concluded in Chapter 2 and further specified in Chapter 3, the contactless energy 


transfer is successful if it employs a magnetic link between the primary (i.e. transmitter) 


and the secondary (i.e. receiver) sides of the converter. It has been proven that the 


difficulties caused by the changing magnetic parameters will be minimized by 


employing series resonant loop compensation. This conclusion resulted in the decision 


to apply a Series Loaded Series Resonant (SLSR) converter with the loosely coupled 


magnetic link. Accordingly, the analysis of this converter becomes essential and the 


study of its most idealized version is a starting point for the further investigation. The 


main goal of this chapter (and the next two chapters later on) is optimise the SLSR 


converter efficiency. The development of the idealized series converter analysis 


(operated mainly at frequency higher than the resonant frequency, i.e. in a super-


resonant mode) constitutes an important contribution of this work, presented also in 


publications like [C60], [C115], [C116], [C122], [C93], [D15], [D16], [D21], etc. The 


knowledge obtained on the idealized SLSR converter will be further developed in 


Chapter 5 and later applied in the study of the loosely coupled converter (Chapter 6).  


 


After a brief reference to the general principles of resonant conversion, the converter 


analysis is focused on the specific super-resonant mode including continuous and 


discontinuous operation. The obtained equations are the basis for the numerous graphics 


and analytical expressions further developed in Chapter 5 that permit the design of an 


efficient resonant converter, especially when aimed for contactless energy transfer. 


 


4.2. Operation principle of the Series resonant converter 
 


Since the beginning of power electronics, with the objective of the development of 


converters with higher power density, intense progress was made in the area of resonant 


power conversion involving a wide range of power levels and operating frequencies. 


The resonant converter presented by N. Mapham in 1966 [C4], was basically the first to 


use the thyristor switch without forced commutation. Subsequently the pioneer works of 


F.C. Schwarz and J.B. Klaassens at TU Delft [C2], [C3], [C41], [C49], [C55] etc. have 
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further transformed the limited controllability of the thyristor into the advantage of 


simplified control and reliable operation at higher frequency. In fact this allowed the use 


of thyristors in high-frequency DC-DC, DC-AC and AC-AC power converters, without 


forced commutation circuits and with improved efficiency. 


 


The high operation frequency was recognized in the previous chapters as an essential 


condition for contactless energy conversion. Therefore, the power switching matrix 


must be implemented by equally fast and fully controllable switching devices. 


 


As the thyristor is not suitable for the operation at higher frequencies, high-power high-


frequency converters were based (until 1980-s) exclusively on the much faster vacuum 


tube for power conversion at even megawatt levels of power and tens of megahertz 


frequencies. Some solutions like out-tuning from the resonance (to shape conveniently 


the anode current) as in [C130], [C42], etc. can be seen as a foundation for more 


modern solutions based on semiconductor devices. The more recent high-frequency 


semiconductor implementations of the resonant converters became only possible with 


the introduction of the power transistor and especially (in the last 20 years) the Power 


MOSFET, permitting complete and fast switching control. 


 


As a consequence, the power switch symbol shown in the following figures will be 


usually presenting the Power MOSFET. The choice of this device does not mean a 


restriction but in fact, is the most probable power semiconductor switch to be applied in 


a practical implementation involving power transfer at frequency around and above 100 


kHz. 


 


In Fig.4.1 the schematics of the Series Resonant Converter power circuit are shown. 


The Continuous Current Mode (CCM) circuit operation consists in the periodic 


alternative closing of switch pairs T1, T4 and T2, T3. The transistor pairs are diagonally 


positioned producing square-shaped voltage vs between the points A and B of the power 


circuit. The switching frequency can be higher or lower than the resonant frequency of 


the resonant LC circuit as composed by the inductor Lr and the capacitor Cr. In 


Continuous Current Mode (CCM), regarded as FM operation, either the diagonal 


T1(D1), T4(D4) or the opposite diagonal T2(D2), T3(D3) of the switches in the bridge is 


conducting. In Discontinuous Current Mode (DCCM) the situation in which neither of 
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the switches is conducting, is also permitted. In Phase-Shift Mode (PSM) it is permitted 


that devices from both diagonals are switched on, thus short-circuiting the LC circuit. 


Further on, the analysed mode of operation will be the CCM for FM operation. 


 


 
Fig.4.1. DC-DC series resonant converter with transformer connected to the output rectifier 


 


 
Fig.4.2. Idealized schematic diagram of DC-DC converter not including explicitly the transformer (i.e. the 


transformer has ideal magnetic coupling K=1) 


 


A second, modified version of the converter circuit, presented in Fig.4.2, is idealized by 


eliminating the transformer. This elimination has been made possible as long as the 


magnetic coupling is considered to be ideal: K=1. For a further simplification of the 


expressions, the transformation ratio coefficient will be considered n=1, i.e. omitted. 


The real transformation ratio n will not be restricted by this assumption: any n≠1 is 
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allowed implicitly. When the transformation ratio n will be omitted, the parameters and 


the variables of the circuit are considered to refer to one of the windings of the 


transformer (usually the primary winding). Only in circumstances when it is necessary 


to show explicitly the transformation ratio, its symbol n will be included in the 


mathematical expressions. 


 


The capacitance of the output capacitor C0 in Fig.4.1 is large enough to have an 


insignificant output voltage ripple during a few periods of operation. The capacitor can 


be replaced in Fig.4.2 by a constant voltage source with value equal to the output 


voltage V0 as shown in Fig.4.1. In the following analysis the diodes and the transistors 


of the power circuit are considered to be ideal without dissipation. When necessary the 


power losses will be taken into consideration also. 


 


The output rectifier D5…D8 imposes at the secondary winding of Fig.4.1 an alternating 


square waveform voltage vo, measured between the points C and D indicated in the 


same figure. The amplitude of this voltage is equal to the value of the output voltage V0. 


It is synchronised to the resonant current and is opposite to the direction of the 


(transformed) resonant current. In the modified circuit of Fig.4.2 the same points C and 


D appear in the primary power circuit, thus the voltage vo with amplitude equal to V0 is 


connected in series with the input square waveform voltage vs with amplitude Es. The 


simplified DC-DC converter configuration shown in Fig.4.2 can be further refined into 


an equivalent circuit illustrated in Fig. 4.3, where the periodically commutated DC 


voltage sources Es and V0 are replaced by the square waveform voltage sources vs and 


vo. The excitation voltage VLC applied to the series resonant loop LrCr can be 


represented as the instantaneous difference between the voltages vs and vo.  


 


 
Fig.4.3. Equivalent circuit DC-DC converter with series resonant circuit 


 


The idealized DC-DC converter (Fig.4.2) can only be run at switching frequency chosen 


either sufficiently lower or sufficiently higher than the resonant frequency in order to 
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maintain acceptably high impedance of the resonant link. The resistive component in 


this resonant loop is considered practically very low (it is even disregarded) and this 


intensifies the risk of connecting the two voltage sources through the very low value of 


impedance. A switching frequency too close to the resonant frequency (for a low 


impedance of the resonant loop) will generate unacceptably high internal voltages and 


currents in the converter. This dangerous mode of operation can be ignored only in 


induction heating converters where the resistive element in the resonant circuit is quite 


noticeable because it represents the functional power delivered to the load in form of 


heat. 


 


The characteristic waveforms for the sub-resonant mode of operation (fsw<fres) are 


presented in Fig.4.4. The diagrams illustrate the capacitor voltage v(Cr) and the inductor 


current i(Lr) produced by the voltage sources vs and vo of Fig.4.3. It shows the 


capacitive effect of the resonant circuit demonstrated by the leading phase of the 


resonant current ir=i(Lr) with respect to the voltage vs. 


 


 
Fig.4.4. Sub-resonant mode of operation of the SLSR converter: vs and vo – square waveform voltage 


sources; v(Cr) – resonant capacitor voltage; i(Lr) – current in the resonant inductor Lr 


 


Each half-period of the resonant process in Fig.4.4 is composed of two time intervals, 


during which two segments of sinusoidal current with two different amplitudes are 


formed. The amplitudes depend on the excitation voltage in each corresponding time 


interval. The interval marked as t1 corresponds to the conduction of the power 
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MOSFET, i.e. when the T1 device of Fig.4.2 has received the control pulse to be turned 


on (synchronously with T4) and the polarity applied on this device has the correct 


direction. The current shape during the interval t1 is typical (auto-extinguishing) for a 


thyristor switch being the device which is usually applied for sub-resonant switching. In 


the time interval t2 the anti-parallel diode D2 is conducting in a similar manner to the D1 


taking over the conduction after the t1 time interval. The consecutive time intervals are 


summarized in Table 4.1, illustrating the sub-resonant operation of the DC-DC 


converter. The marked time intervals t2 and t1 correspond to the positive half-period and 


can be referred to as t2a and t1a for the next, negative half-period symmetrically. 


 


Time interval t2 t1 t2a t1a 


Resonant current i(Lr) Positive half cycle Negative half cycle 


vs −ES +ES +ES −ES 


vo +V0 +V0 −V0 −V0 


VLC −ES−V0 +ES−V0 +ES+V0 −ES+V0 


Switches on 
D2, D3 


D5, D6 


T1, T4 


D5, D6 


D1, D4 


D7, D8 


T2, T3 


D7, D8 


Table 4.1. Consecutive time intervals of the SLSR converter for sub-resonant operation 


 


When the operation will be carried out at switching frequency above the resonant 


frequency, the resonant loop presents an inductive impedance with a resonant current 


ir=i(Lr) lagging with respect to the voltage vs. The characteristic waveforms are shown 


in Fig.4.5.Similar to the sub-resonant switching mode, each half-period of the switching 


process in Fig.4.5 can be divided in two time intervals: t1 and t2, corresponding each one 


to a segment of a different sinusoidal current with different amplitude and phase. The 


amplitude values are not visible because the segments are shorter than 
2
π , but the two 


segments can be easily recognised by their different slopes. 
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Fig.4.5. Super-resonant mode of operation of the SLSR converter: vs and vo – square waveform voltage 


sources; v(Cr) – resonant capacitor voltage; i(Lr) – current in the resonant inductor 


 


The time interval marked as t1 corresponds to the conduction of the power switch (i.e. 


MOSFET). During that time the power device has both the command pulse and has 


been polarised correctly. In contrast with the suggested power switching device for Fig. 


4.4 the current shape in the interval t1 of Fig.4.5 is not possible to be achieved by 


thyristor switches. In the time interval t2 the anti-parallel diode D2 starts its conduction 


time taking over the conduction of the resonant current at the end of the interval t1. An 


overview of the time intervals during the whole switching period is presented in Table 


4.2, illustrating the super-resonant mode of operation of the DC-DC converter. The 


marked time intervals t1 and t2 correspond to the positive half-period and can be referred 


to as t1a and t2a for the next, negative half-period symmetrically. 


 


Time interval t1 t2 t1a t2a 


Resonant current i(Lr) Positive half cycle Negative half cycle 


vs +ES −ES −ES +ES 


vo +V0 +V0 –V0 –V0 


VLC +ES−V0 −ES−V0 −ES+V0 +ES+V0 


Switches on 
T1, T4 


D5, D6 


D2, D3 


D5, D6 


T2, T3 


D7, D8 


D1, D4 


D7, D8 


Table 4.2. Consecutive time intervals of the SLSR converter for super-resonant operation 
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Observing Table 4.2 and comparing its contents to the preceding Table 4.1, it is 


deduced that the only difference between the two modes of operation consists in the 


exchanged order of the time intervals. The time intervals in both tables are marked 


equally if their excitation voltage VLC and the turned on power switches are the same. In 


Table 4.2 the time interval t2 takes place after the transistor conduction time t1 finishes, 


by switching off the control pulse at full resonant current. In the time interval sequence 


of Table 4.1 the transistor (thyristor) conduction time t1 finishes when the resonant 


current crosses the zero line. This difference in the succession of the excitation voltages 


is resulting in substantial difference in the switching losses of the two modes of 


operation.  


 


4.2.1. Switching losses of the SLSR converter 
 


The transitions in the converter power circuit always produce losses, taking into account 


that voltage drop and current are both present during the switching of the power devices 


(the commutation intervals). The efficiency of a given converter topology depends 


strongly on the way the power switches are controlled during their commutation. Even 


though the switching losses are dissipated in an extremely short time interval and hence 


their total value (as energy amount) is not comparable to the much higher conduction 


losses of the power switches, these losses are essential for the reliability of the 


switching devices. The short time intervals during which the highest power is dissipated 


results in destructive stresses on the vulnerable power semiconductor devices especially 


at higher frequency. The switching losses are therefore more important than the other 


power converter losses. For example, to minimize the main power loss of the MOSFET 


device (provoked by its RDS(on) and dissipated during its conduction time interval) will 


have no importance when the switching losses are not minimized and hence the 


reliability is questionable. It will be possible to estimate the efficiency of the converter 


by its conduction losses only in case of guaranteed “soft switching”1 operation. 


 


The sub-resonant and super-resonant modes of operation were experimented on a full-


bridge DC-DC power converter of 2.5 kW in order to compare the losses and some 


results were also presented in [C60], [C93], [C116]. The laboratory measurements 
                                                 
1“Soft switching” is the term designating different techniques of switching based usually on a resonant 
process that enable to reduce significantly the switching losses.  
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completed on this converter are shown graphically in the text (Figs.4.6…4.8) and 


together with the applied calculations will illustrate the comparison.  


 


In the oscilloscope image shown in Fig.4.6 the waveform (b) represents the resonant 


current i(Lr) produced in sub-resonant operation mode. This waveform is almost 


identical to the resonant current illustrated in Fig.4.4. A minor difference between the 


two figures exists in the applied switching frequency. The operation shown in Fig.4.6 is 


slightly closer to the resonance and in fact, this choice (closer to the resonant switching 


frequency) was intentional in order to minimize the overloading of the power 


transistors. The motive is that if the switching frequency is closer to the resonant 


frequency the switches are commutated at a lower instantaneous value of the resonant 


current (e.g. from time interval t2 to time interval t1 in Fig.4.4). As the value of the 


commutated current has a strong influence on the switching losses (especially in not 


efficient modes of operation) frequencies closer to the resonance were chosen for the 


necessary numerous measurements. A similar transition takes place between the 


intervals t2a and t1a (the negative half-period of the resonant current). The waveform (a) 


in Fig.4.6 represents the current measured in the upper left power transistor T1 which is 


placed as shown in Fig.4.2, in parallel to the corresponding diode D1 (it is also possible 


to replace the transistor by thyristor in a sub-resonant operation mode). The 


designations of the time intervals can be seen in Fig.4.4. They are valid also for Fig.4.6 


although not explicitly marked.  


 


 
Fig.4.6. Waveforms of 2.5 kW SLSR converter operating at sub-resonant switching frequency: a) current 


through the switch T1/D1 (scale 30 A/div); b) resonant current i(Lr) (scale 25 A/div). Time scale: 5 μs/div 
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When Fig.4.6(b) is compared to the waveform i(Lr) of Fig.4.4 the curves are similar 


(with a slight difference in their switching frequencies). Both curves have a smooth 


shape. The current shown in Fig.4.6(a) is not smooth and reveals the short-circuit 


recoveries of the anti-parallel diodes. The three current spikes seen in Fig.4.6(a) indicate 


(in order of their appearance): a transition from t2 to t1; a transition from t2a to t1a and 


another transition from t2 to t1 (following the designations from Table 4.1 and Fig.4.4). 


These current spikes observed in the power switch confirm the danger of the transition 


process between time intervals t2 and t1 (resp. t2a and t1a). 


 


The current spikes in Fig.4.6, are in fact short circuit connections of the input power 


source. In the very beginning of the current waveform (a) through the switch T1 (see 


Fig.4.6), the diode D2 (the lower left power switch in Fig.4.2) is still conducting. The 


time interval t2 (outside the figure) finishes with the beginning of interval t1 (conduction 


of transistor T1). This causes the first observed short circuit of the input voltage source 


Es through the transistor T1 and the still conducting diode D2. In fact, this short circuit is 


observed in the transistor current as a peak in the direction of the resonant current. This 


short circuit disappears rapidly as the diode finishes its recovery. The peak through D2 


cannot be shown in this figure (D2 is a part of the opposite power switch) but a similar 


current spike is observed in the next transition, namely from t2a to t1a where the diode D1 


participates in a similar short circuit. The direction of the diode current peak is opposite 


to the subsequent resonant current because it is the diode recovery current. The third 


short circuit spike is taking place during the transition from t2 to t1 and the situation is 


equal to the first short circuit. 


 


The other transitions in the sub-resonant mode, i.e. between t1 and t2a (in the same way 


between t1a and t2 from Table 4.1) do not represent any problem of commutation as the 


change in polarity of the resonant current will automatically turn on the anti-parallel 


diode of the same transistor (or thyristor) switch.  


 


To reduce the problem of the short-circuit connections necessary for the recovery of the 


diode (every half-period), the semiconductor switch uses an inductive snubber to limit 


the di
dt


 through a low value (or saturable) inductance in series with the switch. Although 


the transition will be decelerated by the snubber, it still remains a short circuit 
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connection. This inductive snubber solution of the problem can be characterized as 


stress-reduction but is not lossless since the stored charge (e.g. minority carriers) in the 


diode still need to be discharged (to be able to recover the diode). The diode recovery 


time depends on the value of the stored charge. Having in mind that the semiconductor 


diodes are in this case high-voltage and high-power devices, the stored charge and the 


recovery time are quite significant. Finally, regardless of the existence of the snubber, 


the next controllable power device to be turned on will start either “soft” or “hard” but 


with a necessary short circuit in order to accomplish the transition process. For low 


operation frequency of the thyristor converter, this switching loss is not so important but 


for high frequency operation as required by the contactless energy transfer, the 


switching losses in sub-resonant mode will be unacceptable. In addition, to slow down 


the switching on of the power device by the above mentioned inductive snubber will 


limit the operation frequency (necessary for the contactless energy transfer).  


 


Fortunately, the di
dt


 snubbers will not be necessary in the case of super-resonant 


operation of the converter because the problem of a short circuit is avoided. 


 


In Fig.4.7 the behaviour of the same 2.5 kW DC-DC converter is demonstrated when 


the switching frequency is higher than the resonant frequency. The measured 


waveforms are: a) the current through the power switch T1/D1 and b) the resonant 


current i(Lr). The resonant current in Fig.4.7 is similar to the resonant current shown in 


Fig.4.5 with a minor difference between the two current waveforms. Fig.4.7 was taken 


from the oscilloscope at switching frequency closer to the resonant frequency than the 


frequency used in Fig.4.5. The choice is due to the fact that operating closer to the 


resonance is placing the switching transitions at lower points of the sinusoidal resonant 


current, thus diminishing the stored charge commutated during the switching process. 


This guarantees lower stress (lower spikes) especially when multiple changes of the 


mode of operation had to be observed during the measurements.   
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Fig.4.7. Waveforms of 2.5 kW SLSR converter operating at super-resonant frequency: a) current through 


the switch T1/D1 (scale 30 A/div); b) resonant current i(Lr) (scale 25 A/div). Time scale: 5 μs/div 


 


From Fig.4.7 (super-resonant mode of operation) it can immediately be concluded that 


the previously observed and dangerous diode recovery process is absent. The transition 


between the diode D1 conduction interval (marked as t2a in Table 4.2) and the next 


(transistor T1) conduction interval (t1 in Table 4.2) is a “soft-switching” transition. The 


transistor T1 goes into conduction at the moment that its anti-parallel diode is still 


conducting and hence, has a very low voltage, i.e. the process is Zero Voltage 


Switching (ZVS) process. This ZVS requirement is naturally guaranteed by the 


operation in FM as the transistor is already switched on when the transition takes place. 


An equal soft switching occurs between the marked in Table 4.2 time intervals t2 and t1a. 


 


During this ZVS the “turn-on” transition losses of the transistor are insignificant, as its 


anti-parallel diode is still conducting and its voltage drop (applied equally on the whole 


switch) is zero at the moment the transistor takes over. In the same time the transition is 


soft for the anti-parallel diode as well, because after the zero crossing of the resonant 


current the diode recovery current has the same direction as the already conducting 


transistor. Thus the stored carriers in the diode junction will smoothly and gradually 


disappear at close to zero current, limited by the resonant process. 


 


In order to achieve the super-resonant mode of operation it is necessary to guarantee the 


turn-off of the transistor when it is still conducting the current. The transition from 


transistor conduction into diode conduction i.e. from time interval t1 to interval t2 (resp. 


from t1a to t2a), corresponding to Table 4.2 and Fig.4.5, is accomplished at high and 
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often very high resonant current by command applied to the Power MOS transistor gate. 


This way of operation is in contrast to the observed in the sub-resonant mode, as shown 


in Fig.4.1 and Table 4.4, where the transition from t1 to t2a, (resp. from t1a to t2) takes 


place at zero current (the thyristor is turning-off). 


 


At first sight the transition from the time interval t1 to the interval t2 (carried out at full 


resonant current) could be as dangerous as the transition form t2 to t1 for the sub-


resonant converter (Fig.4.4) also taking place at high current value. Fortunately, the 


difference between the high current commutations for the two different modes of 


operation is significant. In case of SLSR converter operating in the sub-resonant mode 


the current of an uncontrollable device (the diode) has to be cut off and this is 


accomplished by a temporary short-circuit connection of the input voltage source. In the 


super-resonant mode the current to be cut off is the current of the fully controllable 


switching device (transistor) so this operation is accomplished by the control circuit of 


the switch. 


 


When the controllable power switch T1 with its anti-parallel diode D1 (Fig.4.2) has 


received the command to start the process of switching off, it begins to lower the drain 


current gradually after the typical delay. At this moment the parasitic capacitance in 


parallel to the turning-off switch T1 starts to accept charge from the resonant current and 


increases its voltage. The capacitance in parallel to the diode D2 (which is the next 


switch to be turned on but it is still not conducting) discharges, supporting the resonant 


current. Only after lowering sufficiently the current through T1 and after charging its 


capacitor to a slightly higher value than the input voltage Es, the voltage across the 


switch T2/D2 will invert and the diode D2 will start to conduct. Since the only current 


flow at this moment is the resonant current and the transistor switch T1 is already out of 


conduction (its parallel capacitance is also fully charged to Es voltage value), the current 


through the diode D2 will be limited by the value of the resonant current, and 


accordingly, there is no short circuit. 


 


The parasitic capacitances support further the “soft switching” by keeping the resonant 


current away from the power switch during its switching off and by limiting the speed 


dv
dt


 of the voltage across the device. In some applications those parasitic capacitances 
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are even expanded by the addition of external capacitors in parallel to the switches 


[D16], [D21]. This additional capacitance can be applied only when the condition of 


Zero Voltage Switching (ZVS) is fulfilled, i.e. the parallel capacitor should be already 


discharged when the power switch starts to conduct. For example, maintaining the FM 


operation of the SLSR converter guarantees the necessary ZVS condition. When the 


PWM of operation is expected, as in [C93], then the capacitance should be kept at its 


minimum (or classical RCD snubbers should be used). 


 


As a result of this discussion it is expected that the operation of SLSR converters at 


super-resonant frequency will achieve the advantage of almost complete avoidance of 


switching losses. To prove this statement the switching device power losses were 


measured by multiplication of the instantaneous values of the voltage drop across the 


power switch and the current flowing through it. The resulted value is integrated and 


shown by in Fig.4.8. The four curves represent the energy dissipated in a complete 


power switch (in this case T2/D2), starting each curve from an initial reference value (on 


the left-most side) considered as the zero value of dissipated energy. 


 


 
Fig.4.8. Dissipated energy in the switch T2/D2 during conduction in operation modes: 1) slightly sub-


resonant; 2) slightly super-resonant; 3) super-resonant; 4) super-resonant at higher output power. 


Horizontal scale: 2 μs/div. Vertical scale: 200 μJ/div. 


 


The curve (1) corresponds to the interval sequence t2a – t1a – t2 from Table 4.1 (sub-


resonant operation mode) and curves (2), (3) and (4) correspond to the interval sequence 


t2 – t1a – t2a from Table 4.2 (super-resonant operation mode). The first and the third time 
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intervals (t2, t2a) are not entirely shown as they are not relevant for the discussion of the 


switching process. Only the t1a interval (transistor or thyristor conduction) is shown 


completely with its two transitions, showing the switching on and then switching off of 


the device T2. The two transitions (switching on and switching off of the transistor or 


thyristor) in Fig.4.8 are easily seen as either sharper or smoother jumps of dissipated 


power by the switch.  


 


During the transistor conduction time interval t1a, the dissipated energy as shown by all 


four graphs is rising, pursuing close to a cosine curve (during the sinusoidal resonant 


current pulse). Prior to this curve (in super-resonant mode), or succeeding to this curve 


(in sub-resonant mode), a gradual increase of the dissipated energy is also observed. It 


corresponds to the anti-parallel D2 conduction (negative polarity of both the current and 


the voltage, thus producing positive dissipated power). This behaviour corresponds to 


the diode current preceding (Fig.4.7a) or succeeding (Fig.4.6a) the transistor (or 


thyristor) conduction interval t1a. 


 


During the non-conduction time intervals, the voltage experienced by the switching 


device can reach several hundred volts. This is quite different from the voltage drop on 


the power switch T2 during its conduction time, which voltage is extremely low. In 


order to protect the sensitive measuring instrumentation a voltage limiting circuit was 


implemented at its input. Therefore the calculated dissipation during the non-conduction 


intervals is not quite accurate. Fortunately, the voltage limitation does not add much 


error because at the time when the semiconductor switch is disconnected, its current and 


the dissipated power are close to zero. The non-conduction intervals of Fig.4.8 are 


observed just before the conduction interval (curve 1) or after it (curves 2, 3 and 4) as a 


horizontal line. 


 


Fig.4.8 can provide information for comparison of the converter modes of operation. 


From this figure, the power losses are calculated approximately during the switching on, 


the conduction interval and the switching off of the transistor and are summarized in 


Table 4.3. All values will be averaged in relation to the correspondent time interval as 


calculated from the rise of the dissipated energy. The measurements were taken without 


the snubbers or other damping circuits in order to show the transitions clearly. Even 


without special snubbers the curves (3) and (4) show very low switching losses. 
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 Turn-on Conduction Turn-off 


 


Curve 


Edis t Pdis Edis t Pdis Edis t Pdis 


[µJ] [µs] [W] [µJ] [µs] [W] [µJ] [µs] [W] 


1 90 0.1 900 480 16.5 29.1 40 0.4 100 


2 30 0.1 300 430 15.2 28.3 ≈0 ≈0 ≈0 


3 5 0.1 50 460 14.5 31.7 ≈0 ≈0 ≈0 


4 ≈0 ≈0 ≈0 580 13.5 43.0 ≈0 ≈0 ≈0 


Table 4.3. Average power and energy dissipated during the turn-on transition, the transistor conduction 


interval and during turn-off transition, calculated considering the curves shown in Fig.4.8 


 


The turn-on transition of the curve (1) shows a drastic jump of dissipated energy 


corresponding to the short-circuit recovery in the sub-resonant mode. The dissipated 


power is roughly 0.45 .200
0.1
div J


s
μ


μ
=900 W. This is the average value for the transition 


time of 100 ns while the factual peaks can often reach the region of a few kW. A 


smaller jump (300 W) at turn-on is shown in curve (2). This curve represents an 


operation frequency slightly higher than the resonant one but the jump of diode 


recovery is due to the intentionally shortened gate control pulse. The control pulse was 


made less than 50% of total period in order to minimize the danger of a short-circuit in 


the same leg of the bridge at a frequency close to the resonant one. Some turn-on power 


loss is also seen in curve (3) but it is already not very different from the average power 


dissipated during the conduction interval so it does not represent dangerous stress. The 


curve (4) represents a really soft switching ZVS. 


 


In conclusion, for the sub-resonant mode of operation the dissipation during the turn-off 


transition is not dangerous and the power loss is minimal or zero. The most difficult 


operation for the converter is related to the turn-on power loss being at least 31 times 


higher than the dissipated power during the conduction. The local overheating of the 


semiconductor device structure is the main danger which is unavoidable and destructive 


for the power switches in sub-resonant mode of operation for the SLSR converter. The 


super-resonant mode of operation does allow the application of lossless capacitive 


snubbers and even without snubbers the dissipated power during the transitions is close 


to zero (Fig.4.8). 
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It was demonstrated up to this point that the super-resonant mode guarantees close-to-


zero power losses during the switching process. As it can be seen from Table 4.3 the 


dissipated power in the transition intervals is very low even in case of sub-resonant 


mode of operation, contributing to the total dissipated energy by not more than 15% 


(curve 1 from Fig.4.8). Although the total value of this energy is small, it is dissipated 


during very short time producing local overheating of the semiconductor devices.  


 


Resulting from this comparison the total dissipated power in the converter switches is 


exclusively related to the power dissipated during the time intervals of conduction. In 


the same time all the necessary measures should be taken to avoid the above mentioned 


heat shocks reducing dangerously the reliability of the power switching devices. 


 


4.2.2. Conduction losses in a SLSR converter 
 


It is necessary to find a proper method for estimating the losses produced by the SLSR 


converter switches (and the other elements of the power circuit) during the conduction 


time interval. Taking into account the symmetry in the half-periods of switching both 


half-waves of the resonant current (Fig.4.3) are regarded as passing through a single 


(equivalent) diagonal of power switches (and other circuit components). The losses will 


be represented by a series resistance symbolized by a resistor Rloss which symbol also 


includes the resistive losses in the power stage (inductors, capacitors, wiring, etc.). This 


resistive representation does not reflect (in theory) the voltage drop in the p-n junctions, 


but practically the power semiconductor devices (being p-i-n structures) possess a huge 


resistive component especially at higher values of conducted current. 


 


The efficiency of the power stage can be expressed as:  


 
1


0


0


lossP P
P


η
−


⎛ ⎞+
= ⎜ ⎟
⎝ ⎠


         (4.1) 


 


In (4.1) the power designated as Ploss comprises all the Joule losses caused by a 


generalized loss resistance Rloss that represents the resistive elements of the circuit: 
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2  loss rms lossP I R=          (4.2) 


 


The current Irms in (4.2) denotes the rms value of the resonant current, producing losses 


in the generalized resistance Rloss.  


 


The power supplied to the consumer is indicated as Po in (4.1). It can be expressed as a 


product of two constant values, Vo representing the DC output voltage and Io as the DC 


current supplied to the load. The reason for admitting constant values is that during the 


relatively short time interval of one switching period and especially in steady-state 


conditions, the output voltage can be approximated as a constant voltage. The consumed 


current from the constant output voltage at the condition of a steady-state is also 


constant. Then the consumed power from the output is: 


 
2


0 0 0 0 0 0 0 0    ( )   P V I I R I I R= = =        (4.3) 


 


In the idealized power stage of the resonant converter the resonant current has to pass 


entirely through the rectifier bridge D5…D8, and the average value of that rectified 


current will be integrated by the filter capacitor Co (charged to the voltage Vo). Because 


the ideal capacitor is a reactive but passive component, it does not consume or produce 


energy. I that case the average value of the current entering the capacitive filter must be 


equal to the average value of the current consumed by the load Ro. The load resistance 


value then is Ro= 0


0


V
I


. 


 


Based on the relation between the average rectified value of the resonant current and the 


DC output current, in the equation (4.3) the value I0 will represent also that average 


value of the rectified resonant current (i.e. the average of its absolute value r AVG
i ). 


Then equation (4.1) is modified into equation (4.4): 


 
2


1 2
2


0 0 0


( )1 1 ( )
( )
rms loss loss


i
I R R


I R R
η ρ− = + = +        (4.4) 
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The above equation shows a valuable relationship between the efficiency and the 


current form factor iρ : 


 


rms
i


r AVG


I
i


ρ =           (4.5) 


 


The current form factor ρi will change when the resonant current waveform changes and 


that will strongly affect the efficiency of the converter. It is important to predict the 


current form factor ρi depending on the different regimes of operation of the resonant 


converter. 


 


If the form of the resonant current could be closer to a rectangular outline, the current 


form factor would be close to the best possible, minimum value ρi=1. The rectangular 


current form is however, not achievable in the regimes that guarantee minimum 


switching loss, e.g. in the resonant mode of operation. The resonant transition 


converters are also not a solution as being categorized “rough current form” power 


converters in Chapter 2 and classified as not viable for the contactless energy transfer 


purposes. Fortunately, the super-resonant operation mode discussed above can reach 


very good (low) values of the current form factor and is the preferred solution for the 


contactless energy transfer. 


 


Another factor that defines the efficiency in (4.4) is the total equivalent loss resistance 


Rloss and especially significant is the relation between the loss resistance and the load 


resistance R0. If the supply voltage of the converter is high then the average rectified 


value of the resonant current would be lower and hence R0 would be higher. The load 


resistance would be higher also if the output voltage V0 is higher. The higher value of 


V0 should alleviate the restrictions for the Rloss. Unfortunately the global resistance 


value, which includes wiring, contacts and a complex of intrinsic losses of the passive 


elements of the circuit, will depend mainly on the conduction losses of the 


semiconductor power switches. The physical reason is that the semiconductor is in fact 


an imperfect (but controllable) insulator, especially the MOSFET, so the greatest part of 


the dissipation is going to be inside the semiconductor devices. The losses in the other 
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(passive) components are also included in Rloss and they will need attention too, but the 


major effort will be directed to improve the MOSFET operation. 


 


To minimize the resistance RDS(on) of the conducting MOSFET it is necessary to provide 


the converter with good gate driving strategy, choosing properly the moments of 


switching the transistor on or off. For example, earlier turning on of the transistor in 


super-resonant mode can minimize the total voltage drop of the complete power switch 


(T/D) by shunting its own (still conducting) anti-parallel diode. Usually this operation is 


considered normal as the MOSFET can conduct inverted current when the gate is 


permitting its passage. However, in many cases this transistor conduction is not allowed 


as its intrinsic anti-parallel diode has to be blocked in order to use external fast anti-


parallel diode. 


 


To achieve the lowest possible conduction resistance RDS(on) of the power MOSFET the 


driver circuit must produce gate pulses with enough high voltage values. As it is 


discussed in [C102], [C103], [C118], [C119] and shown in Fig.4.9, taken from [C143], 


the drain-source resistance depends critically on the voltage applied to the gate. To 


achieve the necessary low RDS(on) value, a higher gate-source voltage is demonstrated to 


be essential. An even higher gate-source voltage VGS will be needed, having in mind 


that the RDS(on) resistance is not constant (Fig.4.9) but depends on the drain current ID as 


well. The observed increase of the resistance RDS(on) with the drain current makes it even 


more important to find a regime with lowest current form factor ρi following (4.4). The 


variation of RDS(on) in (Fig.4.9) is too small to influence the current shape and hence ρi 


will remain dependent only on the reactive elements of the resonant circuit. The other 


component in (4.4), the ratio 
0


lossR
R


 will not be constant if this dependence is considered. 


The Rloss will rise with the coefficient ρi because the higher rms value of the current 


(keeping the average value the same) stands for a grow of the generalized loss 


resistance. The conclusion is that the gate voltage must have sufficient level to diminish 


this effect (Fig.4.9). 
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Fig.4.9. Variations of RDS(on) resistance of a high-voltage power MOSFET as a function of the gate 


voltage VGS at different values of the drain current ID (p.4.9 of [C143]). 


 


The requirements for the gate voltage are rather contradictory. It is necessary that the 


VGS voltage reaches rapidly a high voltage level to switch on the transistor faster to 


guarantee lower losses. Then, the fast switching off will be a problem since the gate 


requires a fast transition to zero or even to negative voltage level. To implement the 


necessary fast repetitive recharging of the gate is not easy, taking into account that the 


total gate-source capacitance of the power MOSFET (including the Miller effect) goes 


up to tens of nanofarads. The high voltage span and the high switching speed have their 


limits. As a result, the driver stage must support a fairly high gate current with high 


peaks as well (a few amperes). That current has to be limited because it is dangerous for 


the fragile gate construction and hence the speed will be also limited. Another important 


limitation is the maximum permitted gate voltage which is usually not higher than 20 V 


in both directions. Usually a higher voltage value than 8 V for the positive pulse level 


will not result in significantly lower RDS(on) and lower than –5 V will not speed up the 


switching off but in contrary, will be adverse for the higher switching speed (and in 


consequence, the limited switching speed will reduce the efficiency). 


 


The super-resonant regime has again the advantage of being not quite demanding 


regarding the speed of transitions. The transistor transition time of switching on can be 


relatively long as it takes place during the interval when its anti-parallel diode is still 


conducting. This transition time is only limited by the conduction time of the diode.  
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Switching off is also not critical since the diode of the next switch will be kept inversely 


polarised until the turn off of the transistor is complete. The above mentioned advantage 


can be limited by possible voltage spikes if the diodes are not fast enough (intrinsic 


diodes of the MOSFET or bonded in the IGBT package). Depending on the working 


frequency, fast (external) diodes are often used, eliminating the original ones. 


 


When the switching problems are minimized in the super-resonant mode of operation, 


the total loss will be approximated by the conduction losses, which can be calculated as 


a function of the current form factor as presented in (4.4) and (4.5). 


 


In order to obtain the current form factor it is essential to analyse the transient processes 


in the resonant loop. The analysis will be mainly focussed on the super-resonant mode 


of operation because of the reasons mentioned before (lowest switching losses) and 


because of the final application (contactless energy transfer). It was concluded in 


Chapter 2 that the most stable frequency zone is the upper slope of the resonant curve. 


Nevertheless the results of the analysis will not exclude other modes of operation as 


pulse-width modulation and sub-resonant mode of operation. 


 


4.3. Steady-State Transient Analysis of Super-Resonant 


Converter 
 


Analyzing the circuit diagram of the SLSR converter power stage (Fig.4.1), it was 


already mentioned before that the periodic inversion of the input supply voltage Es can 


be substituted by a square wave voltage source vs synchronized with the changes in the 


state of power switches (matrix T1…T4). The same type of substitution can be applied to 


the output voltage V0 which appears in front of the output rectifier (the matrix D5…D8 


in Fig.4.1) as a square wave voltage source vo with polarity synchronized with the 


resonant current direction. This substitution was introduced by the equivalent circuit of 


Fig.4.3 and will be used further on. The strategy will be to analyse the operation for 


each of the time intervals (time domains) of the complete resonant period, choosing as 


state variables the resonant capacitor voltage vc and the resonant inductor current ir. The 


directions of the voltages and the currents are defined in Fig.4.3 too.  
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4.3.1. Notation in SLSR analysis 
 


The “normalized”, i.e. “dimensionless” values introduced for the description of the 


resonant converter by N. Mapham [C4] in 1967, have revealed to be very functional in 


giving a generalized validity of the derived mathematical expressions. This is the reason 


for the application of normalized notation in publications dealing with the resonant 


processes in DC/AC and DC/DC power converters. Examples can be found in [C3], 


[C50], [C120], etc. The normalised form of representing the variables will be used 


always in this work, although omitting the index “N“ to achieve simplicity. 


 


a) Voltages in the converter circuit will be substituted by dimensionless voltages created 


by the division by the input voltage Es: 


N c
c


s


vv
E


=  and N Lr
Lr


s


vv
E


=  are the normalized voltages of the resonant passive components, 


further indicated also simply as vc and vL; 


0


s


Vq
E


=  is the normalized output voltage; 


1 s


s


E
E


=  is the normalized input voltage; 


N LC
LC


s


VV =
E


 is the normalized excitation voltage of the series resonant circuit, i.e. the 


voltage mirror2 around which the resonant capacitor voltage will oscillate.  


 


b) Time variable t in the process will be substituted by the angular time rx tω= , where 


the angular resonant frequency 12res res
r r


f
L C


ω π= =  [rad/s]. 


The time intervals from Fig.4.5 marked as t1 and t2 can be substituted by corresponding 


angular intervals 1ψ  and 2ψ . Then the half switching period can be expressed as: 


1 2 1 22
sw


o res res res
Tx t tω ω ω ψ ψ= = + = + . By this notation of the time variable the 


                                                 
2 The term “voltage mirror” is not new as it was used in many earlier works on the resonant conversion. It 
corresponds to the step-function of voltage applied across the series LC resonant circuit. Sometimes this 
designation is replaced by more explicit explession “excitation voltage”. 
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difference between the real operating frequencies is eliminated and the attention is 


concentrated on the process itself. 


 


c) Normalization of the resonant current is obtained by multiplying the current by the 


characteristic impedance Zr and then dividing it by the input voltage Es: 


N r r
r


s


Z ii
E


= , where the resonant impedance is rZ r


r


L
C


= . Further on the resonant current 


is simply denoted as ir. 


With this operation the current expressions become independent from the value of the 


circuit specific physical parameters. 


 


d) Normalized switching frequency F is a dimensionless ratio between the real 


switching frequency and the resonant frequency:  


sw


res


fF
f


= , where fsw is the frequency of the applied command pulses to one of the power 


switches and 1
2res


r r


f
L Cπ


=  is the resonant frequency of the circuit. If the switching 


period of operation would be marked 2xo then the expression 
o


F
x
π


=  is an equivalent 


definition for the normalized frequency F. 


 


e) The relations between the voltages and currents in each reactive element of the series 


resonant loop: rL r
L


div
dt


=  and rC C
r C


dvi i
dt


= = , are transformed into the normalized 


form: L
L


div
dx


=  and C
r C


dvi i
dx


= = , replacing the time derivatives by derivatives 


expressed in normalized form. 


 


The transformation between temporal and angular base of the derivatives will need the 


multiplier rω  as was already mentioned in (b): c c c
res


dv dv dvdx
dt dx dt dx


ω= =  and 
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r r r
res


di di didx
dt dx dt dx


ω= = . For the normalization of the current, it still has to be multiplied 


by r
r


r


LZ
C


=  as in (c). 


 


4.3.2. Definition of equations describing SLSR converter operation 
 


To generalize the expressions the time intervals marked as t1 and t2 in Fig.4.5 and Table 


4.2, are usually substituted by the normalized angular values 1ψ  and 2ψ . Those two 


time intervals represent the positive half period of the switching period. The SLSR 


circuit operation in steady-state has a cyclic (odd) symmetry and therefore at the end of 


the following negative half period, the electrical variables reveal the same values as in 


the beginning of the positive half-cycle. This cyclic stability during multiple periodic 


repetition intervals permit the variable development to be assessed in order to find 


piece-wise equations describing the variables. Because the input and output voltage 


have very low ripple, the input voltage and the output voltage will be considered (piece-


wise) constant during the four intervals of the cycle: 1ψ , 2ψ , 1aψ  and 2aψ  (Table 4.2).  


 


The complete list of circuit configurations shown in Fig.4.10 corresponds to the 


different time intervals and modes of operation. Those functional equivalent circuits 


illustrate the operation of the circuit diagram in Fig.4.1. 
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Fig.4.10. Functional equivalent circuits of the SLSR converter: (a…d) correspond to the super-resonant 


mode of operation; (e, f) exist in sub-resonant mode only; (g, h) exist only in discontinuous mode 


 


The switching configuration marked as (a) in Fig.4.10 corresponds to the interval t1 


from Fig.4.5 and Table 4.2. The next configuration (b) shows the operation in the 


following interval t2 (in the super-resonant mode, Table 4.2). During the configuration 


(b) the resonant current is being returned to the input voltage source Es through the anti-


parallel diodes D2 and D3. The rectifier diodes conducting in this time interval are the 


same (D5 and D6) as in the first interval, because the resonant current maintains the 


same direction. In the end of the interval t2 the current ir crosses the zero and changes its 


polarity. Consequently, the second half-period involves the configurations (c) and (d). 


In case of FM operation of the SLSR converter in the super-resonant mode, the next 


time interval will correspond again to the configuration (a), following the sequence: 


Fig.4.10(a)  Fig.4.10(b) Fig.4.10(c) Fig.4.10(d) Fig.4.10(a). 


 


In the case of sub-resonant operation mode at a fixed frequency kept in the region of 


0.5<F<1, the sequence is different: Fig.4.10(f)  Fig.4.10(a) Fig.4.10(e) 


Fig.4.10(c) Fig.4.10(f). The configuration marked as (f) is almost identical to the 


configuration (b); in the same way as configuration (e) is very similar to the 


configuration (d). The only difference consists in the polarity of the resonant capacitor 







4-29 


voltage as in the sub-resonant mode the diode conduction interval t2 (or t2a) appears 


before the interval t1 (or t1a).  


 


If a PWM operation of the super-resonant converter is used in a discontinuous current 


mode, the configurations (g) and (h) will be added to represent the intervals of fixed 


resonant capacitor energy and zero resonant inductor energy. In those intervals the 


resonant capacitor voltage is not sufficient to force the diodes into conduction. The 


sequence is: Fig.4.10 (a)  Fig.4.10 Fig.4.10(b)  Fig.4.10(g)  Fig.4.10(c)  


Fig.4.10(d)  Fig.4.10(h)  Fig.4.10(a). This is a preferred sequence of operation as it 


does not include short-circuit diode recovery. 


 


When the above condition of non-discharging resonant capacitor is not met, its energy 


will be high enough to force the anti-parallel diodes into conduction. In that case the 


PWM operation of the super-resonant SLSR converter may present other sequence 


involving undesirable diode recovery with short circuit connections. This regime is 


illustrated in Chapter 5 and has to be avoided. This problematic sequence may happen 


only in PWM of the super-resonant operation as then the intervals of conduction are too 


short: Fig.4.10(a)  Fig.4.10(b)  Fig.4.10(e)  Fig.4.10(c)  Fig.4.10(d)  


Fig.4.10(f)  Fig.4.10(a). The transitions (e) (c) and (f) (a) will always involve the 


undesirable short circuit connection for the diode recovery. 


 


In operation modes that are rarely applied, the sequence may be even longer. For 


example, the sub-resonant mode with shortened control pulses (PWM operation for 


F<0.5) will involve intervals of non-conduction too: Fig.4.10 (a)  Fig.4.10(b)  


Fig.4.10(e)  Fig.4.10(h)  Fig.4.10(c)  Fig.4.10(d)  Fig.4.10(f)  Fig.4.10(g). The 


existence of pause (h) or (g) prevents from short circuit diode recovery but the circuit 


has to keep quite a low operation frequency. When the frequency is moved to 0.5<F<1 


region, as it is usually the case in the sub-resonant operation with fixed frequency, the 


pauses (h) and (g) disappear and the short-circuit transitions (e) (c) and (f) (a) will 


become a problem again. This low frequency operation is not attractive for the 


contactless energy transfer converter as it is necessary to pass from the safe FM 


operation (F>1) through F=1 (and then through the short-circuiting) in order to achieve 


F<0.5 and then to reach the lowest output power by the above described PWM 


regulation.  
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The analysed further on, super-resonant converter in FM operation will be illustrated in 


Fig.4.11 by its half switching period corresponding to the sequence: Fig.4.10(a) 


Fig.4.10(b). The resonant inductor current and the resonant capacitor voltage 


diagrams represent in more detail the changes of the resonant variables. The excitation 


voltages (i.e. the “voltage mirrors”, mentioned before) are shown as VLC1 and VLC2 


(each voltage kept constant during the respective intervals ψ1 and ψ2). 


 


 
Fig.4.11. Resonant current ir (top) and resonant capacitor voltage vc (bottom) during half switching period 


xo. Voltage mirrors: VLC1 and VLC2 


 


The initial sinusoidal segment of the resonant current shown in Fig.4.11 runs during the 


angular interval ψ1 (corresponding to t1) which extends from the angle ψ=0, i.e. the first 


zero-crossing of the resonant current, to the angle ψ=xk, i.e. the instant of switching off 


of the first pair of switches: the transistors T1 and T4. The next interval ψ2 continues 


from angle xk to the final point of the positive half switching period, the angle xo. The 


resonant current ir continues to flow in the same positive direction, while decreasing 
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rapidly during this second sinusoidal segment until the energy stored in the inductance 


Lr is completely exhausted. In interval ψ2 the current ir returns to the input voltage 


source Es through the anti-parallel diodes D2 and D3. 


 


The resonant capacitor voltage as shown in Fig.4.11 oscillates around its voltage mirror 


(excitation voltage) VLC. The first voltage mirror value is VLC1=Es–V0 (normalized 


1 1LCV q= − ). The second voltage mirror is VLC2= –Es–V0 (normalized 2 1LCV q= − − ). 


 


The state vector in the normalized matrix state equation is the combination of the 


resonant capacitor voltage N
Crv  and the resonant inductor current N


Lri , later on marked as 


vc and ir: 


 


0 1 1 0
1 0 0 1 0


r r LC


c c


i i Vd
v vdx


−⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤ ⎡ ⎤
= +⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎣ ⎦ ⎣ ⎦


      (4.6) 


 


The general solution of this equation is: 


 


( ) [ (0)]cos( ) (0)sin( ) c LC LC c rv x V V v x i x= − − +      (4.7) 


( ) [ (0)]sin( ) (0)cos( ) r LC c ri x V v x i x= − +       (4.8) 


 


The resonant half-period of the current is composed by two sinusoidal segments with 


different initial conditions and amplitude. The voltage waveform vc is constituted of two 


cosinusoidal segments of two oscillations with different phase and amplitude. Each 


oscillation has different voltage mirror: VLC1 and VLC2. For the first time interval (the 


forward conduction of the switch, i.e. transistor), i.e. the first segment of the waveforms 


the initial conditions are: 


 


(0) 0 ri =           (4.9) 


(0) 0cv ≠           (4.10) 


 


In order to have cyclic stability the steady-state solution has to fulfil the conditions of 


repeatability: 
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( ) (0) 0 r o ri x i= =          (4.9a) 


( ) (0) 0c o cv x v= − ≠          (4.10а) 


 


The process is repeated every half period by changing only the polarity of the current in 


the resonant circuit and inverting the voltage in the resonant capacitor. Hence, it is 


sufficient to analyze only the positive current pulse in the time interval (0, )ox x∈ . From 


the beginning of the first current segment (at the time marked by 0) up to its end 


(marked by xk), the voltage mirror VLC1 has the same normalized value: 


 


1 1 0LCV q= − >          (4.11) 


 


During the first normalized time interval, (0, )kx x∈ , the general solution is: 


 


1 1( ) [ (0)]cos( ) c LC LC cv x V V v x= − −        (4.12) 


1( ) [ (0)]sin( ) r LC ci x V v x= −         (4.13) 


 


The end point of the first segment of the resonant waveforms will be: 


 


1 1( ) [ (0)]cos( ) c k LC LC c kv x V V v x= − −        (4.14) 


1( ) [ (0)]sin( ) r k LC c ki x V v x= −         (4.15) 


 


As referred before, the circuit configuration during the second time interval ( , )k ox x x∈  


has a normalized excitation voltage VLС2: 


 


2 1 0LCV q= − − <          (4.16) 


 


Taking into account (4.7), (4.8), (4.11), (4.12), (4.14), (4.15) the values of vc and ir at 


the instant xo the end values of the second time interval can be expressed by:  
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2 2 1 1( ) { [ (0)]cos( )}cos( )  c o LC LC LC LC c k o kv x V V V V v x x x= − − + − − +  


+ 1[ (0)]sin( )sin( ) (0)LC c k o k cV v x x x v− − = −   (4.17) 


2 1 1( ) { [ (0)]cos( )}sin( )  r o LC LC LC c k o ki x V V V v x x x= − + − − +  


+ 1[ (0)]sin( )cos( ) 0 LC c k o kV v x x x− − =   (4.18) 


 


Some conditions for the excitation voltages VLC1 and VLC2 are compulsory. It is required 


that VLС1≠VLС2, VLС1≠vc(0) and VLС2≠vc(xo), because otherwise no oscillation will be 


produced in the resonant circuit. Satisfying those restrictions, (4.17) and (4.18) are 


transformed into: 


 


2


2 1 1


(0)1
cos( ) [ (0)]cos( )


c LC


o k LC LC LC c k


v V
x x V V V v x


+
=


− − + −
     (4.19) 


2


1


(0)1
sin( ) [ (0) ]sin( )


c LC


o k c LC k


v V
x x v V x


+
=


− −
       (4.20) 


 


The solution at time instant xk expressed in the equations (4.14) and (4.15) can be 


substituted in equations (4.19) and (4.20), resulting in a combined expressions: (4.22) 


for ir(хk) and (4.21) for vc(хk), which expressions include the excitation voltage VLC2:  


 


2 2( ) [ ( )]cos( )c k LC LC c o k ov x V V v x x x= − − −       (4.21) 


2( ) [ ( )]sin( )r k LC c o k oi x V v x x x= − −        (4.22) 


 


Similarity is observed between the last two equations and equations (4.14) and (4.15). 


As it is shown in Fig.4.11 both parts of the half waveform are segments of a sinusoid 


with different amplitudes. Because of the symmetry between the expressions describing 


the first interval and the second interval, for the second part the expressions are 


rewritten as: 


 


2 2( ) [ ( )]cos( )c LC LC c o ov x V V v x x x= − − −       (4.23) 


2( ) [ ( )]sin( )r LC c o oi x V v x x x= − −        (4.24) 


 







4-34 


The values of vc(xk) and ir(xk) obtained by applying the first pair of expressions: (4.12), 


(4.13) or the second pair: (4.23), (4.24) must be equal as the normalized time x=xk is 


where the crossing point between the two sinusoids/cosinusoids shown in Fig.4.11 


occurs. The obtained expressions are general as the excitation voltages are not defined , 


thus permitting the description of the process in a super-resonant mode (transistor) 


converter but also permitting to describe the sub-resonant (thyristor) converter. This 


general form of the expressions is valid for step-down (q>0) and step-up (q<0) 


converters as well. In fact, the step-up converter will not be considered for the 


contactless energy transfer as to transfer energy from the receiver back to the transmitter 


has many difficult problems to solve.  


 


As a consequence from the obtained piece-wise equations (4.12), (4.13), (4.23) and 


(4.24) it can be verified the character of the sinusoidal current waveforms (convex or 


concave). From equation (4.24) is obtained the second derivative of the current in the 


normalized time interval ψ2, which current segment shape is often mistaken: 


 
2


2


( )rd i x
dx


= 2[ ( )]sin( )LC c o oV v x x x− − −        (4.24a) 


 


As хо is the half switching period, sin(х–хо)<0 for any x∈(0, хо). The expression [VLС2 –


vc(хо)] is also negative considering (4.10a) and Fig.4.11: ( ) (0) 0c o cv x v− = < . The 


voltage mirror VLC2 is also negative: 2 1 0LCV q= − − < . In conclusion, the second 


derivative 
2


2


( )rd i x
dx


 is negative for the whole second resonant current segment of the 


positive half switching period. This proves that the resonant current shape is always 


convex (when it is positive) as shown correctly in Fig.4.11. The negative half waveform 


has symmetric (concave) form in its second (diode conduction) part. 


 


The equations (4.12), (4.13), (4.23) and (4.24) are not sufficient to determine the values 


of the currents and voltages in the steady-state. It needs to consider the circuit symmetry 


combined with the symmetrical control pulses in the steady-state operation. The result is 


the cyclic stability of the resonant capacitor voltage and of the resonant inductor current, 


indicating cyclic stable variations of the energy stored in the LC circuit as well. It will 
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be necessary to apply as an additional constraint, the energy balance of the circuit. This 


balance will reflect the lossless character of the resonant circuit, i.e. the energy supplied 


to the resonant circuit and the energy received from the resonant circuit are inversely 


equal during each half switching period (in the steady-state).  


 


As it is shown in Fig.4.11 at the point x=0 the resonant current is crossing the zero and 


the voltage of the resonant capacitor has its most negative value vc(0). The absolute 


value of vc(0) is repeated at x=xo as the maximal positive voltage vc(xo) when the 


resonant current returns to zero. During the full period 2xo the voltage (and 


consequently the stored energy) of the resonant capacitor varies in a cyclic stable way 


inverting its polarity: vc(x+хо)= –vc(x). The same inverted recurrent waveform is found 


for the resonant current (and stored inductor energy) as well: ir(x+хо) = –ir(x).  


 


During the interval (0,хk) of the half switching period хо, the current ir is originated by 


the positive voltage mirror VLC1 and during the second interval (хk,хo) the resonant 


current is charging the negative mirror VLC2. Therefore, the energy balance is expressed 


in the equation (4.25): 


 


1 2
0


0
k o


k


x x


LC LC r LC r
x


V i dx V i dx= + =∫ ∫E        (4.25) 


 


The integration of the current starts from the zero crossing point marked as “0” and the 


resonant LC loop receives the charge from the current up to the moment xk, when begins 


the discharge as the excitation voltage becomes negative. In the final time point (xo), the 


stored charge in the loop is totally delivered (in steady-state). The resonant capacitor in 


the moment xo achieves the same voltage (in absolute value). 


 


The excitation voltage in (4.25), LC1 1 0V q= − >  is the total voltage of the resonant 


circuit during the interval (0, xk) of the circuit operation, i.e. the current ir is charging the 


total circuit voltage source VLC1. The excitation voltage LC2 1 0V q= − − <  with its 


opposite polarity corresponds to a discharging of the voltage source VLC2 during the 


interval (xk, xo). The current segments referred as ir in (4.25) are substituted by their 
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corresponding expressions (4.13) and (4.24), respectively. The characteristic impedance 


must be non-zero, which is evident (Zr≠0): 


 


1 1 2 2[ (0)][1 cos( )] [ (0)][1 cos( )]LC LC c k LC LC c k oV V v x V V v x x− − = + − −    (4.26) 


 


By comparing the values of vc(xk) calculated by both (4.21) and (4.14), equation (4.26a) 


is found, relating the initial capacitor voltage vc(0) and the final capacitor voltage vc(хо): 


 


2 2 1 1[ ( )]cos( ) [ (0)]cos( )LC LC c o k o LC LC c kV V v x x x V V v x− − − = − −    (4.26a) 


 


When taking into account that the initial and final values of the resonant capacitor 


voltage in steady-state are the same but with inverted polarity: vc(хо)= –vc(0), then the 


equation (4.26a) can be combined with (4.26) and solved for the first angular interval of 


the half switching period:  


 


2 1 1 1


1 2 1


[ (0)] [ (0) ]cos( )
[ ][ (0) ]


LC LC c LC c LC
k


LC LC c LC


V V v V v Vx
V V v V


+ + −
=


− −
     (4.27) 


 


In a similar way can be found the second normalized (angular) time interval: 


 


1 2 2 2


1 2 2


[ (0)] [ (0) ]cos( )
[ ][ (0) ]


LC LC c LC c LC
o k


LC LC c LC


V V v V v Vx x
V V v V


− − +
− =


− +
     (4.28) 


 


The expressions can be written in a concise form introducing the symbols θ1 and θ2:  


 


1
1


1


[  (0)]
[ (0)]


LC c


LC c


V v
V v


θ +
=


−
         (4.29) 


 


2
2


2


[ (0)]
[  (0)]


LC c


LC c


V v
V v


θ −
=


+
         (4.30) 


 


By substitution into the equations (4.27) and (4.28) follows: 
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1 1 2


1 2


[ ]cos( )
[ ]


LC LC
k


LC LC


V Vx
V V


θ−
=


−
        (4.31) 


 


2 2 1


2 1


[ ]cos( )
[ ]


LC LC
o k


LC LC


V Vx x
V V


θ−
− =


−
        (4.32) 


 


The equations (4.31) and (4.32) represent a general solution for the angular time 


intervals of conduction in any continuous current mode of operation, including the sub-


resonant and super-resonant modes. Those expressions accept any combination of 


excitation voltages, e.g. from Table 4.1 or Table 4.2. The normalized output voltage q, 


included in the VLC voltage mirror expressions (4.11) and (4.16) is always positive 


(q>0) in the case of classical step-down SLSR converter. The generalized expressions 


(4.29)…(4.32) permit the normalized output voltage to have also negative value (q<0), 


i.e. when step-up conversion would supply energy to the input source Es, from a 


negative output voltage. The step-up converter can only be implemented by fully 


controllable devices also for the secondary side in place of the diode rectifiers D5…D8 


indicated in Fig.4.1. 


 


The general expressions (4.31) and (4.32) resulted from the analysis of the continuous 


current mode (CCM) of SLSR converter operation (regulated in FM). This is not 


restricting them to CCM because with some modification they can be applied later for 


the PWM operation of the super-resonant converter at the condition that the capacitor is 


not allowed to discharge during the pauses. 


 


The super -resonant SLSR converter is intended to be further applied as a solution for 


the contactless energy transfer. In this specific, super-resonant case the expressions need 


to be made more explicit introducing the values of the voltage mirrors VLC1 and VLC2 


and a positive value vcmах equal to the amplitude of the resonant capacitor voltage as 


illustrated by Fig.4.11:  


 


max (0) ( ) 0c c c ov v v x= − = >         (4.33) 
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The voltage mirror VLC1 in case of super-resonant operation has a value: 1 1LCV q= −  


throughout the first angular time interval ψ1. The resonant loop receives energy from the 


input voltage source Es during this interval, as calculated by the first integral of (4.25) 


and shown in Fig.4.10a. In the second time interval ψ2 (from xk to xo) the excitation 


voltage is 2 1LCV q= − − , corresponding to a discharge of the resonant circuit into the 


voltage source Es. This is shown in Fig.4.10b and calculated by the second integral of 


equation (4.25).  


 


This normalized form of the VLC voltages will result in a compact expression for the 


angle of transistor conduction ψ1 and the angle of diode conduction ψ2: 


max
1


max


1  arccos
1    


c
k


c


q qvx
q v


ψ
⎛ ⎞− −


= = ⎜ ⎟− +⎝ ⎠
       (4.34) 


 


max
2


max


1    arccos
1    


c
o k


c


q qvx x
q v


ψ
⎛ ⎞+ +


= − = ⎜ ⎟+ +⎝ ⎠
       (4.35) 


 


4.4. Conclusion 
 


This chapter was dedicated to the analysis of the SLSR converter in general. It proved 


that the super-resonant operation of the converter is more advantageous for the 


efficiency because of the lower switching losses. The analysis produced expressions 


characterizing the intervals of conduction ψ1 and ψ2 (in a general form and specifically 


for the super-resonant operation). The expressions will be used in the next chapter to 


calculate the characteristics of the converter, presenting graphically the most efficient 


zones of functioning. The acquired information in this chapter will be used to obtain the 


characteristics of the SLSR super-resonant converter when operated in PWM and to 


define its most efficient operation zones (in Chapter 5). The analysis of the SLSR super-


resonant converter developed in Chapter 4 will serve as a base for the investigation of 


the energy transfer by loosely coupled transformer in Chapter 6. 
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CHAPTER 5 
 


 


Evaluating the idealized Series 


Loaded Series Resonant Converter 


characteristics and best efficiency 


operation zones  


 


 


 
Abstract: The analysis presented in a generalized form in Chapter 4 is 


applied in this chapter in order to obtain the necessary design 


targeted specific information about the ability of SLSR 


converters to operate at maximal efficiency. The conditions 


that will guarantee the efficient operation of the converter are 


investigated for the case of the super-resonant power converter 


and the investigation is also extended further to the 


discontinuous modes of operation. The obtained results are 


extremely valuable for the study focused on the loosely 


coupled magnetic circuit of the contactless power converter, 


presented later on in Chapter 6.  
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5.1. Introduction. 
 


The aim of this chapter is to apply the analysis developed in the previous Chapter 4 


concerning the idealized SLSR converter and to reveal specific information about the 


ability of SLSR converters to operate at maximal efficiency. As it was already 


demonstrated before, the contactless energy transfer successfully employs the magnetic 


link between the transmitter and the receiver sides of the super-resonant SLSR power 


converter. By compensating the series inductances, the loosely coupled converter can be 


approximated by a close to ideal SLSR converter or a couple of idealized converters, as 


it will be shown in Chapter 6. This expected behaviour of the series resonant converter 


demands a further investigation on the idealized circuit first, in order to discover its 


more idealized characteristics of functioning. The calculations in Chapter 5 represent 


this required study of the SLSR converter. Aiming to optimise the conversion 


efficiency, the most suitable Continuous Current Mode (CCM) operation zones are 


depicted in graphical form for more explicit demonstration and further application in the 


future converter design. Finding the best zone of efficient resonant converter operation 


is an important fundamental contribution of this study, mentioned also in the 


publications of this author [C60], [C115], [C116], [C122], [C93], [D15], [D16], [D21], 


etc. The above analysis is applied later in the study of the loosely coupled converter 


presented in Chapter 6.  


 


Another goal of this Chapter is to investigate the SLSR converter behaviour when a 


deeper regulation is required in order to achieve the lowest controllable value of output 


power. This reduction of the power level will be proven to be best accomplished 


through a discontinuous resonant current. The analysis of this case is executed applying 


also the same analytical results obtained from Chapter 4 concerning the basic 


continuous current SLSR circuit operation. The Discontinuous Current Mode (DCM) 


SLSR converter characteristics and the corresponding zone of the best efficiency are 


also presented in graphical form. In total, numerous graphics and analytical expressions 


support the further research of the series resonant conversion and especially of the 


contactless energy transfer circuits. 
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5.2. Calculation of the output characteristics and the 


optimized efficiency zones of the super-resonant SLSR 


converter in CCM 
 


5.2.1. Development of analytical expressions and graphical 


representations indicating the most efficient zones of operation 
 


The equations (4.12), (4.13), (4.23), (4.24), (4.34) and (4.35) from the previous chapter 


will serve as a basis for calculating the values of the variables and functions which 


characterise in each operation point of the converter its current form factor and its 


efficiency. The obtained expressions will be focussed only on the super-resonant mode 


of the SLSR converter although the general expressions like the equations (4.31) and 


(4.32) permit the calculations also in the case of sub-resonant frequencies. Results from 


the energy loss assessment for the sub-resonant operation can be found in [C50], 


[C120], etc. 


 


The most important value to be calculated for the energy evaluation is the form factor ρi 


of the (rectified) resonant current as expressed in (4.5). The first step that is necessary is 


to find the average value of the rectified resonant current.  


 


The calculations will be executed in a normalized form and considering the fact that the 


resonant capacitor voltage is proportional to the integrated resonant current. During the 


length of a half-period (from x=0 to x=xo) the capacitor will integrate the half of the 


total charge transferred through the resonant loop, to the output filter capacitor during 


the full period. Multiplying the resonant current by the resonant impedance r
r


r


LZ
C


=  


the standard expression of the derivative ( ) ( )c
r


dv tC i t
dt


=  will become the more 


compact, normalized expression: 


 


( )c
r


dv i x
dx


=           (5.1) 







5-5 


 


When this equation is integrated in parts, divided in dvc and dx dependent sides (this is 


not a problem because both sides are piece-wise continuous), the expression (5.2) is 


obtained: 


 
( )


(0) 0


c o k o


c k


v x x x


c r r
v x


dv i dx i dx= +∫ ∫ ∫         (5.2) 


 


In the time interval xo the result from the left side integration will be twice the 


maximum resonant capacitor voltage 2vcmax as defined in (4.33). The integration 


constant which should be added theoretically, does not exist in practice, because the 


symmetrical functioning of the circuit is guaranteed by (4.33). The right side of (5.2) 


will yield the integrated value of the resonant current during the half switching period 


(from 0 to xo). This value when divided by the normalized interval xo, is the average 


value of the absolute value of the current 
N


r o


s


Z I
E


, i.e. the normalized rectified current 


supplied to the load identified as Io: 


 


max2 c
o


o


vI
x


=           (5.3) 


 


This relation is valid for all cases of the continuous or discontinuous current mode of 


operation. It is equally valid for the super-resonant and for the sub-resonant mode of 


operation.  


 


The second necessary value for the calculation of the current form factor ρi is the 


normalized rms value of the resonant current 
N


r rms


s


Z I
E


. It will be calculated by the 


relations already defined in (4.34), (4.35) and (5.3) combined with the equations (4.13) 


and (4.24) in normalized form, where the amplitudes of the imaginary sinusoids are 


identified as Ifmax and Irmax, corresponding to the illustration shown in Fig.4.8. The 


symbol of that normalized rms current will be written further on as Irms for 


simplification: 
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2 2
fmax 1 1 rmax 2 2


rms


1 1I sin(2 ) I sin(2 )
2 2I


2 ox


ψ ψ ψ ψ⎡ ⎤ ⎡ ⎤− + −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦=     (5.4) 


The amplitudes Ifmax and Irmax are the (virtual) maximum values of the two resonant 


current segments identified in Fig.4.11 of Chapter 4 as ψ1 and ψ2. It is impossible to be 


both (Ifmax and Irmax) observed as instant values in the resonant current shape, when a 


super-resonant operation is required. Their values are important for the calculations and 


can be expressed in relation to the normalized excitation voltages (4.11) and (4.16) and 


the value of vcmax defined in (4.33): 


 


fmax LC1 c cmaxI abs[V (0)] 1v q v= − = − +       (5.5) 


 


rmax LC2 c o cmaxI abs[V ( )] 1v x q v= − = + +       (5.6) 


 


It is convenient to express the relation between vcmax and the conduction angles from the 


equations (4.34) and (4.35):  


 


1 2
cmax


1 2


(1 )(1 cos ) (1 )(1 cos )
cos cos
q qv


q q
ψ ψ


ψ ψ
− − + −


= =
+ −


     (5.7) 


 


The expressions (5.4…5.7) are obtained from the general formulas (4.31) and (4.32) in 


the particular case of the super-resonant conversion and will be valid only for this 


specific operation. It is possible to extract other (different) relations for other modes of 


operation, e.g. the sub-resonant mode from the same general formulas of Chapter 4. 


 


Dividing the rms current Irms (5.4) by the average current Io (5.3) in the expression (4.5) 


will result in the current form factor ρi which determines the resistive losses of the 


power circuit as shown in (4.4).  


 


The coefficient ρi will be calculated for all the possible points of operation of the 


converter in relation to the output current and the output voltage in normalized form. 


The results are used to find the optimum regions of operation as shown in Fig.5.1, for 
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all possible output voltages and all possible output currents up to the normalized output 


current Io=10. Computer calculations are applied always in normalized form, and the 


graphics, presented for constant values of the current form factor ρi are shown in 


Fig.5.1. 


 


 


Fig.5.1. Normalized output voltage q in function of the normalized average output current N r o
o


s


Z II
E


=  


for constant values of the current form factor ρi 
 


From Fig.5.1 it can be concluded that for a normalized output voltage higher than 


approximately q=0.6, the current form factor is achieving better (lower) values than for 


a pure sinusoidal waveform. The value for a rectified sinusoidal waveform is ρi=
2 2
π ≈ 


1.11072≈1.111 which is slightly worse (outside) the curve ρi=1.11 shown in Fig.5.1. 


There are regions in Fig.5.1 where the current form factor is as low as ρi=1.08 although 


the regions of very low ρi are limited to very high output voltages q and low average 


output currents. It is difficult to calculate and to show in this graph the minimum value 


of the current form factor as it has to be calculated very close to the highest output 


voltage q=1 and low current, i.e. extremely low values for the denominators. More 


precise calculations in certain points will show values as low as 1.072. The best area 


around ρi<1.08 is interesting but is practically unachievable because the oscillations are 


hardly possible, with an excitation voltage VLC close to zero. The converter operation in 


this area of very low normalized current requires a very low characteristic impedance Zr 
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to supply enough power to the output. This is not practically viable because it implies a 


requirement of too high capacitance value for the resonant capacitor.  


 


The most important finding is that in a large operation area (roughly for q>0.6 and 


Io>0.8) the efficiency of the super-resonant SLSR converter will be better than the 


efficiency of a power converter working exactly at the resonance with a pure sinusoidal 


current shape. 


 


To determine more precisely and explicitly which (super-resonant) frequencies 


correspond to the most economic regimes of operation, the curves of the current form 


factor ρi are plotted as a function of the normalized frequency F in Fig.5.2.  


 


 
Fig.5.2. Normalized output voltage q as a function of the normalized switching frequency F plotted for 


constant values of the current form factor ρi 


 


The left-most part of Fig.5.2 shows the curves of constant ρi in the case when the 


switching frequency is approximating the resonant frequency, i.e. F≈1. This part of 


Fig.5.2 corresponds to the lowest possible super-resonant operation frequency with an 


extremely high resonant current. Those high values of the resonant current correspond 
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to the right-most part of Fig.5.1 or even to regions outside that figure. The graphs in 


Fig.5.2 are prepared to be used also in case of a converter with fully controllable 


semiconductor switches in the secondary side, transferring power from the output to the 


input in the step-up mode (q<0). 


 


From Fig.5.2 it can be seen that the selection of the best efficiency regime (ρi<1.11072) 


is limited by an output voltage 0.6<q<1 and a switching frequency 1<F<2. In this region 


several curves of ρi<1.1107 exist and each of them has a certain point of a minimum 


output voltage. The minimum achievable normalized output voltage would be necessary 


for a wider range for the output regulation, i.e. for a larger flexibility when variable 


input and output voltages have to be realized. These minima are especially important for 


contactless power transfer (Chapter 6) because the minimum normalized output voltage 


will be a desirable range of operation. If a line is drawn in Fig.5.2 to connect those 


minima (resp. maxima of the bottom curves) then it can be seen that the frequencies 


guaranteeing the best efficiency for a wider range of the output voltages are varying 


between F=1.09 and F=1.23. 


 


The found “lower loss” frequency range is definitely different from operating exactly at 


the resonant frequency (F=1) and is yet another proof that out-tuning from a pure 


sinusoidal waveform guarantees a better efficiency. The advantageous frequency range 


(F=1.09…1.23) is relatively narrow and it is advisable to use this range only if the 


SLSR converter is operating at full power, to reduce the power loss more substantially. 


In fact, those relatively low switching frequencies correspond to the maximum output 


power and all the necessary lower output power levels will require a higher operation 


frequency.  


 


Additionally, even in the case of very low output power, the current form factor of the 


SLSR converter is not as bad as the current form factor of the PWM hard-switching 


converter. For example, the PWM regulated hard-switching converter at 10% of output 


power has a current form factor as bad as ρi=3.16 and the SLSR continuous current 


mode SLSR converter at the same 10% of output power will never have current form 


factor worse than ρi=1.15.  
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As it is confirmed by Fig.5.1, the current form factor ρi is not changing substantially 


during the super-resonant mode of operation even for the widest power regulation.  


 


Compared to the sub-resonant discontinuous mode operation [C50], the values of ρi 


shown in Fig.5.1, are also greatly favourable.  


 


Comparison between the continuous current mode operation of the super-resonant 


converter presented in Fig.5.1 and the continuous current mode operation of the sub-


resonant converter depicted in Fig.4.17 from [C50] reveals equally low values reaching, 


for example, a value of ρi=1.08. The difference is that in the sub-resonant mode the 


region around ρi=1.08 is located where the output voltage is nearly zero and in case of 


super-resonant conversion the region is located where the output voltage is almost q=1. 


 


The advantage of the super-resonant converter will be especially visible in Chapter 6 


where the loosely coupled transformer will displace the functioning to regions of lower 


output voltage but in the same time the highest efficiency region will move to the same 


output voltages.  


 


To prove the exact values of the variables in the regions where they cannot easily be 


obtained from the graphical representations of Fig.5.1 and Fig.5.2 the results of some 


calculations are presented in Appendix 5.1. 


 


In further effort to confirm the presented graphs, a number of calculations with higher 


precision where done in some characteristic points of Fig.5.1 and Fig.5.2 and the results 


of this verification are presented Appendix 5.2. 


 


5.2.2. Output Characteristics of the super-resonant SLSR Converter in 


CCM 
 


The regions of the best efficiency already known from Fig.5.1 correspond to the CCM 


operation of the SLSR converter. It was already made clear that for this mode of 


operation the FM control of the power devices will be applied. The influence of the 


switching frequency variation on the current form factor is illustrated by Fig.5.2 and it 
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is shown that the frequency range F=1.09…1.23 can guarantee the highest efficiency. It 


will be chosen therefore, to operate at those frequencies for the highest output power 


levels.  


 


To specify exactly which range of operation points corresponds to the above mentioned 


frequency region, the output characteristic curves (Fig.5.1) taken at constant ρi must be 


employed again. Then it is important to compare the current form factor characteristics 


shown in Fig.5.1 to the output regulation characteristics that correspond to the required 


operation points, in order to specify the switching frequency that must be produced by 


the control circuit. 


 


The regulation characteristics are obtained applying the previously acquired equations 


(Chapter 4). The relation between the output voltage and the average value of the 


rectified resonant current must be obtained for different, constant values of the 


switching half-period xo.  


 


The length of the switching half-period in normalized form was introduced earlier as: 


1 2 1 22
sw


o res res res
Tx t tω ω ω ψ ψ= = + = + . It requires a calculation of the conduction angles 


ψ1 and ψ2 as in (4.34) and (4.35). Applying the resulted angular values into the 


expression (5.3) yields the average value of the rectified resonant current. Some of the 


calculations require solving the equations written in implicit form. Therefore it is 


technically easier to express the huge lists of results graphically. In this manner the 


function ( , )oq f I F= is graphically shown in Fig.5.3.  


 


The end value of the abscissa in this figure is limited to the normalized current Io=2. 


This limitation is considering the results shown in Fig.5.1 where the regions of lowest 


current form factor (best efficiency) are found approximately in this zone. The best 


efficiency zone is denoted in Fig.5.3 following this comparison to Fig.5.1. It is no more 


than approximated suggestion for the operation point (at least at maximum power). In 


the next chapters when discussing the contactless power transfer, the normalized 


currents scale of the output characteristics will be extended if it is necessary to reflect 


the (possibly changed) best efficiency zone. 
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Fig.5.3. Normalized output voltage q as a function of the normalized average value of the rectified 


resonant current Io for constant values of the normalized switching frequency F 


 


Considering the curves presented in Fig.5.3, it is seen that the switching frequency 


variation between F=1.1 and F=5 covers almost completely the area of Fig.5.3. Thus the 


output characteristic curves shown in Fig.5.3 involve totally the advised switching 


frequency region 1.09<F<1.23 that is considered to be the best choice for the high 


efficiency at a maximum power of the converter. The graphics show an important 


advantage of the SLSR super-resonant converters: the falling output characteristics q(Io) 


are characteristic of a current source. Each curve ends at precisely defined value of the 


averaged rectified resonant current for q=0 (i.e. short-circuit). This corresponds to an 


inherent protection against overload conditions (close to a short-circuit connection).  


 


Because of this intrinsic “current source” characteristic the FM controlled SLSR super-


resonant converters permit parallel connection of multiple power stages in order to 


achieve higher output power. The only condition is to maintain roughly the same 


switching frequency and the same values of resonant inductance and capacitance. The 


ability to distribute equally the output currents by applying synchronously the control 


pulses to the semiconductor switches is very important for modern equipment requiring 


flexible paralleling. 


 


The necessity to stabilize the output voltage of the converter leads intuitively to the 


construction of equipment with parameters close to the ideal voltage source with a very 
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low output resistance. Unfortunately, when parallel connection is needed between 


several output stages in order to achieve higher power levels, such voltage sources are 


not suitable and their parallel connection is extremely difficult and dangerous. In 


contrast, the super-resonant converter as shown by the practical realization [R2], [R3], 


[R4], is the ideal solution for sharing the output currents between multiple end-stages or 


individual converters.  


 


For example, in the power supply system [R2], fifteen power stages were connected in 


parallel to increase the output power. No special measures for equalizing the currents 


between the different power stages were taken, except to assure the normal production 


tolerances for the electronic elements and to guarantee simultaneously equal length of 


the command pulses to each paralleled power block. The restrictions were not harder 


than those for the routine construction of simultaneous electronic drivers for the 


paralleled power stages. Those restrictions assure the distribution of the load current 


between the paralleled converters with a similar tolerance. 


 


5.2.3. Verifying the efficiency of the super-resonant SLSR converter in 


CCM 
 


The presented output characteristics for constant current form factor (Fig.5.1) and the 


presented output characteristics drawn for constant switching frequency (Fig.5.3) 


together suggest an optimal region of operation. To prove that the efficiency depends on 


the current shape, an example of more specific practical calculations is shown in 


Fig.5.4. The practical example is based on the equation (4.4) and Fig.5.2, introducing a 


realistic value of the total loss resistance to the load resistance ratio: 
0


lossR
R


≈ 0.1. The 


dependence of the losses from the operation frequency of the converter is calculated and 


plotted in Fig.5.4. As can be seen the power losses depend on the operation frequency 


because the current form factor changes. For example, the conduction power loss 


calculated for the best current form factor ρi=1.072 will differ by 15.9% from the power 


loss where ρi=1.154 (roughly the worst value for the continuous current mode of SLSR 


converter operation). This difference in case of an SLSR converter for 10 kW [R3] or 17 


kW [R4] output power, will represent an additional loss of 160W or 270W, 
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respectively. A clear minimum of the losses at frequencies from F=1.1 to F=1.6 is again 


observed. The minimum of the conduction losses in the case of low output voltage: 


q<0.5 is observed only close to the resonant frequency (F ≈1) at which frequency all the 


graphics end at the same point corresponding to infinite value of output current Io and 


purely sinusoidal shape of the resonant current. 


 


 
Fig.5.4. Calculated normalized conduction losses Ploss/Po in function of the normalized switching 


frequency F for various values of the normalized output voltage q 


 


The efficiency variation have also been measured on an experimental converter with a 


maximum power of 1 kW and input voltage up to 100 V, which frequency was varied 


over a large range. The experimental model was not optimized for the best efficiency 


(transformer, cross-section and length of the cables, inductive components, etc.). 


Nevertheless, the converter switches have been specially prepared, applying the 


necessary snubbers and clamps to be able to survive the severe transients when both 


super-resonant and sub-resonant operation is permitted. The results are shown in 


Fig.5.5. In spite of some imperfections in the measurements related to the wide 


variation of operation regime and in the same time preserving a constant output 


voltage, the improved efficiency at operation frequencies higher than the resonance 


(especially at high output voltage) is easily observable. 
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Fig.5.5. Experimental results of the total efficiency of SLSR converter for varying switching frequency 


around the resonance (≈31 kHz): a) at low output power and high output voltage; b) at low output power 


and low output voltage; c) at high output power and high output voltage 


 


The reduction of the efficiency with increased output power observed in Fig.5.5 is 


mainly due to the higher conduction losses, as explained by the relatively high 


resistance of the power switches (BUZ36) and the relatively high resistance of the 


passive components of the experimental converter being not well prepared for the 


required power level (more than 1 kW) and a low supply voltage (100 V). The higher 


switching frequency is also contributing to the increase of the other loss component: the 


switching losses but they are not the major loss component (at least at super-resonant 


frequencies which are not far from the resonant frequency). This is confirmed by the 


graphics of Fig.5.5 where the efficiency is increasing with rising frequency up to a 


certain maximum, exactly as predicted by the analysis of the conduction loss. 


 


5.3. SLSR converter in Discontinuous Current Mode (DCM) 
 


As it was already proven, the FM operation of the SLSR power converter can achieve 


very high efficiency but lacks the capacity to regulate the output power to the lowest 


level as Fig.5.3 shows. On the contrary, the PWM operation is capable of reaching the 


lowest power levels at the price of reduced efficiency (worse current form factor and 


higher switching losses). A combination of both FM and PWM regulation processes is a 


compromise described by this author in [C93] and implemented in [R2], [R3] and [R4]. 
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The method consists in employing FM regulation when the value of the required output 


power is close to the maximum. This is achieved through the change of the switching 


frequency between its minimum and maximum values. When further reduction of the 


output power is required, at a certain pre-defined maximum frequency (boundary for 


FM) the system enters the PWM mode by shortening the duty cycle. If the output power 


requirement rises again, the pulses will reach their maximum width at the boundary of 


the PWM operation, changing again the operation into FM (lowering then the switching 


frequency to achieve higher levels of output power). 


 


In the practical implementations, e.g. in [R2], the combined regulation applies a PWM 


operation as the basis. The width of the produced control pulses (ψf) is rising to increase 


the output power. The FM operation of the converter begins when the pause (ψp) is 


gradually reduced to zero and хо becomes хо=ψf+ψr. When this boundary is detected by 


the control circuit (described later in Chapter 7), a further increased output power is 


achieved by decreasing the switching frequency (changing the length of the half period).  


 


5.3.1. Differences between SLSR operation in DCM and CCM  
 


The continuous current mode of operation (FM) of the super-resonant SLSR converter 


was already presented as highly efficient. Its soft switching (ZVS) capability and its 


capacity to achieve the best current form factor, guarantee a high efficiency. 


Unfortunately, the most efficient switching frequency region is quite narrow, mainly 


limited to the range of normalised switching frequency, corresponding to the range of 


F= 1.09…1.23. The necessity of a larger scale of regulation into the region of very low 


output power will require a very high operation frequency (considering Fig.5.3) for 


which the existing switching devices impose physical limitations. 


 


The frequency regulation is limited in the first place by the speed of the power switch. 


Despite the fact that the super-resonant method of regulation does not impose critical 


demands to the switching speed and shows lower losses at the high frequency operation, 


it is evident that the transistor conduction time cannot be made infinitely short. The 


transistor conduction interval t1 as denoted in Fig.4.5 corresponds to the normalized 


time ψ1 illustrated in Fig. 4.11. This interval consists not only of the proper conduction 
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but includes the turn-on and turn-off transients as well. The sum of those three 


components is the real width of the transistor conduction. Considering the requirements 


of the modern HF power converters, the semiconductor switches will need to produce 


very short pulses of conduction. Unfortunately, the above mentioned sum of three 


components (rising, conduction and fall time) cannot be shorter than a minimum of one 


or a few microseconds (for the modern high power switching devises). If this time is not 


assured, the feedback will leap one or more periods. The produced effect of a “hick-up” 


mode of operation is not advisable for the super-resonant converter. The longer distance 


between the current pulses may produce effects, characterizing the sub-resonant 


operation, especially when the demand of output power rises suddenly. In conclusion, 


the maximum operation frequency of the super-resonant converter must be limited and 


as a consequence, the achievable minimum of output power in FM mode of operation is 


limited too, as Fig.5.3 shows. 


 


In fact, the classic sub-resonant SLSR converter when operating in DCM at regulated 


frequency (F<0.5), has a similar problem to deal with low output power demands as its 


switching frequency has to diminish unacceptably. The proposed later in [C50] thyristor 


resonant converter is a fixed-frequency solution but it has the already mentioned main 


draw-back of short-circuit recovery of the diodes (Figs.4.4 and 4.6). 


 


In case of a SLSR converter operating in super-resonant mode, there are fixed frequency 


methods to regulate the output power as already illustrated in Fig.2.26 of Chapter 2. The 


two fixed-frequency versions illustrated there were the Pulse-Width Mode (PWM) and 


the Phase-Shift Mode (PSM) of operation. The difference is in the nature of the added 


time intervals, either of open circuit applied to the resonant loop (for PWM), or of a 


short-circuit connection of the resonant circuit (for PSM). In the first case (PWM), 


during this interval no power transistor switch is conducting. In the second case (PSM), 


the horizontally placed transistor pairs as T1 and T3 (or T2 and T4) are simultaneously 


turned on, providing a short circuit to the resonant circuit. In chapter 2 the comparison 


between the two modes of operation has shown that the PWM is able to assure a wider 


range of regulated output power. Therefore, only this operation mode will be discussed 


further on. 


 







5-18 


The “pure" DCM, without the forced recovery of the anti-parallel diodes, is the only 


acceptable PWM operation of the SLSR converter as it avoids the short-circuiting. Its 


sequence of sub-circuit configurations was illustrated in Fig.4.10 as: (a)  (b)  (g)  


(c)  (d)  (h). The other sequence, that endangers the switches by the forced recovery 


of the diodes, is: (a)  (b)  (e)  (c)  (d)  (f). This operation is a CCM, which has 


the short-circuit recovery processes in the transients between (e) and (c) and likewise 


between (f) and (a). These short circuit recoveries can be illustrated by Fig.5.7 later on.  


 


It is not expected that the DCM operation of the SLSR converter can achieve a high 


efficiency, because the current form factor is worse than the current form factor of the 


continuous current mode. However, as will be proved, the DCM mode of operation 


reaches a wider range of regulation, in the direction of lower output power. 


 


5.3.2. PWM regulated SLSR converter operating in pure DCM 
 


The super-resonant mode of operation of the SLSR converter requires a switching 


frequency higher than the resonant frequency, i.e. normalized F>1 or in terms of period 


of switching: хо<π. This condition must be also assured for the PWM operation. In the 


case of DCM operation, the current discontinuity consists in a pause, i.e. a zero current 


interval as shown in Fig.5.6. The angular half-period xo includes the pause, marked 


further as ψp. Those pauses were mentioned in Chapter 4 and represented by the sub-


circuits in Fig.4.10(g) and (h). 


 


There is an important feature of the boundary between PWM and FM, where the pause 


disappears, i.e. ψp=0. Any further increase of the transistor command pulse width (even 


up to the full half period xo) does not change the resulted forward conduction time ψf. 


This effect is due to the anti-parallel diode conduction during the time interval ψr. The 


existence of that interval does not permit the transistor to conduct before the diode 


interval ψr finishes (at the zero-crossing of the resonant current). This effect makes the 


further increase of the command pulse irrelevant and (almost) unnecessary, producing a 


lagging in the regulation reaction. This behaviour can be a problem if the control is not 


prepared to deal with it. 
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Fig.5.6. Resonant capacitor voltage and resonant current when the resonant capacitor is prevented from 


discharging, vcmax=78 V, Es=200 V, Vo=60 V, q=0.3, fres=20 kHz, F=1.053, tf=10 μs 


 


The denoted time intervals in Fig.5.6 (in their normalized form) will preserve the 


symbols already attributed to them before. The transistor conduction time will remain ψf 


and the diode conduction time remains ψr. By adding the pause interval ψp, the half-


period becomes: хо=ψf+ψr+ψp, also written as: хо=ψ1+ψ2+ψp. The indexes f, r and p are 


abbreviations from “forward”, “reversed” and “pause” and their meaning is explained 


by the resonant current waveform ir shown in Fig.5.6. The symbol vc remains attributed 


to the resonant capacitor voltage, which in this case shows clearly a constant value 


during the pause.  


 


The simulated DCM operation of the PWM regulated SLSR converter shown in Fig.5.6 


illustrates a regime that prevents the resonant capacitor from discharging. The supply 


voltage in this example is Es=200 V, the output voltage is Vo=60 V (i.e. normalized 


q=0.3), the resonant frequency is fres=20 kHz (normalized switching frequency 


F=1.053). The control pulse width is 10 μs, which corresponds to the normalized time 


ψf=1.26 rad. The diode conduction time is tr=5.6 μs, equal to normalized time ψr=0.75 


rad. It is observed a “flat” resonant capacitor voltage equal to vcmax=78 V during the 


normalized time of the pause ψp=0.97 rad. The total half-period has the normalized 


value of xo=2.98 rad.  


 


The normalizing method remains the same, i.e. the variables are divided by the input 


voltage Es and additionally the currents are multiplied by the characteristic impedance 
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Zr. The time is recalculated in angular form, considering the resonant frequency ωres as a 


multiplier. 


 


The expressions for the losses and the efficiency will use identical notation to the used 


before in expressions (4.5) and (4.4), e.g. Rloss is the loss resistance, ρi is the current 


form factor, etc.  


 


5.3.3. PWM regulated SLSR power converter operating at higher 


switching losses 
 


It is essential that the resonant process is kept under control during the pause. As it was 


described in Chapter 4 and shown in Fig.4.10, in certain circumstances the resonant 


capacitor may reach excessive level of voltage and during the pause (ψp) may start 


discharging. As a result, similarly to the sub-resonant operation at fixed frequency, 


dangerous short-circuits occur. It turns necessary to define the lowest acceptable 


switching frequency for the PWM/FM transition that guarantees a safe PWM operation, 


avoiding the dangerous switching losses.  


 


To keep softer the switching process, it is essential to limit the maximum resonant 


capacitor voltage below the other voltage sources included in the circuit. For example, 


there is no discharge of the resonant capacitor in Fig.5.6 and its voltage remains 


constant (vcmax=78 V) during ψp because voltage vcmax is much lower than the supply 


voltage Es. When all the transistors are switched off, no diode will be positively 


polarised and the discharge is impossible. The observed slightest oscillations in Fig.5.6 


during the interval ψp are nothing more than a result of the parasitic capacitances and 


inductances oscillation. Preventing the discharge, allows the resonant current (after the 


pause) to start from zero, with no diode in conduction. Thus, the circuit would not be 


subjected to short circuit recovery of a still conducting diode (although, it is not a ZVS). 


 


In certain conditions, the resonant capacitor may start to discharge. The discharging 


capacitor provokes a current into the anti-parallel diode of the already switched-off 


transistor, thus obliging the next to be switching-on transistor to recover this diode by a 


short-circuit. This situation is identical to the diode recovery process illustrated in 







5-21 


Fig.4.6 of Chapter 4 (sub-resonant SLSR converter operation). The super-resonant 


converter presenting short-circuit recovery behaviour is illustrated in Fig.5.7. The 


resonant current in this figure has slightly rising amplitudes (i.e. not completely 


symmetrical waveforms) in a consequence of a transient process. After the transistor T1 


is turned off (the intervals are marked in the figure), the diode D2 starts to conduct (as it 


normally does in the super-resonant mode). Because of the excessive resonant capacitor 


voltage at the moment when D2 reaches zero current point, a discharge through D1 will 


start. The undesirable conduction of D1 after the D2 provokes short-circuit connection of 


D1 when the next transistor (T2) will be switched on. The same happens between D2 and 


T1.  


 


a)    


b)  
Fig.5.7. (a) Current in the complete power switch T1/D1; (b) resonant capacitor voltage when the resonant 


capacitor cannot discharge, applying: Es=200 V, Vo=40 V, q=0.2, fres=20 kHz, F=1.053, tf=12.4 μs 


 


The process illustrated in Fig.5.7, can be described (following Chapter 4) as a sequence: 


Fig.4.10(a)  Fig.4.10(b)  Fig.4.10(e)  Fig.4.10(c)  Fig.4.10(d)  Fig.4.10(f)  
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Fig.4.10(a). The resonant capacitor is discharging during the intervals (e) and (f) 


producing dangerous transitions (e)  (c) and (f)  (a).  


 


The conditions when the dangerous discharge may happen are important and need to be 


analyzed in detail further. They are especially important when the combined FM/PWM 


operation of the SLSR converter is applied. 


 


5.4. Combined FM/PWM regulation of the output 
 


5.4.1. Limitations of the pure FM operation  
 


The valuable “current source” features of the “falling” characteristic in FM operation 


were already shown in Fig.5.3. Their basic disadvantage (considering the specifications 


of the power switches) is that the average output current cannot be made lower than a 


certain minimum value, limited by the highest switching frequency (i.e. by the shortest 


possible pulses produced by the switches).  


 


Fig.5.3 permits to estimate that if the normalized output current Io=1.46 has to be 


reduced to the value Io=0.08 for low output voltage, e.g. q=0.2, it requires a normalized 


frequency increase from F=1.3 up to F=10. This wide switching frequency sweep (e.g. 


from 32.5 kHz to 250 kHz) is close to the stable operation limit for most of the power 


switching devices. If the requirement for wider output current variation is pushing the 


upper limit to Io=8.1, the frequency range becomes too large, e.g. from F=1.05 to F=10 


(a real variation between 26.25 kHz and 250 kHz). In practice, that switching frequency 


variation (approximately 10 times) is not desirable.  


 


One reason not to allow this change is that the limited (by the switching devices data) 


maximum frequency of operation, makes the real minimum switching frequency 


unfeasibly low, obliging the resonant loop and filters of the converter to become too 


heavy.  


 


Another draw-back is the restriction defined by the resonant capacitor. The normalized 


output current that reaches high normalized values will force the resonant capacitor 
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voltage vcmax to become very high, as calculated from (5.3). It can be predicted that the 


capacitor voltage will reach amplitudes higher than 4.5 kV (for Io=8.1) even when a 


rectified single phase 230 V AC supply is applied at the input. This relation is shown in 


Fig.5.8.  


 


 
Fig.5.8. Normalized amplitude of the resonant capacitor voltage vcmax as a function of the normalized 


output current Io for constant output voltage q in pure FM operation 


 


Fig. 5.8 depicts the maximum voltage of the resonant capacitor vcmax depending on the 


average value of the rectified resonant current Io for FM operation. Because the 


minimum resonant frequency would be chosen very low, the capacitor and inductor will 


be bulky, with heavy isolation. Besides, the lowest switching frequency in the vicinity 


of the resonant frequency (F=1.05) increases the danger of uncontrollability or entering 


the sub-resonant mode. 


 


From one more aspect, i.e. the maximum efficiency at maximum power, the high 


normalized output current value is also unacceptable. As it is indicated in Fig.5.1, the 


functioning at average current Io>2 is outside the area of the best efficiency. From 


Fig.5.3 it is also seen that at an extremely high maximum value of the output current, 


the useful “current source” behaviour will be lost. 
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5.4.2. PWM operation compared to the FM regulation  
 


In order to assess the FM regulation, a relation between the minimum and maximum 


switching frequency is adopted as: min


max


1.3 1
10 7.7


F
F


= ≈ . It is a realistic approximation, 


regarding the modern power semiconductor devices capacities and limitations. The 


comparison will be carried out applying equal values of time intervals for FM and 


PWM (considering the described above boundary behaviour). It will be also assumed 


that the normalized switching frequency F=1.3 corresponds to the real switching 


frequency fsw=25 kHz, i.e. the resonant frequency is fres=19.23 kHz. The corresponding 


half period xo (expressed in real time) varies from 20 μs (for F=1.3) to 2.6 μs (F=10). 


This frequency sweep is approximately the maximum expected from a modern power 


switching device, and results (for normalized voltage q=0.2) in a variation of the output 


current: (min)
(max)


o


o


I
I


= 0.08 1
1.46 18


≈ =0.056. 


 


The PWM regulation will be assumed to apply the same limits for the transistor 


conduction time as in the previous, FM regulation of the output: (
(min)
(max)


f


f


ψ
ψ


= 1
7.7


)1. 


 


When the SLSR converter operates in PWM, the switching frequency is fixed at the 


maximum value of the FM regulation range (the boundary). This method was already 


applied by this author in [R2], [R3] and [R4]. It will be proved later on, that the 


maximum (boundary) frequency is advisable to be chosen higher or equal to F=1.5. The 


following PWM operation example adopts F=1.5 as the fixed switching frequency. A 


more detailed explanation of this calculation is presented in Appendix 5.3. 


 


In this case the maximum current (in PWM operation) is Io=0.93 (at q=0.2). Keeping the 


same real resonant frequency fres=19.23 kHz, the maximum time interval of transistor 


conduction (in PWM) will be tf=10.3 μs, corresponding to a half period xo=17.33 μs. 


                                                 
1 The classical PWM hard-switching converter with LC output filter can be the first converter alternative 


to be compared. Its duty cycle δ variation of 1:7.7 times will result roughly in regulating Vo of 1:7.7 times 


too (worse than achieved by FM operation of the SLSR converter). 
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The minimum pulse width will be (as adopted) 7.7 shorter, i.e. 1.34 μs. The minimum 


normalized regulated current is then approximately 0.0084, i.e. 111 times lower than the 


maximum (for PWM) output current Io=0.93.  


 


The main result from the comparison made at the same scale of pulse width variation is 


that the output current regulation by PWM operation of the SLSR super-resonant 


converter is 111:1, i.e. clearly wider than the range 18:1, obtained by the FM regulation.  


 


An example of combined FM/PWM regulation can be suggested, based on the same 


resonant frequency fres=19.23 kHz and FM regulation from F=1.2 (i.e. fsw=23.15 kHz) to 


F=1.5 (fsw=28.85 kHz). This will correspond to a gate pulse width between 21.6 μs and 


17.3 μs and an output current variation from Io=2.3 to Io=0.93. Reaching the fixed 


frequency of 28.85 kHz, the gate pulses have to be shortened from 17.3 μs to 10.3 μs 


without a noticeable change in the converter behaviour (as a result of the mentioned 


before diode conduction ψr). Applying the calculated variation of the output current in 


PWM regulation obtained before, the total variation will be approximately 275:1, which 


result is quite satisfactory.  


 


The proven best regulation of the PWM will be further considered in combination with 


the most efficient FM operation. However for the efficiency analysis in the next Chapter 


6 the discussion will concern only the FM operation as the power transferred in that 


mode of operation is more significant than the power transferred in PWM operation.  


 


5.4.3. Restrictions in PWM for minimizing the switching losses in 


ideally coupled SLSR converter 
 


The PWM operation of the SLSR converter is supposed to result exclusively in DCM 


waveforms (Fig.5.6), avoiding the short-circuit recoveries of the diodes. The PWM 


operation which produces undesirable diode recovery processes (Fig.5.7) must be 


totally excluded by defining the conditions that forbid the dangerous operation. By this 


restriction the only permitted CCM operation in a mixed FM/PWM regulation will 


result from the FM operation of the converter.  
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The discharge of the resonant capacitor depends on the circuit conditions when the 


pause begins. As illustrated in Fig.4.10 of Chapter 4, the transition to the pause takes 


place at the end of the diode conduction interval illustrated by the sub-circuit (b). This 


situation can be also seen in Fig.5.7 where the end of (b) is the end of the interval 


marked as “D2”.  


 


To guarantee a DCM operation, it is necessary that the sub-circuit (b) is followed by the 


sub-circuit (g), i.e. the open circuit, and not by the sub-circuit (e), i.e. the partial 


discharge. At the end of the interval represented by the sub-circuit (b), the capacitor has 


reached its highest voltage vcmax and the resonant current crosses the zero. It is seen by 


the (undesirable) circuit configuration in Fig.4.10(e) that the voltage vcmax can bias 


positively the diodes D1, D4, D7 and D8 if the sum of Es and Vo is lower than vcmax. In 


order to avoid this positive biasing the value of vcmax must be lower than that sum. In 


this case the capacitor will not be permitted to discharge into those voltage sources. The 


circuit will stay open and the next configuration will be the safer Fig.10(g). In 


normalised form this non-discharging condition is expressed by: 


 


cmax 1v q< +           (5.8) 


 


To obtain more convenient expression for the control (i.e. the pulse width limit), the 


value of vcmax was obtained from the (5.7), because this equation is valid for the FM and 


the boundary zone between FM and PWM operation. The condition for avoiding the 


resonant capacitor discharge is then rewritten as: 


 


(1 )(1 cos ) (1 )( cos )
0


( cos )
f f


f


q q q
q
ψ ψ


ψ
− − − + +


<
+


      (5.9) 


 


The restriction (5.9) seems complex because of the division by (q+cosψf) but the 


expression does not show any discontinuity. Its denominator will never become zero as 


reaching cosψf=–q can be produced only at vcmax=∞ as shown in (4.34). That extremely 


high amplitude of vcmax is never obtained close to the FM/PWM boundary. The equation 


(5.3) does not permit high amplitudes of vcmax when the current Io and the interval xo are 


both low (vcmax is obtained by multiplying Io and xo).  







5-27 


 


The numerator and the denominator in (5.9) are required to be of opposite polarity in 


order to produce a negative value by their division. The case of positive numerator must 


be also excluded as it implies that cosψf<-q. This is impossible in the case of simple 


secondary rectifier (diodes) for any q, because q>0. As a consequence the numerator has 


to be negative and hence the denominator must be positive to satisfy (5.9), which results 


in: cosψf>–q together with: cosψf> 21 (1 2 )
2


q q− − . 


 


The first of these two conditions cosψf>–q, is fulfilled for any positive q. Therefore, in 


this case the limit is simplified into the stronger constraint:  


 


cosψf > 21 (1 2 )
2


q q− −          (5.9a) 


 


This relation confines the values of cosψf between –1 and 0.5 for any positive value of 


q. The principal value of the function arcos(x) will be continuous varying inside the 


area: ,
3


x π π⎛ ⎞∈⎜ ⎟
⎝ ⎠


. In any situation the pulses ψf that are shorter than 60º will result in 


safe operation. In general, the restriction will be: 


 


( )21 2
arccos


2f


q q
ψ


⎛ ⎞− −
⎜ ⎟<
⎜ ⎟
⎝ ⎠


        (5.10) 


 


Any transistor conduction interval ψf, larger than the one stated in (5.10) has to be 


prohibited in order to avoid the discharge of the resonant capacitor. The area of 


permitted values will be drawn later inside the plots of the converter characteristics. 


This can help the selection of an operation region with safe converter behaviour2. 


                                                 
2A practical example, produced by extracting data from the graphics shown in Figs.5.7 and 5.6:  
The normalized output voltage in Fig.5.7 is q=0.2, hence the calculated boundary value is ψf=1.287 rad. 
Since the angular resonant frequency is ωres=125.7 krad/s, the limit for ψf in time value is tf=10.24 μs. It is 
seen in Fig.5.7 that the applied pulse width of 12.4 μs provokes discharge of the resonant capacitor.  
 
In Fig.5.6 the normalized output voltage is q=0.3. The boundary value becomes ψf=1.415 rad. The 
converter has the same angular resonant frequency as in Fig.5.7 and hence the pulse width limit in time 
domain is tf=11.26 μs. This boundary value is larger than the actually applied control pulse, which is 10 
μs in Fig.5.6. The slight difference of the control pulse in respect to the boundary value (10 μs<11.26 μs 
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5.4.4. Restrictions in PWM for minimizing the switching losses in 


loosely coupled SLSR converter 
 


The limitation (5.8), i.e. vcmax<(1+q), should be considered only for converters with 


ideally coupled transformers, otherwise the referred (transformed to the primary) output 


voltage will be shunted by the magnetizing inductance. In this case the resonant 


capacitor is capable to discharge against the voltage sources when the voltage vcmax is 


higher than the input voltage Es. The low magnetizing inductance will provide a 


sufficiently good path for discharging the capacitor, avoiding the output voltage 


influence. The intensity of the discharge will strongly depend on the magnetizing 


inductance value but even the low intensity of the discharge is preferrable to be avoided. 


The condition for safe boundary mode and PWM operation will be (5.11): 


 


cmax 1v <           (5.11) 


 


The magnetizing inductance is a parasitic element that is especially dangerous in the 


sub-resonant mode of SLSR operation provoking transformer-induced low frequency 


oscillations (TLO). These oscillations are characteristic for the thyristor SLSR 


converters as in that case vcmах is required to be always higher than the input voltage of 


the power converter, thus often capable to destabilize the converter operation [C61]. 


 


The value of the magnetizing inductance influences the operation of the contactless 


power transfer converters as well. This will be discussed in Chapter 6. The limitation 


for guaranteeing a safe PWM operation when the output voltage is shunted is illustrated 


in Fig.5.9. It presents graphically the boundary line that guarantees (in the zone to the 


left of the line) the absence of resonant capacitor discharge.  


 


                                                                                                                                               
in Fig.5.6) and (12.4 μs>10.24 μs in Fig.5.7) is sufficient to demonstrate the absence of any capacitor 
discharge observed in Fig.5.6, and the dangerous discharge shown in Fig.5.7. 
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Fig.5.9. Boundary line representing the resonant capacitor voltage vcmax=1 in the output characteristics 


 


This region of safe operation is large enough to include the necessary (when the lowest 


output power is required) PWM regulation. It is not supposed to serve as a zone for the 


high output power regulation. For that power (to the right of the limiting line) only the 


FM regulation must be permitted.  


 


5.4.5. Characteristics of the super-resonant SLSR converter in 


combined FM/PWM regulation – graphical presentation 
 


The strategy for the calculation is based on the equations already developed for the FM 


operation with the addition of a resonant current pause interval ψp. The circuit is strictly 


obeying the condition (5.10) which keeps the capacitor voltage constant during the 


pause in PWM operation. In practice, especially for low values of the magnetizing 


inductance, the strongest limit that should be considered is (5.11), shown in Fig.5.9. 


This limitation for PWM operation is valid for the contactless energy transfer with its 


reduced magnetizing inductance.  


 


The graphics shown in Figs.5.10…5.12, illustrate the functioning of the SLSR converter 


with ideally coupled transformer and hence the boundary line “vcmax=1” presented in 


Fig.5.9 is replaced by an inclined line marked “vcmax=1+q” which corresponds to the 


relation (5.10). In fact, the slope of the boundary line has not much importance because 


of the shape of the fixed frequency regulation curves. All the regulation curves start 
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from the upper left corner (Fig.5.3) and thus permit to be included inside either of the 


two boundary lines equally.  


 


It will be assumed that all values calculated at the boundary between the PWM and the 


FM operation, are valid for both PWM and FM. At those points of operation the angle 


of the transistor conduction ψf is the largest achievable angle for the defined switching 


frequency fsw. The highest switching frequency defines the lowest value of xo, at which 


value PWM starts to be applied. The graphs that are deeper in the FM operation zone 


will not be presented as they are already shown when FM was discussed (Fig.5.3). 


Inside the PWM zone the pause ψp will rise at a fixed switching half period xo. 


 


The curves of the current form factor will be shown for the normalized switching 


frequency F=1.5. This frequency guarantees that all the operation points are placed 


inside the zone “vcmax=1+q”. This frequency was demonstrated in Fig.5.6 where the half 


period is xo=2.09 rad, i.e. resulting in frequency 1.5
2.09o


F
x
π π


= = = . The chosen value 


corresponds also to the safe angle equal to 60º that was deduced from (5.9a) and (5.10).  


 


More graphics illustrating different situations are presented in the Appendix 5.4. The 


frequency F=1.428 (used in the Appendix 5.4) can be an optimal compromise but only 


in case of the ideally coupled transformer, thus it will not be advised in case of loosely 


coupled transformer. The frequency F=1.05 extends the FM operation to its maximum, 


but it cannot be the boundary frequency as the capacitor voltage will be more than eight 


times higher than the allowed maximum. 


 


In Fig.5.10 the output characteristics of the converter for constant current form factor 


and a fixed switching frequency F=1.5 are shown. The graphics are drawn at changing 


ρi from 1.13 to 1.6. The line “vcmax=1+q” marks the non-discharge boundary. To the 


right of this line the resonant capacitor will receive excessive charge and will cause 


problems. The right-most curve ψp=0 marks the boundary of the pause disappearance in 


the resonant current, i.e. the boundary between the FM and PWM operation. This line 


limits also the maximum width of the control pulse for the fixed switching frequency. 


The line ”ψp=0” is identical also to the line marked as “F=1.5” in Fig.5.3. 
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Fig.5.10. Normalized output characteristics q=f(Io) of the SLSR converter in PWM operation at 


normalized switching frequency F= 1.5 and at constant values of ρi 
 


It is seen in Fig.5.10 that the whole region inside the curve ψp=0 is also inside the safe 


area of non-discharging resonant capacitor. Inside the curve “ψp=0” the PWM 


regulation shows a current form factor that is not so good but for those minimum output 


power levels the efficiency is not so important. Outside this limitation ”ψp=0” the 


switching frequency starts to vary and FM is applied in order to achieve the best 


efficiency at the highest output power. 


 


In Fig.5.11 the regulation characteristics of the super-resonant converter are presented 


for different normalized width of the command pulses ψf. The graphics are drawn at 


normalized width of the transistor conduction time interval in the range from 0.3 to 1.6 


rad. The “vcmax=1+q” is the boundary of the capacitor non-discharging and “ψp =0” 


marks the boundary between FM and PWM operation. These curves will be useful to 


define the necessary control pulse characteristics to achieve the same points of operation 


that are advised by the other figure, e.g. Fig.5.10. In this way the pulse width can be 


predicted that would allow obtaining better efficiency of the SLSR converter. 
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Fig.5.11. Normalized output characteristics q=f(Io) of the SLSR converter for PWM operation at 


normalized frequency F=1.5, at constant normalized conduction time ψf 


 


The functioning in PWM is changing slightly the shape of the regulation characteristics 


of the SLSR converter. In Fig.5.11 a sort of “voltage source” effect as shown. This is 


not dangerous because when a highest output power demand or a short circuit happens 


unexpectedly, the highest output current of the converter is limited stably by the curve 


“ψp=0”, i.e. the fixed switching frequency “F=1.5”. This limitation will not permit 


higher output current than the normalized value Io ≈0.95 as seen in Fig.5.11.  


 


Fig.5.12 corresponds to the same operation area but shows the amplitude value of the 


resonant current. The graphics are drawn at normalized amplitude Ipeak of the resonant 


current from 0.1 to 1.5. The “vcmax=1+q” is the boundary of non-discharge area of the 


capacitor and “ψp=0” marks the boundary between FM and PWM. The current value 


Ipeak is the maximum current that the switches will conduct and it must be taken into 


account in practice. This is not the virtual amplitude Ifmax mentioned before but the real 


peak of the current (at pulse width ψf > 2
π  the peak will be equal to the virtual amplitude 


Ifmax). 


 







5-33 


 
Fig.5.12. Normalized output characteristics q=f(Io) of the SLSR super-resonant converter at normalized 


frequency F= 1.5 and constant normalized peak current values Ipeak 


 


In Fig.5.13, as a comparison, the calculated normalized current peak values are shown 


for FM operation of the converter. The graphics are drawn at normalized amplitude Ipeak 


of the resonant current from 0.1 to 3.  


 


 
Fig.5.13. Normalized output characteristics q=f(Io) of the SLSR converter for FM operation at constant 


normalized peak current values Ipeak 


 


Comparing Figs. 5.12 and 5.13, it is seen that the peak values produced by PWM 


operation are not much higher than the values produced by FM (although the resonant 


current peak in PWM is always higher). The largest difference is shown by the curve 


Ipeak=0.1 which in case of PWM shows much higher values. Considering the fact that 
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the highest current will be applied only in FM operation, the proven difference in the 


illustrations at lowest values of the resonant current is not important. In fact, if the 


converter is calculated for FM mode it will be enough robust for the peak currents of 


PWM operation. To decrease further the peak value of the resonant current (at low 


output voltages, close to a short circuit) a modification of the power circuit using a 


secondary DC inductor, was also applied in [R2] illustrated before by Fig.2.12.  


 


5.5. Conclusion 
 


In Chapter 5, the analysis developed in the previous Chapter 4 is applied to the idealized 


SLSR converter. The best efficiency zones of operation are defined both for its FM and 


for PWM operation. The FM operation is demonstrated as being characterized by the 


best efficiency especially achieved at relatively high normalized output voltage q, a 


range of output currents and a span of switching frequencies.  


 


The PWM operation is found to be necessary for the wide range of regulation but it will 


not be interesting further in the efficiency terms because the high output power will 


always use the FM regulation. The PWM is also investigated in order to minimize its 


heavier switching losses by guaranteeing always a DCM operation. The DCM best 


efficiency zones are also presented in graphical characteristics.  


 


In conclusion, the modes of operation must be two: FM and PWM, each one mode 


applied in well defined limited zones of operation. The presented diagrams are useful 


for the practical dimensioning of that mixed operation SLSR super-resonant converter. 


To improve the performance the boundary is defined between the FM and PWM. The 


switching frequency F=1.5 was suggested as the highest and the same was already 


applied in a real converter [R2] showing a safe operation. This safe operation is due to 


the proven in Chapter 5 “current source” behaviour that permits easily to parallel many 


SLSR converters (or output stages).  


 


In Chapter 6 the converter characteristics will be investigated taking into account the 


loosely coupled transformer. Based on the ideal circuit relations, found already in 


Chapter 4 and Chapter 5 the next chapter will find the best approach to predict the zones 
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of operation guaranteeing a reliable and efficient energy conversion. The graphics and 


analytical expressions found in Chapter 5 will support the further research of the series 


resonant conversion and especially the contactless energy transfer circuits. 
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CHAPTER 6 
 


 


 


Series Loaded Series Resonant 


Converter with reduced magnetic 


coupling – analysis and simulation  


 


 


 
Abstract: This chapter presents the analysis and simulation of the Series 


Loaded Series Resonant Converter with deteriorated magnetic 


coupling. The analysis method described in Chapter 4 and 


applied in Chapter 5 is modified and applied again using the 


development of a new, approximated model of the circuit. The 


model is validated by comparison of its results to the realistic 


results from the full circuit simulation. The obtained good 


correspondence permits to build graphical characteristics, 


defining the high efficiency operating zones to be used in the 


design of the contactless converters. 
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6.1. Introduction  
 


The objective of this chapter is to investigate the loosely coupled transformer influence 


upon the resonant converter operation. The SLSR converter operation is analysed with 


the objective to optimize it for the best possible efficiency. Considering the efficiency as 


the main goal of the study, a simplified and faster method of analysis is chosen in order 


to calculate the converter characteristics and to determine the best efficiency zone of 


operation. 


 


The basic analysis of the ideal resonant converter as it was acomplished in Chapters 4 


and 5, served to obtain information about the efficient functioning of the ideal SLSR 


power stage. In Chapter 6, the analysis and simulation are directed at the series loaded 


super-resonant converter with reduced magnetic coupling. The new approximated 


circuit model developed in Chapter 6 makes possible the application of the analysis, 


previously presented in Chapters 4 and 5 to obtain faster analytical results. The 


presented approximation permits a more efficient operation of the non-ideal SLSR 


converter and allows a simplified idea of instant regulation explained in Chapter 7.  


 


The referred approximated model consists in establishing two split circuits derived from 


the original converter equivalent circuit. The instantaneous variable values of each 


circuit are mathematically forced to be identical to those of the original circuit. The two 


circuits represent respectively the primary and the secondary sides of the converter. The 


objective that underlies consists in obtaining both circuits with the same structure of the 


basic idealized equivalent circuit shown in Fig.4.3. This way, the method developed in 


Chapter 4 and Chapter 5 concerning the ideal converter analysis, can be directly 


applied, and the converter output characteristics that lead to the converter efficiency 


optimization can be determined. 


 


The presented study also includes the necessary validation, which is obtained by 


comparative simulations considering the complete power circuit and the set of two 


models referred to the primary and the secondary part of the converter.  
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Due to the circuit complexity this approach is very worthy and effective, allowing a 


rapid insight for a large variation of the converter operation regimes. This tactic permits 


building of graphical characteristics that identify the highest efficiency operating zones 


aiming to apply this knowledge in the design of the efficient contactless converters.  


 


6.2. The loosely coupled SLSR converter structure and its 


basic equations 
 


The following discussion will be based on the schematic diagram shown in Fig.6.1 


where the power stage of a loosely coupled SLSR converter is presented.  


 


 
Fig.6.1. Schematic diagram of resonant converter power stage with loosely coupled transformer link 


 


As it was made clear in Chapter 2 and Chapter 3, the SLSR converter circuit absorbs the 


parasitic magnetic parameters of the transformer by means of series impedance 


compensation, inserting the resonant capacitor Cres. It was also proven before, that for 


achieving the highest necessary output power the circuit operates in frequency mode 


(FM), i. e. turning on alternatively the diagonal pairs of switches M1, M4 and then M2, 


M3 (Fig.6.1). To guarantee the fast operation of the circuit in Fig.6.1 the intrinsic diodes 


of the MOSFETs are shown as blocked and the transistors are shunted by faster external 
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diodes. The transformer symbol includes implicitly the mutual inductance and other 


magnetic parameters. 


 


The basic circuit of the power stage is slightly modified into Fig.6.2 where the power 


converter schematic includes the equivalent circuit of the loosely coupled transformer 


with its main electric components shown explicitly. In this figure the secondary side 


elements and variables are moved to the primary, being referred to it and marked by an 


asterisk symbol *.  


 


 
Fig.6.2. Schematic diagram of the resonant converter with loosely coupled transformer equivalent circuit 


 


Inductances Lm*, Ls1 and Ls2* indicate the elements of the transformer equivalent 


circuit: the magnetizing inductance, the leakage inductance of the primary winding and 


the leakage inductance of the secondary winding, respectively. From here on the index 


“s” from “stray” will be used preferably for the leakage inductance. The magnetizing 


inductance is introduced in the circuit in place of the mutual inductance applying the 


Steinmetz equivalent circuit with galvanic connection between the primary and the 


secondary windings.  


 


The magnetizing inductance is also marked by an asterisk (Lm*) as a reminder that its 
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value is seen from the primary side1 and could be in many cases different from the value 


measured from the secondary. The asterisk can be later omitted if it is explicitly clear to 


which side is referred the equivalent circuit. The primary stray inductance Ls1 and the 


secondary stray inductance referred to the primary side Ls2*, will be considered equal in 


the following analysis. This simplification (through symmetry) of the Steinmetz 


equivalent circuit is considered valid for the “classical” transformer where the primary 


and the referred secondary are considered equal. The same symmetry will be assumed 


also here, in the case of the loosely coupled transformer as in the most cases the primary 


and secondary windings are geometrically symmetrical in their shape and volume.  


 


The symmetry of the circuit diagonals implies also its symmetrical operation, i.e. the 


time interval of conduction of the transistors in the first diagonal is exactly the same as 


the interval of conduction of the transistors in the second diagonal in steady-state. The 


symmetrical operation of the switching matrix (M1, M2, M3 and M4) will produce a 


squared voltage waveform between the points A and B of Fig.6.1. The operation of the 


output rectifier being also symmetrical will generate a squared voltage waveform at the 


transformer secondary terminals, synchronised to the alternating resonant current 


direction. The equivalent circuit corresponding to Fig.6.1 and Fig.6.2 is presented in 


Fig.6.3. 


 


 
Fig.6.3. Equivalent circuit of the loosely coupled (contactless) power converter 


 


Fig.6.3 shows the internal parameters of the transformer together with the resonant 


circuit CrLr and the two mentioned above voltage sources. The input voltage Es 
                                                 
1 This inductance corresponds to the mutual inductance M in the basic equations of the transformer, but has not the same value, 
when the primary and the secondary are not equal, i.e. the transformer is asymmetrical. In that case n ≠1 and the magnetizing 
inductance seen from each side of the transformer is different (


1 2m mM L L=  and Lm
* =L1–Ls1 =k1L1, as was already mentioned 


in Chapter 3). 
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(Fig.6.2), periodically inverted by the power transistor bridge produces the squared 


waveform voltage between the points A and B and is represented by the source vs. A 


similar squared waveform voltage vo is produced by the resonant current inversions and 


the rectifier together with the DC output voltage Vo. The voltage vo is observed at the 


input terminals of the output rectifier. Its amplitude is equal to the DC value Vo 


(Fig.6.2), i.e. equal to the output filter capacitor voltage (Fig.6.1). Because of the output 


rectifier action, the squared voltage vo polarity is always opposing the direction of the 


resonant current entering the rectifier.  


 


In order to demonstrate the operation of the converter, in the specific case of loosely 


coupled transformer, simulation is performed applying realistic values of the Fig.6.2 


circuit elements. The obtained results are shown in Fig.6.4.  


 


 
Fig.6.4. Electrical variable waveforms of loosely coupled resonant converter: vs – voltage between points 


A and B; vo – voltage at the input terminals of the output rectifier; v(Cr) – resonant capacitor voltage; 


i(Lr)= i1 – primary (resonant) current; i(Ls2)= i2
* – secondary (resonant) current. 


 


The parameters used in the simulation are (considering Fig.6.2): Lr =8 µH, Lm =6 µH, 


Ls1 =Ls2 =4 µH, Vin =120 V, q =0.40, F =1.333 (the resonant frequency is defined by the 


parameters referred to the primary). The transformer coupling is K=0.6 (weak coupling) 


and additional fixed inductance Lr is also provided as is the usual practice, which makes 
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the simulation close to the reality. The time diagrams of the converter most important 


electrical variables are presented in Fig.6.4.  


 


The waveforms shown in Fig.6.4 illustrate the complexity of the loosely coupled 


resonant circuit subjected to a theoretical analysis. In fact, due to this low coupling 


factor, and contrary to what happened with the ideal converter, the currents in the 


primary and in the secondary are not in phase. This way, the voltage at the input 


terminals of the output rectifier is synchronised only with the secondary (and not with 


the primary) current. This is different from Fig.4.5 shown in Chapter 4 where every 


instantaneous value of the primary current coincides with the secondary current value 


and the change of polarity of vo occurs exactly at the zero crossing of the (primary) 


resonant current. In Fig.6.4 the secondary current has not the same instantaneous values 


as those of the primary current, in opposition to the full identity observed between the 


primary and secondary current in Fig.4.6.  


 


The half period of the primary waveform in Fig.6.4 was divided in three intervals 


defined by the relation between the instantaneous values of the voltage sources vs and 


vo. The intervals t1, t2, t3 of the full half-period xo, correspond to the three different 


polarity combinations: (+Es–Vo), (–Es–Vo), (–Es+Vo). In fact, the excitation voltage of 


the third interval, t3: (–Es+Vo), is the same as will be the excitation voltage in the 


beginning of the next switching half-period, but the intervals t1, t2 and t3 are chosen to 


correspond to the half-period xo, delimited by the resonant capacitor voltage maximum 


values vc(0) and vc(xo) as was adopted in Chapter 4.  


 


Inspecting Fig 6.4, it is advantageous to point out some particularities of the processes 


that are facilitating the analysis. During the time interval t2, the secondary current falls 


to zero. This happens earlier than the primary current zero crossing, which occurs only 


after the time interval t2+t3. The same distance (equal to the interval t3) between the zero 


crossings is seen during the rising slopes of the primary and secondary current. It 


confirms that the primary current i(Lr) has a longer delay than the secondary current 


i(Ls2), in relation to the applied squared voltage vs.  
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The transformer with a lower magnetic coupling factor (K=0.6) and the added fixed 


resonant inductance (Fig.6.2) produce two different currents (primary and secondary) 


which have the characteristic waveforms, each form similar to a (different) simple 


resonant process like the one illustrated in Fig.4.5. This similarity will serve as a hint 


for the later approximations. There are also characterizing differences between the (2nd 


order) processes illustrated in Chapter 4 and the actual one (Fig.6.4). 


 


The first observed difference is seen between the primary current in Fig.6.4 and the 


current in an ideally coupled converter shown in Fig.4.5. The normalized output voltage 


q is exactly equal in both figures, but the primary current in Fig.6.4 shows much steeper 


rising slopes compared to the resonant current in Fig.4.5. Considering the relation 


between rising and falling times defined in (4.34) and (4.35), the conclusion is drawn 


that the output voltage in Fig.6.4 has a reduced value. This effect is an indication of an 


apparently lower secondary voltage *
ov  seen from the primary. The explanation is based 


on the fact that the low coupling coefficient K reduces the transformed voltage from the 


primary to the secondary even if the number of turns of both windings is equal.  


 


The equivalent circuit can be referred either to the primary or to the secondary of the 


transformer and thus it will have different parameters, depending on the winding which 


is taken as a basis. The calculated magnetizing inductance is different as the linked 


magnetic fluxes that define the magnetizing inductances, are different. The inductance 


Lm1 denotes the magnetizing inductance when the equivalent circuit has the primary as a 


base and Lm2 corresponds to the equivalent circuit made for the secondary. In (6.1) and 


(6.2) the fluxes Φm1 and Φm2 are the corresponding flux portions that succeeded to enter 


the magnetic core and in the same time are embraced by the corresponding winding N1 


and N2: 


 


1


11
1 i


NL m
m


Φ
=           (6.1) 


2


22
2 i


NL m
m


Φ
=           (6.2) 
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The number of turns of the transformer is usually different for each winding. Different 


(but not much) can be also the percentage of the total flux (created by the winding) that 


magnetizes the core (magnetizing flux) and is not dispersed. The dispersed (leakage) 


flux depends on the construction and the number of turns, e.g. the winding with fewer 


turns will produce higher percentage of leakage flux. The magnetizing fluxes produced 


by the primary (Φm1) and the by the secondary (Φm2) can be expressed in proportion, 


connecting the magneto-motive forces (mmf) with the reluctances from each winding: 


 


11 1 21


2 2 12 2


m


m


i N
i N


Φℜ
=


ℜ Φ
         (6.3) 


 


The reluctance ℜ12 is seen from the primary winding but involves only the magnetic 


path that reaches the secondary. The reluctance ℜ21 is measured looking from the 


secondary at the path of the magnetic flux that reaches the primary. As it was 


mentioned, the generic transformer is usually considered magnetically symmetrical, i.e. 


the magnetic reluctance ℜ12 must be equal to the reluctance ℜ21. It means that an equal 


percentage of the totally created flux by the corresponding winding is lost as a leakage. 


Applying the equality of reluctances: 12ℜ = 21ℜ  and through substitution of i1 and i2 


from (6.1) and (6.2) into (6.3) the relation is obtained between the magnetizing 


inductances in the symmetric transformer: 


 


1 1


2 2


m


m


L N
L N


=           (6.4) 


 


In fact, the equation (6.4) cannot be rigorous. It is only an approximation because the 


strict symmetry is practically impossible, but this approximation is sufficient for the 


engineering purposes. The adoption of the magnetizing symmetry equation (6.4) is 


useful also for the contactless energy transfer expressions as they can be simplified. For 


example, it will be permitted to consider as identical the values of the magnetizing 


inductance Lm1 and Lm2 when the number of turns is equal or virtually equal (referring 


both to the same winding as is done in the Steinmetz equivalent circuit).  
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There is a reduction of the transformed voltage value based on the relation between the 


magnetizing inductance and the total inductance of the winding, i.e. the magnetic 


coupling coefficient K already mentioned in Chapter 3. For example, in the primary this 


relation is: 1
1


1


mLK
L


= . Either from the primary or from the secondary, if an alternating 


voltage is applied to the full inductance of the winding (L1 or L2), the applied voltage on 


the magnetizing inductance Lm is proportional to its magnetic coupling coefficient K. 


Hence this voltage division produces a transformed voltage not only depending on the 


transformer ratio but depending on the magnetic coupling as well. For a symmetric 


transformer (i.e. K=K1=K2) the electro-motive force (emf) e1 obtained, for example in 


the primary, is: 


 


( )2 1 1 1
1 2 2 2 2


2 2 2 2


mL N N Ne v K v Kv
L N N N


⎛ ⎞
= = =⎜ ⎟
⎝ ⎠


      (6.5) 


 


The voltage v2 in this equation is the secondary voltage which in the case of the loosely 


coupled transformer can be the squared waveform source vo in Figs. 6.3 and 6.4. This 


proves that the referred voltage vo* (i.e. transformed to the primary) will be lower for 


the contactless power converter (because of the coefficient K≠1) than it would be for the 


ideally coupled converter. This reduction explains why the primary resonant current in 


Fig.6.4 has much steeper rising slope than the secondary current has. The reason is that 


this primary current is similar to the current observed in an ideal converter (Chapter 4) 


with a lower output voltage (closer to a short-circuit condition). In contrary, the 


secondary current with a steeper rear slope as appears in Fig.6.4, is a typical example of 


an ideal SLSR converter current (Chapter 4) when a higher output voltage is applied.  


 


The above mentioned difference between the waveforms of the primary and the 


secondary current and the parallel made to the ideal circuit can be illustrated by the 


equations (4.34) and (4.35) from Chapter 4. Applying the normalized voltage values q 


and vcmax corresponding to Fig.6.4, an imaginary ideally coupled converter can be 


calculated that would have current waveform identical to the primary current shape 


shown in Fig.6.4.  
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The normalized output voltage of the converter illustrated in Fig.6.4 is q=0.4 and the 


normalized maximum capacitor voltage is vcmax =1.4 (corresponding to the really shown 


capacitor voltage vcmax =168 V and supply voltage Es =120 V). The calculated ratio for 


the imaginary ideally coupled converter is ψf:ψr≈2:1. This proportion is in contrast to 


the measured relation ψf :ψr corresponding to the really observed in Fig.6.4.  


 


In Fig.6.4 the normalized time intervals ψf (transistor conduction) and ψr (anti-parallel 


diode conduction) have almost identical value, i.e. ψf :ψr ≈1.2:1 for the primary current. 


This ratio corresponds to an imaginary ideal resonant circuit that has a lower output 


voltage than the real q=0.4. In contrary, the secondary current time intervals in Fig.6.4, 


ψf ≈3ψr correspond to an ideal converter with higher output voltage than the really 


applied value q=0.4. The equations (4.34) and (4.35) confirm that the relation ψf >>ψr 


correspond to the converter with output voltage close to maximum, i.e. q≈1 and the 


equality ψf =ψr corresponds to a very low output voltage, i.e. when q≈0. This similarity 


of the contactless energy transfer converter with the idealized SLSR converter is further 


employed in order to obtain calculation results in a simplified manner. 


 


There is another fast method to characterize the contactless converter: the AC sinusoidal 


monochromatic analysis applied already in Chapter 2, e.g. in Fig.2.22. It will not be 


useful for the further analysis since it does not offer a way to predict and control the 


instant values of the converter variables. The AC analysis was useful only to obtain a 


first insight of the circuit behaviour. Unfortunately, it is a frequency domain analysis 


being incapable to provide data in the time domain. It does not supply the necessary 


data about the current shape needed for the efficiency assessment intended in this work. 


Therefore the AC monochromatic analysis is not useful for the purpose of converter 


efficiency assessment and regulation. 


 


As a third possible solution, the converter steady-state analysis can be done by solving 


without any approximation the differential equations corresponding to each operation 


time interval. This unfortunately leads to heavy expressions and is not convenient for 


the efficiency assessment and not applicable for the regulation.  
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During the full switching period 2xo the converter has four different excitation voltage 


situations: (+Es–Vo), (–Es–Vo), (–Es+Vo) and (+Es+Vo). These excitation situations 


unfortunately are not coinciding with the resonant capacitor voltage maximum values 


(which has helped a lot in Chapter 4). If the decision is to use as initial point the 


maximum voltage of the resonant capacitor, the phases become six. The solution is even 


more complicated if discontinuous current is allowed. The equation system is a fourth 


order one and the differential equations that represent the circuit operation are in general 


(6.6), (6.7) and (6.8). They will be reformulated in each interval in compliance with the 


changing value of the excitation voltages vs and vo.  


 


( ) *1
1 1


1 m
r s m s
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didii dt L L L v
C dt dt


+ + + =∫        (6.6) 


2


*
* * *


2
m


s m o


di diL L v
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− = −         (6.7) 


2


*
1 mi i i= +


          (6.8) 


 


The solution of the system (6.6), (6.7) and (6.8) is feasible as it is described in [B7] and 


[B8] but in the same time it is too complex and slow, being the results obtained not 


practically useful for defining the operating characteristics of the converter in varying 


regimes for the whole area of possible operation points. The time consuming solution of 


each concrete waveform does not bring the necessary global insight about the converter 


operation. There is a need to find the highest efficiency zones through an easier and 


faster method. There is even a more important need to define the control strategy for the 


contactless power converter which will allow rapid and if possible, instantaneous 


reactions, e.g. in less than tens of nanoseconds time. It is therefore necessary to find a 


method to calculate the values of the variables when the parameters are changing 


rapidly. It must not be applied heavy iterative calculations which will be always slow 


even if a regulator with the highest computing power is used.  
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In order to show clearly the necessary characteristics, possibly in graphical form, it is 


essential to find a fast and effective analytical solution of well formulated differential 


equations, having in mind that the parameters shall vary in the widest range. The 


remarks made above concerning the primary and secondary resonant current behaviour 


combined with the information already presented in Chapter 4 and Chapter 5 permit to 


apply a new method of approximation. This method will consider the primary and the 


secondary side of the loosely coupled transformer separately, forcing their functioning 


to be synchronous.  


 


6.3. A simplified analysis of the loosely coupled SLSR 


converter  
 


The idea that underlies the conception of the converter model, already partially clarified 


by the above mentioned hints, is based on considering the currents in the primary and in 


the secondary sides of the converter as separate resonant currents from ideal SLSR 


converters. As the current waveforms show in Fig.6.4, illustrating the circuit of Fig.6.3 


and based on the power stage from Fig.6.2, the primary and the secondary circuits 


present lagging behaviour in relation to the squared waveform of the voltage vs. That 


lagging behaviour of the primary and secondary loops is though not identical, because 


of the different structure and elements, reflected in the (necessarily) different virtual 


equivalent circuits. The phase-shift (the delay) of the primary and the secondary current 


compared to the voltage vs can be observed in Fig.6.4. It is seen there that at the instant 


when vs changes its polarity, both the primary and the secondary current have 


discontinuity in the current derivative. At that moment the two current waveforms from 


Fig.6.4 are similar to the resonant currents of two separated idealized SLSR circuits 


switching from ψf to ψr. The different time intervals ψr of the two separated circuits 


produce different delays. Considering that the half switching period has the same length 


for both idealized currents and for the contactless converter circuit, the primary current 


with its almost equal ψf and ψr intervals has the aspect of more inductive circuit. 
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The applied further on method to simplify the complex circuit shown in Fig.6.3 consists 


in transforming the initial equivalent circuit in two independent circuits each 


representing a structure as a (simple) ideal SLSR converter, analysed in Chapter 4. 


When this is achieved the study developed before in Chapter 5 for the ideal converter 


can be easily applied to the loosely coupled SLSR converter. 


 


The idea is presented in Fig.6.5, where the (a) and (b) are the two separated resonant 


circuits obliged to function synchronously with the basic (mother) equivalent circuit 


shown in Fig.6.3. It will be further proved that the sub-circuits in Fig.6.5 represent 


separately the behaviour of the primary and the secondary of Fig.6.3 and their 


parameters will be calculated in order to enable the use of equations derived in Chapters 


4 and 5. In order to achieve closer approximation to the reality, each resonant circuit 


parameter will be also verified by comparing the new results to those of the original 


circuit.  


 


a)    b)  
Fig.6.5. Synchronous circuit models: a) valid for the primary current; b) valid for the secondary 


current 


 


As it was shown, there is a similarity between the waveforms produced by the two 


equivalent resonant circuits separated as in Fig.6.5 and the waveforms obtained by the 


original contactless power converter circuit (Fig. 6.4). The simplified (idealized) loops 


in Fig.6.5 correspond separately to the primary and secondary side of the circuit in 


Fig.6.3. The necessary operation will consist in remodelling the loops (1) and (2) from 


Fig.6.3 in a way to absorb the influence of the other (not included) branches of the 


circuit.  


 


Using this simplified model together with the analysis performed in Chapters 4 and 5 it 


will be possible to obtain the normalized output characteristics and the best efficiency 
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zones . The model will also permit to apply an instant method of regulating more easily 


the contactless power converter, described in Chapter 7. 


 


As it will be further confirmed, this approximated model is reasonably close to the 


reality and is very useful in the practical design of SLSR converters, including their fast 


regulation. 


 


6.3.1. Remodelling primary side of the contactless power converter 
 


In the first step of the approximation process (Fig.6.6) the elements of the equivalent 


sub-circuit of Fig.6.5(a) will be modified and calculated to assure that they represent 


correctly the current shape of the primary current. 


 


 
Fig.6.6. Dividing the circuit of Fig.6.3 into separate calculable equivalent sub-circuits 


 


The right-most part of the circuit in Fig. 6.6, marked by the dotted line as part (2) 


demonstrates the effect of the loosely coupled transformer on the quantity of the 


resonant current that is finally received as a charge into the output filter. The primary 


current is split: part of this current goes through the magnetizing inductance, and the 


rest is absorbed by the output.  


 


The part 2 of the circuit, for the moment, is not interesting as the intention is to model 


the primary side of the circuit only. Because of this, the whole part (2) of the circuit will 


be united by considering the inductances Ls2 and Lm purely reactive, without losses 


(their complex impedances will be reduced to barely imaginary jωL). This will be 


permitted because all the circuit components of the SLSR converter are free from DC 
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influence (in steady-state). The primary current has no DC component (in steady-state) 


because of the capacitor Cr. The secondary current in steady-state has also no DC 


component because the rectifier opposes in each half-period (with alternative polarity) 


the same output voltage. The opposing output voltage is in reality, the voltage at the 


filter capacitor terminals and this voltage is being kept constant by the output filter 


during sufficient number of switching periods. It means also that the voltage source vo
* 


is an AC voltage source because it is being inverted symmetrically each half period, so 


it has no DC component, having a square waveform and amplitude exactly equal to the 


constant DC output voltage Vo.  


 


The harmonic content of the current in the magnetizing inductance does not include a 


DC component as it is a sum of the other two purely AC currents (Fig.6.6). This is 


confirmed by the reality where in fact, the primary is galvanically separated from the 


secondary and the pure AC character of the current in the magnetizing inductance is 


guaranteed by the same resonant capacitor which allows only AC current into the 


inductances Lr and Ls1. 


 


All those reasons permit to simplify the side (2) of Fig.6.6 modifying the two parallel 


branches by application of the Thevenin equivalent circuit. As was already mentioned 


above the circuit will be composed of reactances and AC sources exclusively. The total 


inductance is equal to the parallel connection of *
2sL  and *


mL , resulting in TL (indexed 


“T“ as Thevenin):  


 


TL =
* * *


* *2
2 2 1* * * *


2 2


m s m
s s s


s m s m


L L L L KL KL
L L L L


⎛ ⎞
= = =⎜ ⎟+ +⎝ ⎠


     (6.9) 


 


The equations to solve for the primary current loop (corresponding to Fig.6.5 (a) will 


involve intervals of different excitation voltage as combinations of the input and output 


squared waveform voltage sources. The source vs is the squared voltage from the 


original circuit, i.e. periodically inverted input voltage source (Es). The second source is 


expected to be lower. This corresponds exactly to the result from recalculated output 
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voltage considering the Thevenin equivalent circuit. The harmonic content is considered 


exclusively AC as mentioned before. By this approximation is obtained: 


 


* *
2 1 2 1( ) ( )


T
T o o m o m m m


s s m s s m s m s m s


v v L v L L Lq q q Kq
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= = = = = =
+ + + +


 (6.10) 


 


In fact, the corrected by the magnetic coupling normalized output voltage Tq Kq=  


must be also multiplied by the transformation ratio 1


2


N
N


 in order to be referred to the 


primary side. This operation is further usually omitted as the transformer is considered 


to have equal number of turns in the windings. The equation (6.10) shows that the 


voltage which the primary side will “see” as the output voltage will be lower than the 


really available in the output. This relation can explain why the primary current 


waveforms in Fig.6.4 correspond to a lower output voltage value.  


 


The leakage inductance changes less with the coupling variation, following the findings 


of Chapter 3, but in order to minimize further the influence of its variations, in practice 


an additional (fixed) resonant inductance Lr (or Lres) is inserted, as shown in the 


preceding figures. For compactness this extra inductance (Lr) will be related to the 


leakage one and represented as the ratio (6.11):  


 


1s


r


La
L


=           (6.11) 


 


The total series of the primary side equivalent inductances LrΣ1, included in the primary 


(equivalent) loop is expressed in (6.12): 


 


1rL Σ  =
*
2 1


1 1 1*
2 1


T s m s m
r s r s r s r r r


s m s m
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   (6.12) 


 


The value of the total resonant inductance LrΣ1 and the resonant capacitance CrΣ1 are 


indexed “1” as they concern the primary side and its equivalent circuit, Fig.6.5 (a). The 
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resonant capacitor value will be kept unchanged: Cr=CrΣ1, because the undivided 


primary current passes through that capacitor, both in the circuit of Fig.6.5(a) and that 


of Fig.6.6. Finally, a more detailed equivalent circuit can be constructed from the 


parameters calculated above and that circuit is shown in Fig.6.7.  


 


 
Fig.6.7. Equivalent sub-circuit of contactless converter primary side 


 


6.3.2. Remodelling secondary side of the contactless power converter 
 


As it was already shown, there are logical reasons for considering the secondary side of 


the loosely coupled SLSR converter (in approximation) substituted by an equivalent 


separate resonant loop. This replacement circuit, with a simple structure shown in 


Fig.6.5 (b) will produce the same shape of resonant current that is produced by the 


original circuit secondary.  


 


To recalculate the necessary values of the circuit elements composing Fig.6.5 (b), it will 


be necessary to evaluate the character of the impedance and the value of the excitation 


voltage, this time considering the conditions of the secondary side. The current 


waveforms shown in Fig.6.4 confirm that the primary current demonstrates a longer 


delay in relation to the input squared voltage source vs. The shorter delay of the 


secondary current indicates (virtually) a circuit of less inductive character. In fact, the 


different delays are due to the different relation between ψf and ψr intervals. The 


switching from ψf to ψr takes place synchronously with the vs for both the primary and 


secondary current and because of its shorter ψr interval of the secondary current, the 


secondary loop seems less inductive. The main reason for the change of the relation 


ψf:ψr is again the excitation voltage and its component, the normalized output voltage q, 
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as it is a relation between the real output and real input DC voltages. The shorter 


normalized time interval ψr of the secondary current (Fig.6.4) indicates an increased 


(virtually) output voltage, as it was already pointed out.  


 


From the equivalent circuit in Fig.6.3 it is seen that a considerable part of the primary 


current (i.e. the current branch im) cannot reach the secondary side. The loss of the 


magnetizing current im and the changes in the voltage sources must be taken into 


account during the further development of the approximated equivalent circuit shown in 


Fig.6.5(b). The elements of that more detailed circuit are obtained in two steps: 


- First the characterizing impedances or their fractions or modifications that concern 


only the secondary current loop are recalculated; 


- As a second step, the excitation voltage sources of the circuit are recalculated in a 


normalized form. 


 


As a result the real processes in the secondary side of the contactless power converter 


will be substituted by the processes in the single resonant loop similar to the shown in 


Fig.6.5(b).  


 


6.3.2.1. Impedance modification 


 


This step of the approximation is based on the assumption that the primary current 


fraction that reaches the secondary side of the loosely coupled magnetic link is 


proportional to the coupling coefficient K. This decision is justified by the fact that the 


primary current is transferred totally to the secondary when the magnetic coupling is the 


highest and no fraction of current is transferred when the coupling K is zero. Between 


the two extreme situations it is expected that the transferred current is proportional to K. 


The fraction of the current which cannot be transferred is circulating only in the primary 


winding. This effect can be graphically illustrated by the equivalent circuit branches that 


split the primary current in two channels, both originated from the input source as 


illustrated by Fig.6.8.  
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Fig. 6.8. Divided equivalent circuit of contactless power converter secondary side 


 


In the right-most part of Fig.6.8 (marked before as the side “2” in Fig.6.6) the two 


secondary branches form two channels for the current that is supplied by the primary. 


The first channel includes the branch of the inductance *
2sL  through which the current is 


transferring energy to the output. The other channel is formed by the branch of the 


magnetizing inductance Lm. Through this second channel the current from the input 


voltage source is circulating with no contribution to the consumed output current. The 


complete primary current i1 that enters the branches *
2sL  and Lm will be considered 


proportionally split by the impedances of those branches. The relation between the 


currents is inversely proportional to the corresponding inductances of the Steinmetz 


equivalent circuit: 
*


2 1
*


2 1 1


( )
( ) 1


s m


m s


i L L KL K
i L L L KL K


= = =
− −


. This calculation is feasible as the 


primary inductances can be approximated by a current source, divided in K and 1-K 


fractions which sum is unity.  


 


Both channels, i(Ls2) and i(Lm) in Fig.6.8, receive their current i(Ls1) through the 


undivided primary circuit impedance, consisting of Cr, Lr and Ls1. This common 


impedance will be considered further (virtually) divided also in two channels (i.e. 


impedance branches). Those channels, either regarded as separate or connected in 


parallel, should not influence the operation of the circuit, seen from its secondary side. 


As the character of the primary circuit loop is resonant, the primary impedance must not 


change either its resonant frequency or its characteristic impedance ZrΣ independently of 


the fact of paralleling or separating the two virtual channels. The division of the primary 


impedance in two parallel (virtual) branches is illustrated in Fig.6.9. 
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Fig. 6.9. Split primary impedance of the modified equivalent circuit 


 


The circuit shown in Fig.6.9 presents the two (virtual) channels that are connected to the 


primary voltage source as separate branches. One branch is goes directly to the output 


voltage source and another branch (involving the magnetizing inductance Lm) turns back 


to the input voltage source vs without reaching the secondary side. This second branch 


will not be considered when the equivalent circuit of the secondary current is 


constructed but it must be considered during the division of the complete primary 


impedance in order not to influence the whole circuit operation.  


 


The virtual splitting of the primary that does not influence the operation of the circuit 


requires that both paralleled (virtual) branches exhibit equal voltage drops and keep the 


resonant frequency unchanged.  


 


To assure the equality of the voltage drops in each virtual branch (illustrated by Fig.6.9) 


it is necessary to split (virtually) the primary elements (Cr, Lr and Ls1) in the above 


mentioned proportion: 
*


2
*


2


( )
( ) 1


s m


m s


i L LK
i L K L


= =
−


. If the impedance of each reactive element 


of the primary circuit is split in proportion 1 K
K
−  this can guarantee that the 


characteristic impedance ZrΣ is also split proportionally and the resonant frequency 


remains identical for each channel and for the parallel connection of the channels. 


 


Each reactive element of the primary side shown in the side (1) of Fig.6.6 will be 


modified to correspond to the proportion: 
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The asterisk (*) marks (also used in Fig.6.9) show the elements of the channel 


connected to the output while the two asterisks (**) marks are attributed to the modified 


elements of the channel, leading to the magnetizing inductance and back to the input 


source: 
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        (6.15) 


*
r rC KC=  and ** (1 )r rC K C= −        (6.16) 


 


The elements recalculated in (6.14) to (6.16) by considering their impedance inversely 


proportional to the expected current through them guarantee the zero voltage differences 


marked in Fig.6.9. As it is shown in the figure, the voltage difference between the ends 


of the two current channels is zero at their left-most connection (obviously), at their 


right-most side and in the middle point of connection between L and C. This is of 


course, an approximation adopted here to simplify the solution, supposing that no 


significant initial storage of energy will interfere with the simple expressions.  


 


Above all, close to the resonance the characteristic impedance of the primary is playing 


more important role and its total value ( )1r s
r


r


L L
Z


CΣ


+
=  is split in ZLm=


1
rZ
K
Σ


−
 (the 


channel of the magnetizing inductance) and Zout= rZ
K
Σ  (the channel to supply the 


output). Their parallel connection results again in the original value rZ Σ . The 


proportionality between the characteristic impedances of the two imaginary branches 


can be rewritten applying the proportions (6.14) to (6.16) between the elements: 
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The situation of those imaginary impedances can be illustrated more compactly by 


Fig.6.10.  


 


 
Fig. 6.10. Modified equivalent circuit with the virtually split characteristic impedances 


 


In figures 6.9 and 6.10 the output voltage is marked as *
2ov , which additional index “2” 


indicates that it will be recalculated later to correspond to the secondary side. 


 


As the reactive elements are modified in agreement with the proportions (6.14)…(6.16) 


and the characteristic impedances are in proportion (6.17) the calculated resonant 


frequency of each virtual channel will be the same as the original resonant frequency (of 


the primary connection between Cr, Lr and Ls1). This guarantees that the operation of the 


modified converter is kept as close as possible to the original and permits later to 


simplify the circuit eliminating the loop that includes the magnetizing inductance. 


 


6.3.2.2. Output voltage source modification 


 


As it was already discussed in this chapter, the secondary current i(Ls2) shown in Fig.6.4 


has a close similarity with the resonant current produced by a simple SLSR equivalent 


circuit, in which a higher than the original output voltage is applied. This virtually 


elevated output voltage (to be included in the substituting equivalent circuit) is caused 
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by considering separately the secondary side of the original loosely coupled transformer 


SLSR converter.  


 


The output voltage vo is indexed as *
2ov  in Figs.6.9 and 6.10 indicating that this voltage 


must also be corrected concerning the secondary circuit conditions before being 


included in the equivalent circuit shown in Fig.6.5 (b). The voltage *
2ov  must have 


different (higher) value compared to the real output voltage as the shape of the 


secondary current in Fig.6.4 suggests. The already made correction of impedances is not 


sufficient in order to construct in detail the substituting equivalent circuit.  


 


The base for this voltage recalculation can be found in the following: at first sight the 


idealized circuit shown in Fig.6.9 and Fig.6.10 permits the operation of each separate 


resonant loop when the other loop in the same figure is removed (leaving the voltage 


sources with their original value). Unfortunately, this simple solution is not possible as 


the output voltage depends on the phase, amplitude, etc. of the secondary current. This 


current will be different if for example, the LmZ  branch is removed from the circuit in 


Fig.6.10. In this case the current leakage to the direction of Lm disappears and the 


operation of the circuit will change  


 


If assumed that the LmZ  (or Lm) branch is removed from the circuits depicted in Fig.6.9 


and Fig.6.10 then the simplified one-loop LC resonant circuit that will rest, should be 


possible to be excited by any permitted combination of excitation voltages, including 


high output voltages, close to q=1. The ideal SLSR converter admits any normalized 


output voltage 0<q<1 (following Chapter 4). In the real (more complex) loosely coupled 


converter this is not possible. The loosely coupled magnetic link cannot charge the 


output capacitor if the output voltage is too high, as the magnetic coupling coefficient 


acts as a voltage divider, following equation (6.5). When the primary voltage will be 


transformed to the secondary as “K” times lower voltage it will not be sufficient to 


polarize positively the output rectifier diodes or only short secondary pulses will be 


observed. It can be assumed that at an output voltage approximately higher than “K” 
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times the primary voltage, the output filter capacitor cannot receive current. All the 


primary current then will be circulated through the magnetizing inductance. 


 


As the resonant capacitor voltage is normalized to the primary side and the amplitude of 


the source vs is normalized (as a value of unity) to the primary too, the modification of 


the circuit will be easily done by (equivalent) increase of the output voltage. This effect 


is also closer to the observed effect in Fig.6.4. In that case the idealized output voltage 


can be approximated by 
*


*
2


o
o


vv
K


=  or the normalized output voltage will be * qq
K


= .  


 


This approximated (virtual) value corresponds only to the equivalent circuit of the 


secondary as in Fig.6.5 (b) and will be a closer approximation (proven later on) at 


frequencies far from the resonance and at relatively higher output voltage. This 


approximation applied to the simple resonant circuit means that the resonant circuit will 


not be excited and no current will charge the output capacitor if the normalized output 


voltage is close to q
K


.  


 


The impossibility to transfer current to the output depends also on the value of the 


resonant capacitor amplitude vcmax, already investigated in detail by Chapters 4 and 5. 


This voltage applied at the primary of the loosely coupled transformer can be a source 


of energy to prevail over the increased output voltage * qq
K


= . The higher capacitor 


voltage in the real contactless converter can be obtained by charging it through the 


magnetizing inductance, avoiding the high output voltage. This is possible at frequency 


closer to the resonance as it was analysed in the Chapter 5. In the case of switching 


frequency F>>1, far from resonant frequency, vcmax is low, i.e. vcmax<1 (as in the left-


most part of Fig.5.9, Chapter 5). This low value of vcmax cannot influence the adopted 


approximation * qq
K


= . 


 


In the cases, when vcmax is relatively high the transfer of energy to the secondary will 


depend also on vcmax value. This is the situation when the switching frequency is close 
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to the resonance, F≈1, or at least F<1.5 as clarified in Chapter 5. The transfer of energy 


to the secondary will be assisted by the energy stored in the resonant capacitor. In the 


vicinity of the series resonance defined by Cr, Lr, Ls1, Ls2, its impedance is much higher 


than the impedance of the magnetizing inductance Lm (if the value of Lm is not lower 


than Ls2). This makes the operation of the contactless converter comparable to the ideal 


magnetic coupling situation, where the magnetizing inductance Lm is ignored. By 


ignoring its bypassing role (close to the resonance) the approximation can be *q q= .   


 


Although the real functioning is more complex, an interpolation can be established 


between the two extremes: * qq
K


=  and *q q=  and by this providing an instrument to 


solve the problem of modified output voltage for the secondary equivalent circuit. 


 


Considering the restrictions of the super-resonant conversion (Chapter 5) it is unlikely 


that the switching frequency comes too close to the resonance or too far from it. When a 


lower output power is necessary, the PWM will be applied for regulation instead of 


higher frequency. It was established an advisable (more efficient and safer) zone of 


normalized super-resonant switching frequencies, fixed approximately between F=1.1 


and F=1.5. This zone lies between the frequency conditions expressed for the two 


approximations above. The mean value taken from the two extremes will be applied as 


the output voltage for the secondary equivalent circuit: 


 


*
2


1
2 2


o
o


o o


vv KKv v
K


+ +
= =         (6.18) 


In normalized form it is: 


*
2


1
2 2o


qq KKq q
K


+ +
= =         (6.19) 
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Here *
2 1


m m


m s m s


L LK
L L L L


= =
+ +


 is the coupling coefficient. The voltage 


*
2


1
2o o


Kv v
K
+


=  (or in normalized form *
2


1
2o


Kq q
K
+


= ) will be representing the 


output voltage source for the secondary equivalent circuit, shown in Fig.6.5(b).  


 


The secondary leakage inductance will maintain the same value as the original as it is 


the only path for the secondary current to the output. The primary leakage and 


additional inductances Ls1+Lr and the resonant capacitance values were already 


modified, making the value of their impedance 
1
K


 times the original value as in 


(6.14)…(6.16). This recalculation will produce higher values of (Lr+Ls1) and a lower 


value for Cr with final value of the total inductance of the secondary equivalent circuit, 


conforming Fig.6.5 (b): 


 


*1 1
2 2 1


(1 )s sr r r r r
r s s r


L LL L L aL L a aKL L L aL
K K K K K K KΣ


+ +
= + + = + + = + + =     (6.20) 


 


The total inductance of the secondary side of the contactless converter is indexed by “2” 


and corresponds to Fig.6.5 (b) The resonant capacitor of the same secondary circuit will 


be also changed: 


 


2r rC K CΣ =           (6.21) 


 


The output voltage presumably corresponds to (6.18) and (6.19) but it will be verified 


by several comparative simulations.  


 


6.3.2.3. Validation of the secondary equivalent circuit  


 


To prove that the output voltage source value is represented correctly by (6.19) and to 


verify the recalculated values of the circuit elements from (6.20) and (6.21) as well, 


results from a series of comparative PSPICE simulations are assessed. The obtained 
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simulation plots show the resonant current waveforms in the secondary side of the 


SLSR converter with a loosely coupled transformer. In the same illustrations the three 


other waveforms produced by the three approximations proposed above are also 


displayed. The four plots in each of the following Fig.6.11 trough Fig.6.18 represent: 


 


plot no.1 – depicts the secondary current in the real converter circuit of Fig.6.2, which 


equivalent circuit is simulated in its full configuration as shown in Fig.6.3. 


 


plot no.2 – corresponds to the secondary equivalent circuit from Fig.6.5(b) with the 


recalculated values of the original circuit elements in compliance with (6.20) and (6.21). 


The output voltage in this variant has the value defined by (6.18): *
2


1
2o o


Kv v
K
+


= , or 


in normalized form (6.19): *
2


1
2o


Kq q
K


+
= .  


 


plot no.3 – corresponds to the equivalent circuit from Fig.6.5 (b) with the recalculated 


values of the original circuit elements in compliance with (6.20) and (6.21). The output 


voltage in this variant has the value equal to the original output voltage (variant 


predicted for regimes of operation close to the resonance, F≈1): *
2o ov v= , or in 


normalized form: *
2oq q= . 


 


plot no.4 – corresponds to the equivalent circuit from Fig.6.5 (b) with the recalculated 


values of the original circuit elements in compliance with (6.20) and (6.21). The output 


voltage in this variant has the value inversely proportional to the magnetic coupling K 


(variant predicted for higher switching frequency, F>>1): *
2


o
o


vv
K


=  or in normalized 


form: *
2o


qq
K


= . 
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In order to confirm the best possible simple approximation model the operation will be 


compared first at switching frequency very close to the resonance and later at a 


switching frequency much higher than the resonant frequency.  


 


 
Fig.6.11 Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating 


close to the resonant frequency (F=1.08…F=1.16) at q=0.25 


 


Fig.6.11 represents the current in the simulated original secondary side of the 


contactless converter together with the three simulated variants of the circuit 


approximations. The applied switching frequency is in close vicinity to the resonance. 


The closest similarity in the waveforms is seen between the plots (1) and (3), as was 


already predicted for F≈1. The suggested approximation (2) is also very near to the 


original waveform (1) especially for higher output voltage e.g. q>0.5. In fact (2) is 


almost at the same distance to the real waveform (1) as the best for F≈1 version (3). The 


simulated version (4) differs much more from the values of the real circuit.  


 


The proportion between the distances is visibly kept at all different magnetic coupling 


coefficients (0.3, 0.6, 0.8) and further from the reality is always the waveform (4). 


When the highest coupling factor is applied, K=0.8, the best results of approximation 


are obtained. This coupling coefficient seems to be not very low, but if compared to the 


geometrical relations of the real magnetic constructions, referred in Chapter 3, it is 


enough for most of the contactless power conversion applications (considering the 
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available ferromagnetic core sizes). For example, the magnetic link based on PM62/49 


pot core of N27 ferrite has this coefficient at a distance of roughly 2.5 mm. This 


distance will be perfectly enough as a maximum for a contactless charger. Even more, if 


the spiral windings with ferrite plates are used as described in Chapter 3, the distance 


corresponding to K = 0.8 is more than 150 mm. 


 


The illustration in Fig.6.12 shows even further closeness between the plots (1) and (3) 


when the switching frequency is even slightly lower and the output voltage is higher. 


The operation is very close to the resonance which can be seen by the sinusoidal current 


waveforms. In this figure again plot (2) is the second closest to the real waveform. 


 
Fig.6.12. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating 


close to the resonant frequency (F=1.07…F=1.12) at q=0.5 


 


In Fig.6.13 the switching frequency is going slightly higher and immediately in the 


upper plots of this figure (corresponding to K=0.6) it is seen that approximation (2) is as 


good as (3). This means that slightly further from the proper resonance the 


approximation (2) is expected to be very good.  
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Fig.6.13. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating 


close to the resonant frequency (F=1.13…F=1.18) at q=0.5 


 


In Fig.6.14 the mode of operation changed into the opposite, higher switching frequency 


region. It illustrates the difficulty to transfer energy at relatively high output voltage at 


higher frequency and lower coupling coefficients.  


 


 
Fig.6.14. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating far 


from the resonant frequency (F=1.37…F=1.49) at q=0.67 
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As a result, the real converter waveform (1) and the plots (2) and (4) are the closest 


obtained. When a prohibitive output voltage is used (up-most plots) the only completely 


wrong plot is (3) as it was predicted earlier. Approximation (3) is improving (although 


not enough) only for switching frequency closer to the resonant frequency. As it was 


expected the best approximation here is made by the plot (4) but also plot (2) 


approximation is acceptably close to the reality.  


 


The next Fig.6.15 is produced at slightly lower output voltage and at a slightly better 


coupling coefficient, K=0.8. The approximation represented through plot (2) shows 


excellent correspondence to the real waveform (1).  


 


 
Fig.6.15. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating far 


from the resonant frequency (F=1.375…F=1.57) at q=0.5 and K=0.8 


 


When the coupling goes slightly worse (K=0.6) as in Fig.6.16, the correspondence 


between (1) and(2) gets worse but it is still the best correspondence with the real current 


waveform compared to the plot (3) and (4). 
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Fig.6.16. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating far 


from the resonant frequency (F=1.375…F=1.57) at q=0.5 and K=0.6  


 


Even at very high switching frequency as the applied in Fig.6.17 and total absence of 


additional fixed inductance Lr still the best approximation is the plot(2), which is again 


the closest to the real waveform in plot (1). This proves that the substitution of the 


output voltage by the value given by (6.18) is the right approximation.  


 


 
Fig.6.17. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating far 


from the resonant frequency (F=2.26…F=2.39) at q=0.5 and a=100  
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Following the ideas described in Chapter 5 the high switching frequency (F>2) applied 


in this simulation is not likely to be even used in the SLSR converters. In Chapter 5 was 


decided that at maximum frequency roughly F=1.5 the FM operation will pass to PWM 


functioning for which mode the efficiency is not a priority in assessment due to the 


much lower output power.  


 


The last in this line, Fig.6.18 illustrates the good correspondence between the waveform 


produced by the approximation (2) and the behaviour of the real contactless power 


conversion circuit (1).  


 


 
Fig.6.18. Secondary current waveforms: 1) real circuit; 2, 3, 4) approximated variants when operating at 


frequency in the best efficiency region (F=1.21…F=1.47) at q=0.25 and K=0.8  


 


The chosen regime of operation, where the output voltage is kept relatively low 


(q=0.25), the additional inductance is roughly maintained equal (or twice) the value of 


the leakage inductance and the coupling factor is K=0.8. The switching frequency of 


this simulation is chosen in the best efficiency region following Chapter 4 and Chapter 


5. It is again shown that at these conditions the closest similarity of the waveforms is 


again between real secondary current in plot (1) and the plot (2) produced by the 


approximation (6.19).   
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6.3.2.4. Final model for approximation of the secondary current loop 


 


The final values of the circuit elements for the secondary circuit approximation are 


already clear. The circuit from Fig.6.5 (b) will be approximated by the equations (6.19), 


(6.14), (6.15) and (6.16) or the entire expressions (6.20) and (6.21) resulting in the more 


detailed circuit in Fig.6.19.  


 


 
Fig.6.19. Detailed equivalent circuit of the contactless converter secondary side. 


 


6.3.3. Combining the two equivalent circuits 
 


The concluded equivalent circuits as prepared to be applied for the total simulation of 


the contactless SLSR converter have the simple structure previously presented in 


Fig.6.5(a) and (b). The modified circuit elements are indicated in the two more detailed 


equivalent circuits presented in Fig.6.7 and Fig.6.19. Each one of those simple circuits 


correspond to a version of the idealized SLSR converter already analysed in Chapters 4 


and. Some relations need to be defined that link together the functioning of the primary 


equivalent circuit (Fig.6.7) and the secondary equivalent circuit (Fig.6.19).  


 


As follows from the modified elements values, the characteristic impedance of the 


secondary equivalent circuit (Fig.6.19) and the primary equivalent circuit (Fig.6.7) are 


related by the magnetic coupling coefficient K:  


 


2


22


1 1


1


( 1)
( ) 1


( 1)


r r


r rr


r r r


r r


L a K a L
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ΣΣ


Σ Σ


Σ


+ +


= = =
+ +


      (6.22) 







 


6-37 


 


 


In this equation ZrΣ2 and ZrΣ1 are the characteristic impedances of the circuits shown in 


Fig.6.5 (b) and Fig.6.5 (a) correspondingly (also equal to the circuits in Fig.6.19 and 


Fig.6.7, in more detail). The indexes of the circuit elements are indicating their 


correspondence to the primary or secondary equivalent circuit.  


 


The resonant frequency is equal in both equivalent circuits (as this requirement was 


already defined and implemented), because the introduced changes in the capacitance 


are compensated by the opposite change of the inductance value: 


 


1 2
1


2 (1 )res res
r r


f f
C L a aKπ


= =
+ +


       (6.23) 


 


In comparison to the values given by (6.22) and (6.23) that characterize the contactless 


SLSR converter, the values of the ideally coupled converter (with a coefficient a=0 and 


magnetic coupling K=1) will be:  


 


Zr(ideal) = r


r


L
C


          (6.24) 


 


(ideal)
1


2res
r r


f
C Lπ


=         (6.25) 


 


It could be sufficient to substitute only a=0, but it has not much practical sense since the 


leakage inductance is physically impossible to avoid, so it was realistic to accept its 


existence, linking its value to the inductance of the additional resonant inductor Lr. In 


fact K=1 and a=0 are mutually dependent values and when K=1 it is necessary to admit 


a=0 as well, otherwise the inductance Lr cannot be defined in the above formulas. This 


also means that the resonant frequency slightly changes with the change of the magnetic 


coupling coefficient K. This change can be minimized by the choice of lower coefficient 


a, i.e. to add a higher value of additional inductance Lr. In fact the resonant frequency 


change is very small and will not endanger the function of the converter.  
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It is necessary to verify if the proposed approximation by two simultaneously 


functioning equivalent circuits is valid. It is done by simultaneous solution of the 


equations derived from the two circuits. The solution is executed as already was done in 


Chapter 4 and Chapter 5 when it was necessary to bring up results concerning the 


efficiency and regulation of the circuit. In order to prove the validity of the application 


of modified circuit values deduced in this chapter to the equations defined for the ideal 


SLSR converter some simulations are done hereafter and the results are next compared. 


 


6.4. Validation of the complete modified circuit elements  
 


The comparison in this simulation is performed between the realistic equivalent circuit 


of the contactless converter and the two equivalent circuits as in Fig.6.5 (a) and (b). If 


approved each circuit will have its system of equations and will permit to calculate the 


necessary values of the regulation and efficiency characteristics later. The results are 


expressed graphically in Fig.6.20 and correspond to the switching frequency of F=1.44 


and relatively good magnetic coupling, K=0.9.  


 


 
Fig.6.20. Simulation of the real contactless circuit and the two approximated partial circuits at F=1.44 and 


q =0.25. Bottom: primary currents. Top: secondary currents 
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The graphical plots in Fig.6.20 are taken at coupling K =0.9 (this equals about 1 mm 


distance of the two halves of PM62/49 ferrite core and is completely sufficient 


mechanically even for rotary connection). The circuit has additional resonant 


inductance, equal to the leakage one, i.e. a=1. As it will be seen there is no visual 


difference between the behaviour of the real and approximated circuits. The two lower 


currents are the real primary current, named “I(L7)” and the approximated current 


“I(L14)”. The upper currents are the real secondary current “I(L9)” and the 


approximated secondary current “I(L17)” taken from the corresponding equivalent 


circuit. The graphics are impossible to be distinguished. The current in the secondary is 


lower (about 20 % less amplitude and slightly different shape) and this also perfectly 


corresponds to the expected waveforms. The output voltage was 50 V for a supply of 


200 V, i.e. q=0.25.  


 


In Fig.6.21 a lower frequency, F=1.152 is applied and the output voltage is also lower, 


q=0.1, i.e. a real value of 20 V. Being closer to the resonance this operation provokes 


much higher resonant current but the waveforms coincidence between the real circuit 


and the approximated ones is also excellent. 


 


 
Fig.6.21. Simulation of the real contactless circuit and the two approximated partial circuits at F=1.152 


and q =0.1. Bottom: primary currents. Top: secondary currents  
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The current in the secondary side of the converter is almost the same as the current in 


the primary side because the operation is at a very low output voltage. It will be seen 


also later that the low voltage of the output helps to overcome the problems of the 


loosely coupling. To observe the difference in the circuit behaviour the image in 


Fig.6.22 corresponds to absolutely the same conditions as the operation illustrated in 


Fig.6.21 but with a drastic change in the output voltage to 100 V, i.e. q=0.5. As a 


consequence the difference between the primary and the secondary current is greater but 


the real and approximated plots coincide to a great extent.  


 


 
Fig.6.22. Simulation of the real contactless circuit and the two approximated partial circuits at F=1.152 


and q =0.5. Bottom: primary currents. Top: secondary currents  


 


In fact, also inFig.6.22 the secondary current is by roughly 17 % lower than the primary 


current. By this observation a conclusion can be drawn that operating closer to the 


resonant frequency helps to avoid influence of the lower coupling coefficient (i.e. the 


influence of lower Lm).  


 


Fig.6.23 represents the operation at an even lower magnetic coupling, K=0.8. This 


coupling corresponds to roughly 2 mm of distance between PM62/49 core halves (linear 


idealized ferrite) or to 3 mm (the same core with real, saturable magnetic 


characteristics), as taken from the data in Chapter 3). The output voltage is 50 V, i.e. 


normalized q =0.25 and the switching frequency is F=1.44 (normalized).  
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Fig.6.23. Simulation of the real contactless circuit and the two approximated partial circuits at F=1.44 and 


q =0.25. Bottom: primary currents. Top: secondary currents  


 


The coincidence between the real and approximated circuits is again excellent. The 


secondary current is 20 % lower than the primary which is logical for the lower 


coupling applied in this case. To make the conditions worse, the simulations in Fig.6.24 


are made at K =0.6. The normalized frequency is F =1.44 and output voltage is q=0.25.  


 


 
Fig.6.24. Simulation of the real contactless circuit and the two approximated partial circuits at F=1.44, q 


=0.25 and K=0.6. Bottom: primary currents. Top: secondary currents  
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From Fig.6.24 it can be concluded the same as from the preceding figures: some 


approximated instant values are slightly higher than the real ones, but for the average 


and rms values the difference will be smaller. Considering the scales the output current 


is roughly half of the primary current.  


 


To experiment the approximated equivalent circuits in situation of very K (although this 


study does not intended to investigate coupling factors lower than K=0.5), Fig.6.25 will 


illustrate K=0.32, at q =0.25 (output voltage 50 V) and normalized frequency F=1.3. 


 


 
Fig.6.25. Simulation of the real contactless circuit and the two approximated partial circuits at F=1.3, 


q=0.25 and K=0.32. Higher amplitudes: primary currents, lower amplitudes: secondary currents  


 


The currents of the primary (Fig.6.25) are: the real one “I(L7)” and the approximated 


“I(L14)”. Their amplitude is roughly 85 A and the difference between the real and 


approximated model is minimal. The secondary currents coincide very well and the 


values reach just above 20 A (as the coupling is really low).  


 


Some comparisons are even made on circuits regulated by phase-shifting and the 


models are quite good also for those circuits description too (Appendix 6.1). It will not 


be necessary to demonstrate here the results as it was already decided not to use the 


phase-shift regulation and it was already proven that the efficiency prediction in case of 


PWM operated SLSR converter is not very relevant. 
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The figures are demonstrated above in order to evaluate the approximation expressed in 


the equivalent circuits in Figs.6.7 and 6.19. It is showing better results when the 


contactless converters do not have extremely low magnetic coupling. In fact, the 


contactless energy conversion will rarely apply magnetic link with a very low coupling, 


e.g. K≤0.5, especially for high power levels. When it would be necessary to operate at 


low magnetic coupling level, e.g. even at K=0.05 a solution consisting in construction 


involving two magnetically coupled resonant loops: primary and secondary, was briefly 


mentioned before. Unfortunately, for high power levels converters the secondary 


capacitor should be avoided. The primary capacitor exists always since in the primary 


this capacitor is necessary for the symmetry of primary magnetizing. At least it is 


advisable to avoid the secondary capacitor for K >0.5 and apply it only for K<<0.5, i.e. 


when Lm<<Lr+Ls1. The case of two-loop circuit and the secondary resonant capacitor 


will not be considered. 


  


The operation of the converter with loosely coupled transformer can be described easier 


by the application of the approximated circuits found through this investigation. By 


those simplified calculations it will be possible to display many different regimes of 


operation graphically and it will be possible to simplify the instantaneous regulation of 


the contactless SLSR power converter.  


 


6.5. Converter output characteristics  
 


When the graphical results from the idealized SLSR super-resonant converter were 


obtained in [C115], [C116], [C122], [C60], they were successfully used to define the 


zone of operation for many practical converters [R2], [R3], etc. The intention here is to 


deduce similar graphical results to be used in practical projects.  


 


Using the defined above approximated model both the primary and secondary 


approximated circuits are calculated in their normalized form. The processes in both 


equivalent circuits are synchronized to the polarity alternations produced by the 


switching matrix (reflecting in the square waveform voltage vs). The combined solution 


of the equations of each approximated equivalent circuit: primary and secondary, will 
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produce more rapidly many characteristics points, corresponding to the variations in the 


conditions of operation. Those characteristics in normalized, i.e. generalized form will 


be possible to apply in real converters.  


 


The normalization is similar to the applied in the previous chapters but considering now 


as a basis the first equivalent circuit as shown in Fig.6.7. In this manner both resonant 


circuits, as in Fig6.7 and Fig.6.19 will have equal resonant frequency stated in (6.23). 


That frequency will depend on the changing distance, i.e. changing coupling coefficient 


and will be approximated by the ideal resonant frequency only for good coupling given 


by (6.25). 


 


The characteristic impedance of each resonant sub-circuit shown in Fig.6.5 (a) and 


Fig.6.5 (b) marked respectively as Zr1 and Zr2 is involving the modified parameters in 


the case of loosely coupled transformer. The two impedances can be related to the ideal 


impedance Zr(ideal) (6.24) as: 


 


1 (ideal)
( 1) ( 1)r


r r
r


a K a LZ Z a K a
C
+ +


= = + +      (6.26) 


 


(ideal)
2 2


( 1) ( 1)rr
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r


Za K a LZ a K a
K C K
+ +


= = + +      (6.27) 


 


The current in each sub-circuit is multiplied by the corresponding Zr (normalizing thus 


the expression) and then all the values are referred to the primary equivalent circuit. The 


value of the secondary voltage is also considered transformed to the primary. The 


primary circuit is considered more relevant for the calculation of the circuit elements 


and for the measurements applied to control the converter. Having all values of current 


multiplied by the characteristic impedance, the products together with all voltages in the 


circuits are also divided by the input DC voltage Es obtaining dimensionless values. The 


input voltages of the primary and the secondary equivalent circuits are kept the same 


and without changes in relation to the original, full circuit presented in Fig.6.2. In order 
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to make the comparison between the circuits easier, the normalizing voltage is 


intentionally the same.  


 


The parameters “a” and “K” are characterizing the construction and the geometrical 


distance between the transmitter and the receiver. There is a certain level of correlation 


between them as well. For example, the ideal coupling (K=1) can not be possible 


together with non-zero leakage inductance (a≠0), as for ideal coupling Ls1 must be zero 


and the relation 1s


r


La
L


=  should require that Lr is infinite, which is impossible. This is 


not a real problem because in practice the contactless power converter will never reach 


K=1. In some previous publications the distance z was used as a varying parameter 


[D24]. However this is more difficult to be normalized and to apply for different 


magnetic core shapes and sizes. The definition of a applied in [D25] and [D26] is also 


different from the defined in (6.11). This last choice was made because the value of the 


additional (resonant) inductance Lr can be easier considered a fixed value (a reference) 


as an inductance specially produced and which value is independent from the distance. 


As was concluded in Chapter 3 the leakage inductance although not completely fixed is 


almost constant for the relatively small variations of the distance in a given 


construction. In those cases the change of K will be reduced to the change of the 


magnetizing inductance.   


 


For the calculation of the two combined circuits the method applied in Chapter 4 and its 


results are used as a base. The intervals of conduction (4.34) and (4.35) are reformulated 


considering each equivalent circuit. The normalized intervals of transistor and diode 


conduction of the first equivalent circuit illustrated by Fig.6.5 (a) will be indicated as ψf1 


and ψr1. The second circuit, as in Fig.6.5 (b) will operate in intervals indicated as ψf2 


and ψr2.  
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The switching frequency is equal both in the primary and the secondary equivalent 


circuits by definition. This permits to relate the switching frequency to the sum of the 


primary (or the secondary) intervals: 


 


1 1 2 2f r f r ox
F
πψ ψ ψ ψ+ = + = =        (6.32) 


 


Transforming trigonometrically the sum of 1fψ  and 1rψ  intervals into the half period of 


switching interval xo results in useful expression for resolving more rapidly the set of 


equations: 
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Knowing the length of xo in the primary from (6.32), permits to obtain the value of 


vcmax2 by varying its value until the sum of (6.30) and (6.31) reaches the same xo value. 


The value of q is maintained unchanged during this search since the symbol q in all 


equations (6.28)…(6.31) is referring to the same real normalized output voltage. 


Obtaining xo, vcmax1, vcmax2, 1fψ , 1rψ , 2fψ  and 2rψ  permits to calculate the (virtual) 


amplitude, peak value (the real amplitude), average and rms values of the current. 
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Finally, through these values the diagram of the output characteristics at constant values 


of the current form factor will be constructed.  


 


In the real contactless converter primary and secondary circuits (Fig.6.2) two different 


currents will be simultaneously observed. Equally, in the primary and secondary 


equivalent circuits (Fig.6.5), each instantaneous value of the current flowing in the 


primary circuit is different from the current value in its secondary circuit. The output 


characteristics presented below (Figs.6.26…6.28) will be referred to the secondary 


current. The secondary current and especially its average value will be important to 


assess the output power delivered by the power converter. In contrary, when the rms 


value is concerned it must be taken into account that the primary current is higher than 


the referred secondary in case of contactless converters. This makes more important the 


losses of the converter in the primary. This gives a reason to represent the current form 


factor ρi in a different form: dividing the rms value of the primary resonant current by 


the average value of the rectified secondary current. This primary current is including 


also the current in the magnetizing inductance which has no contribution to the 


secondary power but has great contribution to the losses so this coefficient will be quite 


different from the same coefficient calculated for an idealized converter:  


 


1
i(contactless)
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N
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N
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I
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ρ =          (6.34) 


 


Considering that 1 2r rZ K Z= , as already noted in (6.26) and (6.27), the two sides are not 


normalized equally. To avoid confusion, the relations between the primary and 


secondary (normalized) variables are maintained referred to the primary. In case of plots 


that require secondary values, the values are recalculated correspondingly. 


 


The first group of diagrams to be demonstrated will be the output characteristic curves, 


where the parameter will be the normalized switching frequency sw


res


fF
f


= . In Fig.6.26 


the curves are obtained from the contactless converter equivalent circuits’ equations 


when the magnetic coupling is substituted by K=1 and the leakage inductance is not 







 


6-48 


 


existing, i.e. a=0. The result coincides with the ideal curves plot from Fig. 5.3 of 


Chapter 5 with the extended output current scale in Fig.6.26.  


 


 
Fig.6.26. Normalized output characteristics of the contactless power converter when K=1 and a=0 


(idealized case) 


 


The further magnetic coupling change reflects in the output characteristics. Fig.6.27 


illustrates the coupling value of K=0.8, corresponding to a distance s=3 mm (or 2 mm if 


linear ferrite characteristics are adopted) between the two halves of PM62/49 pot core.  


 


 
Fig.6.27. Normalized output characteristics of the contactless power converter when K=0.8 and a=1  
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This distance is roughly the maximum which will be required from a contactless battery 


charger of electrically powered vehicles or rotary joint of rotational contactless power 


consumer.  


 


The main conclusion that the curves in Fig.6.27 suggest is that it is not possible to 


achieve a DC output voltage value higher and even closer than roughly the value of the 


actual magnetic coupling. In this case it is seen that at normalized voltage higher than 


q=0.8 it will be impossible to operate at the output. 


 


The graphics of Fig.6.28 are obtained at K=0.5, corresponding to a distance d=7.5 mm 


(or 6.7 mm, if the ferrite is considered linear) between the two halves of PM62/49 core.  


 


 
Fig.6.28. Normalized output characteristics of the contactless power converter when K=0.5 and a=1 


 


The information that is evident from Fig.6.28 is that the normalized DC output voltage 


is restricted into values lower than q=0.5. This limit does not concern the efficiency 


(still not discussed) but just the possibility to obtain the required higher output voltage. 


It must be reminded that even in the ideally coupled converter with K=1 and a=0 it is 


difficult to keep the system working stably at (normalized) output voltage as close to 


unity as q≥0.85-0.9 (although theoretically it should be possible).  
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To achieve oscillations in the resonant circuit at high output voltage (q≈1) and 


especially when full power is required will be extremely difficult. In reality, the full 


circuit shown as equivalent before in Fig.6.3, experiences some slight boost of the 


output voltage. It is provoked by the leakage inductance Ls2 together with the output 


rectifier and can be observed as slightly inductive behaviour (delay in rising) of the 


secondary current immediately after the zero crossing (Fig.6.4). This effect corresponds 


to a more complex solution and cannot be considered by the idealised equivalent 


circuits of Fig.6.5.  


 


The larger distance and lower magnetic coupling will not be practical in most of the 


converters for contactless energy transfer. Some investigation results obtained from 


larger variations of K are presented in Appendix 6.2. In the case of very low coupling, 


as K=0.2 (shown in the Appendix 6.2), the distance between the two halves of PM62/49 


is roughly 18 mm (17.2 mm if its characteristics are considered linear). This case limits 


the output voltage to values at least lower than q<0.25 regarding no more than the 


converter capability to transfer any power to the output, and not considering the 


efficiency of this conversion. In fact, the distance of 18 mm for a relatively small 


dimension core as is PM62/49 is too exaggerated and will not be considered realistic. 


Though, as it was already mentioned, coupling coefficients as low as K=0.05 also exist, 


but their solutions are different, and the output power is expected to be lower.  


 


The following figures will consider the current form factor ρi as this coefficient is 


directly linked with the efficiency. As mentioned before the (special) ρi(contactless) used in 


the plots will relate the primary rms value to the average value of the rectified 


secondary current.  


 


The newly defined equations (6.28)…(6.34) yield equal results to the ideal case when 


the parameter values K=1 and a=0 are applied. This can be seen in Fig.6.29, compared 


to Fig.5.1 with an adjusted output current scale in compliance with Fig.6.26…Fig.6.28. 
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Fig.6.29. Normalized output voltage q as a function of the normalized average output current for constant 


values of the current form factor ρi and K=1 


 


Fig.6.29 shows exactly the same zones of lowest current form factor (i.e. best efficiency 


operation) as in Fig.5.1 from the ideal converter analysis (Chapter 5). In case of that 


close to ideal magnetic coupling (Fig.5.1) it is advisable to fix the operation points of 


the converter in the left upper part of the graphics, slightly moving the operation point 


to the right when the output voltage is lower, to achieve the maximum efficiency. When 


the coupling coefficient K decreases (even slightly), then the best efficiency zone moves 


progressively to the right and slightly down as shown in Fig.6.30.  


 


 
Fig.6.30. Normalized output voltage q in function of the normalized average output current for constant 


values of the current form factor ρi and K=0.999 at low leakage 
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The closed curves of lowest current form factor ρi are displaced slightly down and to the 


right. The curve ρi=1.11 which in the ideal magnetic coupling case (Fig.6.29) begins in 


the left upper corner and closes only far in the right zone of infinite current, in Fig.6.30 


this curve is seen totally closed and moved slightly to the right. Fig.6.30 corresponds to 


a distance between the transmitter and the receiver equal to tens of micrometers and it is 


not a really loosely coupled transformer in the contactless converter: K=0.999 and 


a=0.01. This coupling coefficient is only slightly different from the ideal, but because of 


the adopted special expression (6.34), the values of ρi change visibly. This expression 


makes visible the difficult operation of the converter at higher output voltages. 


 


When the coupling coefficient is closer to the real values measured in the contactless 


energy transfer converter, the best ρi zone moves down (in the first place because of the 


choice of the above expression in which the diminishing current in the secondary 


becomes important factor). Additional figures (Figs.2 and 3) are shown in Appendix 


6.2. They illustrate the higher coupling coefficients, K=0.95 and K=0.9 (distance 


between the magnetic half-cores of PM62/49, approximately equal to 0.5 mm and 1 mm 


correspondingly). Those figures (Appendix 6.2) show that the zone of q≥0.85 is not 


usable and the previously seen closed curves of constant ρi (e.g. ρi=1.11 in Fig.6.30) 


have now disappeared with the decline of K.  


 


As it can be seen in Figs. 2 and 3 of Appendix 6.2, the zones of best efficiency appear 


now to the right and in the bottom of the figure. This effect is even more visible in 


Fig.6.31,where the situation of K=0.8 is illustrated, corresponding to a distance between 


the two halves of the PM62/49 equal to 3 mm (or 2 mm if the ferrite is considered 


ideal).In this figure the vertical scale (of the normalized output voltage) is shortened 


because of the impossibility to achieve values of q higher than 0.65. The parameter a 


with value a=1 corresponds to a relatively low additional inductance Lr. This inductance 


is chosen to be equal to the initial value of the primary leakage inductance (this choice 


in fact, is used often in practice). The curves show values of ρi diminishing to the 


direction of the bottom right corner as a general tendency.  
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Fig.6.31. Normalized output voltage q in function of the normalized average output current for constant 


values of the current form factor ρi and K=0.8 at a=1  


 


This tendency is strongest in the next graphics of Fig.6.32, where K=0.6. The operation 


at this distance is not very likely to be seen in practice if the core PM62/49 is applied 


(the distance between the magnetic halves is 5.6 mm for real magnetic chacteristics or 


4.8 mm for linear permeability adoption). For the size of the referred core this distance 


is unnecessarily large. 


 


 
Fig.6.32. Normalized output voltage q in function of the normalized average output current for constant 


values of the current form factor ρi and K=0.6 at a=1  
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The same tendency, observed in Fig.6.31 is verified in Fig.6.32: the best current form 


factor is in the lower right zone. Unfortunately, it would not be possible to move the 


real operation zone to those lowest output voltages because even at high output current 


the lowest voltage will result in close to zero transferred power. A suggested zone of 


operation will be roughly 0.6-0.8 times the maximum obtainable normalized output 


voltage which in case of contactless transfer of energy was discovered to be slightly 


lower than the magnetic coupling coefficient K value (Fig.6.27 and Fig.6.28).  


 


Operation at high normalized output currents is also dangerous as this regime 


corresponds to a closer proximity to the resonant frequency. It was explained in 


Chapters 4 and 5 that the regulation characteristics must be vertical in order to resemble 


the necessary “current source”. Operating in zones where the characteristics correspond 


to F≈1 is lacking the important intrinsic current limitation. It is possible that the control 


circuit can implement an “active” protection but the intrinsic (natural) protection, a very 


important feature of the super-resonant SLSR converter will be lost. 


 


In fact, the zone of the contactless converter characteristics (Fig.6.32), where the 


normalized output voltage is low but the current 2
N
oI  is much higher, is the zone closer 


to the resonance. In comparison, the preferred operating zones of the SLSR converter 


with ideal coupling (Chapter 5) is located at relatively high normalized output voltage 


and relatively far from the resonant frequency, i.e. lower normalized output current.  


 


An operation zone that lies too close to the resonance is not well represented when the 


abscissa is chosen to be the current as the resonance corresponds to the infinity. To 


avoid this problem and to have a better insight, some other figures are drawn in function 


of the normalized switching frequency F, which moves the referred zone to the left-most 


parts of the figures. 


 


In Fig.6.33, representing the almost ideal case of K=0.999, i.e. almost absent leakage, is 


seen only a slight difference if compared to Fig.5.2 of Chapter 5 (ideally coupled 


converter). In Fig.6.33 the structure of the graphics shows vertical zones of equal 


efficiency going down to the lowest output voltage. Only one value, ρi=1.11 produces a 
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closed curve, which is slightly smaller in size and distant from the line q=1. In the 


ideally coupled converter illustrated in Fig.5.2, the best zones show numerous curves 


closing at the highest normalized output voltage. The negative output voltage values 


shown in the graphics of Fig.5.2 will not be possible in the Figs. 6.33…6.35 because the 


contactless circuits are not symmetrical (Lr and Cr are present only in the primary side). 


It is not possible to transfer backwards energy from the secondary to the primary side in 


the same way as the ideal converter could (with fully operational secondary switches). 


 


 
Fig.6.33. Normalized output voltage q in function of the normalized switching frequency F for constant 


values of the current form factor ρi and K=0.999 at a=0.01  
 


Other figures (Figs. 4 and 5) are placed in the Appendix 6.2 for reference. Those two 


figures suggest operating at low output voltages, at least for the maximum output 


power, for which the efficiency is most important. Fig.4 shown in Appendix 6.2 even at 


high coupling of K=0.95 (which corresponds to 0.5 mm distance of PM62 core set) the 


best efficiency operation zone moves to the left (close to the resonant frequency F=1). 


Those figures, Fig.4 (taken at K=0.95) and Fig.5 (K=0.9) demonstrate that the converter 


working at lower normalized voltage q can gain efficiency. The suggested lowest output 


voltage cannot be accepted unconditionally as it diminishes the transferred power and 


hence lowers the efficiency. The optimum voltage should be approximately 60%-80% 


of the maximum achievable output voltage at the given level of magnetic coupling. This 


maximum was already fixed as roughly q=K.  
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The operation at close to the resonant frequency can be dangerous and hence the closest 


proximity to that frequency can be fixed at approximately F=1.1. It depends on the 


method of regulation since the resonant frequency is varying slightly with the distance. 


As it is seen in Fig.6.34 this frequency is enough to assure the highest possible 


efficiency at the highest output power. At that low switching frequency all the graphics 


are rising up allowing to achieve a higher efficiency easier.  


 


 
Fig.6.34. Normalized output voltage q in function of the normalized switching frequency F for constant 


values of the current form factor ρi and K=0.8 at a=1  


 


Fig.6.34 corresponds to magnetic coupling K=0.8 (roughly 2-3 mm distance for the 


same PM62 core set) and equality between the primary leakage and the additional 


resonant inductance (a=1).  


 


Curves presented in Fig.6.35 are produced for a lower coupling coefficient, K=0.6 that 


corresponds to a distance of 4.8-5.6 mm. In this figure the current form factor has a very 


low value, worse than the values seen in the previous figures. 
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Fig.6.35. Normalized output voltage q in function of the normalized switching frequency F for constant 


values of the current form factor ρi and K=0.6 at a=1  


 


This is explained by the fact that the secondary current is very low for this coupling 


coefficient and in the same time the relatively high current (close to a short circuit 


operation at that low qT) results in high rms value, higher calculated value by the 


expression (6.34) and hence higher Joule losses. 


 


The last Figs.6.36 and 6.37, represent the interrelation between the maximum resonant 


capacitor voltage and the normalized average output current. The excessive maximum 


capacitor voltage could be a problem because the capacitors of very high nominal 


voltage have quite limited capacitance value. This can be solved only by joining bulky 


battery of numerous capacitors eventually. 


 


For the ideal convertor, similar graphical relations were previously shown in Fig.5.8 


(Chapter 5), where the relations were drawn for fixed values of the parameter q. For the 


loosely coupled transformer converter (Fig.6.36) it is more convenient to use the current 


form factor ρi as a parameter. In this manner it can be seen for which mode of operation 


the capacitor voltage becomes lower.  


 


In Figs.6.36 and 6.37 as well as in the Appendix 6.2 (Figs.6 and 7), it is seen that the 


operation with a lower current form factor guarantees a lower maximum capacitor 


voltage vcmax1. If the maximum power will be drawn at the maximum programmed 
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current obtaining the best possible efficiency, then the lower output current will be 


obtained at a worse current form factor, but the maximum capacitor voltage will be also 


limited to a lower value. 


 


 
Fig.6.36. Maximum resonant capacitor voltage related to the normalized average output current for K=0.8 


and a=1, at different current form factors ρi 


 


The illustration in Fig.6.36 (K=0.8, i.e. a distance roughly 2.5 mm between the PM62 


half-cores) shows that all the possible curves are grouped enough tightly to predict the 


maximum resonant capacitor voltage. All the curves appear grouped and some curves of 


the group finish abruptly at the lower current values. These curves correspond to the 


impossible to obtain current form factors at lower voltages (can be compared to the 


output characteristics in Fig.6.31). At a higher output current, Fig.6.36 will show better 


current form factor in the lower side of the grouped curves. This is not shown as the 


idea to operate at very high levels of normalized output current is leading to a rising 


capacitor voltage (the curves are going up in a hyperbolic manner). 


 


Another reason to limit the results presented in Fig.6.36 and in Fig.6.37 is that the 


curves are tightly packed and the relation between the maximum capacitor voltage and 


the average current of the output is sufficiently predictable. Figs.6.36 and 6.37 are 


calculated for normalized output current values up to Io=1 (normalized) because on a 


larger scale those left-side (lower current) curves would stay inseparably together, and 


could not be distinguished.  
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The curves in Fig.6.37 are calculated for magnetic coupling K=0.6 (distance more than 


5 mm for PM62/49 core set) and show slightly higher maximum resonant capacitor 


voltage, when the coupling is worse. The difference is in fact insignificant.  


 


 
Fig.6.37. Maximum resonant capacitor voltage related to the normalized average output current for K=0.6 


and a=1, at different current form factors ρi  


 


That linear and predictable dependence between the maximum resonant capacitor 


voltage and the normalized average output current can also be seen in Fig.6.37. It can be 


concluded from the presented graphical results that for the relatively more efficient 


zones of operation, the normalized maximum resonant capacitor voltage can be down to 


40 % lower than the maximum capacitor voltage in worse efficiency zones. Totally, the 


normalized value of the maximum resonant capacitor voltage reaches approximately 


10% higher numerical value than the normalized average value of the output current.  


 


6.6. Conclusion  
 


This chapter results are based on the replacement of the realistic equivalent circuit of the 


contactless converter by two separate equivalent circuits. The good correspondence 


between the original circuit and the approximated two circuits permits to obtain results 
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about the coupling coefficient influence. By this method of analysis the solutions are 


faster and it is also easier to apply the results for regulating the converter.  


 


From the presented analysis the best zone of operation at full output power was deduced 


also. The exact place of the best zone of operation can be determined separately for each 


case. Approximately, it is placed above the middle point between the maximum 


normalized achievable output voltage and the zero. It is advisable to keep the 


normalized and referred to the primary output voltage in the limits of (roughly) q=0.6K 


to q=0.8K when calculating the best efficiency zone. When higher output voltage is 


necessary it will be produced by proper choice of the transformer ratio.  


 


The frequency of operation at maximum power, in order to achieve better efficiency, is 


advisable to be close to the resonance but not closer than approximately F=1.1. The 


switching frequency has to be kept at a sufficient distance from the resonant frequency 


because of the possible resonant frequency fluctuations (Chapter 3). The operation close 


to the resonance has another limit: the capacitor voltage is increasing its normalized 


value with the rise of the normalized value of the output current. It is possible to correct 


the normalized value of the current when the real value of the average current in 


amperes is known from the converter specifications and requirements. This will need a 


correction of the characteristic impedance Zr which adjustment has certain limits: the 


capacitance values cannot be chosen freely.  


 


The presented graphics are useful also to fix the maximum switching frequency at the 


boundary of passing to the PWM regulation. The regulation curves permit to predict the 


maximum normalized average output current that will be developed in regimes close to 


the short circuit. The choice of the maximum operating frequency must be made to 


avoid the discharge of the resonant capacitor through the anti-parallel diodes explained 


in Chapters 4 and 5. This discharge provokes short-circuit loops between the devices 


and the Transformer-Induced Low-Frequency Oscillations (TLO), discussed before in 


Chapter 5. 
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As it was similarly calculated in Fig.5.9 of Chapter 5 and presented in [C93] the TLO 


oscillations are avoided if the value of vcmax1 is kept lower than 1. Looking directly at 


the graphics in Fig.6.36 and Fig.6.37, to avoid the danger of TLO and the diode short-


circuit recoveries, the average output current must be limited to normalized values 


approximately lower than Io=0.7. This will be the maximum current that can be allowed 


when the operation changes from FM to PWM. The maximum frequency corresponding 


to this maximum allowable current in PWM, must be not lower than F=1.5 (which is not 


so difficult to implement in practice).  


 


The real values of the output current and voltage can be calculated considering the 


optimal values of the normalized voltage and normalized current. These values are 


suggested by the zones of the graphics where the operation with maximum efficiency 


(and safety) is found in each particular case of contactless converter. The necessary 


output voltage is adapted to the requirements of the normalized values by adjusting the 


transformer ratio.  


 


There is a possibility to construct an instantaneous control (presented in Chapter 7) that 


will measure and regulate the resonant capacitor voltage during each half period thus 


avoiding the excessive resonant current and avoiding the lower (dangerous) operating 


frequencies even at rapid transition processes.  
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CHAPTER 7 
 


 


 


 


Control strategy for efficient 


operation of super-resonant SLSR 


(contactless) converters 


 


 
Abstract: Several control methods are considered, in the effort to 


maintain the operation of any SLSR converter stable and 


efficient and especially to keep the contactless converter in the 


best efficiency operation region. Three basic solutions are 


described initially: frequency mode (FM), pulse width mode 


(PWM), and their combination (FM/PWM). Finally, a fourth, 


instantaneous method is proposed that applies other combined 


FM/PWM control, based on the calculated individual energy 


portions delivered to the resonant circuit. Its viability is 


demonstrated by the simulation of an analogue circuit 


implementation. 
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7.1. Introduction 
 
This chapter presents control methods, applied by the author in the effort to maintain the 


operation of the SLSR power converters in their most efficient operation zone. This is 


not an exhaustive study of all the possible techniques of SLSR converter control but 


rather a demonstration of the possibility to achieve the high efficiency operation 


following the principles and ideas suggested in the previous chapters. The choice of the 


control method is affected by the objective to guarantee suitably the more efficient 


contactless conversion of energy, being in the same time relatively easy to apply.  


 


The present chapter compares three basic principles of regulation already mentioned in 


Chapter 5: frequency mode (FM), pulse width mode (PWM), and their combination 


(PWM/FM). Finally, a fourth, totally new method for instantaneous regulation of the 


energy delivered to the resonant circuit, is developed. The proposed technique in that 


case, involves a simplified observation of the state variable instantaneous values in 


order to regulate each portion of supplied energy, depending on the necessity in each 


individual half period. The result of this regulation is similar to the effect produced by 


the current mode (CM) control applied to the hard switching power converters. The 


viability of this new regulation method is demonstrated by simulations of its analogue 


circuit implementations. The circuit is also provided with an input to the feedback that 


permits the changes in the magnetic coupling to be followed and the operation of the 


contactless power converter to be corrected accordingly.  


 


7.2. FM regulation applied to SLSR converters and to 


contactless converters 
 


The application of frequency mode (FM) regulation is the simplest way to guarantee the 


zero voltage switching (ZVS) of the power devices, as it was already shown in Chapter 


4 for F>1. As it was proven in Chapter 5, FM is applicable only when the difference 


between the required maximum and minimum output power is not too large. Because of 


this narrow range of achievable output power, the possible solution is to provide some 
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minimum of output consumption, in FM. This solution reduces the originally excellent 


efficiency of the FM operation. To avoid this drawback, the simple frequency controller 


is later combined with other power regulator (i.e. PWM) as mentioned in Chapter 5.  


 


When the operation in the best efficiency zone (or the large scale of FM regulation) 


requires a very low switching frequency (close to the resonant frequency), another 


problem of the simple FM regulation is hard to solve: the instability of the resonant 


frequency. It is impossible for the switching frequency oscillator to react immediately to 


the necessity of changes. As a result, the unstable resonant frequency puts at risk the 


operation mode to become dangerously sub-resonant, destroying the power switches by 


short circuit and high di
dt


 value. The fast semiconductor switches operating in the super-


resonant mode are not prepared (which is the right way to use them) for limiting the di
dt


 


and for the sub-resonant operation mode. That danger explains why the super-resonant 


mode of operation should be guaranteed always.  


 


Unfortunately, in the process of contactless power transfer, the variation of the magnetic 


coupling causes a larger variation change in the resonant frequency compared to the 


ideal SLSR converter case. There is a solution which produces the turn-on pulse of the 


power transistor always before the conduction of its own diode finishes (i.e. applying 


always a zero-voltage switching). This compulsory super-resonant switching operation 


is implemented by a PLL circuitry (shown later) that guarantees the ZVS even in the 


close neighbourhood of the resonance. However, the reaction of the PLL circuit is slow 


because of the necessary low pass filter in the loop.  


 


7.3. Modified FM regulation 
 


The FM regulation of the output power was discussed in Chapter 5 and illustrated in 


Fig.5.3. Its current limiting characteristics guarantee the intrinsic protection against the 


short circuit of the output. By inspection of Fig.5.3 it is seen that this protection is better 


defined at a higher switching frequency. The necessity to operate at switching frequency 
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closer to the resonance, e.g. F=1.1 or F=1.05 in order to achieve higher output power, 


moves this intrinsic limit to unacceptably high current values. In this case the precision 


of the switching frequency generator and its fast adjustment in the top right zone of 


Fig.5.3 becomes very important. The situation is more difficult when the contactless 


converter is considered as its resonant frequency will change slightly, but sufficiently to 


require a higher precision from the switching frequency oscillator and to avoid entering 


in sub-resonant mode of operation.  


 


Tho avoid the sub-resonant mode of operation needs that the conduction of the anti-


parallel diode is not finished when the transistor is turning on. The implementation of 


this control (mentioned above) requires a sensor of the rear slope of the resonant current 


or a detector of its zero crossing and a phase comparator. The straightforward way to 


control the converter in super-resonant mode following the proposed (PLL) idea is 


presented in the block diagram of Fig.7.1.  


 


 
Fig.7.1. Simplified feedback loop of the straightforward control circuit 


 


The circuit in Fig.7.1 is based on a closed PLL which maintains the required phase shift 


between the zero-crossing of the rear slope of the resonant current and the end of the 


control pulse for the corresponding diagonal of switches. The block named ZCD is 


detecting the instant when the rear slope of the resonant current pulse is crossing the 


zero. This zero crossing marks the end of the half-period of the resonant current pulse. 


This point was already designated by xo in the previous chapters and is shown also in 


Fig.7.2.  


 


The output of the block VCO (Fig.7.1) produces a train of pulses, each ending at the 


instant xk. The switching frequency fsw produced by the VCO will assure the required 
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phase shift between xk and xo. The corresponding transistor receives the VCO signal as a 


command pulse applied to its gate (marked in Fig.7.2). This pulse finishes at the 


moment xk. Identical pulses (finishing at xk) are applied to both transistors in the first 


diagonal, T1 and T4 (Fig.4.1). The opposite diagonal (T2, T3) receives the next pulse, 


starting from xk and maintained during the other half period of switching. The pulse 


length will be kept the same, ψ1+ψ2, if no necessity for change appeared, i.e. no 


transient process.  


 
Fig.7.2. Resonant current ir intervals: –ψ2, ψ1, ψ2 and power switch command  


 


The minimum phase shift between the rear slope zero crossing of the current (xo) and 


the end of the transistor conduction interval (xk) corresponds to a minimum length of the 


diode conduction interval ψr (identified in Fig.7.2 as ψ2). If the zero phase difference 


(ψ2=0) would be approached, it will be when the switching frequency is equal to the 


resonant frequency and should be avoided as dangerously close to the sub-resonant 


operation.  


 


This danger is prevented by applying the voltage Vadd produced in the Comparator block 


presented in Fig.7.1. The voltage Vadd must have a certain guaranteed minimum value in 


order to produce the necessary phase shift minimum. This phase shift will guarantee the 


zero voltage switching (ZVS): the transistor is switched on always before its diode cuts 


off its current. The regulation of the output is accomplished by the Comparator block 


through further increasing of the voltage Vadd and thus increasing the width of the 


normalized time interval ψ2. The increased phase shift will be inversely proportional to 
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the difference between the reference voltage Vref and the really obtained output voltage 


Vout (Fig.7.1).  


 


The regulation function q=f(Io,ψ2) will be deduced from the eq. (5.3) of Chapter 5, that 


defines the normalized value of the output current: max2 c
o


o


vI
x


= . The normalized 


amplitude of the resonant capacitor voltage vcmax is substituted (as a function of ψ2) 


from eq. (5.7). To obtain the half period of switching xo (which is also a function of ψ2), 


eq. (4.34) is applied, leading to (7.1): 


 


2


2
1 2 2


2


2


(1 )(1 cos )1  
cosarccos (1 )(1 cos )1    
cos


o


qq q
qx qq
q


ψ
ψψ ψ ψψ
ψ


+ −⎛ ⎞− −⎜ ⎟−⎜ ⎟= + = +
+ −⎜ ⎟− +⎜ ⎟−⎝ ⎠


    (7.1) 


 


Substituting this expression in (5.3) finally yields the normalized output current in 


function of the normalized output voltage q and the normalized phase shift ψ2 between 


the command for turn-off and the zero crossing of the resonant current: 
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2


2


2
2


2
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cos
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qq
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ψ
ψ


ψ
ψψ ψ
ψ


+ −
−


=
+ −⎛ ⎞− −⎜ ⎟−⎜ ⎟+
+ −⎜ ⎟− +⎜ ⎟−⎝ ⎠


     (7.2) 


 


The regulation function q=f(Io,ψ2) is obtained from eq. (7.2) and is illustrated 


graphically in Fig.7.3.  
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Fig.7.3. Output voltage in function of the output current at fixed intervals ψ2 


 


The graphics in Fig.7.3 exhibit characteristics which behaviour is similar to the fold-


back protection of the power supplies equipment, i.e. when the output voltage is very 


low and close to a short circuit, the output current is not rising but strongly diminishing. 


As a consequence, if the load is demanding a fixed output power (qIo=Const) or the load 


is approximately resistive (q/Io=Const) then the necessary point of operation 


(corresponding to combination of output voltage and current) is achieved by 


approximately linear change of the interval ψ2. At a fixed value of the output voltage q 


the interval ψ2 changes in a non-linear manner: at the lowest demand for output current 


the change of ψ2 is more intensive. This again confirms the conclusions in Chapter 5, 


that to achieve the lowest output power by pure FM regulation is becoming difficult.  


 


As an immediate reaction of the power transistor to the command produced by the VCO 


is impossible, a correction of the driver pulse length must be applied. The correction 


must introduce pauses corresponding to the turn-off and turn-on times of the power 


switches to guarantee always a ZVS.  


 


The implementation of the idea is shown in Fig.7.4 as an addition to the PLL circuit of 


Fig.7.1. The circuit from Fig.7.4 substitutes the feedback connection between the points 


marked as “B” and “A” in Fig.7.1 and introduces the necessary pauses between the turn 


off command to the first diagonal and the turn on command applied to the next (to be 


switched on) diagonal. 
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Fig.7.4. Delay circuit for additional command pulse displacement 


 


The pauses are produced (symmetrically) from the input pulses, delayed by τ1 and τ2. In 


the logical “AND” outputs the displacement results in a shortening, as shown in Fig.7.5 


(the active level of the outputs E and F is positive). 


 


The circuit shown in Fig.7.4 allows two variants of connection. The connection to the 


phase detector (point “A”) can be taken from the “Version 1” or from “Version 2” 


terminal. The pulses, produced in the points indicated by (smaller letters): “A”, “B”, “C”, 


“D”, “E” and “F” are shown in the diagram of Fig.7.5, illustrating the “Version 1”.  


 


 
Fig.7.5. Time diagram of signals in characteristic points of Fig.7.4 
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The diagram shows the shortened driver pulses applied by the outputs “F” and “E” to the 


transistors “T1,T4” and “T2,T3”, correspondingly. The required fixed pause can be 


defined in order to guarantee the ZVS.  


 


To assure the super-resonant operation as well, it was proposed above to define the 


necessary minimum phase shift by supplying a fixed minimum value of Vadd (Fig.7.1). 


The fixed minimum voltage Vadd however, corresponding to the angular value ψ2, 


corresponds to different phase shifts in the time domain, depending on the specific 


operation point (mainly, depending on the switching frequency).  


 


In this case, the use of the output “Version 2“ (Fig.7.4) represents a better solution. In 


this case, the minimum angle ψ2 will not vary in proportion to the voltage Vadd but will 


be defined directly by the delay time (τ3+τ4). It will not be necessary to guarantee any 


minimum for the control voltage Vadd, because the transistors will switch off always 


slightly (i.e. τ3+τ4) before the zero-crossing of the current.  


 


This type of regulation circuit was used in the induction heating converter [R1] because 


it avoids the overlapping of the command pulses and allows to keep the widely 


changing switching frequency only in the super-resonant zone. Other methods (not 


based on the circuit from Fig.7.1) that regulate the switching frequency depending on 


the required output power also exist, e.g. [C125].  


 


The PWM and PSM integrated circuits can be a possible solution for the FM regulation 


as well, because of their internal VCO. This solution was was already applied by this 


author, e.g. in [R2], [R3], [R4], [C60], [C93], [D15], etc. Usually the regulation is 


combined with PWM and this combined circuit will be shown later. In those integrated 


circuits (PWM regulators, e.g. SG1524), the internal oscillator frequency is forced to be 


regulated.  


 


There are other integrated circuits, that can regulate the switching frequency but this is 


accomplished by varying the width of the switching half-period, maintaining the pulse 


width fixed (useful for the quasi-resonant converters). Those ICs can be, and were also 
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used, but with the necessary additional circuitry to shape the pulses, using the original 


circuit only as a VCO. The examples can be UC1860 produced by UNITRODE (TI), 


MC33066 by MOTOROLA, CA1523 fabricated by HARRIS, etc.  


 


The limited capacities of the FM regulation were already discussed before. The speed of 


regulation is also limited by the integrated circuit used as a VCO and by the PLL circuit 


filtering. Because of the possible change in the resonant frequency of the contactless 


converter, it risks either not to achieve the full output power capacity or to enter in the 


sub-resonant mode of operation.  


 


To guarantee that the minimum operation frequency will be always enough far from the 


resonant frequency, the switching frequency may be fixed, applying only a PWM 


regulation. The other fixed frequency regulation, the phase-shift mode (PSM) was 


already discussed in Chapter 2 and rejected as not appropriate for contactless power 


transfer: its range of regulation is not sufficient.  


 


7.4. PWM regulation 
 


The pulse width modulation (PWM) is an appropriate control method over a large range 


of output power. Unfortunately, it presents lower efficiency and in some situations can 


have the same problem as the sub-resonant mode: forced recovery of the anti-parallel 


diodes through a short circuit of the bridge. The way to avoid this problem (and the 


possibility of TLO also) was already described in Chapter 5: the maximum resonant 


capacitor voltage vcmax needs to be limited to the calculated value. If only PWM 


regulation is used in the whole zone of operation of the power converter, this limiting of 


the resonant capacitor voltage is necessary to be respected always. Limiting the vcmax 


value will limit the output power as well. From the efficiency point of view applying 


solely the PWM regulation, produces very high current form factor ρi with its relatively 


low efficiency (this low efficiency is characteristic for all the discontinuous current 


modes of operation).  
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The known problems of the PWM regulation do not prevent from applying it in real 


circuits but the proposed in Chapter 5 and in [C93] combined method should be 


preferred. For example, the integrated circuit SG 1524/3524 was used in [R2] as a 


PWM and FM regulator.  


 


7.5. PWM-FM mixed control. 
 


The most important mode of operation of the mixed regulation must be the FM, applied 


for obtaining the highest output power. This is the best for maintaining ZVS, low 


switching losses and high efficiency in the best operation zone.  


 


As it was shown in Chapter 5 the maximum switching frequency has to be chosen 


roughly at F=1.5 or higher. However, the maximum frequency cannot be chosen very 


high, otherwise the power transistors will be forced (in PWM) to function at very short 


gate pulses. The range of variation of the gate pulses was shown in Fig.5.11 and it is not 


a problem of the PWM regulator circuit to produce short driving pulses. The main 


problem remains the power transistor, which switching times limit the operation zones. 


The frequency variations must be chosen for the specific power switching device type.  


 


As an example of mixed FM/PWM operation, the integrated circuit UC1825 (used in 


[R3] and [R4]) is shown as a base of a simplified regulator circuit. This is not the only 


possible solution. In other circumstances, other similar IC’s were used as well, e.g. 


TDA1060 and SG3524 (applied in high frequency induction heating converter [R1]).  


 


The circuit UC1825 is a PWM regulator which internal oscillator frequency is possible 


to be controlled externally, as it is presented in Fig.7.6. The comparator block “comp” 


inside the IC produces PWM regulated pulses at its output. In UC1825, an internal (not 


shown here) distributor is built, that applies alternatively the produced PWM pulses to 


each corresponding diagonal of the switching devices in order to operate symmetrically.  
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Fig.7.6. Example of mixed operation (FM/PWM) regulation circuit 


 


The original error amplifier “E.A.” of the integrated circuit UC1825 is blocked by 


external connection turning it into a mere voltage follower. The necessary external error 


amplifier is not shown in Fig.7.6. The output voltage from that external error amplifier 


is applied to the “error voltage” input of the circuit, i.e. to the internal modified error 


amplifier and to the external amplifier identified as “FM/PWM”. 


 


The integrated circuit UC1825 is allowed to operate as a normal PWM regulator for the 


lowest error voltages (this is the proper mode of operation when the demand of power is 


low). The error signal (amplified by the external error amplifier) is applied to the 


internal amplifier “E.A.” (i.e. the voltage follower) and goes directly to the comparator.  


 


To avoid the application of very low or negative value of error voltage, the internal 


amplifier is protected by a zener diode ZD1 (in this case VZ=4.7 V). The excluding of 


the negative voltage values and even the positive voltage values lower than 1 V is not 


critical because the ramp voltage from the internal oscillator applied to the internal 


comparator will never be lower than 1.25 V.  


 


The lower (but positive) error voltage corresponds to a lower demand of output power, 


i.e. the operation mode must be kept exclusively PWM. In this case, the external 


amplifier indicated as “FM-PWM” in Fig.7.6 will amplify the difference between this 


low error voltage and the voltage from the divider R5/R4. This divider defines the 
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voltage level that is the threshold between the PWM and FM. In this case the error 


voltage is low and this results in a very good conduction of the JFET transistor “J1”. The 


transistor will have a gate-source voltage close to zero or positive (limited by the zener 


diode ZD2 in its positive direction). In consequence, the switching frequency of the 


integrated circuit UC1825 is kept at a pre-set maximum (e.g. 160 kHz, which finally 


means fsw=80 kHz, after distributing the pulses). The maximum frequency is defined by 


the resistor R10 and adjusted by the trimmer R9. At this frequency, the only regulated 


pulse parameter is its width.  


 


If a higher value of error voltage appears, the amplifier “FM-PWM” will compare it to 


the threshold stated by the trimmer R4 of the divider R5/R4. If the error voltage is still 


not higher than the threshold, the output of the “FM-PWM” amplifier remains low and 


the transistor J1 keeps its good conduction, maintaining the frequency fsw at its 


maximum and the operation is still PWM, changing the pulse width to a larger value. 


 


If the error voltage becomes higher than the adjusted threshold mentioned above, the 


negative output voltage of the amplifier “FM-PWM” (limited by the zener diode ZD2) 


will command the transistor J1 to start rising its resistance. This will provoke a lower 


switching frequency, i.e. the regulation passes to FM. With the increase of the error 


voltage the switching frequency fsw continues further to fall down. The lowest limit for 


that frequency is adjusted by the trimmer R12 together with R11.  


 


The resulted operation in the mixed FM-PWM regimes can be demonstrated by the 


waveforms measured at the super-resonant SLSR converter of 3 kW [R3]. The 


oscilloscope images shown in Figs.7.7, 7.8 and 7.9, illustrate the turn-on pulse (the 


lower beam) addressed to one of the power transistor diagonals. The command pulses 


are shown together with the voltage drop at one of the switches in the opposite diagonal. 


It must be pointed out that the real gate pulse (not possible to be seen) is applied by a 


highly isolated driver and is slightly delayed (approximately by 400 ns).  


 


The operation in Figs.7.7, 7.8 and 7.9 is gradually changing from FM to PWM. As the 


circuit cannot clamp the resonant loop during the time when the power switches 
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(including the diodes) are switched off, some oscillations are observed. Those 


oscillations are harmless to the converter and its efficiency. They are originated by 


recharging parasitic elements with relatively low reactance and low stored energy. In 


the realistic simulation presented in Fig.5.6 of Chapter 5, the oscillations were very low 


because the parasitic capacitance was considered very low. In this chapter the parasitic 


oscillations during the pauses are much higher because the measured converter was of 


the (more economic) half bridge structure.  


 


The image in Fig.7.7 is taken at roughly 67% of the converter full power (993.4 W) 


with control pulses at their full length and switching frequency fsw=56.8 kHz. The 


operation remains in FM. The lower beam shows the control pulses to one of the 


transistors (or to one of the diagonals). The upper beam is the voltage over the opposite 


transistor (receiving a control pulse during the pause of the first transistor pulse). The 


cursor on the left side indicates the zero voltage. It can be seen that the power switch 


has slightly negative voltage drop in the beginning which is its anti-parallel diode 


conduction ψr known from the previous chapters. As it is seen from the upper beam the 


voltage across the switch is very smooth with almost no spikes at its transitions. 


 


 
Fig.7.7. Operation in FM. Upper beam: voltage across a transistor/diode switch (200 V/div), lower beam: 


control pulses at the opposite IGBT gate (10 V/div); fsw=56.8 kHz, Vo=15.33 V, Io=64.8 A 


 


In Fig.7.8 the FM regulation passes to PWM at a maximum switching frequency fixed 


by the control at a value fsw=69.4 kHz. The control started to shorten the pulses. Fig.7.8 
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represents a PWM operation slightly over the boundary FM/PWM. The time intervals 


indicated as “pulse1” and “pulse2” denote the real reaction of the power transistors to 


the command pulses depicted in the lower beam image. The notch in the voltage across 


the switch is observed after the anti-parallel diode current falls to zero and the resonant 


circuit is left disconnected. As it was mentioned above this oscillatory behaviour of the 


circuit in PWM is not dangerous and does not present considerable additional losses.  


 


 
Fig.7.8. Operation in PWM close to the boundary FM/PWM. Upper beam: voltage across a 


transistor/diode switch (200 V/div), lower beam: control pulses at the opposite IGBT gate (10 V/div); 


fsw=69.4 kHz, Vo=8.13 V, Io=35.71 A 


 


The output power of the circuit in Fig.7.8 is lowered down to 20% of the full power, i.e. 


290.3 W. It is seen that the pulses in Fig.7.8 are much shorter than the shown in Fig.7.7. 


This corresponds to the predicted in Chapter 5 and [C93] behaviour of the pulses at the 


boundary FM/PWM: only when the pulse becomes shorter than the calculated transistor 


conduction interval ψf, the operation is really entering PWM. When the pulses are not 


short enough, the diode conduction interval ψr permits the converter to remain in FM 


operation. This lagging of the circuit reaction to the command is a specific problem of 


the mixed PWM-FM control. The problem is minimized if the converter has heavy 


output filters and a slow reaction. Another (better) solution is the instantaneous control 


presented further on. 
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The time intervals marked as “p1” and “p2” in Fig.7.9 correspond to the intervals 


“pulse1 and pulse2” from the previous figure (i.e. the conduction intervals ψf of the 


transistors). In this figure the pulse width (“p1” or “p2”) is 1.6 μs, i.e. 4.7 times shorter, 


compared to the pulse width presented in Fig.7.7. Succeeding the transistor conduction 


interval ψf, the diodes take over the conduction during ψr (corresponding to the rear 


slope of the resonant current). Those intervals are indicated by d1 and d2. The 


conduction intervals produce the horizontal lines of smooth voltage drops (Fig.7.9), 


followed by the above mentioned oscillation of the disconnected resonant circuit.  


 


 
Fig.7.9. Operation in deeper PWM. Upper beam: voltage across a transistor/diode switch (200 V/div), 


lower beam: control pulses at the opposite IGBT gate (10 V/div); fsw=69.4 kHz, Vo=1.19 V, Io=5.51 A  


 


As it is expected, the shorter control pulses shown in Fig.7.9 produce a lower level of 


output power: 6.56 W, i.e. less than 0.44% from the full power. The output power in the 


same time is reduced 229 times, comparing again Fig.7.9 to the operation situation 


shown in Fig.7.7. The PWM regulation shows its capacity to regulate the output power 


in a very wide range. The wide range of regulation that the mixed FM/PWM operation 


demonstrates, was already expected (Chapter 5).  


 


The main draw-back of this regulation method remains the lagging effect of the 


boundary PWM/FM. The heavier output filtering cannot be a good solution for the 
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contactless converter, because the scale of changes is expected to be large. It is 


necessary to apply a method of regulation that reacts immediately to the error signal, 


producing pulses which length is defined by the transistor conduction time with a slight 


additional time to assure the ZVS. The possible solution will be to introduce an internal 


sub-loop of regulation, similar to the speed control of the robotic arm positioning or the 


current-mode control (CMC) in the hard-switching power converters. 


 


7.6. Instantaneous control of the SLSR converter  
 


The SLSR power converter is a system characterized by a heavy inertial element, i.e. 


the resonant converter resonant tank. The main difficulty of its control is in applying 


instantaneous changes in its internal processes. The controllable power switches do not 


permit neither to stop immediately nor to change instantaneously the direction of the 


energy flux through the LC tank. The resonant current continues (almost unchanged) in 


the resonant inductor and the voltage continues (almost unchanged) across the resonant 


capacitor at the instant when the power switches are commutated.  


 


The resonant inductor current and the resonant capacitor voltage variables form the state 


vector (4.6). Those two variables (with their corresponding devices) contain the total 


(magnetic and electric) energy of the LC loop. The energy contained in the tank is 


gradually interchanged with the outside circuits and its level cannot be rapidly changed. 


During each half switching period the stored energy in the resonant circuit is changing 


its sign and repeating its absolute value in case of a steady-state operation. The 


energetic aspect of the SLSR converter operation was already discussed in Chapter 4, 


e.g. in eq. (4.25). 


 


The search for an instantaneous method of regulating the SLSR converter was started by 


A. Wahiudi [C139] in his MSc thesis under the guidance of this author. The calculations 


used were heavier and not practically applicable. At this moment the way of applying 


the energy balance is changed to a more properly adjusted to the capacities of the real 


regulation circuit for a rapid execution.  
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The general idea is to control the portions of energy dispatched during each half period 


from the input to the output. This must be done by defining the exact moment of 


commutation of the power switch in order to control (and limit) the transferred energy 


portion. The control loop defines the size of the energy portion that is necessary for each 


half period and commands the transfer of exactly the calculated portion through the 


resonant loop. It is expected this method to make the transient reaction of the resonant 


converter faster and smooth, the qualities that the SLSR converters are considered to be 


still missing and for which reason (mainly) this type of converters is still often avoided 


by the industry.  


 


7.6.1. Energy balance of the SLSR converter and control by pre-


calculated energy portions 
 


To control the energy portions transferred through the resonant loop of the converter, it 


will be necessary to find a faster method to assess (and regulate) the energy stored in the 


reactive elements. The energy balance in the steady-state, i.e. the equality between the 


incoming and outgoing energy of the SLSR converter circuit was already discussed in 


equation (4.25) of Chapter 4. The distortion of the energy balance will be used as the 


instrument that regulates the above mentioned energy portions transferred by the 


converter.  


 


The SLSR converter, which energy balance will be further evaluated, continues to be 


considered lossless. This approximation is consistent with the calculations made already 


in Chapters 4, 5 and 6. This presumption (i.e. the circuit is purely reactive) was already 


applied in the previous chapters and gave results corresponding to the proven in 


practical implementations, e.g. in [R2], [R3] and [R4].  


 


From the two equivalent circuits of the contactless SLSR converter, the primary circuit, 


shown in Fig.6.5(a) is more convenient to be chosen as the base for the energy 


measuring and control. It is more likely to have the regulation circuitry placed in the 


primary side of the real converter. It is more difficult for the converter to use rapidly 


changing signals from the secondary if the necessary fast driver reaction is produced in 
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the primary. It is not impossible to modify the circuit for execution of all calculations 


and producing commands from the isolated secondary (receiver), if necessary but it 


increases too much the complexity of the circuit. 


 


The excitation voltage (i.e. the voltage mirror), indicated in the previous chapters has 


the value VLC1>0 during the interval ψ1 (transistor conduction time ψf) and the value 


VLC2<0 in the interval ψ2 (diode conduction time ψr). Thus, the energy of the resonant 


circuit repeats its value after each half period of switching and in a steady-state 


operation no increase or decrease is observed. The equation (7.3) corresponds to time 


domain values: 


 


1 1


1 1


2 2


1 2 1 2
0 0


1
sw swT T


t t


LC LC r LC r r LC r LC r
rt t


V i dt V i dt C V i dt V i dt
C


⎡ ⎤
⎢ ⎥Δ = + = +⎢ ⎥
⎢ ⎥⎣ ⎦


∫ ∫ ∫ ∫E    (7.3) 


 


The symbol LCΔE  in (7.3) represents the total energy added to the resonant tank portion 


during the half switching period. When LCΔE  remains zero, the energy portion 


extracted from the input voltage source Es is exactly corresponding to the energy 


portion delivered to the output voltage source Vo, i.e. the operation is a steady-state one. 


If it is necessary to increase the energy portion in the tank, then the circuit will be 


commanded by a longer conduction time t1 (longer than the necessary for its steady 


state), and hence LCΔE  will be positive. When a diminished energy will be required, 


then the time t1 is decreased and LCΔE  will be negative.  


 


In equation (7.3) ir is the resonant current, Tsw is the switching period and t1 is the 


instant of time when the transistor stops conducting, corresponding to the angular 


(normalized) point xk. The second time interval corresponds to the diode conduction, 


which finishes at the end of the switching half period Tsw/2. The capacitance value of 


the resonant capacitor is included in (7.3) to prepare its integration.  
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It is easier to observe the value of the total energy portion in the resonant current zero 


crossing point. Considering that at this time instant the total resonant tank energy 


consists only of the stored in the resonant capacitor 
2
max


2
r cC v , the capacitor voltage 


maximums vcmax can be used as a measure for that energy. Integrating the expression 


(7.3), it can be rewritten in capacitor voltage terms: 


  


LC 1 1 2 1[ ( ) (0)] [ ( ) ( )]
2
sw


LC c c r LC c c r
TV v t v C V v v t CΔ = − + −E     (7.4) 


 


If the (absolute value) of the voltage vc(0) is marked as vcmax1 and the voltage vc(
2
swT ) is 


marked as vcmax2 then it can be written: 


 


LC 1 max1 1 2 max 2 1[ ( ( )) ( ( ))]r LC c c LC c cC V v v t V v v tΔ = + + −E      (7.5) 


  


The expressions of VLC1 and VLC2 can be substituted in (7.5) from their normalized 


forms (4.11) and (4.16). The normalized output voltage q is supposed to be close to a 


constant and then the capacitor energy change (in normalized form) is: 


 


N N max1 max 2
C LC 1 max1 max 2 1


( )(0, ) [2 ( ) ( )] 2 ( )
2


c c
o c c c c


v vx v t q v v v t q +⎡ ⎤Δ = Δ = − + = −⎢ ⎥⎣ ⎦
E E  (7.6) 


 


Expression (7.6) can be used to predict the capacitor voltage vc(t1) when it will be 


necessary to switch off the transistor (t1 time point corresponds to the angular point xk). 


The decision about this command will need calculation of the predicted value vc(t1) and 


then the comparison of the predicted to the measured capacitor voltage. The prediction 


has to take into account the previously measured amplitude vcmax and the necessity for 


the change of the energy portion. 


 


In the case of contactless power transfer, the converter operation is described by the 


same expression (7.6) where vcmax1 and vcmax2 correspond to the resonant capacitor 


voltage amplitudes in the primary. In this case, the normalized output voltage q in (7.6) 
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will be substituted by the value Tq Kq= , expressed in (6.10). The expression (6.10) 


from Chapter 6 is correcting the output voltage as it is seen from the primary side of the 


converter, when the magnetic coupling coefficient is not unity.  


 


Predicting the exact value of necessary energy portion and the addition to it LCΔE , that 


must be transferred during each half period of operation, will be the aim of this fast 


regulation strategy. 


 


7.6.2. Simplified strategy for the regulated transfer of energy in SLSR 


converters 
 


The SLSR converter may keep its steady-state operation during enough long time (i.e. 


many switching periods) if there is no variation of the load and no change of the input 


power source parameters, as well. When a transition from one steady-state level to 


another is required, the internal variables must be prevented from reaching dangerous 


levels or surpassing the targeted next steady-state level. This danger must be avoided by 


the regulation strategy. 


 


A similar danger exists in the hard switching converters: when a rapid transition is 


needed from one steady-state to another, the reaction can be exaggerated and the 


variables can assume dangerous values. The solution found for the hard switching 


converter is the Current-Mode operation: the output voltage error defines the height of 


the inductor current at which the power switch must stop or start its conduction. This 


strategy limits the maximum inductor energy transferred per cycle at a level 


corresponding to the required output power (expressed as a proportion to the measured 


error voltage of the output). In the hard switching converter the variable serving to 


indicate (and regulate) the height of the energy portions each cycle, is the inductor 


current (usually the filtering inductor current).  


 


It is important to choose a convenient variable which level can serve as the indicator for 


the energy transferred each half period in the SLSR converter. This variable in steady 


state must keep its value unchanged, reflecting proportionally the size of the energy 
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portions transferred in each half period. During the transient process by the value of this 


variable, it must be possible to predict and change the size of the energy portions 


circulating in the resonant tank.  


 


In the hard switching Current Mode converter, the inductor current transferring the 


periodically repeated portions of energy is the instantaneous power indicator. In 


contrary, the resonant current in the SLSR converter is not suitable to be the main 


indicator. The first reason is that the peak value of the resonant current does not 


correspond to the maximum stored energy in the resonant loop. Another reason is that 


after the switching instant xk the resonant current abruptly changes its derivative (the 


slope). This was illustrated before in Chapter 4, e.g. in Fig.4.11. This figure also shows 


that it would be impossible to compare the resonant current level (to a fixed reference 


value) when the sinusoidal waveform reaches a conduction angle ψf larger than π/2 (rear 


slope).  


 


The current is chosen as the internal measure of energy portions of the hard switching 


CMC power converter. In fact, the hard switching converter (in its continuous current 


mode) has output characteristics that are similar to a voltage source (as shown for 


example in [C142]) and the convenient internal variable is convenient to be the current 


that supplies the output.  


 


In contrary, the SLSR converter shows output characteristics similar to a current source, 


with curves that fall to limited current values as in Fig.5.3 of Chapter 5. In this case, the 


internal variable is better to be the voltage, proportional to the energy portion level. The 


choice will be the resonant capacitor voltage. It is represented by a smooth co-sinusoidal 


waveform, stretched between the resonant current zero crossings (seen in Fig.4.11 of 


Chapter 4). The smooth character of the curve permits also easier comparison to a 


reference, avoiding the ambiguous sinusoidal waveforms of the resonant current.  


 


From the regulation point of view, the only controllable variable that the power 


switches can commutate, is the current passing through the transistors. In the same time, 


by controlling the current conduction, the transistors control the charge of the resonant 
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capacitor as expressed in (5.3) and (5.7) of Chapter 5. The problem is to find a solution 


that controls the resonant capacitor voltage through resonant current commutations, 


because the total LC tank energy is not limited to solely inductive energy.  


 


At the moment of switching, the capacitor has also its charge (i.e. electrical energy) and 


continues still to increase its energy level. This means that the end of the transistor 


conduction is earlier than the stored energy in the resonant capacitor achieves its 


maximum. In consequence, the moment of switching off must be predicted by 


calculation. In the same time the prediction must be achieved by the minimum of 


calculations, because of the required high switching frequency. 


 


There are methods that include calculation of normalized phase-plane trajectory as V. 


Nguen et al. [C117], [C128] and L. Rossetto [A69]. Those calculations are complicated 


and need multiple points of real-time measurements. In the works of M. Jovanovic et al. 


[C129], B. Souesme [C87], M. Kim [C88], etc. many measurements are applied as input 


for the calculation of the instantaneous conditions (phase-plane graphics) in order to 


recalculate the moments of necessary commutations.  


 


The interchange of inductive and capacitive energy does not easy allow to measure the 


total energy in every operation instant, but the total energy can be easily measured in the 


points of resonant current zero crossings. The condition for the SLSR converter steady-


state operation is the symmetric repeatition of the variable values as stated in (4.9a) and 


(4.10a). In this case, the two amplitude values of the resonant capacitor voltage stated in 


eq. (7.6), vcmax1 and vcmax2 are equal. This unique value vcmax, is proportional to the 


output current, in compliance with (5.3). In consequence, the expression (7.6) for 


steady-state is: 


 
N


LC 1 max2[ ( ) ] 0c cv t qvΔ = − =E         (7.7) 


 


This equation can be rewritten as (7.8) and illustrated by Fig.7.10.  


 


1 max( )c cv t qv=           (7.8) 
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In Fig.7.10 the time instant at which the transistor diagonal is switched off (t1) in 


steady-state is defined by the previous amplitude vcmax1 and defines the next amplitude 


of the resonant capacitor voltage vcmax2.1 


 


 
Fig.7.10. SLSR converter resonant current commutation (switching off) at the voltage level 


max( ) ( )c cv t qv previous=  


 


Fig.7.10 proves the steady-state equation (7.8). To assure the identical amplitudes of the 


resonant capacitor voltage vcmax it is necessary to keep the switching off at the defined 


value max( ) ( )c cv t qv previous= . By defining the pulse width in this way, the energy 


portions are kept exactly at the necessary level. Thus, in steady-state a comparator needs 


to assure the switching off exactly in the instant when the equation (7.8) holds. This will 


require a calculation of the multiplication between the normalized output voltage and 


the last measured amplitude voltage of the resonant capacitor.  


 


The transition process from a lower output power consumed in an initial steady-state, to 


a higher level of output power, will require several portions of additional energy to be 


supplied by the resonant tank. The amplified error voltage (proportional to the 


                                                 
1 The simulation is done by employing realistic circuit elements, and because of this is showing slightly 
deformed rear slope of the resonant current by the magnetization current.  
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difference between the really obtained and the required output voltage) will define the 


necessary portions of energy for the transition (similarly to the Current Mode Control).  


 


The requirement for a positive increment LCΔE  in the energy portions corresponds to a 


higher output consumption of power. When this requirement is to maintain a stabilized 


output voltage (i.e. the usual case of DC-DC converter), the control reaction will be to 


produce the turn-off of the transistor diagonal at a higher level of resonant capacitor 


voltage expressed in (7.9): 


 
N


1 max1 LC max 2( ) Δc new c cv t qv qv= + =E        (7.9) 


 


The higher value of the calculated voltage vc(t1) will increase the next amplitude vcmax. 


In (7.9) the voltage vc(t1)new is that new (recalculated) value applied for the transient 


process. This (new) reference level will permit the resonant capacitor voltage to surpass 


the steady-state amplitude value vcmax1, calculated before in (7.8) and to reach the new 


level vcmax2. If this change of amplitude is expressed as Δvcmax=vcmax2-vcmax1 then from 


eq. (7.6) it can be derived that: 


 


( )1 max1 max1 max1 max1( ) Δ Δc new c c c cv t qv q v q v v= + = +      (7.10) 


 


The expression (7.10) is an approximation but it is more practical for the resonant 


regulation process. It expresses the energy increment LCΔE  as a linear proportion to the 


capacitor voltage amplitude change Δvcmax. To apply a more accurate method to 


determine the necessary energy portion will be more difficult to implement.  


 


The calculation of (7.10) is easier to implement by storing the initial value of the 


resonant capacitor voltage vcmax1 in a memory. After applying the calculations 


corresponding to the steady-state (7.8), the voltage Δvcmax (proportional to the amplified 


output voltage error signal) is added to the calculated by (7.8) initial vcmax1, then the sum 


is multiplied by q in order to correspond to the expression (7.10). The resulted new level 


vc(t1)new is applied in the comparator, substituting the initially calculated reference 
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voltage vc(t1). When the resonant capacitor voltage reaches the reference vc(t1)new the 


transistor diagonal is switched off as it is illustrated in Fig.7.11. 


 


 
Fig.7.11. Switching off at the resonant capacitor voltage level q(vcmax1+Δvcmax1) 


 


After the transistors are switched off, the capacitor voltage is expected to reach the new 


amplitude value vcmax2. As the process is limited by the already running co-sinusoidal 


waveform, the maximum reference level q(vcmax1+Δvcmax1) cannot be required higher 


than the initial capacitor voltage value vcmax1. 


 


The full transition process will need several half periods because the next resonant 


capacitor voltage amplitude vcmax which can be reached in only one switching half 


period is limited. The newly calculated vc(t1)new cannot be higher than the already 


known steady-state amplitude vcmax1 of the capacitor voltage (as the switching off of the 


transistors cannot be required after the half-sinusoid of the resonant current is 


completed). It cannot be even required to reach values close to the steady-state 


amplitude vcmax because of the necessary protection against excessive resonant capacitor 


voltages and resonant currents (or because the error signal is already lower).  


 


In a process of producing this step-by-step increase of the resonant capacitor voltage 


amplitude, the necessary value of output power is reached and the resonant capacitor 


voltage reaches the new steady-state amplitude value vcmax.  


 


The limitation for the calculated value vc(t1)new to a specified percentage of vcmax1 when 


the transition is climbing to a higher power is substituted by another limitation when the 
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transient process requires lower amplitude vcmax2. In that case, the symmetrical operation 


requires that the vc(t1)new is at least slightly higher than zero, otherwise the oscillation of 


the resonant current will stop.  


 


7.6.3. Implementation of the method for instantaneous SLSR control 
 


The implementation of the calculation idea described above will require several 


electronic blocks in order to memorize, calculate, compare and limit the values of the 


variables that the internal sensors will measure. The simplified block diagram of the 


whole power converter is presented in Fig.7.12.  


 


 
Fig.7.12. Block diagram illustrating the method for instantaneous SLSR control 


The simplified blocks correspond to the most important operations that will be 


executed. Those operations do not depend on the practical schematic implementation. 


The diagram in Fig.7.12 shows the general idea of the operation, based on the above 


mentioned multiplication of the capacitor voltage (measured by sensors) by the 


calculated ratio q. The control circuit is applicable to any SLSR converter in super-


resonant mode of operation, including the contactless operation.  


 


The variables that characterise the block “Power Converter” in Fig.7.12 are the input 


voltage Es, the output voltage Vo, the resonant current ir and the resonant capacitor 


voltage vc. The zero crossing of the resonant current activates the sample/hold circuit 


“S/H” which memorizes the resonant capacitor amplitude value vcmax1 (indicated in 


Fig.7.10). The output voltage is divided by the input voltage to produce the ratio q 
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which is then multiplied by the memorized vcmax1 in the block “Multiplier”. The value 


qvcmax1 is the level at which the transistors are turned off, as it is illustrated in Fig.7.11.  


 


The block “Error Amplifier” is detecting the error signal ε comparing the output voltage 


to the reference voltage Vref (as the usual voltage control does). The amplified error 


signal is defined to be the voltage increment qΔvcmax1 in (7.10).  


 


There is a protection that uses an imposed current limit reference “ILmax” which is 


compared to the absolute value of the resonant current. If by some reason the resonant 


current tends to rise higher than the permitted value, the transistors are switched off 


immediately. The final command pulse is produced by the “MOSFET pulse generation 


circuit” block.  


 


The block diagram presented in Fig.7.13 exhibits in more details the regulation idea and 


the necessary circuits for its implementation. This more detailed diagram seems 


complicated but each indicated function is relatively simple.  


 


 
Fig.7.13. Detailed functional diagram illustrating the method for instantaneous SLSR control 
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The block “DC/DC Converter” is representing the power stage. The large arrow 


“Inductive Power (I.P.) Transfer” is symbolizing the contactless power transfer to the 


“Converter Secondary”. The “Converter Secondary” block is the secondary (receiver) 


side of the converter including the rectifier and the output filter.  


 


The block “Sensor of the resonant capacitor voltage” can have different schematic 


implementations2. The measured and scaled capacitor voltage is rectified with the 


precision rectifier block “abs()” and its maximum value vcmax is memorized by the 


“Sample/Hold” block. The memorized vcmax value is kept unchanged until the next 


amplitude is detected. 


 


The inductor current is measured by the “Sensor of Resonant Inductor Current (I/V 


converter)” which can be in practice based on a sensor of Hall. The “Zero comparator” 


produces a pulse at the zero-crossing of the resonant current (applied as a command to 


the previously mentioned “Sample/Hold” circuit). Another, slightly advanced pulse is 


produced before the rear slope of the resonant current reaches the zero. This pulse is 


obtained from the “Rear Slope Level Comparator” and is applied to start the next 


transistor gate pulse, before the anti-parallel diode current reaches zero (the ZVS 


condition). The block “Pulse Distributors, Latches and PW limiters” can ignore the start 


signal and delay the start of the gate pulse if PWM regulation is necessary (at lowest 


power). The current sensor signal (rectified by the “Abs()” block) is also compared to 


the “Imax Limit” in order to stop immediately the pulse in case of a dangerous height. 


 


The block named “Isolated Vo Measuring” is measuring the output voltage and is 


sending its value as a signal through the isolation between the secondary and primary 


sides of the converter. In the rotary construction, an optocoupler can be used but usually 


the signal is sent by high frequency (capacitive) link. When larger differences in the 


magnetic coupling coefficient K are expected, a block “Coupling + Transformation 


Ratio Correction” is necessary to correct automatically the received output voltage 


                                                 
2 For example, the measuring in a half-bridge converter with divided resonant capacitor is easier as one of 
the measuring points is the ground. The full bridge power stage requires the use of a differential amplifier 
(as in the chosen here solution, shown later in Fig.7.14). 
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signal in proportion to the changing coupling coefficient. If that coefficient is relatively 


constant, it is sufficient to implement a fixed correction (e.g. by a trimmer-


potentiometer). The transformer ratio is taken into account as a fixed parameter. 


 


Another necessary measurement is provided by the block “Sensor of Input DC 


Voltage”. The implementation of this block will depend on the supply voltage value and 


the scale of its changes. Generally, a voltage divider will be sufficient. 


 


The value qvcmax1 necessary for the equation of energy balance (7.10) is obtained in the 


“Multiplier/Divider” block. In a steady-state the result from this block defines the end 


of the conduction of the transistors that were active at this time. From the block 


“Adder/Corrector of Energy Balance” the amplified and scaled addition qΔvcmax1 is 


provided correspondingly to the increase or decrease of the output power requirement. 


The signal qΔvcmax1 is not reflecting exactly the necessary additional energy LCΔE  but it 


is quite close, following (7.10). The error voltage (difference between the reference 


voltage and the measured output voltage) signal is amplified by the block “Error 


Amplifier” and applied as Δvcmax1.  


 


The operation starts by the preparation and resetting of all the supply and auxiliary 


circuits. Then, the first diagonal of the power bridge receives the command to conduct. 


An analogue circuit can use the slight asymmetry of the channels, to start the first auto-


oscillation, similar to the method used in the classical “Royer” power converter. At this 


first resonant current half wave, the first memorized value of the vcmax is zero or close to 


zero.  


 


This initially calculated value max1cqv  (or the calculated max1cKqv  for the contactless 


converter) is zero but in the same time the signal of the error amplifier applies an 


additional highest value and the result is an almost full half-wave of current. This half 


sinusoid cannot be a complete half sinusoid (i.e. π) but it is very close to it. After a short 


delay the next diagonal will receive the turn on command. The process is repeated until 


the the output voltage error becomes very low and the converter is maintained in steady-
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state. This can be illustrated by the simulations of a real circuit implementation further 


on.  


 


7.6.4. Analogue implementation 
 


Analogue integrated circuits (combined with some digital logic ICs) are chosen to 


demonstrate the described idea in more realistic operation. The simulation of the circuit 


operation is enough illustrative. In this version, there is no digital comparator or counter 


which makes difficult the regulation in discontinuous current mode (PWM). It is the 


author’s intention to implement this idea of regulation by a digital programmable circuit 


in the future. 


 


The real power converter will require switching frequency not lower than 100 kHz and 


hence the regulation will be also very fast (e.g. the reaction of the power switches must 


not be slower than 100 ns). Not all the variables need to be considered rapidly changing. 


For example, the output voltage will vary slowly (due to the filter capacitor). Even 


though, the change of the error voltage signal will be noticeable during a few periods. 


The operations that need really fast measuring, decision and reaction, concern mainly 


the resonant capacitor voltage.  


 


The block-diagram of Fig.7.13 is developed into a circuit of discrete devices, discrete 


components and low scale integrated circuits as presented in Fig.7.14. To simulate this 


circuit built of practically available components, it was necessary to scale down the 


switching frequency (and the resonant frequency defined by the respective components) 


exactly 100 times. By reducing the operation frequency the influence of the parasitic 


effects and delays in the numerous integrated circuits is ignored and as a result the 


simulation plots are cleaner.  
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Fig.7.14. SLSR converter instantaneous control circuit with connected latches and disconnected feedback  
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The converter control circuit in Fig.7.14 includes the power bridge (MOSFETs) and the 


loosely coupled transformer (K=0.8). All the connections between the elements are fully 


developed with one exception: the feedback is opened at the point of the command 


pulses and the transistors receive command pulses from pulse generators.  


 


During this fixed switching frequency operation the control circuit sensors measure the 


necessary variable values and produce the pulses which should be applied to the gates. 


The result from the simulation is illustrated in Fig.7.15.  


 


Fig.7.15 shows the produced (through calculations) control pulses (“ON pulse1” and 


“ON pulse2”). Those pulses have their rear slope positioned exactly where the power 


transistors switch off, although the pulses are not the command given to the transistors. 


In fact, the transistor gates receive other command pulses, with a full length of 49.99% 


duty cycle. This is done by external, fixed frequency oscillators. The current and voltage 


waveforms observed in the converter, controlled by those external pulses, are exactly 


the same as they would be if the internally calculated command pulses were applied.  


 


 
Fig.7.15. Simulation results of circuit in Fig.7.14. Upper plot: vc; Middle plot: ires and control pulses; 


Lower plot: amplified voltage vc(sensor) and control pulses 
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By Fig.7.15 it is proven that the operation of the circuit will be predictable and the 


produced pulses will have exactly the necessary parameters. For example, the calculated 


level of resonant capacitor voltage at which the transistors should be switched off is 


vc(t1)=Kqvcmax=(0.8)(0.4)(105)=33.6 V and this corresponds very well with the really 


shown by the cursors A1 (33.443 V) and A2 (33.849 V). This means that the really 


applied pulse finishes at the same time as the calculated one. The only difference 


between the really applied pulses and the pulses produced by the control system is in 


their width. The control pulse in Fig.7.15 starts when the anti-parallel diode of the same 


transistor is still conducting, but the conducted current is close to the zero crossing, 


while the really applied pulse starts immediately after switching off of the previous 


transistor diagonal. The short pulses produce the same effect, as it was pointed out 


earlier in this chapter. They completely eliminate the lagging of the control reaction at 


the boundary between FM and PWM.  


 


To permit the operation in PWM (at a fixed maximum frequency), the circuit of 


Fig.7.14 was provided with four latches which do not permit the frequency to rise above 


a certain defined value. When the half wave of the resonant current finishes too early, 


the latches do not permit to start the next pulse, but force the circuit to wait until the 


necessary minimum width of the half period finishes. In the next circuit, in order to 


simplify this mostly analogue implementation, the latches are excluded but in the same 


time, the real gate pulses are provided by the control circuit (Fig.7.16).  


 


To prove that the circuit of Fig.7.16 is operating in the same way as anticipated by the 


functional (block) diagram of Fig.7.13, its simulation results are presented in Fig.7.17. 


The plots in the figure are produced in a steady-state, reached by sufficiently long time 


of simulation run. The circuit operation demonstrated in Fig.7.17 produces graphics 


similar to the plots shown already in Fig.7.15 (with the disconnected feedback, as in 


Fig.7.14.  
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Fig.7.16. SLSR converter instantaneous control circuit with connected feedback and removed latches 
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Fig.7.17. Simulation results of circuit in Fig.7.16. Upper plot: vo; Middle plot: vc/8 and i(Lr); Lower plots: 


control pulses to the power transistors diagonals 


 


In steady-state the control is producing symmetrically displaced gate pulses, that are 


shown in the lower plots of Fig.7.17. The middle plots exhibit the waveforms of the 


resonant current and resonant capacitor voltage (value, reduced 8 times to be easily 


displayed). The upper plot corresponds to the output voltage, showing a visible ripple 


because of the relatively low capacitance (1000 μF) of the filter and because of the 


scaled (lowered) switching frequency.  


 


The illustration of the decision making procedure can be found in Fig.7.18. It gives the 


idea how the energy correction (i.e. by applying the scaled error voltage) is functioning. 


The previously measured amplitude of the resonant capacitor voltage V(Cr)max is 


multiplied by the normalized output voltage q. To the signal “qV(Cr)max” (shown in the 


figure) is added the indicated also there “Error signal”. The result of the calculation is 


then inverted (because the actual capacitor voltage is negative) and the value named 


“V(Cr)-calc.” (equal to the sum: “qV(Cr)max”+”Error signal”) is then compared to the 


measured voltage of the resonant capacitor “V(Cr)-measured”.  
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Fig. 7.18. Control pulses “ON pulse” and the resonant capacitor voltage oscillation “V(Cr)-measured” 


compared with the calculated value for the turn-off: “V(Cr)-calc.” 


 


The gate pulse in Fig.7.18, has its end (marked “OFF”) exactly when the measured 


resonant capacitor voltage crosses the calculated “V(Cr)-calc.” value. The beginning of 


the gate pulse (denoted “ON”) appears slightly before the maximum of the resonant 


capacitor voltage when the anti-parallel diode is still conducting. By this switching on 


of the transistor is guaranteed the ZVS. In Fig.7.18 the signal “Error Voltage” is 


changing relatively slowly, because of the heavy filtering.  


 


The reaction of the converter to a very fast command to increase the output voltage 


from zero to a defined value is shown in Fig.7.19. This figure represents graphically the 


maximum possible step up speed. In fact, it shows almost completed sinusoidal resonant 


current waveforms.  


 


The initiation of the process is based on the analogue circuits asymmetry and the first 


switching half period is very short (Fig.7.19). After this initial oscillation the resonant 


current waveforms represent almost complete half-sinusoids. The output of the logical 


circuit “U90B:A” turns on the final latch, producing the gate command for the first 


diagonal of power transistors (positive half waves of the resonant current). The output 


of “U75B:B” is turning off the same latch. The operation of “U90A:A” and “U90B:Y” 


is analogous concerning the negative half-wave diagonal.  
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Fig. 7.19. Output voltage V(out), primary current I(L) and resonant capacitor voltage V(C) in transient 


process. Command logic: 1st diag. U90B:A-start, U75B:B-stop; 2nd diag. U90A:A-start, U90B:Y-stop 


 


It is seen that the stop-pulses (U75B:B and U90B:Y) appear sometimes twice. This is 


completely normal as the first pulse is the one calculated by equation (7.11). The second 


stop-pulse is emitted synchronously with the start pulse of the opposite diagonal. This 


second pulse is the guarantee of the super-resonant functioning as it will not permit the 


transistor to remain conducting when the resonant current waveform rear slope is 


approaching its zero crossing. The second stop-pulse has no influence if the transistors 


are already stopped, but its importance is seen during the transient, when the current 


waveforms are almost completed sinusoids. Other stop-pulse could possibly appear, 


when the protection circuit switches-off the transistors prematurely.  


 


The process of fast increase of the output voltage is represented more clearly in a state 


variable plane (vc, ir) plot, as it is shown in Fig.7.20. This state variable diagram is 


produced from the simulation results presented in Fig.7.19 and includes the initial two 


and a half periods starting from zero. The horizontal axis in Fig.7.20 is scaled by 


multiplying it by 11.5, in order to achieve a better shaped (round up) state variable 


diagram of the resonant capacitor voltage vc and the resonant current ir. 
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Fig. 7.20. State variable diagram (vc and ir) of a transient process at  growing output voltage (ir is scaled 


through multiplying it by 11.5) 


 


In Fig.7.20 the first (positive) half-wave of the resonant current has a very low 


amplitude (roughly 5 A) and the resonant capacitor voltage is almost not oscillating 


(roughly vcmax=2 V). This first half wave ends when the (indicated by arrow) command 


“Toff1“ is produced by the logic circuit “U75B:B” (shown in the previous Fig.7.19), 


produces the stop command. This is the result of the first calculation of Kqvcmax when 


vcmax1 is initially zero. For this first calculation, the correction value cannot be left zero 


and in order to achieve excitation, some specified low vcmax value is introduced. The 


first oscillation in an (analogue) auto-oscillating circuit depends always on this 


asymmetry of the construction. A future digital control can introduce a more appropriate 


value for the initiation of the process.  


 


The next turn-off points in Fig.7.20 represent better the regulation. For example, “Toff2” 


appears after almost full 180º of the resonant half-wave. In fact, this is the maximum 


energy portion which the LC tank can transfer. The next half-waves (after Toff2) are 


represented by gradually shorter arcs than the full 180º (i.e. points Toff3, Toff4, Toff5, etc.). 


This reflects the error signal diminishing. Approaching the steady-state operation, the 
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difference between the initial amplitude vcmax1 and the final vcmax2 is becoming gradually 


smaller, entering a steady-state operation. 


 


The high speed of increase that the output voltage can achieve is seen in Fig.7.21 where 


the steady state is reached in 40 μs real time (i.e. 4 ms of scaled time, as introduced 


before, in this chapter).  


 


 
Fig. 7.21. Transient process from zero to a fixed output voltage V(out) 


 


When a fast digital circuit would be used the calculations will be done more precisely 


and the transient is expected to be even faster. The limited speed of this analogue 


implementation has mainly its explanation in the block indicated as “Rear Slope Level 


Comparator” from Fig.7.13 which produces the start-pulse earlier than the resonant 


current crosses the zero (necessary for the ZVS). In an analogue circuit implementation 


the start-pulse production cannot be equally distant from the zero crossing as the 


detection is made by analogue comparator. In the case when the compared resonant 


current is low or the output voltage is low, the pulse will be produced much earlier. 


Unfortunately, the actual transistor stop-pulse will be produced equally earlier, thus 


limiting the speed of the transient process. This has to be corrected by applying a 


proportional level of the “early than zero” detection, which is easier when the circuit is 


programmable (i.e. digitally implemented).  
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To compare the normal steady-state operation shown in Fig.7.21 to the emergency case 


of activated protection circuits, the internal current level in the circuit of Fig.7.16 was 


limited at 100 A, but the consumption of the load is approximately corresponding to this 


limitation. This means that the resonant current is cut prematurely if more than 100 A is 


necessary for the given half period of the resonant current and as a result the operation 


is potentially unstable. The result is shown in Fig.7.22. 


 


 
Fig.7.22. Transient process and maintaining the fixed output voltage V(out) in conditions of limited 


resonant current 


 


As it is seen the disturbance is not affecting the general result of the converter operation 


even if the current limit is reached every 2-3 periods. Some variations are observed in 


the resonant capacitor voltage amplitude, but this is also observed slightly during the 


normal (unlimited) operation shown in Fig.7.21. These variations are expected also in 


the real circuits, as the resonant capacitor value will have slightly different initial 


conditions and tolerances. The circuit is correcting those frequent disturbances by its 


immediate reaction in correcting the width of the next pulse.  


 


As it is shown in Fig.7.22 some of the control pulses have different width, and some of 


the resonant capacitor voltage amplitudes are also different. As each pulse width is 


decided individually, the switching frequency F is only approximately constant in a 
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steady-state. In fact, the slight change of the frequency is compensating the resonant 


capacitor voltage variation. It is a difficult challenge to keep constant either the 


amplitude vcmax or the frequency F (even in steady-state). The slight change in one of 


them needs correction in the other, but this correction can be executed only in the next 


half period.  


 


7.7. Conclusion 
 


The three control methods, described in the beginning of this chapter: frequency mode 


(FM), pulse width mode (PWM), and their combination (FM/PWM), served as a base 


for several power converter constructions, also in contactless versions. The basic FM 


and PWM methods are presented along with their problems. The limited speed of 


transient reaction and limited scale of regulation of the FM method and the large scale 


of regulation of the PWM method are combined in an original combined FM/PWM 


method which shows a deep regulation for the low output power and a high efficiency 


for the high output power. The problem of the transient speed unfortunately, remains in 


this combined regulation, and another problem appears: the lagging reaction at the 


boundary between PWM and FM operation. 


 


A solution to the difficulties of the combined FM/PWM regulation is presented by the 


author as a fourth, totally new method for instantaneous regulation of the energy 


delivered to the resonant circuit. This new, instantaneous approach for the regulation 


involves a measuring of the state variables and regulating each portion of supplied 


energy individually. The result of this regulation is similar to the effect produced by the 


current mode (CM) control applied to the hard switching power converters. By properly 


calculated switching, the highest possible speed of the transient process is achieved.  


 


This instantaneous control method permits to regulate the contactless energy converter 


by applying the value of the magnetic coupling coefficient as a variable which is 


observed and considered in the calculations. Thus, the circuit follows the changes in the 


magnetic coupling and the operation of the contactless power converter is corrected 


accordingly.  
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The presented schematic implementation is mainly analogue and its viability is 


demonstrated by simulation results. By applying digital circuits, the control will be 


further improved, becoming more flexible, functional and reliable. The time limitations 


(difficult to apply in the analogue version) will be then easier, thus permitting more 


simple solution for the maximum frequency limitation and for the deep PWM 


regulation. The minimum frequency can be also safely limited to avoid the possible 


dangerous sub-resonant operation and to avoid the high power limitations.  
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CHAPTER 8 
 


 


 


 


 


 


 


 


Experimental results  


 


 


 
Abstract: In this chapter results and measurements obtained from several 


experimental converters including some specially designed for 


contactless energy transmission applications are presented. The 


results confirm the expected power converter characteristics as 


predicted theoretically by the analysis carried out previously. 


The areas of best efficiency operation defined in Chapters 4, 5 


and 6 are measured. Suggestions are made for further 


improving the power converter performance.  
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8.1. Introduction 
 


Chapter 8 describes and analyses the experimental results obtained from specially 


constructed (or modified) power converters. These experimental power converters are 


prepared to operate with a loosely coupled magnetic link (the split transformer 


construction, as already discussed before). The measurements are aimed to obtain the 


real converter characteristics and to compare them to the contactless converter 


behaviour predicted in the previous chapters.  


 


In an effort to achieve a more clear presentation, it is often necessary to make use of 


graphics. The graphically presented results from the numerous measurements lead to 


simpler, understandable and repeatable conclusions, being more easily applicable in 


practice. 


 


The diagrams characterizing the resonant current form factor (chapter 5 and chapter 6) 


are used as guidelines for evaluating the preferred areas of operation. The chosen 


operation regimes of the measured converters are placed (when possible) in those 


(expected to be) better zones. In general, chapter 6 predicts that the lowered coupling 


coefficient should result in a shift of the best current form factor zone to the direction of 


the higher normalized output current (Io) values, especially at a lower normalized output 


voltage q. The measured efficiency shows a similar shift, but for many reasons the shift 


appears less accentuated than the shown in Figs.6.30…6.32.  


 


The obtained results from the measurements demonstrate the operation of a super-


resonant SLSR power converter, especially when the contactless energy transfer link is 


applied. In this actually presented work, the measurement results are provided from two 


different investigated converter types, the industrial construction (A), and the laboratory 


construction (B): 


 


A. The first experimental results, referred to in this work that are obtained from 


contactless energy transfer, are provided by super-resonant SLSR converters, produced 


or prepared for production, during this author’s consultancy in the Netherlands, as 
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mentioned in [R3] and [R4]. The original power stages (not contactless) have been 


modified in the course of measurements in order to obtain the mechanical independence 


between the primary and secondary sides.  


 


The basic building module for those industrial SLSR converters is an output stage, 


capable to deliver 3 kW maximum output power. A higher converted power is achieved 


through upgrading. As it is mentioned in chapter 5 and in [C93], the super-resonant 


SLSR converter exhibits a reaction similar to a current source and hence permits 


paralleling of the outputs of the basic blocks. When the input voltage of the converter is 


too high, e.g. when the rectified three-phase line voltage results in a DC value of over 


800 V, the inputs of the power stages are connected in series, as it is mentioned in [D16] 


and [D21].  


 


By the above mentioned combinations, the power range of the produced converters is 


increased, up to 5 kW (2x3 kW stacked for high input voltage), 10 kW (2x5 kW in 


parallel), etc. Some of the contactless experiments are completed on the basic 3 kW 


converter block and some measurements are executed on the converter with the stacked 


power stages, in order to achieve the experimented higher output power (up to 18 kW). 


All experiments included transformers specially built on ferrite pot cores having 


diameter of 62 mm, 114 mm and larger, with their halves isolated electrically and 


mechanically. For many reasons, the planned experiments could not be finalized 


completely.  


 


B. The second (laboratory type) converter can reach a maximum output power 


of 1 kW and is specially built recently. The converter has a full bridge power stage, 


equal to the illustrated in Fig.4.1 (chapter 4). It is capable to operate in many possible 


regimes, either in the continuous current, i.e. Frequency Mode (FM) or in the 


discontinuous current regulation mode (allowing a deeper regulation to the minimum of 


the output power). As the lowest output power is not a substantial problem of the 


efficient contactless power transfer, the presented experimental results are from the FM 


regulation exclusively. The switching frequency is regulated manually and this permits 


to apply different modes of operation, including the sub-resonant one. The construction 
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of this converter is intentionally made not compact so the larger distances allow 


versatility of its topology and easy access to the circuit elements. As a consequence 


from the larger distances between the devices and the outsized voltage drops in the 


wiring, the efficiency of this converter is reduced when compared to the efficiency 


shown by the industrially produced converters.  


 


8.2. Experimented industrial SLSR converters (A)  
 


The aim of these experiments is to compare the performance (mainly the efficiency) of 


the group A (higher power) SLSR converters, when a close to the ideal transformer is 


(as originally) applied and when the magnetic link conditions of the same converter are 


changed to non-ideal. The basic industrial SLSR power converter is capable to deliver 


DC voltage value, up to 60 V if its output is regulated to be a voltage source, and if the 


required output power is less than 3 kW. In other cases this converter is applied as a 


regulated current source, and then its output current can reach 150 A at the same output 


power conditions. 


 


The measured data of the original converter are listed in Table 8.1, and the waveforms 


of different modes of operation are expressed in four figures.  


 


The efficiency measurements on one of the industrially produced 3 kW SLSR super-


resonant converter are executed next as a reference. In this case the supply voltage of 


the converter has been given three different fixed values (Es=475 V, 550 V, 700 V DC 


at a fixed value of the output voltage VO=50 V), described in Table 8.2. 


 


The special magnetic link (still with a good magnetic coupling) is experimented after 


that on two converter versions; first converter supplied by 400 V DC (Table 8.4)and the 


second one supplied by 350 V DC (Table 8.6). The applied magnetic link is also slightly 


different.  


 


A more powerful converter, with paralleled power stages permits to transfer a higher 


power and has a larger magnetic link. Its data are listed in Tables 8.8…8.11. 
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8.2.1. Operation of industrial 3 kW SLSR converter 
 


The operation of this converter is illustrated by the characterizing waveforms of its 


variables, presented in Figs.8.1…8.4. The observed resonant inductor current and 


resonant capacitor voltage correspond to the mixed FM-PWM regulation, described in 


chapter 7. The control is based on the regulator IC UC1825 with the addition of a JFET 


as illustrated in Fig.7.6 of chapter 7. The construction involves a loosely coupled 


magnetic link with a possibility to regulate the distance between the transformer core 


halves, but the shown waveforms (Figs.8.1…8.4) correspond to an almost ideal 


magnetic coupling (with the possible minimum of air gap). Different values of output 


voltage are fixed in order to demonstrate varying operating points of the SLSR 


converter.  


 


The FM operation must change into a PWM operation when a wider scale of regulation, 


i.e. a lower achievable output power is necessary to be achieved. The transition FM-


PWM, and especially the PWM operation impose some limitations on the variation of 


the measured variables. The normalized average output current value must be kept 


below a certain limit if PWM operation is allowed. The effect of not respecting this rule 


is demonstrated in chapter 5, where excessive resonant capacitor voltage (Fig.5.7) is 


shown as provoking dangerous discharges through the semiconductor switches. In case 


of reduced magnetizing inductance the safety boundary for the FM/PWM transition is 


illustrated in Fig.5.9. In this figure the normalized output current is limited to values 


lower than unity or even lower than 0.9 in order to guarantee the safe operation.  


 


Considering that the realistic frequency variation during the FM regulation is rarely 


larger than 2:1 relation, the maximum value of the normalized output current IO is not 


higher than IO=2 or 3 (normalized value). The limitations are respected in all 


experimental SLSR power converters to avoid the effects of the resonant capacitor 


discharge, described in chapter 5: 


- the short-circuit recovery of the diodes, 


- the TLO effects, 


- the excessive isolation requirements for the resonant elements, etc. 
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The most important measured data are systematized in Table 8.1, where the rows 


correspond to the four figures, Fig.8.1…8.4. The resonant frequency is maintained 


almost constant at 41.7 kHz. The first two figures illustrate the FM operation (regulated 


switching frequency) and the second two figures correspond to the fixed switching 


frequency and PWM operation. 


 


 F VO [V] q IO [A] PO [W] vcmax η [%] 


Fig.8.1 1.27 (FM) 15.4 0.30 65.2 1005 2.24 91 


Fig.8.2 1.37 (FM) 10.4 0.20 43.7 455 1.53 87 


Fig.8.3 1.66 (PWM) 6.7 0.13 30.7 206 0.53 66 


Fig.8.4 1.62 (PWM) 2.2 0.04 9.8 21.6 0.15 25 


Table 8.1. Operational conditions of the measured industrial SLSR converter 


 


The resonant current i(Lr) and the inverted resonant capacitor voltage –v(Cr) presented 


in Figs.8.1 are result from FM operation at a normalized switching frequency F=1.27, 


while the resonant frequency was approximately 41.7 kHz.  


 


 
Fig. 8.1. Resonant current i(Lr) and inverted resonant capacitor voltage –v(Cr). Scales: 4 A/div, 200 V/div, 


5 µs/div. 
 


The resonant current waveform in Fig.8.1 is measured through a current transformer 


with transformer ratio n=1:100, loaded by 50 Ω. In this manner, the oscilloscope scale 


of 2 V/div results in a current scale of 4 A/division. The voltage scale in Fig.8.1 is 200 


V/div. The input voltage is 170 V (half of the 240 V rectified mains voltage). The 


converter produces an output voltage of 15.4 V, corresponding to the normalized q=0.30 


(recalculated by the output transformer ratio n=3.33). The normalized capacitor voltage 







 


8-8 


peak seen in the same figure is vcmax=2.24. This value is higher than 1+q but there is no 


danger as the operation is still in FM. The high capacitor voltage does not permit 


transition to PWM as explained in chapter 5. The output current is Io=65.2 A, resulting 


in 1005 W output power at 91% efficiency.  


 


In Fig.8.2 the frequency of operation is higher, F=1.37 while the resonant frequency is 


the same, fres=41.7 kHz. The output power is thus reduced to 455 W, being the output 


voltage 10.4 V (in normalized form q=0.20) and Io=43.7A at measured efficiency of 


η=87%. In this case, the secondary losses and voltage drops reduce the efficiency 


because of the lower output voltage and high output current.  


 


 
Fig. 8.2. Resonant current i(Lr) and inverted resonant capacitor voltage –v(Cr). Scales: 4 A/div, 200 V/div, 


5 µs/div.  


 


The maximum capacitor voltage in Fig.8.2 is already down to the normalized 


vcmax=1.53. This value still does not allow entering safely into a discontinuous (PWM) 


operation as the maximum capacitor voltage is still high both for converters with ideal 


(limit vcmax=1+q) or a loosely coupled (limit vcmax=1) transformer. 


 


In Fig.8.3 the graphics of the resonant inductor current i(Lr) and the inverted resonant 


capacitor voltage –v(Cr) are measured when the converter runs already in Pulse Width 


Mode but still close to the transition limit between the Frequency Mode (FM) and the 


Pulse Width Mode (PWM) of operation.  
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Fig.8.3. Current i(Lr) and inverted resonant capacitor voltage –v(Cr) at the transition to PWM. Scales: 4 


A/div, 100 V/div, 5 µs/div.  


 


The current i(Lr) in Fig.8.3 is already discontinuous (although very slightly). The 


normalized switching frequency is F=1.66 and the resonant frequency is still 41.7 kHz, 


but the pulse width ψf applied by the control to the transistors is shorter, compared to 


the pulse width ψf, calculated by (4.34) and (4.35) in chapter 4 for this switching 


frequency. The current scale is kept unchanged, 4 A/div but the voltage scale is already 


lowered to 100 V/div. The output voltage and current are 6.7 V (q=0.13) and 30.7 A, 


resulting in 206 W output power at 66% efficiency. It is obvious that at low output 


power (and in PWM) the efficiency is reduced. 


 


As already stated in chapter 5, the PWM operation shown in Fig.8.3 is safe as the 


normalized maximum capacitor voltage, vcmax=0.53 is sufficiently low both for 


converters with an ideal transformer (limit vcmax=1+q) and a loosely coupled transformer 


(limit vcmax=1). The safe transition to a discontinuous current shown in Fig.8.3 confirms 


in practical measurements the correctness of the determined in chapter 5 boundary 


frequency F=1.5. The applied in Fig.8.3 normalized switching frequency is F=1.66, and 


the resonant capacitor voltage is not exhibiting a discharge. The slight lowering of the 


voltage vc is due to parasitic oscillation (better seen in Fig.8.4).  
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Fig.8.4. Current i(Lr) and inverted resonant capacitor voltage –v(Cr) at deep PWM operation. Scales: 2 


A/div, 50 V/div, 5 µs/div.  


 


The graphics presented in Fig.8.4 correspond to a deeply discontinuous mode of 


operation (pure PWM). The output power is very low: Po=21.6 W at a lower output 


voltage Vo=2.2 V (q=0.04) and a lower output current Io=9.8 A. As it can be seen in 


Fig.8.4, the voltage scale is reduced to 50 V/div and the resonant current scale is also 


reduced to 2 A/div. Because of the extremely low resonant capacitor voltage, 


vcmax=0.15, no discharge is observed during the intervals of zero resonant current. The 


observed oscillations are not of the dangerous TLO type (i.e. low frequency) but a 


higher frequency parasitic elements oscillations and they do not reduce the level of the 


voltage vc during the pause.  


 


The normalized switching frequency remains almost unchanged both in Fig.8.4 and in 


Fig.8.3. A slightly changed value, F=1.68 can be detected in Fig.8.4 due to the 


difficulties of the analogue regulator (Fig.7.6) in keeping exactly the same switching 


frequency. The switching frequency depends on the voltage value applied to the gate of 


the JFET (Fig.7.6) and it is difficult to maintain this voltage value firmly fixed.  


 


The efficiency of the PWM operation illustrated in Fig.8.4 is exceptionally low: η=25%, 


which reflects the fact that the semiconductor devices have voltage drops even higher 


than the output voltage. 
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8.2.2. Efficiency of industrial 3 kW SLSR converter (nearly ideally 


coupled transformer) 
 


The performed experiments were aimed to assess the efficiency of industrially produced 


3 kW SLSR super-resonant converter operating at almost ideal conditions. The output 


voltage is fixed at VO=50 V by the converter control circuit. The original transformer is 


kept as a magnetic link between the primary and secondary sides, prepared (by external 


cables) to be replaced by the loosely coupled transformer (K≠1).  


 


The supply voltage of the converter has been given three different fixed values (475 V, 


550 V, 700 V DC at a fixed value of the output voltage VO=50 V). The load current is 


regulated at different values in order to investigate different points of operation. The 


data from the measurements are listed in Table 8.2 and are graphically shown in Fig.8.5, 


Fig.8.6 and Fig.8.7. 


 


The left columns in Table 8.2 correspond to the operation at an input voltage Es=475 V 


DC, i.e. q=0.85, which is illustrated in Fig.8.5. The converter operation is controlled by 


regulating the switching frequency (FM) in the limits between the minimum frequency 


fsw=42 kHz, which corresponds to the maximum output power, and the maximum 


frequency fsw=74 kHz (minimum output power). The normalized frequency used in 


Fig.8.5 varies between F=1.09 and 1.92 for a resonant frequency of fres=38.5 kHz.  


 


The frequency at which the FM/PWM transition occurs is F=1.95, i.e. this chosen 


frequency is much higher than the boundary for the safe PWM operation. It is seen in 


Fig.8.5 that for the output power Po<100 W the converter is close to reaching the 


FM/PWM transition. The measured efficiency values are as high as it is expected from 


an ideally coupled converter. The maximum efficiency, η=95.8% is obtained at a 


normalized average output current 0
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 and at a 


normalized frequency F=1.36. 
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Es=475 V (q=0.85) Es=550 V (q=0.73) Es=700 V (q=0.57) 
Pout η (%) fsw (kHz) Pout η (%) fsw (kHz) Pout η (%) fsw (kHz) 
95 89.6 74.0 150 90.5 75.0 300 91.5 75.0 


120 90.6 70.0 220 92.8 75.0 400 93.5 75.0 
180 93.9 63.0 250 94.6 75.0 500 95.3 75.0 
250 95.2 59.5 335 95.9 75.0 600 95.2 75.0 
430 95.3 55.0 430 95.75 75.0 700 95.2 75.0 
525 95.8 52.5 500 95.7 72.0 750 95.2 75.0 
620 95.7 50.8 570 95.65 68.4 830 95.1 75.0 
700 95.6 49.3 620 95.6 66.0 910 95.1 73.2 
760 95.7 48.8 660 95.5 64.0 1020 94.9 69.0 
800 95.6 48.5 740 95.45 61.0 1070 94.9 67.4 
970 95.3 47.0 810 95.4 59.0 1120 94.9 65.9 
1100 95.15 46.1 890 95.3 57.0 1190 94.8 64.2 
1320 94.9 45.0 1010 95.2 55.0 1260 94.7 62.5 
1570 94.3 44.2 1070 95.0 54.0 1330 94.6 61.1 
1620 94.5 44.0 1140 95.0 53.1 1400 94.4 60.0 
1820 94.4 43.5 1220 94.8 52.2 1490 94.3 58.8 
1870 93.9 43.4 1350 94.7 50.9 1590 94.1 57.3 
2030 93.8 43.2 1450 94.5 50.3 1750 93.8 55.5 
2320 93.4 42.7 1600 94.3 49.2 1820 93.7 54.8 
2360 93.0 42.5 1800 94.0 48.2 2000 93.4 53.6 
2550 92.9 42.0 1880 93.8 47.8 2130 93.2 52.5 


   1980 93.7 47.4 2330 92.8 51.3 
   2070 93.5 47.0 2500 92.5 50.6 
   2210 93.3 46.6    
   2430 93.0 46.0    
   2660 92.4 45.5    


 


Table 8.2. Results from the converter experiments with the original (modified) transformer and input 


voltage Es: 475 V DC; 550 V DC; 700 V DC. 
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(a) 


 
(b) 


Fig.8.5. SLSR half-bridge converter supplied by 475 V DC (q=0.85): a) efficiency η; b) switching 


frequency fsw 


 


The data presented in Fig.8.6 are referred to the same converter operation at an input 


voltage equal to 550 V DC (q=0.73).  
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(a) 


 
(b) 


Fig.8.6. SLSR half-bridge converter: a) efficiency η; b) switching frequency fsw  


 


The operation frequency (Fig.8.6) is varied between 45.5 kHz (F=1.18) and 75 kHz 


(F=1.95). The regulation is switched from FM to PWM for the output power lower than 


400 W. The efficiency maximum η=95.9 % is obtained at the normalized average output 


current 0
0
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 where the frequency is F=1.95, i.e. slightly 


inside the PWM operation zone. The good efficiency obtained in this PWM case is 


explained by the very small interrupts in the resonant current waveform. The pause is so 


η [%]   at Es=550V (q=0.73)


88


90


92


94


96


98


0 1000 2000 3000
Po [W]


f sw [kHz]   at Es=550V (q=0.73)


40


50


60


70


80


0 1000 2000 3000
Po [W]







 


8-15 


short that the current form factor is almost equal to the corresponding FM operation, but 


this pause guarantees a more complete recovery of the switches. In fact, the achieved 


difference in the efficiency is less than the uncertainty of the measurements.  


 


In Fig.8.7 the converter characteristics are taken at input voltage of 700 V DC (q=0.57). 


During the measurements the operation frequency varies between 50.6 kHz (F=1.31) 


and 75 kHz (F=1.95).  


 


 
(a) 


 
(b) 


Fig.8.7. SLSR half-bridge converter: a) efficiency η; b) switching frequency fsw  
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For a reduced output power of 800 W and lower, the control in Fig.8.7 is altered to 


PWM. The efficiency maximum η=95.3% is obtained again at the border of PWM 


operation (very close to FM). The normalized output current for this point of operation 


is 0
0


500 22 
50 0.63


700 
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 at a frequency F=1.95. The maximum efficiency 


obtained at (slightly) PWM operation (Fig.8.7) is only insignificantly higher than the 


efficiency when FM operation is applied. 


 


The difference between the efficiency shown in Fig.8.5, Fig.8.6 and Fig.8.7 is small 


because the current form factor is quite good for all points of operation. An explanation 


is also found in the input voltage variation: a lower normalized voltage q is obtained by 


applying a higher input voltage (at the same output voltage real value), and hence the 


relative losses are minimized. This behaviour characterizes the converters that produce 


fixed regulated output voltages while being supplied by varying input voltages.  


 


The maximum efficiency measured at different normalized output voltages q can be 


compared by the normalized current at which those maximums occur. In Table 8.3 


(being an excerpt from Table 8.2) the points of the maximum efficiency are presented as 


a function of the normalized output current and illustrated in Fig.8.8.  


 


Io(normalized) q η(max) 


0.97 0.85 95.8% 


0.54 0.73 95.9% 


0.63 0.57 95.3% 


Table 8.3. Maximum efficiency of a 3 kW power converter (magnetic coupling K≈1) 
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Fig.8.8. Maximum efficiency location of a 3 kW power converter (magnetic coupling K≈1) 


 


Observing the results from the measurements of the power converter with a nearly ideal 


magnetic coupling, presented in Table 8.3 and Fig.8.8, it is seen that the maximum 


efficiency point at the normalized voltage q=0.57, appears at a slightly higher 


normalized output current, compared to the maximum efficiency point measured at 


q=0.73. This fact corresponds to the prevision made by Fig.5.1 of chapter 5. Analysing 


Fig.8.8, the position of the maximum efficiency point at q=0.57 can be also compared to 


the minimum value of ρi from Fig.5.1. This point (minimum ρi) appears to be found at 


considerably higher current values in Fig.5.1. There is a displacement of the real best 


efficiency zone (to the left from the expected position), i.e. the efficiency is lower at 


higher output currents. The effect can be explained by the diminishing of the (primary) 


resistive losses as the value of the circulated current is reduced. In fact, as it is referred 


above, the minimum q is obtained through applying the highest input voltage, and hence 


the primary current has its lowest value for the same transferred power. The 


transformer, being a magnetic device, has its own contribution to the lowered efficiency 


in the higher currents zone. The converter (operating in FM) requires a lower switching 


frequency (closer to the resonant one) in order to increase the output current, making the 


hysteresis loop larger and going closer to the saturation of the magnetic induction, thus 


increasing the losses. This is confirmed when transformer cores with a larger cross-


section are applied and thus diminishing the level of magnetic induction and losses. By 
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these reasons the zone of maximum efficiency cannot be too close to the extremely high 


currents. 


 


A diminishing efficiency is also observed (in Table 8.2) when the lowest output power 


is transferred, and this is also predicted in chapter 5. This fact is also confirmed by the 


operation of stacked SLSR converters. The converters with paralleled outputs achieve a 


higher efficiency but not in the case, when the requested output power is very low, as 


each of them must function in its zone of lowest power and low efficiency. The reason 


for the efficiency reduction in the zone of lowest output power can be the too high 


switching frequency of the SLSR converter or its PWM operation. The reduced 


efficiency is also in agreement with the expected and observed behaviour of any real 


power converter, as the power consumption of all the auxiliary circuits (drivers, 


measuring and control circuits, etc.) is approximately constant. Considering this 


consumption as losses, these intrinsic (almost constant) losses are relatively more 


significant at the lowest output power levels.  


 


In these experiments, a specially made transformer that consists of two separate half 


cores, free to be detached mechanically from each other, is substituted for the original 


transformer of the industrial converter. Ferrite cores applied are PM62/49, P66/56, 


PM114/93 or P150/30 made of material equivalent to the grades N27 or 3C8. In some 


higher power experiments and to achieve a better efficiency, larger non-standard ferrite 


cores are used. 


 


8.2.3. Efficiency of SLSR converters with detached pot core halves at a 


minimum distance 
 


Basically two sets of measurements are executed (when it was possible to modify and to 


measure the SLSR converters during their production) and this is why the data of the 


converters are slightly different. The first set of (recorded) measurements, completed at 


the closest distance between the two halves of the ferrite core PM62/49, is represented 


in Table 8.4.  
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q Io(normalized) VO [V] IO [A] PO [W] η [%] 


0.90 1.46 64.07 33.97 2176.59 95.44 


0.90 0.96 67.58 22.31 1507.98 93.80 


0.80 0.95 60.36 22.02 1328.83 94.32 


0.80 0.47 60.16 11.02 662.96 94.01 


0.80 1.42 60.13 33.13 1992.11 91.97 


0.60 0.94 45.05 21.97 989.75 91.59 


0.60 1.43 45.18 33.25 1502.24 90.02 


0.60 1.90 44.90 44.24 1986.38 88.30 


0.30 0.96 22.47 22.37 502.65 84.89 


0.30 1.43 22.48 33.28 748.13 82.45 


0.30 0.47 21.99 10.84 238.46 81.40 


0.30 1.89 22.50 43.97 989.33 79.56 


Table 8.4. Efficiency of power converter at voltage Es=400V DC, pot core PM62/49 halves at closest 


distance 


 


The magnetic coupling of the separately wound half cores is good, but already lower 


than the nearly ideal coupling K≈1, illustrated by Table 8.2. This difference can be seen 


in Table 8.4 in the lower obtained efficiency. The points corresponding to the maximum 


value of η for each normalized output voltage level are extracted and listed in Table 8.5. 


These results are shown graphically in Fig.8.9, together with the results from Table 8.7. 


In order to be distinguished, the data from Table 8.5 have an index “1” and the data 


from Table 8.7 are marked by index “2”. The indexing is also used in Fig.8.9.  


 


Io(norm)1 q η [%] 


1.46 0.90 95.44 


0.95 0.80 94.32 


0.94 0.60 91.59 


0.96 0.30 84.89 


Table 8.5. Maximum efficiency points at different normalized voltages q extracted from Table 8.4 


 


The full set of measurements, from which Table 8.7 is extracted, is presented in Table 


8.6 and corresponds to a lower input voltage, Es=350V DC and slightly lower output 


voltage (different transformer ratio), resulting in a lower output power. It is carried out 


on a single converter of two half bridge power stages.  
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q Io(normalized) Vo [V] Io [A] Po [W] η [%] 


0.85 1.38 42.37 36.70 1554.98 91.86 


0.83 1.39 42.00 37.00 1554.00 91.55 


0.75 1.63 38.26 43.20 1652.83 90.40 


0.66 1.08 33.23 28.70 953.70 90.23 


0.57 0.54 28.60 14.30 408.98 88.30 


0.57 1.65 28.62 43.90 1256.42 87.40 


0.56 1.10 28.49 29.10 829.06 89.30 


0.29 1.14 14.70 30.20 443.94 78.80 


Table 8.6. Efficiency of power converter at Es=350V DC, pot core halves PM62/49, closest distance  


 


In Table 8.7 a short list of the maximum efficiency points is extracted from Table 8.6 


for each value of the normalized output voltage q. The efficiency of the operation points 


listed in Table 8.7 is not as high as it is seen in Table 8.3. The efficiency diminishes also 


in correspondence to the reduced normalized voltage q and here the influence of the 


magnetic coupling of the transformer is seen. The transformer windings have been 


separated now on two different half cores (although the core halves are still in close 


contact). The other reason is that the input voltage is fixed for these measurements, 


while the output voltage varies, reaching extremely low values (both normalized and 


absolute). In this way, at low normalized output voltage q, i.e. low real value Vo, an 


increased output current is required for the same output power. Hence, the efficiency is 


reduced by the relatively elevated voltage drops together with the superior importance 


of the voltage drops when the output voltage is low. Additional effects become also 


important when the circulating current increases, e.g. the increase of the resistance 


RDS(on) of the switches (known from chapter 4) that boosts further the losses.  


 
Io(norm)2 q η [%] 


1.38 0.85 91.86 


1.08 0.66 90.23 


1.10 0.56 89.30 


1.14 0.29 78.80 


Table 8.7. Extracted points from Table 8.6 corresponding to maximum efficiency at fixed q 
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The data in Table 8.7 indicate that the efficiency of this converter is lower than the 


efficiency of the converter described by Table 8.4. In fact, some older types of rectifier 


diodes and Power MOS transistors with slower recovery times of the anti-parallel 


diodes are applied in the converter described by Table 8.6. The points of maximum 


efficiency at a fixed normalized output voltage are displayed graphically in Fig.8.9 with 


the index “1”corresponding to Table 8.5 and “2” corresponding to Table 8.7.  


 


 
Fig. 8.9. Maximum efficiency points, primary and secondary halves at zero distance 


 


It is seen that both curves go almost vertically down when the normalized output 


voltage is diminishing. The reasons were already mentioned above and the main reason 


for the different shape of the graphics in Fig.8.9 compared to Fig.8.8 is that here the 


output voltage is lowered to obtain its lower normalized value, and not as in the case of 


Fig.8.8 the input voltage was increased. This difference in the way the converters were 


measured results in a displacement of the best efficiency points to the lower currents 


direction (Fig.8.9) where less dissipation is produced. 


 


8.2.4. Efficiency of power converters with cores at variable distance 
 


In order to investigate the influence of the magnetic coupling on the efficiency, a more 


powerful converter was applied. Its characteristics, because of the paralleled outputs in a 


stacked construction, permit a higher transferred power and lower voltage drops. The 
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paralleled operation reduces the diodes forward voltage drops, the resistive drops and 


the RDS(on). The magnetic losses are also lowered by applying a larger ferrite core, i.e. a 


pair of PM114/93 (N27 grade). The introduction of larger ferrite cores improves 


significantly the efficiency by lowering the magnetic induction (i.e. flux density), thus 


reducing the losses. The ferrite material of N27 grade or similar is generally limited to 


switching frequencies up to 100…150 kHz (at a substantially reduced induction).  


  


The measuring is executed at a fixed input voltage Es=500 V and the other variables are 


normalized by this voltage. By fixing the input voltage, it is easier to compare the 


behaviour of the characteristics to the previous graphics (i.e. varied output voltage), 


presented in Fig.8.9.  


 


The data in Tables 8.8…8.11 resulted from the measurements performed at distances: 


0.1 mm, 0.2 mm, 0.5 mm and 1 mm between the detached PM114/93 ferrite half cores. 


The magnetic coupling is relatively high (K>0.9) but the tendency in the converter 


efficiency can be already observed.  


 


q Io(normalized) Vo [V] Io [A] Po [W] η [%] 


0.8 1.48 200.28 16.80 3363.70 96.65 


0.8 1.00 199.76 11.34 2265.88 95.67 


0.8 0.50 200.09 5.73 1146.12 94.00 


0.6 1.51 149.97 17.11 2565.69 94.10 


0.6 1.94 150.59 21.99 3311.52 93.50 


0.6 0.50 150.43 5.67 852.94 93.50 


0.6 1.03 150.90 11.76 1773.98 92.80 


0.4 1.53 101.60 17.33 1760.73 91.70 


0.4 2.00 99.78 22.73 2268.00 90.70 


0.4 1.01 101.33 11.45 1160.23 89.60 


0.2 1.49 49.40 16.94 836.84 80.30 


0.2 0.96 49.30 10.96 540.33 78.70 


0.2 1.93 50.00 21.94 1097.00 78.50 


0.2 2.49 51.20 28.30 1448.96 77.95 


Table 8.8. Contactless SLSR converter, Es=500 V, PM114/93 half-cores, distance s=0.1 mm 
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q Io(normalized) Vo [V] Io [A] Po [W] η [%] 


0.80 1.48 200.90 16.76 3367.49 95.90 


0.80 1.01 200.68 11.45 2298.39 95.70 


0.80 0.50 199.23 5.64 1123.06 94.60 


0.60 1.50 150.46 17.05 2565.11 94.25 


0.60 0.49 149.56 5.55 830.03 94.00 


0.60 1.92 150.00 21.87 3280.61 93.44 


0.60 1.00 149.72 11.31 1693.53 93.20 


0.40 1.52 100.00 17.27 1727.00 91.45 


0.40 0.47 99.40 5.35 531.29 90.44 


0.40 1.99 100.30 22.66 2273.00 90.40 


0.40 0.99 100.10 11.23 1124.12 88.60 


0.20 1.91 50.60 21.71 1098.27 83.30 


0.20 1.58 49.45 17.92 886.14 82.70 


0.20 2.53 50.88 28.73 1461.78 81.12 


0.20 0.96 50.00 10.95 547.50 80.10 


Table 8.9. Contactless SLSR converter, Es=500 V, PM114/93 half-cores, distance s=0.2 mm  


q Io(normalized) Vo [V] Io [A] Po [W] η [%] 


0.80 1.47 200.20 16.76 3355.35 95.90 


0.80 1.01 200.70 11.49 2306.65 95.80 


0.80 0.50 198.38 5.65 1120.05 95.20 


0.80 2.01 200.19 22.82 4567.54 94.50 


0.60 1.51 150.77 17.14 2584.20 93.90 


0.60 0.51 150.19 5.83 875.01 93.60 


0.60 0.94 150.51 10.72 1613.47 93.50 


0.60 1.92 150.20 21.84 3279.62 93.14 


0.60 2.51 150.00 28.50 4275.00 92.30 


0.40 1.53 100.44 17.40 1747.25 91.90 


0.40 2.00 99.60 22.74 2264.90 89.98 


0.40 1.06 99.80 12.07 1204.59 89.40 


0.40 0.50 109.28 5.64 616.34 89.30 


0.40 2.48 100.80 28.14 2836.51 88.80 


0.20 1.98 50.61 22.54 1140.70 82.81 


0.20 1.49 49.76 16.98 844.92 81.90 


0.20 2.47 50.47 28.06 1415.94 81.10 


0.20 0.99 50.22 11.23 563.97 78.99 


Table 8.10. Contactless SLSR converter, Es=500 V, PM114/93 half-cores, distance s=0.5 mm 
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q Io(normalized) Vo [V] Io [A] Po [W] η [%] 


0.80 1.00 199.90 11.40 2278.86 95.69 


0.80 0.51 202.10 5.76 1164.10 95.64 


0.80 1.48 198.50 16.81 3336.79 95.10 


0.60 1.03 153.30 11.74 1799.74 94.45 


0.60 1.52 150.30 17.23 2589.67 93.20 


0.60 1.85 149.80 21.02 3148.80 92.06 


0.60 0.48 151.60 5.43 823.19 91.10 


0.40 1.50 100.00 17.08 1708.00 90.20 


0.40 1.97 100.70 22.43 2258.70 88.30 


0.40 0.96 98.60 10.93 1077.70 86.30 


0.20 1.95 49.70 22.12 1099.36 79.15 


0.20 1.50 50.00 17.10 855.00 79.00 


0.20 2.49 51.00 28.31 1443.81 76.13 


0.20 0.98 50.60 11.09 561.15 70.66 


Table 8.11. Contactless SLSR converter, Es=500 V, PM114/93 half-cores, distance s=1.0 mm  


 


The data listed in Tables 8.8…8.11 confirm that converters with larger magnetic core 


sections have better efficiency than converters, implemented by relatively smaller ferrite 


cores (Tables 8.2…8.7). It is seen that the maximum measured efficiency of a loosely 


coupled (larger core transformer) converter is η=96.65%. This value is higher than the 


maximum efficiency η=95.9%, achieved by the converter with ideally coupled but 


smaller (PM62/49) transformer. This comparison points out to the fact that the magnetic 


losses are an important part of the total losses. Although the average flux density in the 


core is far from dangerous levels (because of the larger air gap), the flux is densely 


concentrated in some spots of the magnetic core, creating local losses. That kind of 


concentration can be seen in the images shown in chapter 3 and its Appendixes. In 


practical aspect, the conclusion is that the ferrite core must have a well chosen, specially 


projected construction.  


 


The maximum efficiency points for each level of normalized output voltage (extracted 


from Tables 8.8…8.11) are listed in Table 8.12 and presented graphically in Fig.8.10.  
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0.1mm 0.2mm 0.5mm 1mm 
Io(normalized) q Io(normalized) q Io(normalized) q Io(normalized) q 


1.48 0.80 1.48 0.80 1.47 0.80 1.00 0.80
1.51 0.60 1.50 0.60 1.51 0.60 1.03 0.60
1.53 0.40 1.52 0.40 1.53 0.40 1.50 0.40
1.49 0.20 1.91 0.20 1.98 0.20 1.95 0.20


Table 8.12. Extracted points from Tables 8.8…8.11 corresponding to maximum efficiency at fixed q 


 


The displacement of the best efficiency region is observed in the four plots shown in 


Fig.8.10 in correspondence with the distance between the ferrite half cores. 


 


a)  b)  


c)  d)  
Fig.8.10. Maximum efficiency points at different q, primary/secondary at distance s: 


a) 0.1 mm; b) 0.2 mm; c) 0.5 mm; d) 1.0 mm 


 


The plots (a)…(d) of Fig.8.10 confirm the expected tendency: the best zone of operation 


moves slightly to the higher output currents, especially when the normalized output 


voltage decreases. At a lower distance between the half cores (i.e. higher magnetic 
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coupling), the line connecting the bottom points of maximum efficiency is vertical or 


slightly inclined as in Fig.8.9. When the distance between the half-cores is increasing, 


that line is becoming gradually inclined to the right side of the diagram.  


 


As the lower magnetic coupling obliges to operate at limited proportionally normalized 


output voltages, the higher currents zone, i.e. the right side of the diagrams in Fig.8.10 


becomes more important. For the lower normalized output voltage the output power has 


also its maximum situated in the region of high output currents. This proves the 


predicted tendency that for the loosely coupled magnetic link the maximum efficiency 


area is moving to the higher normalized current value, i.e. closer to the resonant 


frequency.  


 


By observing Tables 8.8…8.11, it is seen that the highest value of efficiency is obtained 


at the highest measured normalized voltage q. Fig.8.10(d) shows a distinctive trend (at 


the highest q) in the relocation of the maximum efficiency point: it moves to the left of 


the plot, i.e. to a lower output current and lower output power. This effect can be 


explained by the difficulties the converter has to operate in the highest q zone, when the 


magnetic coupling is reduced. Hence, if a lower current circulates in the loop, it 


provokes fewer losses, i.e. better efficiency. In addition, the converter efficiency is 


reduced in absolute value, due to the increased distance between the core halves 


corresponds to moving the maximum efficiency points to the left (the direction of lower 


output current). The points of maximum efficiency that correspond to the lowest 


normalized output voltage are not so influenced and by remaining in their places, they 


seem visually displaced to the right.  


 


The measured efficiency confirms (in general) the conclusion of chapter 6: at lower 


magnetic coupling the operation must be closer to the resonant frequency (i.e. higher 


output current) and the normalized output voltage must be lower. Although the expected 


relocation of the high efficiency zone was highly noticeable (following chapter 6, based 


only on the current form factor), the real measurements presented here show a less 


significant movement to the same direction of higher output currents and lower output 


voltages.  
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By practical reasons, the placement of the operation in the high efficiency zone is 


achieved by properly choosing the transformer ratio (and the LC circuit elements). The 


recalculation of the transformer ratio permits the output voltage to be “seen” as a lower 


value in the primary. The referred to the primary value of the output voltage is modified 


also by the magnetic coupling factor, as discussed in chapter 6. This is a solution but it 


has also a drawback: the low (referred) voltage in the primary will require higher 


primary current. This provokes a higher value of the circulating primary current and 


elevated losses. Thus the (theoretically) required low value of the normalized output 


voltage becomes a problem for the overall efficiency of the contactless converter. The 


increased losses provoked by the increased current circulation (at low output voltage) 


limits the movement of the operation zone to the direction of very high currents (the 


direction of the resonant frequency).  


 


The loosely coupled converter cannot operate at very high q values and its efficiency is 


diminishing in the highest output voltage zone (predicted in chapter 6), but as it is 


discussed above, its efficiency is also reduced at the very low output voltage (the output 


power is rapidly decreasing). The best zone is found as a trade off between the 


extremes: high and low output voltage, high and low output current. 


 


The good efficiency of the converter is not necessarily measured in operation points 


where a high output power is obtained. Although the number of measurements that is 


performed on the industrial higher power converters is insufficient, it is possible to be 


observed a shift in the points of maximum obtained power depending on the distance 


transmitter/receiver. It is possible to compare the maximum efficiency points, showing 


also the point of achieved maximum output power level. For this reason the data listed 


in Tables 8.4, 8.9…8.11 are presented graphically in Fig.8.11. For each normalized 


voltage q, diamond marks denote the (experimental) efficiency values. The point that 


represents the highest measured output power (from the corresponding group of points) 


has a triangle sign replacing the diamond. Thus, the maximum power achieved can be 


compared to the efficiency level (rising upwards).  
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a)  b)  


c)  d)  
Fig.8.11. Efficiency values measured at different q and different output power. The maximum measured 


power marked by triangle. Half core distance s: a) 0 mm; b) 0.2 mm; c) 0.5 mm; d) 1.0 mm 


 


Observing Fig.8.11, it can be deduced that transferring the highest output power at the 


best efficiency is possible at the highest normalized output voltage (q=0.8), only when 


the coupling is ideal or nearly ideal as in Fig.8.11(a) and (b). At lower output voltages 


(q=0.2…0.6), the ideal coupling shows in Fig.8.11(a) its worse efficiency when the 


highest power is transferred. When the coupling becomes worse as in Fig.8.11(d), the 


maximum output power does not correspond to the best efficiency point at the highest 


normalized voltage (q=0.8), but the maximum transferred power point is closer to the 


higher measured efficiency point, when the output voltage has its lower normalized 


value (q=0.2…0.4). This confirms that the best efficiency zone is moving slightly to the 


lower output voltages. The experiments on the industrial type SLSR converters involve 


also higher power contactless conversion that needed larger (stacked) power stages. 
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The switching frequency of the industrial converter is mostly kept between 80 kHz and 


100 kHz. That frequency zone is more adequate for reducing the magnetic induction for 


a smaller transformer with a lower number of turns (i.e. a smaller sized converter). For 


an experiment, performed at a higher power level (up to more than 15 kW) the resonant 


loop frequency was lowered from fres=60 kHz to fres=30 kHz. The applied ferrite core 


was also specially made (diameter more than 200 mm). At a switching frequency equal 


to approximately 40 kHz, the transferred power reached 17 kW at a distance of almost 


10 mm. The efficiency (not including the drivers, control and the other auxiliary 


circuits) has reached 97%.  


 


8.3. Laboratory SLSR converter (B) 
 


The larger magnetic cores (used in the industrial type contactless converters) are better 


prepared to distribute homogeneously the magnetic flux, avoiding its local saturation 


spots that may provoke losses. The fewer winding turns, the solid connections, the 


compactness of the construction and the close proximity of the devices are also 


important for the converter implementations in practice. Recently a reduced size 


laboratory SLSR converter was built to be used for the efficiency experiments. 


 


When the laboratory experiments are concerned, the most important characteristics of 


the converter become the versatility of its construction, the sufficient distance between 


the devices and the possibility to access easily any converter point that is necessary to 


be measured. This (laboratory) type of construction is not the best to demonstrate the 


highest efficiency, but it serves better to find the tendencies in the efficiency of the 


various operation points.  


 


The investigated laboratory converter, i.e. the type (B), as named before, allows 


different configurations, e.g. to use an additional resonant circuit in the secondary side, 


to change the resonant and the switching frequency, to apply a PWM operation, etc. In 


fact, reaching the lowest output power is not important for the efficiency measurements 


and this capacity of the converter regulation is not used in the following experiments. 


All the shown results are based on the FM regulation. The schematic of the converter is 
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a classical full bridge implemented by power MOSFET transistors, similar to the 


analysed in the previous chapters. The manually controlled switching frequency permits 


the application of different modes of operation, including the sub-resonant operation. 


The resonant frequency can be also modified through the values of the LC elements, but 


it is actually fixed at fRES=90 kHz. The construction (intentionally not compacted) 


allows versatility and easy access to the circuit elements. Because of the larger distances 


between the devices and the relatively higher voltage across the devices and their 


connections, the efficiency is not as high as the efficiency shown by the industrial SLSR 


converters. The efficiency measurements are carried out, while varying the load, the 


input voltage and the switching frequency (inside their possible limits). The output 


power is limited to less than 1 kW. The limited operating power and voltage 


characterize this converter as a basis for multi-purpose laboratory experiments and 


testing equipment for future larger implementations. A lateral view of the converter is 


presented in Fig.8.12.  


 


 
Fig.8.12. Experimental resonant converter with detached magnetic link (secondary is the upper side) 


 


The laboratory converter is prepared to accept an input voltage of up to 500 V DC and 


the maximum output voltage can reach EO=100 V (defined by the actual transformer 


ratio n, in this case fixed at n=5:1). The maximum output current can reach IO=20 A, but 


the restrictions imposed on the equipment limited the input voltage to 200 V and the 
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output current to 10 A. Even these limited values of the transferred output power are 


explicitly showing the tendencies, confirming the predicted displacement of the 


maximum efficiency. Although the variations of the efficiency were observed during the 


operation of the previously discussed industrially produced converters (their 


construction is much more compact and hence more efficient), the 1 kW laboratory 


converter provides also useful information.  


 


Because of the fact that the losses of the laboratory converter are not minimized, some 


parameters, like the input voltage level have more visible influence on the efficiency. 


This is shown in Table 8.13, where the measured current, voltage, power and efficiency 


are listed when the load resistance value is kept fixed. The distance between the primary 


and the secondary halves of the transformer core in this case is kept at its possible 


minimum. The results are obtained varying the input voltage Es from 0 to 200 V. 


 


Es Iin Pin Vo Io Pout η q 
[V] [A] [W] [V] [A] [W] [%]  
20 0.1 1.8 3.3 0.3 1.1 61.1 0.66 
30 0.2 4.5 5.5 0.6 3.0 66.6 0.73 
40 0.2 8.0 7.9 0.8 6.1 76.3 0.79 
50 0.3 13.0 10.2 1.0 10.3 79.2 0.82 
60 0.3 19.2 12.5 1.3 15.6 81.3 0.83 
70 0.4 25.9 14.8 1.5 21.9 84.5 0.85 
80 0.4 34.4 17.2 1.7 29.6 86.1 0.86 
90 0.5 44.1 19.5 2.0 38.1 86.4 0.87 
100 0.6 55.0 21.9 2.2 47.7 86.7 0.88 
130 0.7 94.9 29.0 2.9 84.1 88.6 0.89 
150 0.8 126.0 33.7 3.4 113.3 89.9 0.90 
170 1.0 161.5 38.4 3.8 147.2 91.2 0.90 
190 1.1 203.3 43.1 4.3 185.6 91.3 0.91 
200 1.1 226.0 45.4 4.5 206.6 91.4 0.91 
Table 8.13. Efficiency of laboratory converter, fixed resistive load 10 Ω 


 


An increase of the converter efficiency is observed along with the growing input voltage 


values. This result is not illogical as in this experiment the higher output power is 


produced by increasing Es, while keeping fixed the load resistance. The result reminds 


that the dissipative voltage drops have a relatively reduced importance when the input 


and output voltages are higher. 
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A more comprehensible demonstration of this rising efficiency effect of the SLSR 


converter (described in Table 8.13) can be seen if the normalized output voltage q is 


chosen to be the abscissa for the plot of the efficiency η. The efficiency measured at 


different listed operation points is shown in Fig.8.13. 


 


 
Fig.8.13. Efficiency of the contactless converter at a fixed output resistance, fixed switching frequency 


and varying input voltage 


 


The efficiency in Fig.8.13 is increasing almost linearly following the increase of q. As 


Table 8.13 demonstrates, the scale of variation of the output voltage VO is much larger, 


compared to the variation of the input voltage Es, i.e. there are voltage drops which 


remain fixed independently of the supply voltage level. Those voltage drops become 


less important when a higher input voltage is applied. In the measurements executed on 


the laboratory converter and presented in Fig.8.13, there is a visible (almost linear) 


influence of the normalized output voltage upon the efficiency (due to the relatively 


high losses of the converter). The value of the efficiency is also quite low when the 


normalized voltage q is becoming lower (due to some fixed voltage drops in the circuit, 


especially on the rectifier diodes). The diminished efficiency values prove that it will 


not be easy to obtain the predicted best operation points in the extremely low voltage 


and extremely high current zones.  


 


The oscilloscope images shown in Fig.8.14 represent examples of experimentally 


obtained current and voltage waveforms taken from the primary and the secondary sides 


of the converter at two different distances between the primary and secondary core 
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halves. The two voltage waveforms correspond to the applied through the primary 


switches input voltage and through the output rectifier output voltage. Both waveforms 


have (approximately) rectangular form and identical amplitudes, because Es and VO are 


kept unchanged. The voltage scale of the image is 100 V/div for the primary and 50 


V/div for the secondary. The scale of the primary current is 2A/div, while the secondary 


current is shown at 10 A/div scale (because of the step-down transformer with n=5:1). 


Fig.8.14(a) corresponds to magnetic coupling K=0.95 that is not far from the ideal and 


Fig.8.14(b) is taken at the relatively low K=0.8.  


 


     
(a)  (b) 


Fig.8.14. Experimentally obtained waveforms: a) closer transmitter/receiver distance (K=0.95); b) larger 


distance (K=0.8), q=0.55, n=5:1 


 


The waveforms of the primary and the secondary current, shown in Fig.8.14(a) are 


identical to the expected (as shown in chapter 5) waveforms of an ideally coupled SLSR 


converter, operating at the same value of the normalized voltage, q=0.55. In contrary, 


Fig.8.14(b) shows that applying exactly the same voltage amplitudes as in Fig.8.14(a), 


the primary current becomes completely different, resembling closely the current of an 


ideal converter with a short circuit at its output. In the same Fig.8.14(b), the secondary 


current value shows an extreme reduction of its value, while its shape resembles the 


current of ideal SLSR converter loaded with a higher output voltage. The observed 


effects confirm the predicted (in chapter 6) behaviour of the contactless energy transfer 


converter.  
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Because of the limitations of the equipment, the efficiency measurements are executed 


at values of the input voltage Es, equal to 200 V, 100 V and 50 V, being the complete 


data listed in Tables 1…15 of Appendix 8.1. The relatively low input voltage does not 


allow reaching efficiency higher than 90.2% during the measurements and the 


efficiency value is further reduced at higher values of the transferred power. It was 


already mentioned above that the laboratory converter cannot reach efficiency results as 


good as the results obtained by the industrial converters, although the tendencies are 


again clearly confirmed.  


 


Four series of measurements are performed, which lists are available in Appendix 8.1, 


and the results are presented graphically in Figs. 8.15 and 8.16. The graphics in Fig.8.15 


are produced from the first two series of measurements and the plots (a) and (b) 


correspond to the two different measurement arrangements. In Fig.8.15(a) the efficiency 


is observed at a fixed output (and input) voltage. In Fig.8.15(b) the output current is 


fixed and the input voltage remains fixed but at different value, than in Fig.8.15(a). The 


input voltage is fixed at 100 V in Fig.8.15(a) as required by the measuring equipment 


(limited output current variation). In Fig.8.15(b) the input voltage is 200 V and the 


output current remains equal to 2 A during the variation of the output voltage (through 


the adjustment of the switching frequency).  


 


a)  b)  


Fig.8.15. Efficiency measured at: a) fixed voltage q=0.9 and distance s=0 mm (curve 1), 1 mm (curve 2), 


2 mm (curve 3); b) fixed current IO=2 A and distance s=0 mm (curve 1), 2 mm (curve 2) 
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In Fig.8.15(a) the distance between the transmitter half core and the receiver half core 


has three different values: 0 mm (curve 1), 1 mm (curve 2) and 2 mm (curve 3), while 


the converter maintains a fixed output voltage. The output power is regulated (at each 


distance) by adjustment of the switching frequency, thus varying the output current. The 


variation of the efficiency is graphically shown, allowing the maximums to be observed. 


When the distance is increasing, the maximum efficiency point in Fig.8.15(a) is moving 


gradually to the right, i.e. towards the higher output currents.  


 


In the second series of measurements (Appendix 8.1), illustrated by Fig.8.15(b), the 


output current is kept fixed while the switching frequency is adjusted to obtain the 


output voltage variation. The measurements are concentrated mostly in a close vicinity 


of the maximum efficiency. In this case, as it is seen in Fig.8.15(b), the maximum 


efficiency peak is moving to the left, i.e. the direction of lower output voltages, when 


the distance is rising from 0 mm (curve 1) to 2 mm (curve 2).   


 


In Fig.8.16 the other two sequences of measurements, listed in Appendix 8.1 are 


illustrated. The two plots correspond to different (fixed) normalized output voltage 


values. The regulated output variable (by FM regulation) is the output current. The 


limitations imposed by the equipment left some of the graphics unfinished but 


nevertheless, the shown tendency is clear.  


 


a)  b)  


Fig.8.16. Efficiency of laboratory converter measured at: a) q=0.8; b) q=0.6. Distance s: 0 mm (curve 1), 


1 mm (curve 2), 2 mm (curve 3), 4 mm (curve 4) and 6 mm (curve 5) 
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Both Figs.8.15(a) and (b) demonstrate shifts of their efficiency maximums, that 


correspond to the different distances between the transmitter and the receiver. The 


graphics of Fig.16 show that with the increase of the distance between the half cores 


(when the magnetic coupling becomes worse), the maximum efficiency point moves to 


the higher output current zone. The unfinished curves 1…3 also show the same 


tendency to reach a maximum in the left-most part of the graphic, as they correspond to 


a better magnetic coupling. The curves 4 and 5 show their maximums displaced in the 


direction of the higher output current values. The effect is more clearly recognized in 


Fig.8.16(b), i.e. in the case of q=0.6. 


 


Comparing the curves in general, it is seen that the efficiency η is decreasing when the 


distance s increases. This natural variation of the efficiency is proved to be combined 


with another variation, that of the maximum efficiency value. The position of that 


maximum η point of each curve depends on the distance s between the transmitter and 


the receiver half cores. When the distance increases, the maximum η point shifts to the 


higher output currents and to the lower output voltage region. Both movements are 


predicted by the analysis in chapter 6 and confirm the viability of the approximations 


introduced to the contactless SLSR converter equivalent circuit. 


 


8.4. Conclusion 
 


The data obtained from the measurements at different output power levels (by 


regulating the switching frequency) and at different magnetic coupling (by changing the 


distance between the transformer core halves) are confirming the general predictions 


made in chapters 5 and 6: the maximum efficiency operation point is moving its 


position.  


 


When the normalized output voltage is kept constant, the maximum efficiency is 


moving to the direction of the higher output currents in agreement with the rising 


distance. If the output current is kept constant and the distance rises, the best efficiency 


operation point is gradually moving to a lower normalized output voltage. This 
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movement is not as noticeable as expected theoretically because of many practical 


reasons. Some of the reasons can be more obvious and some need still to be discovered. 


 


One reason is the transformer and its losses provoked by the excessive magnetic 


induction, especially the high local flux density in standard production cores that are not 


specially prepared for contactless energy transfer. That kind of core cannot present the 


expected lower losses at high output power because the super-resonant SLSR power 


converter produces its highest output power at its lowest switching frequency. The low 


frequency of operation provokes a high flux density and hence, the losses increase. The 


effect of extreme transformer overheating is especially noted in smaller sized magnetic 


cores that do not have enough coil former space to place sufficient number of turns (also 


with sufficient cross-section of the wires).  


 


The movements of the highest efficiency operation point (in all illustrations) are in 


agreement with the conclusion of chapter 6. Additional reason for the movement of the 


maximum efficiency point to a lower normalized output voltage can be the above 


mentioned magnetic losses. In Fig.8.15(b), at the fixed output current value, the 


maximum efficiency point moves to a lower normalized output voltage. In this case, the 


lower voltage is obtained by a higher switching frequency, as shown in chapter 5. 


Unfortunately, the higher switching frequency may have different influence on the 


efficiency and depends much on the magnetic material applied.  


 


Another reason for not obtaining the more accentuated shifts of the best efficiency 


point’s position is the influence of the voltage drops that the bipolar devices (like the 


rectifier diodes) have. This fact makes the efficiency more dependent on the applied 


voltage level. The output voltage rectifiers of the measured industrial converters are 


Schottky devices and their voltage drops transformed to the primary are insignificant. 


This results in an almost equal behaviour of the industrial converters when supplied 


either by 375 V or 700 V. The laboratory converter (with its high-speed bipolar rectifier 


diodes) shows a strong dependence of the efficiency on the input voltage (Fig.8.13). 


The step-down transformer (in this case) makes very important the influence of the 


forward voltage drops of the rectifier diodes. In addition, the lower value of the 
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transferred power, in the case of the laboratory 1 kW power converter, does not show a 


resistive component in the conduction behaviour of the diodes, because the diode 


characteristics become more linear only at the highest conducted current.  


 


In conclusion, the displacement of the maximum efficiency zone is not as extensive as 


predicted in chapter 6 because of the contradictory factors that influence the power loss. 


The high efficiency operation areas remain close to the predicted in chapter 5 if the 


magnetic coupling is relatively good (of course, the high normalized output voltage is 


already limited by the magnetic coupling factor). For a lower magnetic coupling 


(K<0.95) the best efficiency zone of normalized voltage can be advised to be kept 


roughly 80% lower than the achievable maximum (this maximum was set as 


approximately equal to the magnetic coupling coefficient K). The normalized output 


current for obtaining the best efficiency, depends on the normalized output voltage as it 


was mentioned, but in general terms, it remains in the zone between 0.5 and 2.0. The 


necessary adjustment of the operation point is made by proper transformer ratio and 


choice of the reactive elements. 
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Abstract: This chapter describes the conclusions from the research on 


SLSR power converters for contactless energy transfer. The 


achieved objectives, the difficulties and recommendations for 


further development of this subject are presented. 


 
 


 







 


9-2 


 


 


 







 


9-3 


9.1. Introduction 
 


This chapter points out the conclusions from the research effectuated on power 


converters for contactless energy transfer. It summarizes the results from the analyses, 


simulations and experiments of this work in relation to the formulated objectives in 


chapter 1. The obtained results will assist the design of power converters with improved 


efficiency and indicates new directions for future development on this issue.  


 


9.2. Obtained results 
 


Following the formulated problems in the introduction, the second chapter was directed 


to search for the best available contactless energy transfer topology. An important 


decision of this chapter is that the only power link capable to be implemented at 


relatively high power levels, is the Inductively Coupled Power Transfer (ICPT) 


technology. Comparison between the possible resonant structures (to compensate the 


loosely coupled transformer link) resulted in the conclusion that the series-resonant 


compensation will be the better choice. This series compensation requires the 


application of the Series-Loaded Series-Resonant (SLSR) power converter operating at 


frequencies higher than the resonant frequency. To achieve a larger regulation range it is 


also proved that Pulse Width Mode (PWM) of operation will be applied for the lowest 


range of output power. 


 


The main result from chapter 3 is the conclusion that the leakage inductance of the 


loosely coupled transformer changes insignificantly. If compared to the magnetizing 


inductance variation (about 50 times higher), the series compensation of the leakage 


inductance shows much more stable and predictable converter behaviour with the 


varying coupling coefficient (the maximum variation of the resonant frequency is not 


higher than a few percent).  


 


Chapter 4 deals with the analysis of the idealized SLSR power converter. It proved that 


the super-resonant operation is more advantageous in terms of efficiency (because of the 


lower switching losses). This mode of operation is guaranteed by the Frequency Mode 
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of regulation (the converter is regulated by varying its switching frequency). The 


analysis has produced generalized analytical expressions but also specific expressions 


for the super-resonant operation as discussed in the next chapters. The results from this 


chapter are applied as an instrument to obtain the characteristics of the SLSR super-


resonant converter in chapter 5 and to define the areas of operation with the highest 


efficiency. The operation in PWM mode is analyzed in chapter 5 also as a result of the 


analytical expressions in chapter 4. The analysis of the SLSR super-resonant converter 


developed in chapter 4 serves as the foundation for the research of contactless energy 


transfer by loosely coupled transformer (chapter 6). 


 


In chapter 5 the analysis developed in the previous chapter is applied to define the 


characteristics of the idealized SLSR converter. The best efficiency areas of operation 


are pointed out both for FM and PWM operation. The characteristics show that the best 


efficiency is reached at relatively high output voltage in a well-defined span of output 


currents and switching frequencies. The PWM operation is demonstrated as essential for 


a larger regulation of the output power. PWM is also analysed in order to find the 


conditions that minimize its switching losses. The areas that guarantee lossless 


operation are presented and the areas of optimal efficiency (expressed by the current 


form factor) are also presented in a graphical form. The results of the efficiency 


consideration suggest that the converter will operate in FM mode for high output power 


and in PWM mode for lower output power. The presented diagrams have defined a 


boundary at which the operation mode is switched safely from FM to PWM. This is 


already applied for the practical design of the mixed-operation SLSR super-resonant 


converter. The characteristics presented in chapter 5 are proving also the “current 


source” behaviour of the super-resonant converter that permits paralleling multiple 


SLSR converters (or output stages). 


 


In chapter 6 the contactless converter with the loosely coupled transformer is 


investigated. Based on the ideal circuit relations, its practical equivalent circuit is 


divided in two separate equivalent circuits. This division is verified and applied to 


obtain results about the more efficient areas of operation. From the presented analysis 


the best zone of operation at full output power was also located. The place of the best 
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area of operation can be determined separately for each case. Approximately, its 


position corresponds to a normalized value of the output voltage that is slightly above 


the 50% (up to 80%) of the maximum achievable output voltage. The maximum 


achievable value of q was shown to be lower than the magnetic coupling coefficient K. 


The transformer ratio is adjusted if specific output voltage is required. The normalized 


output current value corresponding to the maximum efficiency is also shown, and the 


frequency of operation for achieving this area of safe and efficient performance, is also 


located. The presented graphics are necessary for defining not only the switching 


frequency at the maximum power level but to define also the maximum operation 


frequency at the boundary of the safe FM/PWM transition. The regulation curves permit 


to predict the maximum normalized average output current that will be developed in 


regimes close to short circuit. By the proper choice of the maximum operating 


frequency the dangerous discharge of the resonant capacitor through the anti-parallel 


diodes (and as a consequence, the short circuit connection) is avoided.  


 


Chapter 7 is comparing the control methods: FM, PWM, and their combination 


FM/PWM. The limited speed of transient reaction and limited scale of regulation of the 


FM method combined with the large scale of regulation of the PWM method are 


presented as an applicable solution. Another newly proposed original method is 


presented that avoids the problem of the transient speed and the lagging reaction at the 


boundary between PWM and FM operation. This new method is presented as a block 


diagram and as a realistic circuit implementation. This new, instantaneous regulation 


method measures constantly several circuit variables and regulates by calculating each 


energy portion that is individually supplied (each half switching period). The result of 


this method is similar to the effect produced by the current mode (CM) control applied 


to hard switching power converters. By this method the speed of the transient process is 


the highest possible. This instantaneous control method permits also the contactless 


energy converter to be flexibly regulated by supplying the value of the magnetic 


coupling as a variable which is observed and considered in the calculations. Thus, the 


circuit can follow the changes in the magnetic coupling and the operation of the 


contactless power converter is corrected accordingly. 
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Chapter 8 is presenting results from the experiments with different SLSR converters 


with contactless constructions of their transformers. Different switching frequencies and 


different magnetic coupling (changing the distance between the transmitter and receiver 


parts of the transformer) are applied. The results are confirming the general predictions 


made in chapters 5 and 6: the maximum efficiency point of operation is moving its 


position. When the normalized output voltage is kept constant and the distance between 


the core halves is increasing, the maximum efficiency point is shifted to the higher 


output currents region. If the output current is kept constant and the distance between 


the core halves rises, the best efficiency operation point is gradually moving to the 


lower normalized output voltage. The movement is less significant than it was 


theoretically expected because of many practical reasons, e.g. concerning the local 


excessive flux density magnetic induction and the excessive voltage drops in the bipolar 


devices (e.g. the rectifier diodes). This fact makes the efficiency more dependent on the 


input voltage level. In total, the displacement of the maximum efficiency zone is not as 


extensive as predicted chapter 6 and the high efficiency operation zone remains close to 


the predicted in chapter 5 (if the magnetic coupling is relatively good). 


 


9.3. Directions for a future research 
 


The presented work does not pretend to be exhaustive neither is this possible to be 


achieved, but the obtained information can be useful for many other applications. The 


SLSR super-resonant converter has shown good results in its contactless application, as 


it is reported in this work. Its power circuit design is already made clearer by the 


presented information. The control method proposed in the end of chapter 7 is also 


promising good results. All these achievements can be further developed especially 


when a wider spectrum of applications will need this method for energy transfer. 


 


9.3.1. Further changes of topology 
 


The analysis treats only the energy transfer between one transmitter and one receiver, 


but the derived expressions can be applied as a starting point for the calculation of the 


double-sided resonant circuit topologies or multiple-receivers version of the contactless 
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power converter. In the case of multiple loads it will be necessary to control each 


secondary side separately (at the secondary side): 


a. changing the secondary resonant frequency individually; 


b. applying magnetic amplifier in each secondary individually; 


c. applying boost operation individually using current source as a consumer 


(shown in some articles, e.g. [A63]); 


d. applying synchronous rectifiers switched on or off when necessary. 


For all these solutions the output voltage, as an input to the controller, could be either 


measured at the most important of the outputs, while the others would react to adjust the 


power they receive individually, or measured as the instant combination with weighting 


coefficients (this would be more complex). 


 


Another solution that is not analysed in this study, is the placement of the resonant 


capacitor in the secondary side. This will alleviate the influence of the secondary stray 


inductance and the influence of the magnetizing inductance. There is a price to pay for it 


as this placement will complicate the measurements of the variables (it requires precise 


measuring at both sides of the transformer). The changes of the topology depend mainly 


on the practical needs and will require more studying. 


 


9.3.2. Further reduction of magnetic coupling 
 


The experimental measurements were not intended for very low values of magnetic 


coupling. In fact the rotary joint and contactless charging terminals for the Electric 


Vehicle (EV) are experiencing relatively good coupling factors, but for other 


applications the experiments must include magnetic coupling values down to 0.3. For 


most cases the coupling of 0.3 is a minimum value. Even lower coefficients (like 


K=0.05) will require different topology solutions, e.g. doubled resonant circuit (primary 


and secondary), which solution minimizes further the negative effect of the very low 


magnetizing inductance. Any new topology that is more complicated will necessarily 


require a more complex method of control. 


 


 







 


9-8 


9.3.3. Further development of the control 
 


The presented idea for an instantaneous controller is in general adequate for any SLSR 


power converter (also with a good magnetic coupling). The proposed instantaneous 


control is reacting well and its viability is demonstrated by simulation results, but this 


simulation was executed at a lower speed than the required speed in practical 


converters. The presented implementation is mainly analogue and the predictive 


controller to calculate the expected values, is complicated. The success of such 


complicated calculation circuit depends on the simplicity of its implementation (also a 


reduction of the number of integrated circuits is needed). The reduced speed (i.e. lower 


switching frequency) of the simulation was mainly chosen to obtain clean graphics. It is 


a problem due to the high number of analogue integrated circuits reacting at high speeds 


(e.g. tens of nanoseconds). 


 


A future development is planned that will be based on programmable digital circuits. In 


this case the calculations are not a problem in the way they are a problem for the 


analogue solution. By applying digital circuits, the control can be further improved and 


becomes more flexible, functional and reliable. The implementation of time limitations 


(difficult to apply in the analogue version) will be easier, thus permitting more simple 


solution for the limitation of the maximum frequency and for a larger range of the PWM 


regulation. The minimum frequency can also become safely limited to avoid a possible 


dangerous sub-resonant operation and to avoid the high power limitations. All this was 


difficult or even impossible by the presented analogue control circuit implementation. 
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