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Abstract

The compensation network in wireless power transfer (WPT) system has many functions, including
increasing efficiency, providing constant voltage/current output, reducing volt-ampere rating, etc. With
the popularity of wireless charging for electric vehicles, more and more compensation topologies with
distinctive characteristics are proposed. Therefore, a comprehensive comparison among various com-
pensation topologies under rated operating condition is necessary for the selection of compensation
topology for WPT. In this thesis, eight compensation topologies are selected for benchmark and com-
pared in terms of efficiency, component voltage/current stress, design freedom, misalignment be-
haviour, etc. under the rated operating condition set based on SAE J2954 [1] standard. Given the
analytical comparison results, the S-S compensation and LCC-S compensation are selected for further
analysis and experimental verification.

In the practical design process of the compensation, the voltage/current stress on each compo-
nent and the implementation of zero voltage switching (ZVS) on switches are two critical issues to
be considered. For the calculation of components’ peak voltage/current, the fundamental-frequency
analysis is the most widely used calculation method, which is inaccurate in some inductors’ voltage
peak calculation. Therefore, a new resonant inductor voltage peak calculation method is proposed in
this thesis, which is proved to be more accurate in both simulation and experiments in S-S and LCC-
S compensations. For the implementation of ZVS, few studies have given the calculation method of
switching current due to its complexity. In this thesis, a new switching current calculation method for
LCC-S compensation is proposed and compared with the existing calculation method. A tuning method
for ZVS implementation based on this calculation method is also proposed. Results from simulation
and experiments under various operating conditions are provided to verify the accuracy of the newly
proposed switching current calculation method. In the experiments, the LCC-S compensation and S-S
compensation are compared under different power and input voltages. Experimental results show that
the efficiency of LCC-S compensation is higher at low power, because of the lower conduction loss on
MOSFETs. However, the efficiency of S-S compensation is higher at high power due to less losses on
compensation components.
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Introduction

This chapter first introduces the development of wireless power transmission, existing applications and
application prospects and other background knowledge. Besides, the general topology of wireless
charging for electric vehicles, and the role of compensation networks play in it are introduced.

This chapter illustrates the importance of compensation networks and the diversity of topologies.
Some existing studies on different compensation topologies are also given and analyzed. Based on
these existing studies, research objectives can be proposed to achieve a more comprehensive com-
parison of different compensation topologies.

The structure of this study is given at the end of this chapter.
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1.1. Background

The history of wireless power transmission can date back to the late 1800s, when Nikola Tesla wanted
to build a world-wide wireless transmission system [2]. Until now, wireless power transfer (WPT) system
has been used for a great variety of applications and has brought many possibilities for energy transfer.

In [3], the applications of WPT technology are divided into two main categories, far-field transmission
and near-field transmission. An example of a far-field WPT technology application is low-power sensor
networks. Far-field WPT technology also makes it possible to transfer solar energy from space to earth
or remove the heavy fuel of spacecraft by transferring power wirelessly.

Compared with far-field WPT, the near-field WPT can achieve higher efficiency and is more com-
monly used in daily life. Some common near-field WPT applications are wireless charging of some daily
low-power electronic devices such as electric toothbrushes and cell phones. With the improvement of
WPT technology, wireless charging of high-power devices such as electric vehicles (EV) is becoming
an important application of WPT technology, which is also the main application studied in this thesis.

Electric vehicles are gaining popularity due to their ability to reduce greenhouse gas emissions,
while the application of WPT in electric vehicles can help increase driving range, reduce battery size
and improve charging convenience [4].

I .o T
DC Power Compensation Primary Secondary Compensation
Source { DC/AC Inverter Network fima o Network ACIDC Converter | R

Figure 1.1: WPT Schematic

Figure 1.1 presents a typical schematic of a WPT system for charging electric vehicles, where DC
power source can be a DC grid or an AC grid connected to a rectifier. The DC voltage is first converted
to a high-frequency AC voltage through the DC/AC inverter. Then, this high-frequency AC voltage
source is transmitted from the primary coil through an air gap to the secondary coil. Finally, the ac
power is rectified to DC power by AC/DC converter on the secondary side to charge the battery of
the electric vehicle. Due to the large distance between the primary and secondary coils in this energy
transfer process, the primary and secondary coils are usually loosely coupled, and the leakage induc-
tance on both sides are relatively large. Therefore, the compensation network is added to compensate
the leakage inductance and reduce the voltage-ampere rating of the WPT system [5]. Besides, the
compensation network can provide constant voltage/current output and achieve high efficiency of the
WPT system [6].

Compensation network is critical in the WPT system, so a great number of compensation topologies
have been proposed and studied in recent years [7]. The focus of this thesis is to investigate and
compare various compensation topologies under the rated operation conditions defined by SAE J2954

[8].
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1.2. Problem definition

Currently, there is a very wide range of topologies available for compensation networks, and different
topologies have varied features and functions. Therefore, itis necessary to study and compare different
topologies.

In [7], the various compensation topologies are split into several basic resonant network blocks com-
posed of passive components to analyze the principles of achieving constant voltage/current and zero
phase angle (ZPA). However, the unique characteristics of different topologies are not well illustrated
and compared.

The study in [9] provides a comprehensive comparison of different topologies, taking into account
a variety of factors including efficiency, compensation components sensitivity, wireless transmission
distance, control strategy, etc. However, it only focuses on the conventional two-element compensation
topologies, and little work has been done on high order compensation topologies.

Some studies like [10] and [11] give a comparison between the features of conventional topology
and high order composite topology, but only two topologies are taken into account, which is not so
comprehensive.

In this thesis, the conventional compensation topologies and high order compensation topologies
as well as some newly proposed novel high order compensation topologies are considered compre-
hensively, and the characteristic analyses of different topologies are given to provide guidance for
compensation topology selection under SAE standard. After the topologies comparison, two optimal
topologies are selected for experimental verification.

There are two important issues to focus on during the compensation topology design process: com-
ponents voltage/current stresses and ZVS implementation. In terms of components stresses, most
studies adopt fundamental-frequency analyses to calculate the voltage/current stresses, however, this
method is not accurate in some cases. The simulation and experimental analyses in this thesis demon-
strate that the results of this calculation method are significantly smaller when it is applied to the reso-
nant inductor voltage stress calculation. Therefore, a new resonant inductor voltage stress calculation
method is proposed in this thesis, which is verified experimentally, and proven to be quite accurate.

In terms of ZVS implementation, few studies have analyzed the implementation of ZVS in detail in
the LCC-S topology, since the calculation of the switching current is very difficult. In [12], a switching
current calculation method and the corresponding tuning method for LCC-LCC compensation topology
is proposed, which is applied by [13] in LCC-S compensation. This calculation method only roughly
takes into account the influence of the high-order harmonics from the input voltage, but in fact the
influencing factors of the switching current are more complicated. A new switching current calculation
method is proposed in this thesis, which is verified by simulation and experiments to accurately calculate
the switching current values under various operating conditions. Based on this calculation method, a
tuning method for ZVS implementation in LCC-S compensation is also proposed.
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1.3.

Research objectives and structure

The purpose of this study is to analyze and compare different compensation topologies, and the fol-
lowing factors are focused in the analyses and comparison process:

Efficiency

Efficiency is a critical factor in WPT system. High efficiency can help reduce energy consumption.

Voltage stress

Damage or breakdown could happen when voltages on compensation components are too large.
Appropriate voltage stress is also a consideration when designing compensation components.
The voltage stress should be reduced as much as possible.

Current stress

Conducting high currents on the compensation components increases the losses on the compo-
nents and thus reduces the efficiency. In addition, excessive current stress could damage the
components, so current stress is also an important factor to be considered when designing a
compensation component.

Misalignment behaviour

When there is a vertical or lateral misalignment during EVs wireless charging, the coupling coef-
ficient between primary and secondary coils will change, which normally becomes smaller than
the aligned condition. In this case, the voltage and current stresses of the components as well as
the efficiency of the system will change. The voltage and current stress in some compensation
topologies could become very high causing damage of components.

Design freedom

Some topologies have little or no control over the output by adjusting the compensation com-
ponents parameters, due to their simple compensation structures or limitations in compensation
methods. Therefore, for WPT adopting low-design-freedom compensation topology, the output
voltage/current can not be supplied as designed when the input voltage changes. However,
for WPT adopting high-design-freedom compensation topology, adjusting compensation compo-
nents values can allow the setup operating at the new input voltage.

Cost

Different compensation topologies require different numbers of compensation components and
different component values, so the cost of the compensation network varies. The lower-cost
compensation topology should be selected when other requirements are satisfied.

The structure of this research is organized as 1.2.
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Background and Problem definition

|

Introduction of compensation design
for each compensation topology

|

Analyses of factors such as efficiency,
components stress for each topology
and identification of its unique
characteristics

|

Simulation verification

|

Comparison among different
topologies under rated condition

}

Identification of the errors between
analyses and simulation

Derivation and simulation verification

Optimal topologies selection ! of the newly proposed switching
v current calculation method
Derivation and simulation verification
of the newly proposed resonant l
inductor voltage peak calculation
method
| ZVS tuning design <

» Compensation components design

Experimental verification

Conclusions

Figure 1.2: Thesis structure



Analyses and comparison of different
topologies

Compensation networks for wireless power transfer now have many kinds of topologies, and each
has distinctive characteristics. Herein, all compensation topologies are divided into three main types:
conventional two-element compensation topologies, high-order composite compensation topologies
and novel high-order composite compensation topologies. These three types of topologies will be
introduced and analyzed in sections 2.2, 2.3 and 2.4, respectively.

The computation of voltage and current stress on each component and efficiency for each topology
are introduced in sections 2.2, 2.3 and 2.4, and summarized for topologies comparison in section 2.5.
Simulation models based on circuit simulator PLECS are used to verify the analyses.

To make a fair comparison of the various topologies, the rated working condition of the wireless
power transfer system based on SAE standard is defined in section 2.1. In section 2.5, all topologies
are compared in many aspects, and a summary table is given at the end of the section.
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2.1. Rated working condition

The general schematic of the WPT system is shown in figure 1.1. Here, some specific parameter values
will be defined according to the SAE standard [1]. The DC charging voltage V; is 400 V and the battery
side voltage Vg, is the same as V.. However, for S-S topology, due to the limit of design freedom,
the charging voltage needs to be decreased to meet the output voltage requirement, thus there is an
extra front-end buck converter to decrease the DC voltage.

The DC voltage source is connected to a full bridge inverter to generate AC source V; for the system.
Normally only fundamental frequency component is considered during the analysis, thus the AC source

can be calculated by: V; = %EVDC. The switching frequency f of the full bridge inverter is 85 kHz and
the angular frequency w is 27 f.

It is assumed that the primary-side inductance L; and the secondary-side inductance L, are fixed.
The rated coupling coefficient k between the primary and secondary coils is 0.2 and the mutual induc-
tance M can be calculated by: M =k - \/L,L,.

The }r)ated output power P, is 4 kW, therefore, the battery side current I5,; can be c;alculated by:

o Bat

Igat = " and the battery side equivalent resistor R;,,4 can be calculated by: R;yqq = oot

For ngﬁ—ideal analysis, the quality factors Q,, and Q,, of the primary coil L; and the secondary coil
L, are selected as 500 [14], and defined in table 2.1.

All compensation topologies are compared under the rated working condition specified above, and
table 2.1 summarizes all parameter values.

Vpe | 400V
f 85 kHz
W 2nf

L 200 pH
L, 220 uH
M 41.95 pH
k 0.2

P, 4 kW
Vgae | 400V
Igar | 10A
Rioaa 40 Q

Q,, | 500

Q,, | 500

Table 2.1: Rated working condition parameter values
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2.2. Conventional two-element compensation topologies

The conventional two-element compensation topologies include S-S, S-P, P-S and P-P topologies
where "S” refers to the series connection of the compensation capacitor and the coil while "P” refers
to the parallel connection of the compensation capacitor and the coil. Among these four topologies,
the S-S compensation topology is the most widely used because the compensation capacitor is inde-
pendent of the load and the mutual inductance, which makes compensation design simpler and more
reliable under misalignment. Based on the considerations above, only S-S topology is analyzed here.

2.2.1. S-S topology

Si Ss +
B B} oo, , o Fn%r
[ —il
- - + -
) v K | N A= S |
A S
JE} JE} XD XD

Figure 2.1: S-S Compensation Topology

In S-S topology which features constant current output, the primary compensation capacitor C; and the
secondary compensation capacitor C, are designed to resonate with L; and L, individually, which are
calculated based on (2.1) and (2.2), and C; = 17.53 nF, C, = 15.94 nF.

At the primary side, since L, is compensated by C;, there is V; = jwMI,. Substitute I, = %512,

output current can be calculated as Iz, = %E:—SM From this equation it can be seen that the output

current is only decided by the input voltage and the mutual inductance, thus the design freedom of S-S
topology is quite low. According to the rated condition, I3, = 10 A, therefore, the input voltage needs
to be adjusted to V; = ZLwMIBat, and Vp, = %VS =27642V.

V2 V2
. 1
jwLq + jaC, =0 (2.1)
. 1

For convenience of deriving voltage and current in the circuit, only fundamental frequency compo-

nent is considered, and the original topology is simplified as figure 2.2. V; and V; are the fundamental
frequency component of V. and Vy,;, and can be calculated by: V, = %EVDC and V; = %EVBM. Rye
is the equivalent resistance of R4 referred to the front side of the rectifier. Since the output power is
unchanged after conversion, there is: P, = Véar _ V—’Z. Based on these, the expression of R, can be

Rioad Rac
derived as (2.3).

Rye = ?Rload (2.3)
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Li L

Figure 2.2: S-S Compensation Schematic

When the WPT system is fully compensated, (2.4) can be derived by applying Kirchhoff’'s Volt-
age Law (KVL) on both primary and secondary circuit. For calculation simplicity, the secondary side
impedance is referred to the primary side as an equivalent impedance Z,.; which is calculated by:

Zrep = j“’I.Miz , and can be further derived as (2.5) when (2.4) is substituted.
1
joMIy = Vg
{ jwMil = _12 “Rqc (24)
w?M?
Zref = R— (25)

ac

The primary coil’s current I; and the secondary coil’s current I, can be solved in (2.6). Based on I;
and I,, the voltage stresses of the compensation capacitors can be obtained in (2.7), and the voltage
stresses of L, and L, can be given by (2.8).

['1 — & — VsRac
Z w2M?
i = _r;{uMl'l Vs (2.6)
27 Ree oM
. . 1
Ve =1 - —
L Joty (2.7)
Ve, =1~ jwc,

{ VL1 =](A)M12 +](,L)L1]1

Vi, = joMiy + jwL,l, (28)

For efficiency calculation, since the serial resistance of compensation components are much smaller
than the coil resistance, only the losses from the coils are considered with specified quality factors @,
and Q,, in section 2.1. To obtain the efficiency of S-S compensation topology, non-ideal analyses is
applied. In non-ideal condition, the resistance of L, and L, are given by (2.9). The non-ideal S-S
compensation schematic is shown in figure 2.3.

G C
Ru L L L L Re

4" + 4 > : “ m+ II— +

V@ Vi joMIL joMI A | I

Figure 2.3: Non-ideal S-S Compensation Schematic

L
R, = ©h
o 29
RL wly ( )

2 QLZ
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The primary side efficiency n; can be calculated by n; = Z,Z+’; and the secondary side efficiency
ref TRLy
Rac L . . , _ wim?
1, can be calculated by n, = Rt Here, Z,.; in ideal analyses is adjusted to Z;., RectRL,’

because R,, is also included in analyses. The total efficiency of the S-S compensation topology is
n="n ;. Combmmg the expression of Z.. and (2.9), n can be derived as (2.10).

k*Q., Q.
= — 1 éL T (2.10)
k QLl(QL+QL2)+E+Q_L+2
Where Q, is the loaded quality factorand Q;, = —=, k is the coupling coefficient between primary and

secondary coils. By checking the denominator of (2 10) when (2.11) is satisfied, the highest efficiency
will be achieved.

Qk?q, + =22 2.11)

QL,” Q.
The optimal @, is given by (2.12).
Q,

QLopt = kZQLlQLz + 1' (212)

In some articles, the efficiency equation (2.10) is expressed in terms of resistance as (2.13), and
the optimal load in this case is given by (2.14) [3].

w?M?R
= ~ (2.13)
w*M? (RL2 + Rac) + RLl : (RLZ + Rac)
(UZMZRLZ 2
Ry, = & +R?,, (2.14)

Simulation verification of S-S topology

The S-S compensation topology simulation model is made using PLECS and is shown in figure 2.4.
In table 2.2, the simulation results are compared with the calculation results based on the analyses
given above.

i »—
52 sl e FETD s2 e FETD1 JS D1 JS D2
g A&

Rac, 1 Rac, 2 u .
vel +
CD V_de Co =2 Rbat
rc1

IL1 [l ’—‘
52 FETDZs FETD3 ALY
D e Do

VL1

‘“ e D—’ VLl 11 D—» D—»
Cl Current

Cl Voltage L1 Voltage L1 Current L2 Current

ol oo v e §

€2 Voltage BHU\]LL.@

—D
D
s
D
N
> vz
R
N
o
NN
Lo

Figure 2.4: S-S Simulation model
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Ve, V) | Vi, V) |V, (V) | Ve, (V) | I, (A)
Simulation Results | 2425.25 | 2700.8 | 2243.2 | 1843.54 | 22.42
Calculation Results 2428 2453.3 | 1914.6 1845.6 22.73
I, (A) | I, (A) | I, (A) | Efficiency
Simulation Results 22.42 15.48 15.48 0.979
Calculation Results | 22.73 15.71 15.71 0.979

Table 2.2: S-S Simulation and Calculation Comparison

As can be seen from the table, when only fundamental frequency is considered, the calculated
currents on all components and voltages on C; and C, are very close to the simulation results. However,
there are some deviations in the calculated voltages on L, and L,. Therefore, a new calculation method
needs to be applied, which is called resonant inductor voltage peak calculation method, and will be
introduced in section 3.1.1.

When resistances of the primary and secondary coils are considered, the simulated voltage and
current stresses are close to the ones in ideal model. Therefore, when calculating voltage and current
stresses, the resistances can be neglected.
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2.3. High-order composite compensation topologies

Compared to conventional two-element compensation topologies, the high-order composite compen-
sation topologies introduce more compensation components which increase the design freedom, and
different high-order composite compensation has its own superior characteristics. Among these com-
pensation topologies, the LCC-S, LCC-LCC and S-LCC topologies are more widely used, and will be
discussed in this section.

2.3.1. LCC-S topology

£} R} .

]

S S
> o A D: & D
J,’:} J:} A A Ds

Figure 2.5: LCC-S Topology

LCC-S Compensation topology can provide constant voltage output. At primary side, L, is designed
to resonate with Cr; to create constant current I;, which then produces a constant voltage through
a current controlled voltage source at the secondary side. Since C, is designed to resonate with L,
the load-side voltage V; is the same as the secondary-side voltage produced by I,. Therefore, the
battery-side output voltage can be kept constant.

The LCC-S compensation topology can also be simplified in the same way as the S-S compensation.
The simplified schematic is shown in figure 2.6.

L L

+
K@ Ch == _/(t)M[:

Figure 2.6: LCC-S Schematic

The secondary side of LCC-S compensation topology is the same as S-S compensation, thus Z. ¢
can still be calculated using (2.5). For the primary side, L¢;, Crq, ¢; and L, form a T-type circuit which
is then connected to Z,..;. This T-type circuit is shown in figure 2.7. To achieve input zero phase angle
(ZPA), the input impedance of this T-type circuit is analyzed.

iXu e

Figure 2.7: T Type Circuit
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Zin can be expressed by (2.15). Since Ly, resonates with Crq, there is: jX; + jX; = 0. Therefore,

to achieve Im(Z;,) = 0, X, + X5 must be 0, which means X; = X,. In the original circuit, there is:
1 . . . g szjzfl
R + jwLy = jwLsy, and Z;, can thus be simplified as Z;,, = Ty

Zyeys - X2 N (X + X)X X3 + X1 Xy + XpX3) + 27, (Xy + X3)

Zin = JjX1 + (X, +Zref) Il jXs = 5 T] 2
Zlor + (X2 + X3) Zyer + (X3 + X3)

(2.15)
' Applying Norton’s theorem, current I; can be calculated by (2.16) and the secondary-side current
I, can then be calculated by (2.17). The output voltage Vg,; can be calculated by Vg,; = %12 “Rye-

Substituting (2.17) and V; = %VDC, Vpar €an also be derived as (2.18). From (2.18), it is known that
the battery side voltage Vg4, can be controlled by controlling the ratio of M to L, therefore the design
freedom of this topology is higher than S-S topology. Here, Ly, is designed to equal M to meet the output
voltage requirement. Table 2.3 concludes the designed parameters of all compensation components

of LCC-S topology.
v
11 = = s
]wa1

(2.16)

joMiy M

2 Rac - Lfl Rac

M
VBat = EVDC (2.18)

(2.17)

Ly, | 41.95 pH
Cry | 83.57 nF
C, | 22.18nF
C, | 15.94 nF

Table 2.3: LCC-S Compensation Parameters

For primary side, L, and Cr, form a resonant filter connected after V;. These three components
can be considered as a sinusoidal current source with value of I,, which is calculated by (2.16). Thus,
the voltages and currents on Cy, L, and C¢; can be calculated by (2.19). For Lg4, the current ILf1 can
be calculated by I'Lf1 = Z‘% and the voltage is l'/Lf1 = jwLg, - I'Lfl. For the secondary side, since the

current I, can be obtained in (2.17), the voltages and currents on L, and C, can be calculated by (2.20).

1

‘./C1 = .11 ' jwc,
Ie, =1
V,, =1 (wli+Z
) ,L1_ ! (wly ref) (2.19)
L, =1 )
Ve, =h - (wly + Tt T Zyer) =1 - Gwlpy + Zyep)
Ie, = Vep, " jwCrr
i!~2 =l ; .
Vi, =joMl +jwL,I
/L, i 1 212 (2.20)
Ie, I )
VC = _12 .

2 jwCy

For non-ideal analyses, the equivalent schematic is shown in figure 2.8. Since the primary and sec-
ondary coils of LCC-S topology are the same as S-S topology, the coil resistance are also the same.
The efficiency can be obtained by analyzing on two circuits through which the current I; and I, flow
separately and the expression is the same as (2.10).
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K@ Ch ==

Figure 2.8: Non-ideal LCC-S Schematic

Substitute the parameters from table 2.1 into the optimal load expression (2.12), QLW =5 Q

under rated condition can be calculated by: Q; = ‘;’—Lz = 3.62. Thus, Q; under rated condition is close

to the optimal Q,. The efficiencies of S-S and LCC‘-lé under rated condition are the same, due to the
same Q,, but they are different when power is reduced. With power reduction, the equivalent resistance
R,. in LCC-S topology increases due to constant output voltage, and Q;, thus decreases. However, the
equivalent resistance R, in S-S topology decreases with power reduction due to the constant output
current, and Q;, thus increases. Therefore, when power is reduced based on the rated condition, the
efficiency of S-S topology will first rise to the optimal point, and then drop. However, the efficiency of
LCC-S topology will keep decreasing, as in figure 2.9.

Optimal Point
Rated Point

LCC-s S8

Efficiency
S
2
8
2

[e]R

Figure 2.9: Efficiency-Q,

Simulation verification of LCC-S topology

The simulation model of LCC-S topology is shown in figure 2.10



2.3. High-order composite compensation topologies 15
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.
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Figure 2.10: LCC-S Simulation model

Vig, V) | Vep, (V) | Ve, (V) | Vi, (V)| VL, (V)| Ve, (V) I, (A)
Simulation Results | 754.29 | 598.48 | 1923.8 | 2451.69 | 2229.52 | 1832.38 16.4
Calculation Results | 351.95 | 619.07 | 1918.7 | 2453.3 1914.6 1845.6 15.71
Ie,, (A) | Ie, (A) | I, (A) | I, (A) I, (A) Efficiency
Simulation Results | 28.95 224 224 15.77 15.77 0.979
Calculation Results | 27.63 22.73 22.73 15.71 15.71 0.979

Table 2.4: LCC-S Simulation and Calculation Comparison

From table 2.4 it can be seen that only the voltage peaks on Lf; and L, are inaccurate from the
simulation results, while other parameters calculations are quite accurate.

As in the S-S compensation topology, the high order harmonics can cause an increase on the
voltage peaks of the resonant inductors. The introduced resonant inductor voltage peak calculation
method in section 3.1.2 can eliminate this calculation error on voltage peaks of resonant inductors.

2.3.2. LCC-LCC topology

S s +
Ty . . D XD
day Ln c . ., © 7

!

!

JE} J? iD %D

Figure 2.11: LCC-LCC Topology

The LCC-LCC topology which features constant current output is shown in figure 2.11. Compensa-
tion inductor Lg; is designed to resonate with Cr; to provide constant primary coil current I = jwvzfl,
which then produces a constant current controlled voltage source jwMI; at the secondary side. Cr, is
designed to resonate with the equivalent electrical parameter of jwlL, + ﬁ to provide a constant

current [, = ’“’—Mlll on L. As analyzed in section 2.3.1, in a T type circuit to achieve ZPA,
2 jwLy+ f

jwCz
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1

ot + jwly = jwls; and jowlL, + ol = jwLg, should be satisfied. Considering the rms value of

battery-side current Iy, = %I’Z, the expression of Iy, regarding V; is given by (2.21), which can

be applied on controlling output current. Since the primary and secondary side circuits are almost
symmetrical, for simplicity, Lr; = Lg, [12]. Compensation inductors Lg; and Ly, can be calculated by
(2.22).

2V2 V.M
por = 2V2_M (2.21)
T walLfZ
2V2 ;M
Ly = Ly = T al (2.22)

The designed compensation parameters are in table 2.5 .

Lgy | 50.47 uH
Cr1 | 69.47 nF
C, | 23.45nF
C, | 20.68 nF
Crp | 69.47 nF
Lg, | 50.47 uH

Table 2.5: LCC-LCC Compensation Parameters

To analyze the voltage and current on each component, the simplified LCC-LCC schematic is shown
in figure 2.12. The current and voltage on C; can be calculated by (2.23). The generated secondary
current controlled voltage source is joMI; = gl/; thus the current and voltage on Ls, can be calcu-

1

lated by (2.24). The battery-side load resistance R,,,; can be converted to R,. as mentioned before.
To obtain the secondary coil current I,, R, is further converted as Z,,. at the left side of the LCC com-
pensation as mentioned in section 2.3.1, and the input impedance Z,,. of the secondary circuit is given

272
by Zgee = wRLfZ. Therefore, the current and voltage on C, can be calculated by (2.25). Using current

I,and I',, thgvoltage and current stresses on L, and (¢, can be calculated by (2.26) and (2.27).

|
| Ci
| 4 In

_+|Hmw

JoML JoMl Vi

Zeer
—

Zsee
—

|
I
L L L
I
I
I
I
I
|
I
Il
I

|
|
|
[
|
+ + ‘
|
|
|
|
\
:
|
‘

Figure 2.12: LCC-LCC Schematic

Vs

L =—
Jolp (2.23)
Ve =1l  —
C1 1" Jac,
M .
1 Lf_1VS _ VSM
- . 1 —
jolztsoe J@Llpilye (2.24)

. .o M .-
Vi, =l jwlg = mVs
jC = —12 = - MVs

. 2 . 1 Lflzsec (225)
Ve

2 G2 jwc,
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jo= = MV
'Lz 2 i Lflzsec. (226)
VLZ =](1)M11 +](1)L2[2

Vey, = I3 (jwoLsz + Rac) (2.27)
ICfZ = VCfZ ](I)sz ’
2L2
The secondary impedance Z,,. can be referred to the primary side using (2.5), which is Z.. = L re
ac
272 2
and Z,.y in LCC-LCC topology is Z,.r = “’Z—M = inRac- Zrer can be further converted to the left side
- 2 w?L? w?L% L%
of the primary-side LCC compensation and this equivalent impedance is Z;, = 7 )ff = sz; Iz

Therefore, the input current Iy, is I;;, = ZV—S and the primary-side components stresses can be solved
m
as follows.

iL = I
S 2.28
{ Vi, = Io, ol (2.28)

. . 1 i
chl = 11 . (m +](UL1 + Zref)

. ) _ (2.29)
Icfl = VCfl ](L)Cfl
iLl = i1
! T 2.30
{ Vi, =1L - (jwLy + Zyrey) (2.30)

To calculate the efficiency of LCC-LCC compensation, the non-ideal schematic is shown in figure
2.13. When R, is converted to the secondary-side LCC compensation network as Z,,., this schematic
is the same as LCC-S topology. Thus, after substituting R, with Z,., the efficiency of LCC-LCC can
be calculated in the same way as SS and LCC-S. The @', of LCC-LCC topology under rated condition
isQ', = wly _ LeRac _ 594 The Q', of LCC-LCC compensation is closer to the optimal point than the

2
Zgec wL 2

ones of SS and LCC-S, thus the efficiency is also larger, which is 0.98.

Figure 2.13: Non-ideal LCC-LCC Schematic

Simulation verification of LCC-LCC topology

A double-sided LCC topology simulation is made in PLECS to verify the analyses above. The
simulation is shown in figure 2.14.
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<1 D—»{»« FETD 2 >—>«{ »:g FETD1 D1 JXUZ
= H . AN
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Lf1
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Co == D Rload
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[T T T [ ] T T T[T ]

Figure 2.14: LCC-LCC Simulation model

Vi, V) | Vep, (V) | Ve, (V) Vi, V) | Vi, (V) [ Ve, (V) | Ve, (V)
Simulation Results | 787.98 | 739.43 | 1510.87 2188.97 | 2302.02 | 1639.84 | 733.23
Calculation Results | 423.38 | 662.29 | 1509.00 2062.30 | 2260.20 | 1710.90 | 662.30
Vi D [ L, A) [ I, A [ I, A [ 1, A) |1, A) | I, A)
Simulation Results | 788.20 | 16.63 28.77 18.79 18.79 18.00 18.00
Calculation Results | 909.30 | 15.71 24.57 18.90 18.90 18.90 18.90
Ie,, (A) | I i (A) | Efficiency
Simulation results 28.64 17.22 0.98
Calculation results | 24.57 15.71 0.98

Table 2.6: LCC-LCC Simulation and Calculation Comparison

From table 2.6, it can be seen that high order harmonics have a larger impact on the fundamental
analysis method in LCC-LCC topology, and the calculation errors on all components appear to increase
alittle. In particular, for voltage stresses, the calculation errors on peak voltage on the filter inductors Ly,
and Ly, are still the largest. As for current stresses, the calculation errors on Cr, and Cr, are relatively
large.

2.3.3. S-LCC topology

In S-LCC topology, C; is designed to resonate with L, thus V; = jwMI,, then I, can be calculated
by (2.31). The secondary-side coil can therefore be regarded as a constant AC current source with

value of I,. Ly, resonates with Cr, to produce a constant output voltage V;, which can be calculated by
1

. . v 1L . _ Vs _ . .

applying Thevenin’s theorem: V, = I, o Since I, = — and wls, = T the expression of V; is

given by (2.32). Substitute V; = 22V, and V; = 22V, in (2.32), there is Vper = L2Vjc, which can

be applied on controlling the output voltage. Since Vg4 = Vp¢, Ly, is designed as Ly, = M. To achieve

ZPA, thereis jwL, + Jw% = jwLs,. Based on these, the compensation parameters are summarized in
2

table 2.7.
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J:} J:} In XD XD
H - 2 ‘
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JE} JE} 3D %D

Figure 2.15: S-LCC Topology

Vs

i = o (2.31)
sz
V=V (2.32)
C, | 17.53nF
C, | 19.69 nF
Cr, | 83.57 nF
Ly, | 41.95 puH

Table 2.7: S-LCC Compensation Parameters

The topology is simplified as figure 2.16. For the secondary side, since current I, is constant and
can be calculated using (2.31), the voltage and current on C, can be calculated by (2.33). Current I;

can be calculated by I, = :—’ = ZSL—’;;, where R,. can be calculated by (2.3). R,. can be converted

at the input of the T-type circuit as mentioned in section 2.3.1, the new equivalent impedance Z, is
2L2

Zsee = wR 2 7... can be then converted to the primary side as Zrer, Which can be calculated by
zacz 2 . . y

Zref = “’Z—M = i"TRaC. Therefore, the primary-side current I; can be calculated as I; = szf_ Based
sec f2 re

on these, the voltage and current on L,, Cr, and Ly, can be calculated by (2.34), (2.35) and (2.36).

|
Li | I L

Figure 2.16: S-LCC Schematic

I =—I
ch __1-2 i (2.33)
&= "l iog
S T
l,=-h=-73u0 (2.34)
VLZ =12 ](ULZ +]0JM11
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{ Vsz = Ié ' (ijfZ + Rgc) (2 35)
Icfz = VCfZ ](UCfZ ’
v, =15 joL
{ R (2.36)
sz — 12
The current and voltage on primary-side components are calculated as follows:
Ic, =1
[ P (2.37)
C1 1 jwCq
iL1 = i1
{ VL1 =h - (oL + Zrer) (2.38)

For efficiency calculation, the S-LCC topology can be calculated in the same way as LCC-LCC. R,
is first converted as Z,,., then Q’; can be calculated as Q'; = ZZ = % = 7.59, which is at the right
side of the optimal load, and the corresponding efficiency is 0.978. Sincfe the output voltage of S-LCC
topology is constant, when output power decreases, R, increases and Q’, increases. From figure 2.9
it can be found that the efficiency will therefore drop continuously.

Simulation verification of S-LCC topology

The simulation of S-LCC topology is shown in 2.17.

Pulse
Generator

s2
Logical
= [ Operator
st |>—>-| e 7N FETD 52 |>—>-||<-2§ FETD1 D1 D2
e b xo %
Lf2
4t A o
cl1 c2 .
+
C_) V_de cr2 == Co == [] Rload
. . VAN EEANZ ]
@ |>—>-| pezg FETD2 51 |>—>-||<-zg FETD3
H H

Figure 2.17: S-LCC Simulation model

Ve, V) | Vi, (V) | Vi, (V) [ Ve, (V) | Ve, V) | Vip, (V) | e, (A)
Simulation Results | 1806.98 | 2207.00 | 2842.07 | 2167.00 | 731.47 | 750.56 | 16.31
Calculation Results | 1677.60 | 1753.20 | 2693.90 | 2161.60 | 619.00 | 351.91 15.71
LA L, & [l ® [l A |1, (A) | Eficiency
Simulation Results | 16.31 | 2240 | 2240 |34.00 |18.77 |0.978
Calculation Results | 15.71 | 2273 | 2273 | 2763 | 1571 | 0.979

Table 2.8: S-LCC Simulation and Calculation Comparison

As can be seen from the table 2.8, for voltage stresses, the maximum calculation error still occurs
on the resonant inductors L, and Lg,. For current stresses, due to the high-order harmonic current
existing on these two components, the current peaks on Cr, and Ls, obtained from analysis are not so
accurate.
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2.4. Novel high-order composite compensation topologies

In addition to the widely used high order composite compensation topologies introduced in section 2.3,
some novel high-order composite compensation topologies have been proposed. These topologies
aim to solve some shortcomings in the conventional two-element topologies or high-order composite
topologies. However, while addressing these shortcomings, some new problems have also arisen.

In this section, several novel high-order composite topologies are introduced, their unique features
are analyzed and some of their problems under rated conditions are illustrated.

2.4.1. LC-S topology

The LC-S topology is proposed in [15]. Compared to the S-S compensation topology, the LC-S topol-
ogy offers increased design freedom while maintaining the advantage that the resonant frequency is
independent of the load and mutual inductance. In addition, it needs fewer compensation components
than the high-order composite compensation topologies in section 2.3, resulting in lower cost and com-
pensation components power loss, and smaller system size.

Figure 2.18 shows the LC-S topology compensation which features constant current output. To
analyse its compensation method, the analytical circuit is shown in figure 2.19, where Cy, is split into
Vs
jwLgy’
constant voltage by the CL resonant tank. Therefore, this LC compensation produces a constant output

V. 1 . 1 .. . . Ly
voltage —— - ——. Substitute C";=——, the original expression can also be written as ——-V,
JwLfy  jwCTpq w=Lq Lf1

therefore there is (2.39), which can be used to control output current.
The rms value of I, is: I, = %IBM, the compensation parameter Lg; can be designed as Lg,

5
%. Based on the compensation method mentioned above, Cr, can be designed using (2.40). C; is
2

designed for realizing ZPA. According to [15], C, is designed by (2.41). All the compensation parameters
are summarized in table 2.9.

Cf, and Cf;. Gy, resonates with Ly, to provide a constant current which is then converted to

Si Ss +
B} B} . A
+ T
Vic <.) V. G == L‘}{ L. Vi C== Re] W
S: Si - —
JE} JE} XD %D
Figure 2.18: LC-S Topology
+
8
, L .
i, = Ly (2.39)
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L;; | 289.42 pH
Cr1 | 29.64 nF
¢, | 17.67nF

Table 2.9: LC-S Compensation Parameters

—  4jwl, =0
jw(i"fl +](J) 1 240
Cfl = C’fl + C”fl
L,C’
C, = 1 (2.41)

(I.)Z(LleC’fl - MZCfl)

The simplified schematic is shown in figure 2.20, where Z,,.. is the equivalent secondary-side
impedance, Z,.r is Z,. referred to the primary side, Z; stands for the equivalent impedance of L,
Zrer and Crq, and Z;,, is the input impedance of the circuit. These impedance are given in (2.42).

\ \ | \
G
oI L | I L
—rrrn] A - 'W“—"—
| \ | | +
\ \ | \
| \ | + + \
K@ | | Cp == | joMbL JoMI | R [] Vi
\ \ | - \
| \ | \
| \ | \ -
\ [ | \
| Za | Z | Z. | Zeo
— — — —
Figure 2.20: LC-S Schematic
_ 1 ,
Zsec - Rac + jwC, +](J'JLZ
7 w?2M?
TS T Zee . (2.42)
Ze=((wl, +Z I =
C (] 1 ref) joCry

ZiTL :j(l)Lfl + ZC
As mentioned before, the output of the CL resonant tank is a constant voltage —LLTIVS, current I; can
1

thus be calculated as (2.43). Current [;,, can be calculated by I;,, = ZV—S The stress on each component
can be obtained with these currents, as shown in (2.44).

LV,
1 (2.43)
Lflzref
I'.Lfl = IlTl
Vip, = lin - jolp
]_/Cfl = {1 oLy + Zref)
I.Cfl =.VCf1 ]wal
IL = 11
{ T 2.44
VL1 = VC:fl ( )
I, ==l :
VLZ =]CUM11 +](J)L2 . 12
=L
VC = _12

2 JjwC;
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For efficiency calculation, the non-ideal schematic is shown in figure 2.21, where R;, and R,, are
202
calculated by (2.9), Z'sec = Ry, +Rgqctjwl, + ]w;C andZ'yqr = (‘Z),—M.Thus, the efficiency of the primary
2 sec
Re(zrref) Rac
Re(zlref)+RL1 RactRL, ’
The total efficiency is n = n, - n, = 0.977, which is very close to the topologies mentioned before.

circuit is given by n, = and the efficiency of the secondary circuit is given by n, =

\ | \ \
i b Ru g, | I rol L R ©
b A ——m | | rvvn_|=|_"_
| | | | +
| | \ \
| | \ + + \
u@ | | G= | joMn ) ) jorn | R[] w
| | | - |
[ | \ \
| | \ \
[ I \ \
I Zn I Z | Z%y | 7'
— — — —>

Figure 2.21: Non-ideal LC-S Schematic

Simulation verification of LC-S topology
The simulation model of LC-S compensation topology is shown in figure 2.22.

] E—
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Figure 2.22: LC-S Simulation model

Vi W) [V, V) [V, V) [V, ) [ Ve, ) [ Iy, A)
Simulation Results | 2818.20 | 2503.42 | 2503.42 | 2059.93 | 1660.90 15.65
Calculation Results | 2428.00 | 2480.80 | 2480.80 | 1741.10 | 1665.00 15.71
Ie,, (A) | I, (A) I, (A) I, (A) Efficiency
Simulation Results | 39.86 24 .40 15.82 15.82 0.977
Calculation Results | 39.28 24.12 15.71 15.71 0.978

Table 2.10: LC-S Simulation and Calculation Comparison

In table 2.10, the largest calculation errors are on the voltage peaks of resonant inductors Ls; and
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L,. Other simulation results are close to the calculation results obtained from the analysis above.

2.4.2. S/SP topology

In [16], a novel S/SP compensation topology is proposed. Compared to the S-S topology, the S/SP
topology features with better output controllability, and still maintains relatively high system efficiency.

The S/SP topology is shown in figure 2.23. To analyze its compensation method, the T type model
is adopted, which is shown in figure 2.24, where L, is the primary leakage inductance calculated by
L,s = Ly — M, and L, is the secondary leakage inductance calculated by L,, = L, — M. Compensa-
tion capacitor C; resonates with L, C, resonates with L,s, and Cr, resonates with M ensuring ZPA
realization of the circuit. Thus, V; = V%, and the output voltage is independent of the load.

All the compensation components values are included in table 2.11. From the analysis above, it is
clear that the compensation design is dependent on the mutual inductance M, thus when misalignment
happens, this topology does not work properly. Besides, the output voltage is directly controlled by the
input, losing the design freedom on the output control.

C, | 22.18nF
¢, | 19.69 nF
Cr, | 83.57 nF

Table 2.11: S/SP Compensation Parameters

S Ss +
BY Ry o o, , c P T
Il Il
+ L] ] T
Vi C_) V. L‘}E L Cp == 14 Co == Ru [] Vi
S2 M — —
JE} JE} A D & D

Figure 2.23: S/SP Topology

Figure 2.24: S/SP Schematic
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2.4.3. LC-CL Topology

:} :} .. XD XD
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Figure 2.25: LC-CL Topology

A novel LC-CL topology is proposed in [17], which looks the same as LCL-LCL, but with a different
tuning method. This topology offers better constant current output characteristic than S-S topology,
while also providing more design freedom. The topology of LC-CL is shown in figure 2.25, and its
analytical circuit is shown in figure 2.26, where (¢4 is split into C}l and C;’l, and Ly, L, are the leakage
inductance of the coils as mentioned in section 2.4.2. Cjil resonates with Ls, to generate a constant
current, and then this constant current is transferred to a constant voltage with the CL resonant tank.
Finally, the constant voltage is transferred into constant current output with the LC resonant tank at

the secondary side, which can be calculated by I}, = jw‘ff;li, with which the output current can be
1525
controlled. Since Ig, = ii1’2, parameter Ly; can be designed as Lg; = 22 _Wilis to meet the
™ T IgatWlas

output current requirement. Based on the compensation method introduced above, the compensation
capacitors are given by 2.45.

In [17], an efficiency-based optimisation algorithm is also proposed, which can find an optimal Ly, to
achieve the highest efficiency. The algorithm iteratively finds the Ls, value that maximizes the efficiency
of the system by calculating the ESR of each component in the range of L, varying from to 0 to

Lfaup, Where Ly, can result in ZPA. In this article, Ly, is directly set to be the value that implements
L%sLlsM+L25L%5M+L%SLES+L%st1M

ZPA, which is calculated by Ly, = . All the compensation components

ML2
parameters are included in table 2.12.
1
/-
c fi— szfl
C" — 1
U7 wllg (2.45)
Cfl =C {1 +C f1
f2 - wZLys
LC Resonant Tank CL Resonant Tank LC Resonant Tank
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Figure 2.26: Analytical Circuit of LC-CL Topology
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Lsq Crq Cry Lsp
53.88 uH | 87.24 nF | 19.69 nF | 1200 uH

Table 2.12: LC-CL Compensation Parameters

As can be seen from the table, Ly, in this topology is too large, and all the components parameters
are dependent on M, thus same problem in section 2.4.2 will happen under misalignment.

2.4.4. LCL-S Topology
The LCL-S compensation topology is shown in figure 2.27 [18]. The compensation principle of LCL-
S topology is the same as LCC-S topology, however, the compensation capacitor C; is replaced by

Ls,. Since Lgq resonates with Crq, the current [, is calculated by I = jwvzfl and the generated current

controlled voltage source at the secondary side is joMI; = AL/I:S Thus, the output voltage is deduced
1

. As mentioned in section 2.3.1, to achieve ZPA, there is Ly, = Ls, + L.

T MVs _ MVpc
2v2 Ly - L1
Therefore, Lf1 is larger than L1 and much larger than M. The output voltage is much smaller than the
input voltage, which is not acceptable for rated condition.

as Vpar =

S Ss

- o A D %D
BE hF I P T R

JE} JE} £D %D

Figure 2.27: LCL-S Topology
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2.5. Compensation topologies comparison

Based on the topologies analyses in the above sections, this section compares all the topologies from
components stresses, efficiency and misalignment behaviour under rated condition. As analyzed in
sections 2.4.2 and 2.4.3, both S/SP and LC-CL topologies compensation methods are associated with
mutual inductance in achieving ZPA, which cannot maintain ZPA under misalignment, and the compen-
sation design is relatively complex, so these two topologies are not considered for comparisons in this
section. The LCL-S topology is also not considered because the design freedom is too low to meet the
WPT system rated condition requirements.

A table summarizing all the comparison results is given at the end of this section.

2.5.1. Components stress comparison
The voltage and current stress on each component of different topologies are obtained and shown in

Figure 2.28. The voltage and current peaks are used here given the need to consider breakdown in
the design.

For voltage stress, the voltages on each component of all topologies are close to each other, with
the voltage across L, of S-LCC being relatively high.

For current stress, the currenton C¢; in LC-S is too high. Therefore, the LC-S topology is not suitable
for the specified rated condition.
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Figure 2.28: Voltage and Current Stress Comparison

2.5.2. Misalignment behaviour comparison
» Misalignment under constant output power and input voltage
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When the primary-side and secondary-side coils are horizontally misaligned, the mutual inductance will
decrease. Assuming a constant output power with a fixed input voltage source, figure 2.29 and 2.30
reflect the variation of the voltage and current stress on each component in different topologies under

misalignment.

Voltage Stress Comparison under Misalignment
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Current Stress Comparison under Misalignment
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Figure 2.30: Current Stress Comparison under Misalignment

From the plots, it can be seen that L, and C, in LCC-LCC and S-LCC have higher voltage stresses.
As for current stresses, the currents on C¢,, L, and C, of LCC-LCC topology and S-LCC topology are
larger under misalignment.

In LCC-LCC topology, the output current can be calculated by (2.21). Therefore, R,. under mis-
272 72

%IZP = %. Substituting the expression of R, into the

Bat S

expression of Zsec, and then using (2.2%), the expression of current I;, can be deduced as (2.46).

Current I, is inversely proportional to M, thus the current and voltage on L, and C, are very large

under misalignment. In S-LCC topology, the current and voltage on L, and C, are obtained in (2.34)

and (2.33), which are also inversely proportional to M and increased a lot under misalignment.

alignment can be written as R, =

I, = (2.46)
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Efficiency Comparison
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Figure 2.31: Efficiency Comparison under Misalignment

Under misalignment, the efficiency variations for different topologies is shown in figure 2.31, which
are calculated based on the analyses in previous sections. The efficiency of S-S is the same as LCC-S,
due to the same calculation method and the same R, under misalignment. From the figure, it can be
seen that the efficiency of S-LCC is lower compared with other topologies under misalignment.

» Misalignment under constant output power and output voltage
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Figure 2.32: Input Voltage under Misalignment

If the output voltage and power are both fixed, the input voltage needs to be adjusted under misalign-
ment. Figure 2.32 shows how input voltages are adjusted under misalignment for different compensa-
tion topologies. Both LCC-LCC and LCC-S topologies require the input voltage to increase inversely
as the mutual inductance decreases, and their curves overlap. This is because both topologies have
an LCC topology on the primary side, which is equivalent to a current source proportional to the input
voltage Vp, and generates a voltage source on the secondary coil proportional to the mutual induc-
tance, so the input voltage needs to increase inversely as the mutual inductance decreases to keep
the output voltage constant.

In this case, the voltage/current stress on each component and efficiency of different compensation
topologies are shown in figure 2.33, 2.34 and 2.35. As can be seen from the figures, when the output
voltage and power are constant and the system is under misalignment, the voltage/current peaks of
LCC-S and S-S are higher, and the efficiency of these two topologies are lower (S-S efficiency curve
overlap with LCC-S efficiency curve).
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Voltage Stress Comparison under Misalignment
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Figure 2.33: Voltage Stress Comparison under Misalignment with Constant Output Voltage
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Current Stress Comparison under Misalignment
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Figure 2.34: Current Stress Comparison under Misalignment with Constant Ouput Voltage
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Figure 2.35: Efficiency Comparison under Misalignment with Constant Output Voltage

2.5.3. Topologies comparison conclusion
All the comparison results are summarized in figure 2.36. Here the highest values of the voltage and

current peaks on each component of different compensation topologies are taken to represent the
component voltage/current stress behaviour.

The S-S topology excels in most aspects, however, it has poor design freedom, which means the
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output is only determined by the input voltage and mutual inductance, and an extra front-end DC-DC
converter is therefore necessary. The LCC-S topology has two additional compensation components
compared to the S-S topology, but the problem of low design freedom is solved, and it has the same
superior performance as the S-S topology in almost all aspects. Other topologies are relatively worse
compared to these two topologies.

SS LCC-s LCC-Lee S-LCC LC-S S-SP LC-CL LCL-S
Efficiency 0.979 0.979 0.979 0.978 0.977 0.9593 0.8 Good
Component Voltage 2700 V 2451.69 V 2302.14V 284191V 2818.48 V 3877.04 V 10082.6 V Moderate
Stress (VL) (VL1) (VL2) (VL2) (VLfl) (VL2) (VC2)
Component Current 2257A 289 A 28.78 A 34A 39.86 A 3634 A 10581 A Bad
Stress (Ic1) (ICf1) (ICfI) (ICf2) (ICf1) (IC2,1C3) (aIc2)
Design Freedom
Cost

Misalignment Behavior

(ConstantVin, P...)

Misalignment Behavior

(Constant Vou, P,..)

Figure 2.36: Conclusion Table



Resonant inductor voltage peak
calculation method and implementation
of ZVS

In the previous chapter, the LCC-S and S-S compensation topologies are proved to have relatively bet-
ter performance, however, the analysis results on voltage peaks of resonant inductors are not accurate
from the simulation results, as shown in section 2.2.1 and 2.3.1. Therefore, a new resonant inductor
voltage peak calculation method is proposed and applied in section 3.1 to obtain more accurate voltage
stresses in S-S and LCC-S topology, which is conducive to the breakdown design of inductors.

Section 3.2 and 3.3 provide two possible methods to achieve ZVS, including compensation compo-
nents tuning and switching frequency adjustment. Besides, a new switching current calculation method
is proposed to help ZVS implementation design.

34
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3.1. Resonant inductor voltage peak calculation method and sim-
ulation verification

3.1.1. Resonant inductor voltage peak calculation method applied in S-S topol-
ogy

The simulation and calculation results of voltage/current stresses on each component in S-S topology
are presented in table 2.2. As can be seen from the table, the voltage peaks on the resonant inductors
L, and L, are not accurate under fundamental frequency analysis. The simulated voltages of L; and
L, are shown in figure 3.1.

As can be seen in the figure, there is an abrupt voltage change on the simulated inductor voltages.
This is due to the harmonics in the output of the H-bridge inverter. When calculating the circuit voltages
and currents, only the fundamental frequency component is taken into account, however, the waveform
of these voltage stresses are not sinusoidal but the superposition of sinusoidal wave and square wave.
Therefore, a more accurate method of calculating voltage peaks is introduced here.

L2 Voltage Simulation Results

L1 Voltage Simulation Results 3000
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1600 1000 -
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(a) v, Simulation Results (b) V;, Simulation Results

Figure 3.1: L1 and L2 Voltage Simulation

Applying KVL, the voltage on L, can also be written as V;, =V, — V., where V, is the output voltage
of the DC-AC inverter. V, is a square-wave voltage with the amplitude of V. and the fundamental
component of V, is V;. The high-order frequency harmonic current only produce a small voltage across
the capacitor, so the voltage V, can be approximated as a sinusoidal wave.

Since Z,.y is purely resistive and L, resonates with C;, current I; is in phase with voltage source
Vs. According to (2.7), V¢, lags V; 90° in phase, thus the voltage peak on L, can be obtained in (3.1),
where Vcl is the peak voltage of C; and can be calculated by VC1=\/§VC1.

Vi, =Voc + Ve, (3.1)

The voltage on L, can be analyzed in the same way and equation (3.2) can be derived, where ch
is the peak voltage of C, and can be calculated by V., =v2V,.

Vi, = Vaar + V¢, (3.2)

Figure 3.2 exhibits the results of different calculation methods compared with simulation. It shows
that fundamental frequency analysis can obtain accurate voltage peak values of C; and C,, due to
the almost non-distortion of the sinusoidal voltages and currents under the studied load. However,
for L; and L,, there is a large error which can be avoided by applying resonant inductor voltage peak
calculation method.
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Voltage stress calculation method compare in S-S compensation topology
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I Fundamental-frequency analysis
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Figure 3.2: S-S Voltage Stress Calculation Method Compare

3.1.2. Resonant inductor voltage peak calculation method applied in LCC-S topol-
ogy

Table 2.4 shows the simulation and calculation results of voltage and current stress on components of

LCC-S topology.

Similar to the S-S topology, in fundamental frequency analysis, the calculated voltage peaks on
the filter inductors Lgy and L, in the LCC-S are inaccurate from the simulation. The simulated results
are shown in figure 3.3, in which the high-order harmonics’ effect can be clearly seen. Therefore, the
proposed new resonant inductor voltage peak calculation method is applied here.
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Figure 3.3: L¢, and L, Voltage Simulation

Applying KVL, voltage on Ls; can be expressed as Vig, = Vos = Ve, Here, V¢, which is a square
wave with amplitude of V., is the output of the primary inverter. The fundamental-frequency component
of V,, is V;. To obtain the peak value of Vi, only the positive half of the period need to be analyzed.
Thus, the time-domain expression of V, . is: v, = Vp¢ — VCh sin(wt + a) (0 < wt < m), where a is

Zref
ijfl),
the range of « is: —g < a < 0. When wt = 0, v, has the peak value, which is calculated by (3.3).
Since the secondary side of LCC-S is the same as S-S, the voltage peak on L, can still be calculated
using (3.2).

the phase angle of chl. Since ch1 can also be written as chl =1 - (oLey + Zrep) = V(1 +

Vs
wal

VLh =Vpc — chl sin(a) = Vp¢e — ﬁlm(VCh) =Vpc + \2 Zref (3.3)
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The calculated results applying resonant inductor voltage peak calculation method compared with
fundamental-frequency analysis and simulation are shown in figure 3.4. The resonant inductor voltage
peak calculation method still provides more accurate results for the voltage peaks on the resonant
inductors in LCC-S topology.
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[CIResonant inductor voltage peak calculation method
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Figure 3.4: LCC-S Voltage Stress Calculation Compare
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3.2. Components sensitivity analysis

3.2.1. S-S Components sensitivity analysis

To achieve zero voltage switching (ZVS), the input current needs to lag the input voltage by a certain
angle, one feasible way to achieve this is to slightly change the compensation components parameters.
Here, all compensation components are modified by a factor of 0.9-1.1, and their effects on the output
current value and the phase angle of the input current are analyzed.

* Modification on C;

The modified compensation capacitor C; is nC;, where n (0.9 —1.1) is the modification factor. When
only C; is modified and C, keeps the same value, the secondary side is the same as the original S-S
topology, thus Z,..f is still calculated by (2.5). However, since the primary side is not fully compensated,
Vs

the new primary-side current I] is calculated by [[ = ———
+jwLli+Zref

jownCq

design equation ]w% + jwL, = 0, current I] can be derived as
1

. Substitute the compensation

Vs

———, and the secondary-
(1_;)1("L1+Zref

side voltage can be calculated by V| = joMI] = IVS]—“’M The new secondary current I, after
(1_;)]C‘)L1+Zref
modification of C; can be calculated as I'é /B < _VS}wM . Using (2.6), the output
Rac (1—R)](uL1Rac+w2M2

current deviation d; can be calculated by (3.4).

I I 1

d; = _Bat _ "2 _ (3.4)
Ipat I \/ n-1 LiRgc 2 1
G om2) T

1

The input impedance Z';,, = TonC
1

can be calculated by (3.5).

+jwly +Zyeyr = (1— Tll)jcuL1 + Zyref, thus the input current angle

n—1LRye
wM? )

0;, = —arctan( (3.5)

* Modification on C,

When modification is on C,, the mod_ified com.pensation. capacitor is nC,. The primary-side capacitor
is still fully compensated, thus there is V; = jo M1}, where I, is the secondary current after modification.

Therefore, the new secondary current I is the same as I, in the original S-S circuit, and d; = 11—2 =
2
202
1. Since the secondary compensation is not fully compensated, the new Z’,.; = % =
jonc, 2 ac
w?M? P .
m, and Z';, = Z',¢5. Thus, the input current angle can be calculated by (3.6).
n—1wl,
Oin = arctan(T ) (3.6)

Rac

» Compensation components tuning method

The simulation and calculation results are shown in figure 3.5. As analyzed above, modification on
C, doesn’t influence the output current, and can change the input current phase angle. Therefore, it is
possible to achieve ZVS without affecting the output by decreasing the parameter of C,.
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Effect of compensation component deviation on output current
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Figure 3.5: S-S Component Sensitivity Analysis

3.2.2. LCC-S Components Sensitivity Analysis

In order to achieve ZVS without affecting the output, each compensation component will be modified
by a factor of n (0.9-1.1), and then analyzed for its effect on the input current phase angle and output
voltage.

* Modification on Lsq

When Lg, is modified to nL,, the equivalent input impedance Z;,, mentioned in section 2.3.1 needs

L2 R ,

. _ bfifac . . . _ V.

to be modified to Z';,, = 7 T (n — DjwLgy. The input current on Ly, is Iifl = ﬁ Therefore, the
1
i i i’ ir i JwCrq . Vs
primary coil current I; can be calculated by I; = I}, - — — = —j —, and
1 - +——+jwLly+Zyef WL, +j PoDOTM
jwCry " joCy fit) Rac

. . , ; VswM .

the load side voltage can be calculated by V| = joMI; = S(‘:_l)szz . Based on the calculations
R

above, the output voltage deviation ratio and input current phase anglécare deduced as (3.7) and (3.8).

V4 14 1
d, = 22 = ‘.—l = (3.7)
Vear Vi 2
14 (n-DwM ]
Rachl
n—1wM?
6;, = —arctan L (3.8)

LflRac
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* Modification on Cr,

. i . . . . . 1 1
When (¢, is modified as nCr4, input equivalentimpedance is Z';;, = (Zref +jwl, + E) I Jonty,

, j(n-1)w?M?L¢i+(2-n)wL? /4R . . v,
ijflzj( Y ML @O fiRae and input current is !, = 2. The load voltage can be deduced
nwM?+jm-1)Lg1Rac in Z'in

Vs

as V) = L " using the same way above. The output voltage deviation ratio and input
]R_ n- w2Ce M
ac I

current phase angle are given by (3.9) and (3.10).

1
d, = — - - (3.9)
w
\/ 2. m-1)"+(@2-n)
0in = —Angle(Z';y) (3.10)

* Modification on C;

1 1

When modification is on Cy, the inputimpedance is Z';, = (Zy¢f +jwLy + jwnCi) [ Jots +jwls =
2L2
1;,1(‘)1—’“, thus the input current angle is calculated by (3.11). Since Ls; resonates with Cr4, current

- +
n jwC ref
I is orllly decided by Lsq, thus I; is unchanged, and load voltage V; is also unchanged. The output
voltage deviation ratio is d,, = 1.

n—1 1
Qin = arctan(T m) (311)
re

* Modification on C,

When deviation is on C;, the equivalent secondary side impedance Z,.; needs to be changed to

12 _ szZ . . . 7 _ w2L%1 _ f1 1-n .
Z'ver = m thus the input impedance is Z';, = Trer W(m + R,.). The input
current angle is calculated by (3.12). The primary coil current [; is unchanged and can be calculated
using (2.16). The secondary side current I} is changed to [}, = %. Substitute V] = I3R,.,

ij 2 ac
the output voltage deviation ratio can be deduced as (3.13). ’
1—n 1
0;, = arctan( wCzRac) (3.12)
1
n—1 wl,
G Re) T2

» Compensation components tuning method

The simulation and calculation results are shown in figure 3.6. Modification on C; and L¢,; have little
influence on output voltage, however, modification on C; cause larger influence on input current phase
angle. Therefore, adjusting C; is more suitable for implementing ZVS.
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Figure 3.6: LCC-S Component Sensitivity
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3.3. Frequency variation analysis

Apart from tuning the values of the compensation components, a slight change in input voltage fre-
quency to operate the resonant converter in a detuned state by a slight change on the switching fre-
quency is another feasible solution for implementing ZVS.

In this section, the input voltage frequency will be varied in the range of 80-90 kHz, and its effect on
the output voltage/current and the phase angle of the input current will be calculated and analyzed.

3.3.1. S-S Frequency variation analysis

When the system is not working at resonant frequency, the compensation can not fully compensate,
_ w?M? _ . 1 . .
Zyey = oLt R and Zjp, = Zyep tjoly + Tt Using the same way mentioned before, the output

JjwCz
current I' 5, and phase angle 6;,, can be calculated. The calculation results are shown in figure 3.7.
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Figure 3.7: S-S Frequency Variation Influence

As can be seen from the figure, changing the input voltage frequency still causes the input current
phase angle to lag, however, it slightly reduces the output current.

3.3.2. LCC-S frequency variation analysis

When the system operating frequency varies from 80 kHz to 90 kHz, the compensation network can not

2pn2
fully compensate. In this case, Z,.; = ij:’—TJrR, and Zip, = (Zres +joly + —=) | —— + jwl.
2T e ac

- JjoCry

jwC
The output voltage and input current angle can be calculated as mentioned before, and the calculation
results are shown in figure 3.8.

jwCy
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Figure 3.8: LCC-S Frequency Variation Influence

Similar to the S-S topology, changing the input voltage frequency can lag the input current phase
angle, however, the output voltage is reduced even more in the LCC-S topology.
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3.4. Switching current calculation method in LCC-S compensation
topology and its tuning method

To achieve ZVS during switching, the switching current must lag the voltage, and this switching current
must be large enough to completely charge or discharge the parasitic capacitors of the switches within
dead time. However, when the switching current is too large, the losses on MOSFETs will also be
increased. Therefore, the tuning of the switching current needs trade-offs, and the calculation method
of switching current is especially important in this case.

Currently, there are few studies on the calculation method of switching current. In [12], a switch-
ing current calculation method in double-sided LCC compensation topology is proposed, and some
researches apply this method in LCC-S compensation topology [13]. However, this calculation method
does not consider the secondary-side harmonics and the influence of parasitic capacitors of the back-
end converter. Therefore, a new switching current calculation method is proposed here, and the tuning
method based on this calculation method will also be introduced.

Switching current
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s Switching current point |
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w

N
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Figure 3.9: Switching current point in simulation

3.4.1. Switching current calculation method when fully compensated
When the LCC-S compensation topology is fu]ly compensated, in fundamental analysis, the input
impedance Z;, is completely resistive. Current I, ast (the fundamental-frequency component of cur-

rent /) is in phase with the input voltage V;, and i, ., 15, = 0 whent = 0 or g Therefore, the switching
current is only caused by the high-order frequency component of this topology in this case. In this sec-
tion, the calculation method of switching current caused by high-order frequency will be introduced.

Applying KVL on the primary side of the LCC-S topology, there is (3.14), where V,, is a square-wave
voltage with amplitude of V.

diy sl di
Lfl_dz_c +17C1+L1d_; +M— zl/ss (314)

Integrating the high-order frequency components of both sides of equation (3.14) from 0 to g equa-

tion (3.15) can be derived. Here, 2is xp = iyf1 gn(t = g) —irf1_kn(t = 0), and is yp is the high-order
frequency components of switching current. v¢, ,, i1 k,, iz k, @nd Vi i, represent the high-order
frequency components of v¢,, iy, i, and Vg, respectively.

7 r
. T T z
L2l ot [ e[ iy 6 = ) = b i (6= O) i g (6= ) =2y 0 = 0)| = [ * U g e
0

(3.15)

Applying KVL in the two circuits on the primary side and the circuit on the secondary side, equation

(3.16) for high-order harmonics can be obtained, where Iy y, s¢, ILf1 kst @nd I g, s: are the phasors of
the high-order harmonic currents, k,st = 2q + 1(q = 1, 2, 3...) represents the order of harmonics.
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JknStwLey - Ippq gpse + m “Upf1_kpst = I_rpst) = z,f:tic
b st e * Tomraes T InStOLD) = It kst Tormgae + o st JknstoM =0 (3.16)
Iy kst - JknStoM + I g, ¢ - GkpstwL, + jkhsltwcz) = Zg:f:t

By solving the first equation of (3.16) and substitute Cr; = wz;Lfl iLfl_khst can be expressed by

. 2\/§wa1

Inp1 gpse = Ui_gpse +J — V) - m Substitute the expression of I;f; ,s and C; = L

w2(Ly~Lfy)
wLg, is relatively small com-

. . . . 1
into the second equation of (3.16), there is (3.17). Since st st

pared with kz}:‘hsstt_lel, this term can be neglected. Finally, substitute the expression of i2_khst and
C, = wZLLZ into the third equation of (3.16), I; 4,5 can be solved as (3.18). When ¢t = g Iy gyt

reaches its peak. Therefore, L, - [il_kh(t = g) — iy g, (t= 0)] can be calculated by (3.19), where

2 L2Vpc
2V2(2q+1)"M(V, +
0 V2(2q+1)°"M(Vpat Ga’h - (nz _1 2V2ZMVpar " (n_“ . )2— V2LVpc
8 96

wn(M2-L,Ly) wn(M2-L1Ly)

is the sum

Lig, = 2
h 4=1 2q+1)* oM2r—[(2q+1)*-1| wLiLym

of RMS values of high-order harmonic currents in I;.

; Iy 2V2Vpc k?,st—1 5 1 L 1 ;
2_knst = szhst (1 — k% st) oMm kpst @i kpst (k?pst — 1)w T kpstoM kst
(3.17)
L,V
' o 2V2kPStM (Vpae + 15 o)
Il_khSt =-J 4 2 2 2 (318)
k*,stoM?m — (k?pst — 1) " wlL,L,m
. T, .
Ly-|iy g, (t = E) — i g, (t=0)|=Ly- 2\/5111% (3.19)

For the voltage v, x,, the time-domain expression is given by (3.20). Therefore, the integral of
Ve, kyst from 0 to g has a coefficient kzjlst’ which makes it relatively small compared with L; - zﬁllkh
and can be neglected.

sin(kyst - wt — 1) (3.20)

1
Ve, kpst = \/zll_khst " nst - wC,

For current i,, when diodes of back-end rectifier are ideal, i, is 0 when t = 0 or g as shown in
figure 3.10. However, when diode parasitic capacitors are considered, there is a current charging or
discharging the parasitic capacitors of the diodes during the voltage transition. Since this charging
process is short, assuming that the current is charging the diode parasitic capacitors linearly with the

slope of i, whent = 0 or g Since the front-end voltage V;; is in the same phase as the input voltage
of the back-end diode bridge V;, V; is 0 when t = 0 or g When V; drops from Vg, to 0, there is (3.21),
where C,, is the parasitic capacitor of each diode and ¢, is the time required for V; to drop from Vg, to
0. Therefore, the value of i, when t = g can be given by (3.22), and M - [iz_kh(t = g) — iy g, (= 0)]
can be written as (3.23).

V2w, t?
e = Vbar (3:21)
u
iro = to V2w, (3.22)
. .. .
M- |iy g, (t = =) —ig g, (£ =0)| = 2ipy - M (3.23)

2
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Figure 3.10: i2 considering/not considering diode capacitors

When fundamental-frequency component is not considered, the integration of Vs ,, can be written
as (3.24).

T
F T 2V2V,

Vss kpdt = VDCE i

(3.24)

Substitute (3.19), (3.23) and (3.24) in (3.15), the high-order frequency component of switching cur-
rent is ., can be given by (3.25).

Vpe — 2V2V, — 20Miy, — 2v2wLy Ly,
Z(A)Lfl

(3.25)

ls kn =

To verify the switching current calculation method, a fully compensated LCC-S model is built in
PLECS. The simulation results and calculation results comparison are shown in figure 3.11 and 3.12.
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Figure 3.11: Switching current under different Vin
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Figure 3.12: Switching current under different P

In figure 3.11, the input voltage varies from 200 V to 450 V, while the power is fixed at 2000 W. In
figure 3.12, the power varies from 500 W to 3000 W, while the input voltage is fixed at 400 V. Misalign-
ment (mutual inductance decreases to 0.7 M) under these conditions are also considered. Based on
these two figures, it can be seen that this high-order frequency component switching current calculation
method is pretty accurate. It can also be seen that the switching current drops with increasing power
or decreasing mutual inductance, and increases with increasing input voltage.

The simulation parameters values are shown in table 3.1.

Ly (uH) | Ly (uH) | M (uH) | Lyy (uH) | Cp1 (nF)
339 2265 | 106 100.5 34.89

€ nF) | GG (nF) | Gy (pF)
14.7 15.48 | 300

Table 3.1: Circuit parameters in simulation when system is fully compensated

3.4.2. Switching current calculation method considering components sensitiv-
ity

Section 3.4 gives the switching current calculation method when the LCC-S compensation topology is

fully compensated. However, in reality, deviations in components values due to manufacturing or other

issues can make the system not fully compensated. Furthermore, compensation topology that is not

fully compensated can sometimes be used to achieve ZVS. Therefore, it is very important to conduct

a components sensitivity analysis of the switching current.

When the compensation topology is not fully compensated, the fundamental-frequency component
of current I;,, is not in phase with V;, as analysed in section 3.2.2. Therefore, I;;, 15 is not 0 whent =0
or g This switching current caused by fundamental-frequency component is designated as is 4, and
should be added to equation (3.25) when compensation topology is not fully compensated. Here, it
is assumed that the components sensitivity has little influence on i, ,, [13], which can be verified with
simulation or solving the equation (3.16) considering the components sensitivity.

Based on the analysis in section 2.3.1, the following equivalent impedance can be given in (3.26).

. 1
Zsec = jwly + JwC, + Rac

w?M? w?M?
VA = =
ref Zsec ]'(JJLZ+%+R“C
facs (3.26)

1 . 1 ,
Zin = m ” (Zref +](1)L1 + E) +]wa1
_ —w*M?C1Cy+(1—w?C1L1) (1+jwCyRec—w?CyLy)

—jwSM2C1CoCr1+(jwCr1+jwCi—jw3C1CpyLy) (1+jwCaRac~w2CaL3)
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When the system is not fully compensated, the compensation capacitors can be expressed as
(3.27), where ns, n; and n, are the modification factors of Cr;, C; and C, respectively, which can
represent the degree of system detuning.

1
Cfl - nf ’ (,)le];1

C=ny- (3.27)

wzl(L1—Lf1)

C, =n,-
2 2 w?2L,

Substitute (3.27) in (3.26), the equivalent input impedance considering components sensitivity can
be expressed by (3.28).

—n1n2w4MZC1C2 + (1 - nl(L)zClLl) . (1 +jn2(l)C2RaC - nza)zCsz)
—jninanpw M2C,C,Crq + (jnpwCry + jnywCy — jnynpw3CiCriLy) - (14 jnawCyRee — npw?CyLy)
(3.28)
Based on (3.28), the switching current value when t = % can be give by (3.29), where 6;,, which

can be calculated by (3.10) is the angle of input current. Therefore, the switching current calculation
method considering components sensitivity can be expressed as (3.30).

-
Zin_

V2,
is 15t = — Z—S - sin 6y, (3.29)
m
. . V2l | Ve = 2V2V; — 20Mizo — 2V2wLy Ly,
ls =15 15t T ls_kn = — 7| SinOin 2oL, (3.30)
mn

3.4.3. Tuning method based on the proposed switching current calculation method

As analysed in section 3.2.2, tuning C; is the best choice to implement ZVS. Assuming that n¢, n, equal
to 1, the switching current expression regarding to n; can be given by (3.31), where i’ is the switching
current value after tuning.

ny{—1 Lq

Vpe = 2V2V, (= - + i) — 20Miyy — 2V2wLy Iy,

o f1
ig = 2l (3.31)

The minimal switching current required for ZVS can be calculated by (3.32) [19], where C,; is the
parasitic capacitor of each diode, and t,.,4 is the dead time of the MOSFETSs inverter.

_ 2VDCCoss

ls,required -

(3.32)

tdead

Based on the minimal switching current requirement, the modification factor n, can be given by
(3.33).

L,—L 2V2V,
n=—+—7I1. s . (3.33)
Lir 20wLpi's + 2V2wLy Ly + 20Miy, — Ve + 2\/514?
1

3.4.4. Simulation verification of switching current calculation method

To verify the switching current calculation method and its tuning method, a LCC-S compensation topol-
ogy model is built in PLECS, which is shown in figure 3.13.
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Figure 3.13: Simulated LCC-S compensation topology

Assuming that the tuning modification factor n; = 0.95, the calculation and simulation results of the
switching current are shown in figures 3.14 and 3.15.

As comparison, a switching current calculation method proposed in [13] is also given in (3.34), and
is shown in figures 3.14 and 3.14, as well. The first term in (3.34) represents the high-order harmonics
from the input voltage V;,, and the second term represents the influence of components sensitivity in
fundamental frequency, as analysed before. Therefore, when considering the influence of high-order
harmonics, this calculation method didn’t consider the influence from the diodes parasitic capacitors,
and the high-order harmonics of back-end voltage ;.

V2 v Vag
lS_Twal_ 7 -sin 6, (3.34)

Switching current under different Vin
I

Switching current (A)

Switching current (A)

Vin (V)

Figure 3.14: Switching current under different Vin after tuning
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Figure 3.15: Switching current under different P after tuning

As can be seen from these figures, the switching current after tuning increases, and the proposed
switching current calculation method matches well with the simulation results. However, since the
compared switching current calculation method didn’t consider the influence from the back-end, it is
almost constant under different mutual inductance, which does not fit the simulation results.



Experimental verification

In this chapter, a series of experiments are conducted to verify the conclusions given in previous chap-
ters.

Section 4.1 introduces the design procedure of the LCC-S compensation, and the power loss on
each component (including compensation inductor, compensation capacitors, MOSFETSs, diodes, pri-
mary and secondary coils etc.) is analyzed. The actual measured values of all the components are
given in section 4.2.

Section 4.3 gives a comparison of the efficiency of LCC-S compensation and S-S compensation un-
der various operating conditions. After the comparison, the conclusion gives a more suitable operating
scenario for both topologies.

Section 4.4 verifies the resonant inductor voltage peak calculation method proposed in section 3.1
on both LCC-S and S-S compensation topology.

Section 4.5 provides experimental verification of the switching current calculation method proposed
in section 3.4. A comprehensive experimental verification is given considering different input voltages,
different input power and misalignment. Besides that, two capacitors of different capacitance values of
C; are used in all operating conditions to verify the effect of the tuning method on switching current.

51
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4.1. Experimental parameters and design

Circuit parameters in the experiment are presented in table 4.1, where the calculation and design
method of the compensation components parameters are given in section 2.3.1. Note that the coil
parameters are different from the analysis in the previous sections, these coil parameters are from the
existing prototype in the lab.

Ly (uH) | Lp (uH) | M (uH) | Lgy (uH) | Cpy (nF)
Design | 338 2247 93.9 93.9 37.34

C, (nF) | G (nF) | Vpe (V) | Vpar (V) | Foue (KW)
Design | 14.36 15.67 400 400 3

Table 4.1: Designed circuit parameters in experiment

When designing inductors, capacitors and calculating power loss on each component, the volt-
age/current stresses on each component need to be considered. The following table gives the volt-
age/current stress values for each component.

Leq Crq Cy
RMS voltage stress (V) | 417.76 | 551.56 | 936.18
Peak voltage stress (V) | 990.81 780.02 1324

RMS current stress (A) | 8.33 11.00 7.18
Peak current stress (A) | 11.78 15.55 10.16
Ll L2 CZ

RMS voltage stress (V) | 1362.00 | 1058.40 | 995.25
Peak voltage stress (V) | 1926.10 | 1807.50 | 1407.5
RMS current stress (A) | 7.18 8.33 8.33
Peak current stress (A) | 10.16 11.78 11.78

Table 4.2: Voltage/current stress on each component

4.1.1. Compensation inductor design and its power loss calculation

The selected core of the compensation inductor Ls, is PM/74/59, and the chosen core material is N87.
Based on its datasheet, the design-related parameters are summarized in table 4.3.

Hr Ae (mm?) | Lo (mm) | Ve (mm®)
1290 | 790 128 101000

Table 4.3: Design-related core parameters

In this table, u, is the relative permeability of this core material. A, and [, are the effective magnetic
cross section and effective magnetic path length of the core, respectively. 1, is the effective magnetic
volume.

Dimensions of the PM/74/59 core is shown in figure 4.1. To reduce the loss caused by the multi-
layer coils, the inductor is wound with only one layer. Considering the height of the core, the number
of turns of the coil N is set to be 14.
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Figure 4.1: Dimensions of the core

The design procedure of the compensation inductor and related formulae can be referred to the
paper [20]. The maximum flux density can be calculated by (4.1), and the air-gap length is calculated
by (4.2).

As can be seen from the equation (4.1), the maximum flux density B, can be reduced by in-
creasing the number of turns of the coil, which can reduce the core loss. Therefore, it is necessary to
increase the number of turns of the coil as much as possible within one layer.

The specification of used Litz wire is 600 x 71 um, and the diameter of itis d = 2.5 mm. The required
height of the core is given by H = Nd + 1, = 37 mm, which is smaller but close to the actual height of
the core.

Lei,
rilLr1
= L _gq 4.1
max = L @.1)
o= Nty e, (4.2)
= = mm .
g Lgy Hr

Power loss calculation

1. Core loss According to [20], the core loss can be calculated by the Steinmetz equation (4.3),
where k, a and B are the Steinmetz coefficients and can be obtained by curve fitting the loss
curve of the core material. B is the maximum flux density which is already calculated by (4.1).

Peore = kfaBﬁVe (4.3)
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Figure 4.2: Core loss curves

From datasheet of N87 material, figure 4.2 presents the core loss curves. Assuming the wireless
power transfer system is operating under 100 °C, curve fitting of the loss curves gives the Stein-
metz coefficients: « = 1.3589, § = 2.91 and k = 77.6635. Applying the Steinmetz equation, core
loss under rated condition is calculated to be 4.04 /.

2. Winding loss

From figure 4.1, it can be seen that the diameter of the core is 29.5 mm. Thus, the length of one
turn is [; = 29.5m mm. The resistance of the wire is calculated by (4.4), where S is the copper
area of the Litz wire. The winding loss of the inductor under rated condition is given by (4.5).

pl, 1.72x107%x1.2975
RDC = T = e 2 = 94 mQ (44)
600 x 1 x (F22—)

Py = I}1rmsRpc = 0.65 W (4.5)

4.1.2. Compensation capacitors design and power loss calculation

Before the capacitor design, the voltage and current stress on each compensation capacitor need to
be calculated. For safety reason, the voltage and current peak on each component is used here.

Assuming the input voltage range is 300 V — 400 V and the output power range is 500 W —3000 W/,
the voltage and current stress on each compensation capacitor within the range can be calculated
based on section 2.3.1 and presented by figures 4.3, 4.4 and 4.5.
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Figure 4.3: Voltage and current stresses on C¢;

Voltage stress on C1 Current stress on C1

=
=)
S

@
S
S

= <
2 7 95
[ o
% 1200 7
° et
g S 85
S 1100 3
s 3
1000 75
3000
400 400
1000 340 360 1000 340
320 320
Output Power(W) 0 300 Input Voltage(V) Output Power(W) 0 300

Input Voltage(V)

(a) Voltage stress on C; (b) Current stress on C;

Figure 4.4: Voltage and current stresses on C,
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Figure 4.5: Voltage and current stresses on C,

From the figures above, it can be seen that the largest voltage and current on C¢; are 875.47 V and
17.46 A when Vp is 300 V and P,,; is 3000 W.

The voltage and current on C; is only decided by V.. When V- is 400 V, the voltage and current
stress applied to C; is the largest, which are 1323.95 V and 10.16 A, respectively.
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The voltage and current on C, is proportional to P,,;, and inversely proportional to V.. Therefore,
when Vj is 300 V and P,,; is 3000 W, the voltage and current stress on C, is the largest, which are
1876.66 VV and 15.71 A respectively.

Compensation capacitor design

For compensation capacitors, a 6.8 nF (650 V,.,,,;) capacitor (KEMET R76TF16805050J) is used
as the unit capacitor. From datasheet, the resistance of each unit capacitor is R, = 93.62 mQ. The
maximum voltage of one unit capacitor is 650 V, and the maximum current of one unit capacitor is
1.8 A.

* Cr, is required to be 37.34 nF and is designed as 6.8 nF - 2 X 11 = 37.4 nF. The voltage on

each unit capacitor is 8547V _ 43774 V, which is smaller than 650 V. The current on each unit

2
capacitor is % = 1.59 A, which is smaller than 1.8 A.

* (; is required to be 14.36 nF and is designed as 6.8 nF - 4 x 8 = 13.6 nF. The voltage on each
unit capacitor is 132395V — 330.99 V, which is smaller than 650 V. The current on each unit

10164 _ 127 A, which is smaller than 1.8 A.

capacitor is

* C, is required to be 15.67 nF and is designed as 6.8 nF - 4 x 9 = 15.3 nF. The voltage on each

unit capacitor is 187090V — 469.17 V, which is smaller than 650 V. The current on each unit

. . 1571 A
capacitor is ——

= 1.75 A, which is smaller than 1.8 A.

Capacitors power loss calculation

Based on the capacitor design above, the equivalent resistance of each capacitor can be calculated.
Using the rms current value on each capacitor given in table 4.2, the power loss of capacitors under
rated condition can be derived.

* Power loss on Cr,
2
R¢,, = Rs = 0.017 Q
P, = zgﬂmRCh =2.06W

» Power loss on C;

4

Re, = TRs = 0.0468 Q

Pe, = I% msRe, =241 W
» Power loss on C,
Re, = $Rs = 0.0416 Q

Pe, = 1% rmsRc, = 2.89 W

1
+ Total capacitors losses
PCt =Pcf1 +PC1 'i‘PC2 = 736W

4.1.3. Power electronic component and coil losses
This section will introduce the calculation of energy losses from the primary inverter, secondary rectifier
and transmission coils in the wireless power transfer system.

MOSFETSs losses

Four MOSFETSs (1200V SiC MOSFETs C2M0040120D) form an inverter after the DC voltage source
Vpc at the primary side. From data sheet, the switching off energy E, s = 15 uJ and the on resistance
iS Rgs,on = 50 mQ.

Each switch is conducted for only half a cycle, therefore, the rms current on each switch is calculated

I rms
bY Lswitchrms = % = 5.89 A.

5 — 2 —
* Conduction 10ss Psyitch_conauction = 4 X lyitchrmsRason = 6.94 W
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M SWltChlng loss Pswitch_switching =4x f . Eoff =51WwW
« Total MOSFETs losses Pswitch_total = Pswitch_conduction + Pswitch_switching =12.04 W

Diodes losses

Four diodes (1200V Sic diodes C4D20120D) form a passive rectifier before the DC battery load at
the secondary side. From datasheet, the forward voltage of diode is Vz = 0.8 VV and the resistance of
the diode is r = 75 m(Q.

Similar to the switch at the front-end, each diode at the back-end only conducts for half a cycle.
Therefore, the rms current on each diode is calculated by Ipy,s = ICZ% = 5.89 A. The average
current on each diode is calculated by Ip,, = ICTZ = 3.75 A, where fcz is the peak current on C,.

The power losses on diodes are given by (4.6).

Paioge = 4 X 2

2
I
Ve Ipqy + 7 - (M) l =146 W (4.6)

Primary coil and secondary coil losses

The resistance of the primary and secondary coil are R;; = 650 mQ and R;, = 440 m{), respectively.
Using the rms current values on L, and L, in table 4.2, the power losses can be derived as follows:

* Power loss on L,

Py = IL21rmsRL1 =3352WwW
* Power loss on L,
Py = If3rmsR12 = 30.53 W

4.1.4. Efficiency and percentage of each category of power loss

Based on the calculation of various power losses in the above sections, the wireless power transfer
system efficiency and the percentage of each power losses source can be drawn as 4.6 and 4.7.

Efficiency under diffferent power and input voltage

0.98

0.96

0.94

Efficiency

400

1000 340 960
320

Output Power(W) 0 300 Input Voltage(V)

Figure 4.6: Efficiency under different input voltage and output power
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Figure 4.7: Percentage of each power loss under different input voltage and output power

As can be seen from the figure 4.6, the efficiency of the system in the defined rated condition is
almost the largest within the range of operating conditions, which is 96.58%. The minimum system
efficiency occurs when the system is operating at 400V input voltage and 500W output power. In this
case, the system efficiency is 90.96%, which is also acceptable.

In figure 4.7, all power losses are divided into four categories:

« Capacitors losses: Including the losses on capacitors Crq, C; and C,.

* Inductors losses: Including the losses on compensation inductor Ls; and transmission coils L,
and L,.

» Switches losses: Including power losses on four MOSFETs at the front end.
+ Diodes losses: Including the power losses on four diodes at the back end.

The percentage of each category of power loss is presented in figure 4.7. As can be seen from the
figure, the percentage of inductors power losses is the largest, accounting for about 70% of the total
power losses. This is because the resistances of the primary and secondary coils are much larger than
the resistances of other components.

Diodes losses percentage is the second largest under high output power because of the high sec-
ondary current in this case.

In summary, the most important things to increase the efficiency under high power output is to
reduce the power losses on the transmission coils and the back-end diodes.
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4.2. Experimental components parameters measurements

The compensation components measurements under different frequency are shown in table 4.4 and
4.5. In the experiments, f = 85 kHz.

f (kHz) 20kHz | 40 kHz | 60 kHz | 80 kHz | 85 kHz | 100 kHz | 120 kHz | 140 kHz | 160 kHz
Lyy (uH) 100.60 | 100.50 | 100.57 | 100.55 | 100.50 | 100.50 | 100.58 100.60 100.60
Cr1 (nF) 35.84 | 3584 | 3584 |3585 | 3586 | 3587 35.88 35.89 35.9

C; (nF) 1442 | 1443 | 1444 | 1446 | 1446 | 14.48 14.51 14.56 14.6
Tuned C; (nF) | 13.90 | 13.90 | 13.90 | 13.91 13.92 | 13.92 13.93 13.94 13.96
C, (nF) 1554 | 1554 | 1554 | 1554 | 1554 | 1554 15.53 15.53 15.53

Table 4.4: Measured values of LCC-S compensation components in the experiments

(@) Ly

(c) €y (d)c,

Figure 4.8: Pictures of compensation components in LCC-S compensation topology

f(kHz) | 20kHz | 40 kHz | 60 kHz | 80 kHz | 85 kHz | 100 kHz | 120 kHz | 140 kHz | 160 kHz
¢, (nF) | 10.92 | 10.92 10.93 | 10.93 | 10.93 | 10.94 10.95 10.96 10.97
C; (nF) | 1442 | 1443 | 1443 | 1444 | 1444 | 1444 14.46 14.47 14.48

Table 4.5: Measured values of S-S compensation components in the experiments
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(a) ¢y (b) C,
Figure 4.9: Pictures of compensation components in S-S compensation topology
The measurements of transmission coils parameters are shown in table 4.6. All these values are

measured under 85 kHz. In this case, since the secondary coil is not flat, the left, middle and right
distances between the primary coil and the secondary coil are listed in table 4.7.

Ly (uH) | Ly (uH) | M (uH) | R, (mQ) | R, (mQ)
339.0 | 2265 | 106.0 | 640.0 400.8

Table 4.6: Transmission coils parameters measurements

Figure 4.10: Primary and secondary coils

Left distance (cm) | Middle distance (cm) | Right distance (cm)
10.3 10.1 10.1

Table 4.7: Transmission coils distances

To test the properties of the system operating under misalignment, a lateral misalignment is intro-
duced between the primary and secondary coils, and the variations of mutual inductance M are shown
in table 4.8.
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Lateral misalignment (cm) | 6 7 8
Mutual inductance (uH) 97.75 | 94.95 | 91.65
Lateral misalignment (cm) | 11 12 13
Mutual inductance (uH) 81.85 | 79.40 | 76.95

Table 4.8: Mutual inductance under lateral misalignment

In the experiment, the lateral misalignment is set to be 8 cm and 13 cm individually, as shown in
figures 4.11 and 4.12. The mutual inductance are 91.65 uH and 76.95 uH, respectively.

Figure 4.12: Lateral misalignment (13 cm) M = 76.95 uH
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4.3. S-S and LCC-S efficiency comparison

To compare the efficiency of the S-S and LCC-S compensation more fairly, the output voltage of these
two compensation topologies are fixed at 370 V and 425 V, respectively. The input power is increased
from 500 W to 3000 W. The efficiency under these conditions are shown in figure 4.13 and 4.14.

LCC-S and S-S compensation efficiency comparison under 370V output voltage

—#— S-S efficiency
—— LCC-S efficiency

96 -
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92 | . . |
500 1000 1500 2000 2500 3000
Power (W)

Figure 4.13: LCC-S and S-S compensation efficiency comparison under 370 V output voltage

LCC-S and S-S compensation efficiency comparison under 425V output voltage
T T T T
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Figure 4.14: LCC-S and S-S compensation efficiency comparison under 425 V output voltage

When output voltage and power are the same, Rp,; and R, of these two compensation topologies
are the same. Therefore, as analysed in section 2.2.1 and 2.3.1, the efficiency of these two topologies
should be the same. However, the losses on the compensation components are not considered in
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the analyses in section 2.2.1 and 2.3.1. Since there are more compensation components in LCC-
S topology, the losses on compensation components of LCC-S topology are higher. Therefore, the
efficiency of S-S compensation is higher.

When the system is operating at low power, V;,, of LCC-S compensation is constant. However, V;,, of
S-S compensation will reduce to a small value, and a high input current is required, as shown in figure
4.15. This high input current causes high conduction loss on the front-end MOSFETs. Therefore, the
efficiency of S-S compensation could be lower than LCC-S compensation under low input power.
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Figure 4.15: Efficiency of S-S and LCC-S compensation with fixed output voltage at 500 W
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Figure 4.16: S-S and LCC-S compensation with fixed output voltage at 3000 W

Based on the analyses above, it can be concluded that when the output voltage is fixed, S-S com-
pensation performs better than LCC-S in terms of efficiency at high power due to fewer compensation
components. However, at low power, the efficiency of S-S compensation is lower than LCC-S com-
pensation due to the higher conduction losses on MOSFETs.

In addition, LCC-S is better than S-S in terms of safety. Since S-S compensation has current-source
characteristics, when the load side is open, the voltage at two ends of the open circuit is theoreti-
cally infinite, which may cause damage to the load-side equipment. As for the LCC-S topology, it has
voltage-source characteristic, and when the load side is open, it won’t influence the load-side equip-
ment. However, since the output of S-S compensated WPT system features a CC output, it can be
directly connected to batteries, while for LCC-S compensation, a back-end DC/DC converter is needed
to regulate the charging current and voltage.
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4.4. Resonant inductor voltage peak calculation method verifica-
tion

To verify the resonant inductor voltage peak calculation method, the S-S compensation and LCC-S
compensation are used.

In the experiment for LCC-S compensation, N2791A High-Voltage differential probe is used to mea-
sure the voltage, and it can measure up to 700 V voltage. Therefore, to avoid over-range, the voltage
stresses tests are conducted under 500 /.

Figure 4.17 shows the voltage stresses in the experiment under 250 V input voltage and 500 W
input power in LCC-S compensation. The waveforms of Vig, and V, are similar to the simulated volt-
ages shown in figure 3.3, which are the superposition of the fundamental-waveform and the square-
waveform. Therefore, the fundamental analysis can not give a precise voltage peak of VLf1 and V, .
When under different input voltages, the waveforms of these voltages are also similar.
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Figure 4.17: Voltage stresses under 250 V input voltage and 500 W input power in LCC-S compensation

The measured voltage peaks and the resonant inductor voltage peak calculation method results
and the results of fundamental analysis are shown in figure 4.18. As can be seen from the figure, the
resonant inductor voltage peak calculation method can calculate the peak- voltages on the resonant
inductors much more accurately.
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Figure 4.18: Comparison of resonant inductor voltage peak calculation method and fundamental analysis with experimental
results for LCC-S compensation

For S-S compensation, the voltage peaks on L, and L, are measured to verify the resonant inductor
voltage peak calculation method. The experiments are conducted under different voltages and different
power. The input power is fixed at 500 W when tested under different voltages, and the input voltage is
fixed at 200 V when tested under different power. As can be seen from figure 4.19, the voltage stresses
on the coils are the superposition of sinusoidal wave and square wave, as analyzed in section 3.1.1.
The test results are shown in figure 4.19.
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Figure 4.19: Comparison of resonant inductor voltage peak calculation method and fundamental analysis with experimental
results for S-S compensation
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Figure 4.20: Voltage stresses under 350 V input voltage and 500 W input power in S-S compensation

Based on the above experimental verification, the resonant inductor voltage peak calculation method
proposed in this article outperforms the fundamental analysis method in various cases in S-S and LCC-
S topologies. Therefore, this calculation method can play an important role in breakdown voltage design
for resonant inductors.
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4.5. Switching current calculation method verification

To verify the switching current calculation method, the LCC-S compensation topology is experimented
with different voltages, different power and different mutual inductances. In addition, two capacitors
C, are used for experiments separately (as shown in table 4.4). The tuned C; with a smaller capacitor
value is used to verify the effect of the tuning method on the switching current. Based on the measured
components values in tables 4.4, 4.6, and 4.8, the tuning modification factor of each component can be
obtained by applying the equation (3.27), and summarized in table 4.9. Substitute these modification
factors in the switching current calculation method, the switching current under each condition can be
obtained.

ny 0.9789
N runeq  0.9449
ns 1.0302
n, 1

Table 4.9: Modification factors in experiments

Figure 4.21 shows the switching current point under 400 V input voltage and 1000 W input power,
which is the same working condition as shown in figure 3.9 in section 3.4. It can be seen that the
waveform of the current is similar to the simulated one, and the switching current values are also close.
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Figure 4.21: Switching current point in experiment at 400 V input voltage and 1 kW input power.

It can be seen from figure 4.21 that although the front-end MOSFETs switching time is very short
(around 100-200 ns), the switching current is not a fixed value during this process due to the fast
switching current change. Therefore, the current value when V;, crossing 0 (which is also the zero-
phase point in the previous analyses) is chosen to represent the switching current value, and shown in
the test results figures 4.23-4.27 as solid lines with cross. The switching current values at the beginning
and the end of switching are also presented in the test results figures as dotted lines with cross.
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Figure 4.22: Switching current before tuning (M=106 uH)
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Figure 4.23: Switching current after tuning (M=106 uH)
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Figure 4.24: Switching current before tuning (M=91.65 uH)
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Figure 4.25: Switching current after tuning (M=91.65 uH)
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Figure 4.27: Switching current after tuning (M=76.95 uH)

From these test result plots, it can be seen that the switching current calculation method proposed in
this article can calculate the switching current values under all kinds of operating conditions. In addition,
the experiments also verify that tuning the value of capacitor C; can increase the switching current value
and successfully predict the switching current value after tuning with the switching current calculation
method. It is also experimentally demonstrated that under misalignment, the switching current values
generally decrease in all operating conditions, making the implementation of ZVS more difficult.

The efficiency data for these tests are shown in figure 4.28. In practice, although the switching
current needs to be large enough to satisfy the ZVS implementation, excessive switching current can
also cause increased losses on MOSFETS, (in fact, the efficiency after tuning capacitor C; are generally
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4. Experimental verification

slightly lower than before the tuning, since the set up used in experiments is easy to achieve ZVS, and
has already achieved ZVS before tuning). Therefore, the design of switching current requires cautious
consideration. The switching current calculation method proposed in this article can be of great use in

switching current design.
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Figure 4.28: Efficiency of LCC-S under aligned and misaligned conditions



Conclusion

In this thesis, a benchmark of different compensation topologies is given, based on which two opti-
mal compensation topologies are selected for further study. In the design process of compensation,
two critical issues, components stress and implementation of ZVS, are studied in depth in this the-
sis. Regarding these two issues, a new resonant inductor voltage stress calculation method and a
new switching current calculation method are proposed and experimentally verified, respectively. The
conclusions of this thesis can be basically summarized as follows:

» Conclusion for benchmark of different compensation topologies

This thesis gives a benchmark of 8 different compensation topologies under the rated condition
based on SAE standard. All these compensation topologies are comprehensively compared in
terms of efficiency, components voltage/current stress, design freedom, misalignment behaviour,
cost, etc.

In the simulation and calculation analyses in chapter 2, the LCC-S and S-S topologies outperform
other compensation topologies in most aspects. Therefore, in chapter 4, a further experimental
analyses of these two topologies are performed. After conducting the experimental analyses, the
following more specific conclusions on these two compensation topologies can be drawn:

1. Although the efficiency expressions for S-S and LCC-S compensation are the same for a
given output voltage and power (when only the primary and secondary coils impedance
are considered), in practice, S-S compensation is more efficient in the high power case
due to more power losses on compensation components in LCC-S compensation topology.
However, in the low power case, due to a higher input current, the conduction losses on
switches are higher in S-S compensation, which makes LCC-S compensation more efficient.

2. Due to the CC characteristic of S-S compensation topology, when the load is open or the
load current is 0, the voltage across the load is theoretically infinite, easily causing damage
to the equipment at the load. However, the LCC-S compensation which features CV does
not have this problem.

Therefore, the choice of compensation topology for these two types needs to be considered in
terms of operating conditions, design freedom requirement and safety issues, etc.

» Conclusion for resonant inductor voltage peak calculation method

In this article, the study of resonant inductor voltages in S-S and LCC-S compensation topologies
is given to explain the formation of voltage waveform on resonant inductors. Based on that, a
resonant inductor voltage peak calculation method is proposed. Experimental validation proves
that this calculation method is more accurate than the traditional fundamental-frequency analysis
in all operating conditions.

» Conclusion for switching current calculation method
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5. Conclusion

In this thesis, the effects of high-order harmonics of the front-end and back-end voltages, the
parasitic capacitance of the back-end rectifier diodes and components sensitivity on the switching
current are analyzed and calculated. Experiments verifies that the switching current calculation
method proposed in this article can give an accurate value of the switching current under various
operating conditions.

Based on the analyses and experimental results, it can be concluded that the implementation of
ZVS becomes more difficult under misalignment. However, a high value of the switching current
could lead to an increase on losses on MOSFETs and thus to a decrease in efficiency. Therefore,
the design of the switching current needs to be taken into caution.
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A. Appendix A: Efficiency of S-S compensation topology with fixed output voltage
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Tover:m m m paverage:® FregqFiltim CF:3
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Tover:=m = =  Ayerage:® FreqFilti= CF:3
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Tover:m m m  pyerage:® FreqFiltim CF:3
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Normal Mode Uover:= = m  Scaling'® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B+ [SET]|: change items
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U3 15V Aut

13 500mA Autc
a

Integ:Reset
Time

2022/08/09 21:06:52
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Normal Mode

Uover:= = =  Scaling:™ LineFilt:=™ NULL:=

YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

&+ [SET|: change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  103(500msec)

Normal Mode

449.97
1.1108
484.45
0.9131

v

0.5000 .«
0.4425

88.501
88.501

Uover:= = =  Scaling:=

lover:m m m  Average:d

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update 53(500msec)

Normal Mode Um

Toveri= = =  Average:®

B3 + [SET]: change itens
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1i

Update  213(500msec)

449.98

LineFilt:m NULL:=™

PAGE Element
[« [ut 600v autdl

ﬁ 4] 23 Autol

[Q Element?2.
U2 600V Auto
12 20 Autol

Element3,

U3 157 Aute
13 500mA Aut

Intey:Reset.
Time

2072/08/09 21:08:28

YOKOGAWA 4

Freqfiltim CF:3

1.1142 .
484.57
0.9154 .,
0.5015
0.4437
88.477 .
88.477 .

ver:m = m  Scaling=

449.91
4.4488
479.63
3.9928
2.0022
1.9157
95.679
95.679

LineFilt:m NULL:m

PAGE Element1,
[« {u1 600v Autdl
ﬁ 11 28 Autol
Element2
U2 600V Autol
12 2A Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-09 21:11:01

YOKOGAWA 4

FregFilti= CF:3

PAGE Element1.
& [u1 600V Autol

ﬁ 1 50 Autol

Element2,
Uz 600V Auto]
12 58 Autol

Elementd,

U3 15V Aut
13 500mA_Aut

Integ:Reset,
Time

2022-08-09 21:13:01

Normal Mode

Uover:m m m  Scaling:= LineFiltim NULL:m

Normal Mode

Uover:= = =  Scaling:™ LineFilt:™ NULL:=

YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

3+ [SET] : change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  28(500msec)

Normal Mode

1.9403
1.0005
0.9371
93.662
93.662

44995 ,
2.2228
482.81

Uover:= = = Scaling:=

lover:m m m  Average:d

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update 55(500msec)

Normal Mode

449.92
3.3379
481.23
2.9683
1.5023
1.4289
95.115
95.115

Uover:m m m  Gealing:® LineFilt:m NULL:=

PAGE Element
[«] [u1 600v Autol

ﬁ n 58 Autol

E Element?2.
A uz 600V Auto
v Element3,

12 3n Auto)
U3 157 Aute
13 500mA Aute

a

2] ”

KW

# ¥ _Intey:Reset
Time

#

2022/08/09 21:09:53

LineFilt:= NULL:=  YOKOGAWA 4

Freqfiltim CF:3

Element1,

G|
[« {u1 600v Autol
v H n 58 Autal
Element2
a Uz 600V Autol
12 5A Autol
v Element3,
U3 15V Aut
13 500mA Aut
a
kW ”
ki
F [ _1Integ:Reset
Time
”

2022-08-09 21:11:42

YoKoGAWA 4

loveri= = = Average:® FreqFilti= CF:3

B3+ [SET]: change itens
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1i

Update 39(500msec)

YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B3+ [ET): change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1i
n1i

Update 88(500msec)

449.86

6.673
476.19

6.047
3.0030
2.8804
95.917
95.917

v

A

PAGE Element1
[&] [ut 600y Autol
H 11 10A Auto]

Element2,
U2 600V Autol
12108 Autol

Element3,

U3 15V Aut
13 500ma Autc

Integ:Reset
Titme

2022-08-09 21:15:56

449.88

5.559
477.94
5.0182
2.5020

2.3993
95.894
95.894

PAGE Element1.
& [u1 600V Autol

v ﬁ 11 108 Auto)

Element2,
a Uz 600V Auto|
v Element3,

12 58 Autol
Ul 15V Aut
13 500mA_Aut

A

kW ”

kW

] ] _integ:Reset.
Time

”

2022-08-09 21:14:09



Normal Mode Uover

Tov
ES + [SET|: change items

update

Normal Mode

update

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

315(500msec)

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

85(500msec)

er:im mm  Avera

Appendix D: Efficiency of LCC-S
compensation topology before tuning

im= = Scali

250.31

1.2012
23310
1.2055 .

300.78
281.11
93.462 .
93.462 .

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
lover:= = = pAverage:® FreqFilt:= CF:3

B2 + [SET]: change items

250.24 ,

4.0021 ,
22910
4.1695 .

1.0019 4
0.9556
95.378 .
95.378 .

LineFilti= NULL:=  YOKOGAWA 4
FreqFiltim CF:3

PAGE __ Element1
[a] [u1 300v Auto|

11 2A Autol

2022/08/04 21:10:06 update

(M=91 uH)

Normal Mode Uoveri= = = Scalingi= LineFilti= NULLi=  YOKOGAWA 4

Io
B + [SET|: change items

ver:m m m  Average:® FregFilt:m CF:3

PAGE __ Element1

Udc1 250.30 ﬁ 0 e

Element2,
Uz 300V Autol
17z 3A Auto|

Idc1 2.0026 ,
Udc2 23195 ,
Idc2 2.0538 ,
P1 501.42 .,
P2 47655
n1 95.039 ,
n1 95.039

672(500msec) 2022/08/04 21:13:04

Normal Mode Uover:=m = =  Scaling:= LineFilti= NULL:=  YOKOGAWA 4

o
lover:m = m pyerage:® FregqFiltim CF:3

B + [SET|: change items

PAGE __Element1
& [u1 300v Aut

of
H 4] 58 Autol

Element2.

E U2 300v Autol
12 58 Auto)

Elementd,

U3 15V Aute
13 500mA_Autc

2072/08/04 21:14:00 update

92

PAGE __ Element1

Udc1 25021 T ion muto
Ide1 6.001 Euf'iﬁ'ﬁ\"fijutn

Udc2 22598
Idc2 6.287 ,
P1 15021 .,
P2 1.4212 .,
n1 94.615 ,
n1 94.615 ,

Element3,

U3 15V Aut
13 500mA Autc

57(500msec) 2022/08/04 21:15:36
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Normal Mode

update

Normal Mode

update

Normal Mode

B2+ [5ET):

update

Normal Mode

update

Uover:= = =  Scaling:™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B+ [SET]|: change items

Ude1 250.18
Idc1 7.997
Udc2 222.64
Idc2 8.410
P1 2.0014
P2 1.8730
n1 93.583
n1 93.583

310¢500msec)

PAGE Element
[« [u1 300v autdl

v ﬁ 11 10A Auto

Element2,

A E U2 300v Auto
12 108 Auto|

v Element3,
U3 15V Auty
13 500mA Aut

A

K

K

% Intey:Reset.
Time

%

2072/08/04 21:17:43

Uover:m m m  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:= = = Average' FreqFilt:= CF:3

B2 + [SET|: change items

Ude1 300.00
Idc1 1.0023
Udc2 280.27
Idc2 0.9814
P1 300.78
P2 275.15
n1 91.478
n1 91.478

124(500msec)

PAGE __ Element1

[&] [ut 300v Autel

v H 4] 20 Autol
E Element2.

A U2 300V Autol

12 28 Autol

v Element3,
u3 15V Aut
13 500mA_Aut

A

W

W

% Integ:Reset.
Time

P

2022/08-04 21:21:08

Uover:m = =  Scaling:®™ LineFiltim NULL:m  YOKOGAWA 4

Tover:m m m javerage:® FreqFiltim CF:3

change items

Udc1 299.96
Idc1 3.3388
Udc2 276.94
Idc2 3.4553
P1 1.0019
P2 0.9572
n1 95.546
n1 95.546

66(500msec)

Udc1 299.93
Idct 5.0034
Udc2 27452
Idc2 5217
P1 15012
P2 1.4327
n1 95.436
n1 95.436

108(500msec)

PAGE __Element1,

[« {u1 300v Autdl
v H 11 5A Autol

Element2

a Uz 300v Autol
12 5 Autol

v Element3,
U3 15V Aut
13 500mA Aut

a

i

ki

x Integ:Reset
Time

”

2022-08-04 21:24:21

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
over:= = = pyerage:® FreqFilt:= CF:3

1
B2 + [SET|: change items

PAGE __ Element1

| [u1 300v Autol
v H )& 58 Autol

[é Element2

A U2 300V Autol
12 108 Autol

v Elementd,
U3 15V Aut
13 500mA Aut

A

kW

kw

7 Integ:Reset.
Time

”

2072/08/04 21:26:47

Normal Mode

update

Normal Mode

update

Normal Mode

B2+ [5ET]:

update

Normal Mode

update

Uover:= = =  Scaling®™ LineFilt:™ NULLI™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B+ [SET|: change items

Ude1 250.18
Ide1 7.996
Udc2 222.63
Idc2 8.410

PAGE Element
[«] [u1 300v Autol

v ﬁ 11 10A Auto)

E Element?2.
A uz 300v Auto
12 108 Autg)

v Element3,

U3 157 Aute
13 500mA Aute

a

P1 2.0013 w 7
P2 1.8730 w

n 93.589
n1 93.589

419(500msec)

# ¥ _Intey:Reset
Time

%

2022/08/04 21:18:37

Uover:m m m  Scaling:im LineFiltim NULL:m  YOKOGAWA 4

Tover:= = = Average: FregFilt:= CF:3

B3 + [SET|: change items

Ude1 299.99
Idc1 1.6672
Udc2 279.28
Idc2 1.6856
P1 500.31
P2 470.94
n1 94.128
n1 94.128

295(500msec)

PAGE __ FElement1

& [ut 300v Autol
v H 11 28 Autol

E Element2.

a U2 300V Autol
12 28 Autol

v Element3,
U3 15V Aut
13 500ma_Aut

A

C

W

” [¥] _integ:Reset.
Time

“

2022708704 21:22:34

Uover:m = =  Scalingi® LineFiltim NULLI®  YOKOGAWA 4

Tover:m m = average:¥ FreqFiltim CF:3

change items

Udc1 299.93
Idc1 5.0037
Udc2 274.52
Idc2 5.217

Element1,
ul  300v Autol

F
v 1 1 58 Autal
2

Element2,
Uz 300v Auto|
12 10A Auto

a

v Element3,
U3 15V Aute
13 500mA Aut
a

P2 1.4327

n1 95.432
n1 95.432

51(500msec)

Udc1 299.90
Ide1 6.675
Udc2 271.92
Idc2 6.989

F [ _1Integ:Reset
Time

3

2022-08-04 21:26:18

Uoveri= = =  Scalingi= LineFilti= NULLi=  yOKOGAWA 4
over:= = =  pyerage:® FreqFilt:= CF:3

1
B3 + [SET|: change items

PAGE __Element1

[=| [u1 300v Auto

v H 11 10a Auto|
Element?.

A E U2 300V Auto
12 108 Auto|

v Element3,
U3 15V Aut
13 500mA Autc
a

P1 2.0025 . 7
P2 1.9012 1

n1 94.941
n 94.941

65(500msec)

“ [¥] _Integ:Reset
Time

i

2022/08/04 21:28:18
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D. Appendix D: Efficiency of LCC-S compensation topology before tuning (M=91 uH)

Normal Mode Uoveri= = m  Scaling®® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B+ [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1

29986
8.342 ,
269.10

8.761 .
25022 w

PAGE Element1
[« [u1 300v autdl

ﬁ 11 10A Auto)

Element2,

E U2 300v Auto
12 108 Auto|

Element3,

U3 157 Aute
13 500mA Aut

P2 2.3585

n1 94.257 .

n1 94.257 .
update  238(500msec) 2022/08/04 21:29:44
Normal Mode Uoverim = m  Scalingi® LineFiltim NULLim  YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

299.68 .
10.018 .

265.86
10552 .
3.0034 .

2.8065 .
93.445 .

PAGE __Element1
[&] [ut 300v Autol
H 11 108 Auto]

E Element2.
U2 300V Autol
12108 Autol

Elementd,

U3 15V Aut
13 500ma Autc

Integ:Reset
Time

n1 93.445 =
Update 65(500msec) 2022708704 21:34:18
Normal Mode Uover:= = = Scaliny!: LineFilt:=m NULL:= YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3

B+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

update  164(500msec)

350.40
0.8543 .
327.99 ,
0.8106 .

0.2994
265.96
88.818 .

88.818 .

PAGE Element1,
[« {u1 600v Autol
H 11 28 Autg)
Element2
Uz 300v Autol
12 24 Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08/04 21:37:28

Normal Mode Uover:= = =  Scaling:= LineFilt:= NULL:=  YOKOGAWA 4

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  57(500msec)

350.37

2.8566 ,
32511
29310 .,

1.0012 4
0.9532
95.208 .
95.208 .

over:m mm  Ayerage:® FreqFilt:m CF:3

1
B2 + [SET]: change items

PAGE __Element1

| [u1 800v Auto|

H )& 58 Autol

[é Element2
U2 300V Autol
12 5A Autol

Elementd,

U3 15V Aute
13 500mA_Autc

Integ:Reset
Time

2072/08/04 21:40:26

Normal Mode Uover'm = m  Scaling:® LineFilt:™ NULL®™®  YOKOGAWA 4
Tover:m m = pyerage:® FreqFiltim CF:3

EJ + [SET]: change items
Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  343(500msec)

29986
8341 ,
269.07 .
8.761
2.5019 w
2.3582
94.258 .
94258 .

PAGE Element
[« [u1 300v Autdl

ﬁ 11 10A Auto)

E Element?2.
uz 300v Auto
172 108 Autg)

Element3,

U3 157 Aute
13 500mA Aute

2022/08/04 21:30:36

Normal Mode Uoverim m m  Scalingi® LineFiltim NULLim  yoKOGAWA 4
lover:=™ = =  Average:® FreqFilt:= CF:3

B3 + [6ET] change items
Udc1
Idct
Udc2
Idc2
P1
P2
n1
n1

Update  123(500msec)

299.69
10.018 .
26593 ,
10.552 ,
3.0035
2.8072
93.464 .
93.464

PAGE __ Element1
[+ [ut 300v Autol
ﬁ 11 104 Auto]

E Element2.

U2 300v Autol
12 108 Autol

Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Titme

2022708704 21:34:47

Normal Mode Uover:m = m  Scaling® LineFiltim NULLI™  YOKOGAWA 4
Tover:m = m pverage:¥ FreqFilt:= CF:3

+[SET]: change items
Udce1
Idct
Udc2
Idc2
P1
P2
n1
n1

update  331(500msec)

35039 .
1.4286 .
32711
1.4187
0.5008
46423
92.705 .
92,705 .

E __Elementl,
ul 600V Autol
11 24 Autol

Element2,
Uz 300v Auto|
12 2A Auto)

Element3,
U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-04 21:38:52

Normal Mode Uover:=m = =  Scaling:= LineFilti= NULL:=  YOKOGAWA 4

&+ ET): change itoms
Udc1
Ide1
Udc2
Idc2
P1
P2
n1i
n1

update  168(500msec)

350.38
2.8567 ,
32512
29310 .
1.0013
0.9533 w
95.206 .
95.206 .

over:m m m  Ayerage:® FreqFilt:m CF:3

PAGE __ Element1

U1 600V Auto|

i 54 Autol
Element2.

Uz 300v Autol

17 58 Auto|
Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Time

2022/08/04 21:41:21
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Normal Mode Uover:= = m  Scaling'® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B2 + [SET]: change item:

s

PAGE Element
a]

Udc1 350.34 i 1

Idc1 42902 , 2 E;‘Sﬁgﬁjm

Udc2 32312

Idc2 4.4484 , [ et

P1 1.5036

P2 1.4379 .,

n1 95.629

n1 95.629 ,
Normal Mode Uoverim = =  Scalingim LineFiltim NULLim  YOKOGAWA #

Tover:= = = Average' FreqFilt:= CF:3

B2 + [SET|: change items

PAGE __Element1

Ude1 35032 ﬁ uf e s

Ide1 5717 . 7 E%H;?Eﬁ]:t:

Udc2 32098 ,

Idc2 5959 , [ e

P1 2.0034

P2 1.9135 .

n1 95509 .

n1 95.500 |
Normal Mode Uover:m = =  Scalingi= LineFiltim NULLi=  YOKOGAWA %

Tover:m m m javerage:® FreqFiltim CF:3

[+ [SET|: change items

PAGE __Element1,

Udc1 35029 ﬁ 11 “lin ke

Idc1 7.140 , 2 Eiﬂgﬁgﬁﬁé‘-

Udc2 318.70

Ide2 7.470 , 1 e B

P1 2.5019

P2 2.3815 4

n1 95.186 .

N1 95.186 .
Normal Mode Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA #

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  202(500msec)

399.74
1.2493
373.97
1.2144
0.4996
0.4543
90.941
90.941

over:m mm  Average'® FreqFilt:m CF:3

1
B2 + [SET|: change items

PAGE __Element1

| [u1 800v Autol
v H )& 28 Autol

[é Element2

A U2 00V Autol
12 28 Auto|

v Elementd,
U3 15V Aut
13 500mA Aut

A

kW

kw

7 Integ:Reset.
Time

”

2072/08/04 21:51:11

Normal Mode Uover:m = m  Scaling:® LineFilt:® NULL™®  YOKOGAWA 4
Tover:m m =  pyerage:® FreqFilt:m CF:3

B+ [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1

35032
5717
32099 .

5.959 .,
2.0035 w

PAGE Element
[«] [ut 600v Autdl

ﬁ 11 10A Auto)

[Q Element2
U2 300V Autol
12 108 Autol

Element3,

U3 157 Aute
13 500mA Aute

P2 1.9136 w
n1 95509 . = Rr—
Time
nt 95509 .
update  45(500msec) 2022/08/04 21:44:05
Normal Mode Uoverim m m  Scalingi® LineFiltim NULLim  yoKOGAWA 4

Tover:= = = Average: FregFilt:= CF:3

B3 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

350.29
7.141

318.72
7.470
2.5023 w

2.3817 w
95.181 .

PAGE __ Element1

[&] [u1 600y Autol

H 11 108 Autg)

E Element2.
U2 300V Autol
12 108 Autol

Element3,

U3 15V Aut
13 500ma Autc

] _1Integ:iReset.
Time

n 95.181 =
Update 235(500msec) 2022/08/04 21:45:40
Normal Mode Upyer: = = = S:aliny!: LineFilt:= NULL:= YOKOGAWA 4

Tover:m m = average:¥ FreqFiltim CF:3

B+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  489(500msec)

35026 .
8.570 .,
316.26
8.991 .,
3.0028
2.8445
94.727 .
94.727 .

Element1,
ul 600V Autol

F
1 11 108 Autol
2

Element2,
Uz 300v Auto|
12 10A Auto

Element3,
U3 15V Aute
13 500mA Aut

[ _1Integ:Reset
Time

2022-08-04 21:47:47

Normal Mode Uover:= = =  Scaling:= LineFilti= NULL:™  YOKOGAWA 4

Udc1
Ide1
Udc2
Idc2
P1
P2
n1
n1

Update  280(500msec)

399.74

1.2494 ,
373.98 .
1.2144 .

0.4996 ..
0.4543 .
90.934 .
90.934 .

over:m m m  Ayerage:® FreqFilt'm CF:3

1
B3 + [SET|: change items

PAGE __Element1
[=| [u1 s00v Auto|
H 11 28 Autol
[é Element2

U2 600V Autol
12 3a Auto)

Element3,
U3 15V Aut
13 500mA Autc

Integ:Reset
Time

2022/08/04 21:51:50
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Normal Mode

update

Normal Mode

update

Normal Mode

B2+ [5ET):

update

Normal Mode

update

Uover:= = =  Scaling®™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m average:® FregqFiltim CF:3

B+ [SET|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

116(500msec)

399.70
2.5087
372.18
2.5484
1.0031
0.9488
94.585
94.585

v

A

v

A

kW

kW

%

%

PAGE Element1
[«] [ut 600v autdl

ﬁ 4] 58 Autol

Element2,

E u2 600V Auto
12 58 Auto)

Element3,

U3 157 Aute
13 500mA Aut

2072/08/04 21:53:07

Uover:m m m  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

n1

628(500msec)

399.64
5.0121
368.67
5.1979
2.0037
1.9170
95.670
95.670

W

A

v

A

kW

kW

3

%

PAGE Element1

[&] [ut 600v Autol
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U2 600V Autal
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Time

2022/08-04 21:57:23

Uover:m = =  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3
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Udc2
Idc2
P1
P2
n1

n1

254(500msec)

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

125(500msec)

change items

399.64

6.261
366.76

6.521
2.5029
2.3925
95.592
95.592

450.18
1.1115
421.95
1.0533
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0.4446
88.818
88.818
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A

v

A

kW
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Element3,

U3 15V Aute
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Integ:Reset
Time

2022-08/04 22:00:24

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
over:= = m  pyerage:® FreqFilt:= CF:3

1
B2 + [SET]: change items

PAGE __Element1
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H )& 28 Autgl
[é Element2
U2 600V Autol
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Elementd,

U3 15V Aute
13 500mA_Autc

Integ:Reset
Time

2072/08/04 22:03:17

Normal Mode

update

Normal Mode

Update

Normal Mode

Update

Normal Mode

update

Uover:m = m  Scaling®™ LineFilt:™ NULLI™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B + [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

499(500msec)

39967 .
3.7553 .,
37048 .

3.8675 .
1.5014

1.4333 w
95.465 .
95.465 .
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13 500mA Aute

2022/08/04 21:56:18

Uover:m m m  Scalingim LineFiltim NULL:m  YOKOGAWA 4

Tover'= = = Average: FregFilt:= CF:3

B + SET|: change items
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Idct
Udc2
Idc2
P1
P2
n1
n1

79(500msec)

399.64 .
6.261 ,

366.77
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2.5031 w
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95.584 .
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PAGE __ Element1
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Uoverim = =  Scalingi™ LineFiltim NULLI®  YOKOGAWA 4

Toverim m m  average:¥ FreqFiltim CF:3

B + [SET|: change items

Udce1
Idct
Udc2
Idc2
P1
P2
n1
n1

305(500msec)

Udc1
Ide1
Udc2
Idc2
P1
P2
n1
n1

66(500msec)

39962

7512
364.77

7.848 .
3.0031
2.8639
95.365 .
95.365 .

45017

22231
42034
2.2298 .

1.0011 4
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Normal Mode

Uover:= = =  Scaling:™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

&+ [SET|: change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1
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Normal Mode

45014 ,
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418.82
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Idc2
P1
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Normal Mode

8- e
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Normal Mode

& e
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Uoveri= = =  Scaling:=
lover:m m m  average:¥
change items

Ude1 450.12
Ido1 4.4449
Udc2 417.25
Idc2 45797
P1 2.0014
P2 1.9116
n 95510
n1 95510
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Uover:= = = Scaling:=
Toverim m m  Average:®
change items

Udc1 450.08
Idc1 6.673
Udc2 413.93
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P1 3.0045
P2 2.8732
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Normal Mode

update

Normal Mode

update

Appendix E: Efficiency of LCC-S
compensation topology after tuning

Uover:i= = =  Scalingi= LineFilti= NULL:=

YOKOGAWA 4

Tover:m m m pverage:® FregqFiltim CF:3

ES + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

124(500msec)

Udc1
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Udc2
Idc2
P1
P2
n1

n1
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1
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LineFiltim NULL:=  YOKOGAWA 4

FreqFilt:= CF:3
PAGE __Element1
| [u1 300v Auto|
H )& 58 Autol
[é Element2
U2 300V Autol
12 5A Autol
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Time
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Normal Mode

update

Normal Mode

1
B + [SET|: change items

update

Uoveri= = = Scalingi= LineFilti= NULL:=

(M=91 uH)

YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B + [SET|: change items
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Normal Mode Uover:= = m  Scaling'® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

S+ [SET]: change item
Udc1
Idc1
Udc2
Idc2
P1

s

24992 ,
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8.442 ,
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n1 93.496 . ——
Update  498(500msec) 2022/08/05 16:43:16
Normal Mode Uoverim = m  Scalingim LineFiltim NULLim  YOKOGAWA 4

Tover:= = = Average' FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
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Udc2
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P1
P2
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300.25
1.6678 .
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1.6863 .
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13 500ma Autc
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Normal Mode Uover:=s = = Scaliny:: LineFilt:m NULL:= YOKOGAWA 4

Tover:m m m javerage:® FreqFiltim CF:3

[+ [SET|: change items
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95.359 .
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Normal Mode Uover:= = =  Scalingi= LineFilt:= NULL:=  YOKOGAWA 4
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Udc2
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Integ:Reset
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Normal Mode Uover:m = m  Scaling:® LineFilt:® NULL™®  YOKOGAWA 4
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B+ [SET|: change items
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Tover:= = = Average: FregFilt:= CF:3

B3 + [SET|: change items
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n1
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Normal Mode Upyer: = = = S:aliny!: LineFilt:= NULL:= YOKOGAWA 4

Tover:m m = average:¥ FreqFiltim CF:3

B+ [SET|: change items

Udc1
Idc1
Udc2
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P1
P2
n1
n1

update 80(500msec)

300.14
6.669 .,
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2
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Time
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Normal Mode Uover:= = =  Scaling:= LineFilti= NULL:™  YOKOGAWA 4

Udc1
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Update  414(500msec)
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3.0044 ..
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B3 + [SET|: change items
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2022/08/05 16:59:39
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E. Appendix E: Efficiency of LCC-S compensation topology after tuning (M=91 uH)

Normal Mode

Uover:= = =  Scaling®™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m average:® FregqFiltim CF:3

S - [SET]: change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  497(500msec)

Normal Mode

350.05
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88.517

v

A

v

A

kW

W

%

%

PAGE Element1
[« [ut 600v autdl

ﬁ 4] 28 Autol

Element2,

E u2 300 Auto)
12 28 Auto)

Element3,

U3 157 Aute
13 500mA Aut

2072708705 17:05:24
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Tover:= = =  Average: FreqFilt:= CF:3
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Normal Mode
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2022/08-05 17:22:54

Uover:m = =  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  112(500msec)

Normal Mode

B3+ BET] change 1 toms
Udc1
Idc1
Udc2
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P1
P2
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Update  521(500msec)
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319.47
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9.031
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over:= = m  pyerage:® FreqFilt:= CF:3
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H 11 10a Auto]
[é Element2
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12 108 Autol
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2072/08/05 17:21:28

Normal Mode
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Normal Mode
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Normal Mode
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Normal Mode
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Uover:m = m  Scaling®™ LineFilt:™ NULLI™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B + [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

714(500msec)

350.04
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2022/08/05 17:07:12

Uover:m m m  Scalingim LineFiltim NULL:m  YOKOGAWA 4

Tover'= = = Average: FregFilt:= CF:3

B + SET|: change items
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Udc2
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P2
n1
n1
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B + [SET|: change items
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Idct
Udc2
Idc2
P1
P2
n1
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Udc2
Idc2
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P2
n1
n1
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2.3785
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Normal Mode

update

Normal Mode

update

Normal Mode

B2+ [5ET):

update

Normal Mode

update

Uover:= = =  Scaling:™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B+ [SET]|: change items

Ude1 399.60
Idc1 2.5082
Udc2 370.84
Idc2 2.5534
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P2 0.9472
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B2 + [SET|: change items
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change items

Udc1 399,51
Idc1 7.514
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Normal Mode
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Tover:m m m paverage:® FregqFiltim CF:3

B+ [SET|: change items

Udce1
Idc1
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Normal Mode
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B3 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  129(500msec)

Normal Mode

399.53
6.261
365.18
6.543

PAGE __ FElement1

[&] [u1 600y Autol
v H 11 108 Auto]

E Element2.

a U2 600V Autol
12108 Autol

v Element3,

U3 15V Aut
13 500ma Autc

A

2.5025 w 7
2.3903 w

95.515
95.515

® | _Integ:iReset.
Titme

3

2022708705 17:31:47

Uover:m = =  Scalingi® LineFiltim NULLI®  YOKOGAWA 4

Tover:m m = average:¥ FreqFiltim CF:3

B+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  359(500msec)

Normal Mode

Udc1
Ide1
Udc2
Idc2
P1
P2
n1
n1

Update  270(500msec)

449.72
1.1116
420.05
1.0533

Element1,
ul 600V Autol

F
v 1 1 28 Autal
2

Element2,
Uz 600V Auto|
12 28 Auto)

a

v Element3,
U3 15V Aute
13 500mA Aut
a

0.5001 7
0.4426

88.505
88.505

449.69
3.3372
416.84
3.4180

F [ _1Integ:Reset
Time

3

2022-08-05 17:37:35

Uoveri= = =  Scalingi= LineFilti= NULLi=  yOKOGAWA 4
over:= = =  pyerage:® FreqFilt:= CF:3

1
B3 + [SET|: change items

PAGE __Element1

[=| [u1 s00v Auto|

v H 11 5A Autol
Element?.

A E U2 600V Auto
12 58 Auto|

v Element3,
U3 15V Aut
13 500mA Autc
a

1.5012 1w 7
1.4253

94.941
94.941

“ [¥] _Integ:Reset
Time

i

2022/08/05 17:40:58



102

E. Appendix E: Efficiency of LCC-S compensation topology after tuning (M=91 uH)

Normal Mode Uover:= = =  Scaling:™ LineFilt:=™ NULL:™

Tover:m m m average:® FregqFiltim CF:3

S - [SET]: change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  505(500msec)

449,67
4.4496
415.22
45996
2.0015
1.9105
95.454
95.454

v

YOKOGAWA 4

PAGE Element1
[«] [ut 600v autdl

ﬁn

58 Autaol

Element2,

E u2 600V Auto
12 58 Auto)

Element3,

U3 157 Aute
13 500mA Aut

2072708705 17:42:55

Normal Mode

& fsE:

update

Normal Mode Uover'm = m  Scaling:® LineFilt:™ NULL®™®  YOKOGAWA 4
Tover:m m = pyerage:® FreqFiltim CF:3

EJ + [SET]: change items

Ude1
Idc1
Udc2
Idc2
P1

P2

n1

n1

update  57(500msec)

Uover:m = =  Scaling:® LineFiltim NULL:®  YOKOGAWA 4

Toverim m m  javerage:¥ FreqFiltim CFi3

change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

190(500msec)

449.61
6.676
411.71
6.968
3.0027
2.8696
95.566
95.566

v

Element1,
Ut 600V Autol

F
1 11 108 Autaol
2

Element2,
Uz 600V Auto|
12 10A Auto

Element3,
U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-05 17:45:04

449.64

5564
413.50

5.784
2.5025
2.3925
95.605
95.605

v

PAGE Element
[« [ut 600v Autdl

ﬁ 11 10A Auto)

Element2,

E Uz 600V Auto)
17 10A Auto|

Element3,

U3 157 Aute
13 500mA Aute

2022/08/05 17:43:58



Normal Mode Uover

Io
ES + [SET|: change items

update

Normal Mode

update

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

639(500msec)

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

77(500msec)

Appendix F: Efficiency of LCC-S
compensation topology before tuning
(M=76 uH)

im == Scalingi= LineFilti= NULLi=  YOKOGAWA 4

250.16

1.2035 .
19490 .
1.4363 .

301.18
280.04
92982 .
92982 .,

250.10 .

4.0078 ,
190.57
49706 .

1.0027
0.9476 .
94501 .
94501 .

ver:m m m  javerage:® FreqFilt:m CF:3

PAGE __ Element1
[a] [u1 300v Autol

11 2A Autol

2022/08/08 16:27:09

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
Tover:= = = pverage:® FreqFilt:= CF:3

B2 + [SET|: change items

PAGE __Element1
| [u1 300v Autol
H )& 58 Autol

Element?.

E U2 300V Auto
12 58 Auto|

Elementd,

U3 15V Aut
13 500mA_Autc

2072/08/08 16:29:26

103

Normal Mode Uover

Io
B3 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  98(500msec)
Normal Mode Uover
Tover

B3 + [SET|: change items

update

Udc1
Ide1
Udc2
Idc2
P1
P2
n1
n1

122(500msec)

verim = = jayvera

im == Scaling:=

250.15
2.0012
193.70
2.4410
500.77
0.4730
94.454
94.454

im == Scaling:=
imomom pverage:®

250.10
4.0074
190.57
4.9706
1.0026
0.9476
94.512
94512

LineFiltim NULL:=  YOKOGAWA 4

¥ FregFilt:m CF:3

PAGE __ Elementl
[«] [u1 300v Auto|

v ﬁ n 24 Autol
[é Element2
A U2 300V Autol
12 5A Auto|
v Element3,
Ul 15V Aut
13 500mA Aut

=
NI

2022/08/08 16:28:14

LineFiltim NULLi=  YOKOGAWA 4
Fregfilt:= CF:3

Element1
U1 300v Auto|

’EG 1 5 te
[ 1 1 n_Auto|
2

Element2

A U2 300v Autal
12 5A Auto|

v Eletent3,
U3 15V At
13 500mA_Aut

a

<] ”

kw

7

%

2022/08/08 16:29:49



104

F. Appendix F: Efficiency of LCC-S compensation topology before tuning (M=76 uH)

Normal Mode

update

Normal Mode

update

Normal Mode

B2+ [5ET):

update

Normal Mode

update

Uover:= = =  Scaling®™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m average:® FregqFiltim CF:3

B+ [SET|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

64(500msec)

250.06

6.003
187.04

7.494
1.5017
1.4021
93.374
93.374

v

A

v

A

kW

kW

%

%

PAGE Element1
[« [u1 300v autdl

ﬁ 11 10A Auto)

Element2,

E U2 300v Auto
12 108 Auto|

Element3,

U3 157 Aute
13 500mA Aut

2072/08/08 16:31:09

Uover:m m m  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

n1

335(500msec)

250.01

8.005
183.12
10.047
2.0021
1.8404
91.922
91.922

W

A

v

A

kW

kW

3

%

PAGE __Element1
[&] [ut 300v Autol
H 11 108 Auto]

E Element2.
U2 300V Autol
12108 Autol

Elementd,

U3 15V Aut
13 500ma Autc

Integ:Reset
Time

2022/08-08 16:33:25

Uover:m = =  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

229(500msec)

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

75(500msec)

change items

299.93
1.6682
233.62
2.0068
500.52
468.99
93.700
93.700

299.86
5.0079
228.35

6.216
1.5022
1.4199
94.524
94.524

v

A

v

A

W

W

%

3

W

PAGE Element1,
[« {u1 300v Autol
H 11 28 Autg)
Element2
Uz 300v Autol
12 24 Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-08 16:36:09

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
over:= = m  pyerage:® FreqFilt:= CF:3

1
B2 + [SET]: change items

PAGE __Element1
| [u1 300v Auto|
H )& 58 Autol
[é Element2
U2 300V Autol
12 108 Autol
Elementd,

U3 15V Aute
13 500mA_Autc

Integ:Reset
Time

2072/08/08 16:39:33

Normal Mode

update

Normal Mode

Update

Normal Mode

Update

Normal Mode

update

Uover:m = m  Scaling®™ LineFilt:™ NULLI™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B + [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

234(500msec)

25001
8.004 .,
183.10

10.046 .
2.0018 w

1.8401
91.924 .,
91.924 .

PAGE Element
[« [u1 300v Autdl

ﬁ 11 10A Auto)

E Element?2.
uz 300v Auto
172 108 Autg)

Element3,

U3 157 Aute
13 500mA Aute

2022/08/08 16:32:35

Uover:m m m  Scalingim LineFiltim NULL:m  YOKOGAWA 4

Tover'= = = Average: FregFilt:= CF:3

B + SET|: change items

Udc1
Idct
Udc2
Idc2
P1
P2
n1
n1

58(500msec)

299.94 ,
0.9985 .

23465
1.1628 .,
29960 .

272.96
91.108 .
91.108 .

PAGE Element1
[+ [ut 300v Autol

ﬁ 1 24 Autol

E Element2.

U2 300V Autol
12 28 Autol

Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Titme

2022708708 16:34:44

Uoverim = =  Scalingi™ LineFiltim NULLI®  YOKOGAWA 4

Toverim m m  average:¥ FreqFiltim CF:3

B + [SET|: change items

Udce1
Idct
Udc2
Idc2
P1
P2
n1
n1

93(500msec)

Udc1
Ide1
Udc2
Idc2
P1
P2
n1
n1

184(500msec)

20989
3.3368 .
231.08 .
4.1094 ,
1.0010
0.9499
94.895 .
94.895 .

299.86 .

5.0072 .
228.34
6.216 .

1.5020 1
1.4199
94535 .
94535 .,

E __Element,
ul  300v Autol
11 5A Autol

Element2,
Uz 300v Auto|
12 5A Auto|

Element3,
U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-08 16:37:58

Uoveri= = = Scalingi= LineFilti= NULLi=  yOKOGAWA 4
over:m = = pyerage:® FreqFilt:= CF:3

1
B + [SET|: change items

PAGE __ Element1
U1 300v Auto|
i 54 Autol

Element2.
Uz 300v Autol
17 10A Auto|

Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Time

2022/08/08 16:40:28



105

Normal Mode Uover:= = m  Scaling'® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B+ [SET]|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  139(500msec)

299.84 ﬁ ?flgr?"ﬁﬁzt:
6.673 . 2 [
22536
8.324 ,
2.0016 .,
1.8766 4
93.754 .

93.754 .

Element3,

U3 157 Aute
13 500mA Aut

Intey:Reset.
Time

2022/08/08 16:41:51

Normal Mode Uoverim = m  Scalingim LineFiltim NULLim  YOKOGAWA 4
lover:= = =  Average:™ FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

n1

Update 73(500msec)

PAGE __ Element1

[ 1 300 1o
299.76 ﬁ e

10.016 . 2 B
218.77 Elemont3

12.582 , EL@;;@
3.0034 .
27534 .
91677 .
91677 .

Integ:Reset.
Time

2022/08-08 16:44:05

Normal Mode Uoveri= = m  Scaling'® LineFilt:= NULL‘™  YOKOGAWA 4
Tover:m = m pyerage:¥ FreqFilt:im CF:3

[+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

uUpdate  254(500msec)

350.03 , ﬁ ﬂ“zzgﬁm
0.8609 . 2 Eﬁﬂgﬁgﬁ]ﬁ:
27461
0.9713 ,
0.3015
266.82 ,
88512 .
88512 .

Element3,
U3 15V Aute
13 500mA Aut

2022-08/08 16:48:55

Normal Mode Uover:= = =  Scalingi= LineFilt:= NULL:=  YOKOGAWA 4

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  474(500msec)

over:m mm  Average'® FreqFilt:m CF:3

1
B2 + [SET|: change items

350.01 ﬁ o o
14315 , 2 [
27369 ,
16906 .
0.5012 .
462.86 ,
92.348 .,
92.348 .

Elementd,
U3 15V Aut
13 500mA_Autc

Integ:Reset
Time

2022/08/08 16:50:45

Normal Mode Uover:m = m  Scaling:® LineFilt:® NULL™®  YOKOGAWA 4
Tover:m m =  pyerage:® FreqFilt:m CF:3

3+ [SET] : change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  253(500msec)

29981
8.348 .,
22217
10.452 .
2.5036 w
2.3230
92.784 .
92.784 .

PAGE Element
[«] [u1 300v Autol

ﬁ 11 10A Auto)

[Q Element2
U2 300V Autol
12 108 Autol

Element3,

U3 157 Aute
13 500mA Aute

¥ _Intey:Reset
Time

2022/08/08 16:42:48

Normal Mode Uoverim m m  Scalingi® LineFiltim NULLim  yoKOGAWA 4
lover:=™ = =  Average:® FreqFilt:= CF:3

B3+ BET] - chango items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update 74(500msec)

350.03 .
0.8589 .,
27458 ,
0.9693 ,
0.3008 .
266.25
88.529 .
88.529 .,

PAGE __ Element1

& [u1 600y Autol

H 1 28 Autol

E Element2.
U2 300V Autol
12 28 Autol

Element3,

U3 15V Aut
13 500ma Autc

] _1Integ:iReset.
Time

2022708708 16:47:25

Normal Mode Uover:m m m  Scaling® LineFilti= NULLI™  YOKOGAWA 4
Tover:m = m  pverage:¥ FreqFilt:= CF:3

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  351(500msec)

350.01 .
1.4315 .
273.66
1.6907 .
0.5012
462.86
92.349 .
92.349 .

Element1,
ul 600V Autol

F
1 11 28 Autol
2

Element2,
Uz 300v Auto|
12 2a Auto)

Element3,
U3 15V Aute
13 500mA Aut

[ _1Integ:Reset
Time

2022-08-08 16:49:44

Normal Mode Uover:= = =  Scaling:= LineFilti= NULL:™  YOKOGAWA 4

B3+ 56T change itons
Udc1
Ide1
Udc2
Idc2
P1
P2
n1i
n1

Update  47(500msec)

350.01
28613 ,
2711.51
3.4929 ,
1.0018 i
0.9487
94.695 .
94695 .

over:m m m  Ayerage:® FreqFilt'm CF:3

PAGE __Element1
[=| [u1 s00v Auto|
H 11 5A Autol

[é Element2
U2 300V Autol
12 5A Auto|

Element3,
U3 15V Aut
13 500mA Autc

[¥] _Integ:Reset
Time

2022/08/08 16:51:29



106

F. Appendix F: Efficiency of LCC-S compensation topology before tuning (M=76 uH)

Normal Mode

Uover:= = =  Scaling®™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m average:® FregqFiltim CF:3

B+ [SET|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  95(500msec)

Normal Mode

350.01
2.8613
271.52
3.4929
1.0018
0.9487
94.698
94.698

v

A

v

A

kW

kW

%

%

PAGE Element1
[«] [ut 600v autdl

ﬁ 4] 58 Autol

Element2,

E U2 300v Auto
12 58 Auto|

Element3,

U3 157 Aute
13 500mA Aut

2072/08/08 16:51:53

Uover:m m m  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

n1

Update  364(500msec)

Normal Mode

349.99
4.2868
269.28
5.2899
1.5008
1.4250
94.947
94.947

W

A

v

A

kW

kW

3

%

PAGE Element1

[&] [ut 600v Autol

1 5A Auto|
Element2

U2 300v Auta

12 5 Auto)
Element3,

U3 15V Aut
13 500ma Autc

Integ:Reset
Time

2022/08-08 16:54:08

Uover:m = =  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3

B+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

update  247(500msec)

Normal Mode

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  491(500msec)

349.92

7.147
264.27

8.906
2.5019
2.3544
94.105
94.105

349.63

8.583
261.35
10.724
3.0018
2.8037
93.399
93.399

v

A

v

A

kW

kW

%

3

W

PAGE Element1,
[« {u1 600v Autol
H 11 108 Auto]
Element2
Uz 300v Autol
12 108 Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08/08 16:59:32

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
over:= = m  pyerage:® FreqFilt:= CF:3

1
B2 + [SET]: change items

PAGE __Element1
| [u1 800v Auto|
H 11 10a Auto]

[é Element2

U2 300V Autol
12 108 Autol
Elementd,

U3 15V Aute
13 500mA_Autc

Integ:Reset
Time

2072/08/08 17:23:31

Normal Mode

update

Normal Mode

Update

Normal Mode

Update

Normal Mode

update

Uover:m = m  Scaling®™ LineFilt:™ NULLI™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B + [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

266(500msec)

34999
4.2870 ,
26929

5.2899 .,
1.5009 i

1.4250
94944
94944

PAGE Element
[« [ut 600v Autol

ﬁ n 54 Autol

E Element?2.
uz 300v Auto
172 58 Autg)

Element3,

U3 157 Aute
13 500mA Aute

2022/08/08 16:53:19

Uover:m m m  Scalingim LineFiltim NULL:m  YOKOGAWA 4

Tover'= = = Average: FregFilt:= CF:3

B + SET|: change items

Udc1
Idct
Udc2
Idc2
P1
P2
n1
n1

33(500msec)

349.95
5722 ,

266.87 .
7.101
2.0031 w

1.8957
94.641 .
94641 .

PAGE __ Element1
[+ [ut 600v Autol
ﬁ 11 104 Auto]

E Element2.

U2 300v Autol
12 108 Autol

Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Titme

2022708708 16:57:45

Uoverim = =  Scalingi™ LineFiltim NULLI®  YOKOGAWA 4

Toverim m m  average:¥ FreqFiltim CF:3

B + [SET|: change items

Udce1
Idct
Udc2
Idc2
P1
P2
n1
n1

386(500msec)

Udc1
Ide1
Udc2
Idc2
P1
P2
n1
n1

115(500msec)

34964
8.582 .,
261.37
10.724 ,
3.0019
2.8040
93.407 .
93.407 .

399.78

1.2528 .,
31351
1.4478 .

0.5010
454.06
90.628 .
90.628 .

Element1
ul 600V Autol

F
1 11 104 Autol
2

Element2,
Uz 300v Auto|

12 10A Auto
Element3,
U3 15V Aute

13 500mA Aut

Integ:Reset
Time

2022-08-08 17:22:38

Uoveri= = = Scalingi= LineFilti= NULLi=  yOKOGAWA 4
over:m = = pyerage:® FreqFilt:= CF:3

1
B + [SET|: change items

PAGE __ Element1

U1 600V Auto|

i 24 Autol
Element2.

Uz 300v Autol

17 3A Auto)
Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Time

2022/08/08 17:24:44



107

Normal Mode Uover:= = m  Scaling'® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B+ [SET]|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  234(500msec)

399.78
1.2528 .
31353
1.4477
0.5010
454.06
90.627 .
90.627 .

PAGE Element
[« [ut 600v autdl

ﬁ 4] 23 Autol

[Q Element?2.
uz 300V Auto
12 20 Autol

Element3,

U3 157 Aute
13 500mA Aut

Intey:Reset.
Time

2072/08/08 17:25:44

Normal Mode Uoverim = m  Scalingim LineFiltim NULLim  YOKOGAWA 4
lover:= = =  Average:™ FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

n1

Update  219(500msec)

399.71
3.7524
309.63
45971 ,
1.5004
1.4239
94.903 .
94.903 .

PAGE __Element1
[&] [ut 600v Autel
H 11 5A Autol

E Element2.
U2 300V Autol
12 58 Autol

Elementd,

U3 15V Aute
13 500ma Autc

Integ:Reset.
Time

2022/08-08 17:27:52

Normal Mode Uoveri= = m  Scaling'® LineFilt:= NULL‘™  YOKOGAWA 4
Tover:m = m pyerage:¥ FreqFilt:im CF:3

[+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  162(500msec)

399.70
5.0080 .,
307.56 .
6.180 .
2.0024
1.9015 w
94962 .
94.962 .

PAGE Element1,
[« {u1 600v Autdl
H 11 5A Autol
Element2
Uz 300v Autol
12 10a Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-08 17:30:09

Normal Mode Uover:= = =  Scalingi= LineFilt:= NULL:=  YOKOGAWA 4

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  280(500msec)

399.64 .
7512 ,
303.07
9.346 .
3.0032
2.8334 w
94.346 .
94.346 .

over:m mm  Average'® FreqFilt:m CF:3

1
B2 + [SET|: change items

PAGE __Element1

| [u1 8600v Autol

H 11 108 Auto|

[é Element2
U2 300V Autol
12 108 Autol

Elementd,

U3 15V Aut
13 500mA_Autc

Integ:Reset
Time

2072/08/08 17:32:42

Normal Mode Uover:m = m  Scaling:® LineFilt:® NULL™®  YOKOGAWA 4
Tover:m m =  pyerage:® FreqFilt:m CF:3

3+ [SET] : change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  49(500msec)

399.75
2.5048 ,
311.57
3.0254 .,
1.0017 i
0.9430
94140 .
94.140 .

PAGE Element
[«] [u1 600v Autol

ﬁ n 58 Autol

[Q Element2
U2 300V Autol
12 5A Auto|

Element3,

U3 157 Aute
13 500mA Aute

¥ _Intey:Reset
Time

2022/08/08 17:26:27

Normal Mode Uoverim m m  Scalingi® LineFiltim NULLim  yoKOGAWA 4
lover:=™ = =  Average:® FreqFilt:= CF:3

B3+ BET] - chango items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update 36(500msec)

399.70 .
5.0085 .
307.60 .
6.180 ,
2.0026
1.9018
94.965 .
94.965 .

PAGE __ Element1

& [ut 600y Autol

H 1 58 Autol

E Element2.
U2 300V Autol
12 108 Autol

Element3,

U3 15V Aut
13 500ma Autc

] _1Integ:iReset.
Time

2022/08-08 17:29:06

Normal Mode Uover:m m m  Scaling® LineFilti= NULLI™  YOKOGAWA 4
Tover:m = m  pverage:¥ FreqFilt:= CF:3

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  116(500msec)

39967 .
6.261 .
305.38
7.763 .
2.5034
2.3715
94.733 .
94.733 .

Element1,
ul 600V Autol

F
1 11 108 Autol
2

Element2,
Uz 300v Auto|
12 10A Auto

Element3,
U3 15V Aute
13 500mA Aut

[ _1Integ:Reset
Time

2022-08-08 17:31:20

Normal Mode Uover:= = =  Scaling:= LineFilti= NULL:™  YOKOGAWA 4

B3+ 56T change itons
Udc1
Ide1
Udc2
Idc2
P1
P2
n1i
n1

Update  172(500msec)

45042 ,
1.1140 ,
353.81
1.2552 .,
0.5020 .
0.4443 ..
88.505 .
88.505 .

over:m m m  Ayerage:® FreqFilt'm CF:3

PAGE __Element1
[=| [u1 s00v Auto|
H 11 28 Autol

[é Element2
U2 00V Autol
12 28 Autol

Element3,
U3 15V Aut
13 500mA Autc

[¥] _Integ:Reset
Time

2022/08/08 17:35:06
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F. Appendix F: Efficiency of LCC-S compensation topology before tuning (M=76 uH)

Normal Mode

Uover:= = =  Scaling®™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m average:® FregqFiltim CF:3

S - [SET]: change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  38(500msec)

Normal Mode

450.40
2.2220
352.05
2.6518
1.0011
0.9339
93.286
93.286

v

Uover:= = = Scaling:=

lover:m m m  Average:d

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  373(500msec)

450.35
4.4456
348.62
5.4534
2.0028
1.9019
94.961
94.961

PAGE Element1
[«] [ut 600v autdl

ﬁ 4] 58 Autol

Element2,

E u2 600V Auto
12 58 Auto)

Element3,

U3 157 Aute
13 500mA Aut

2072/08/08 17:36:22

LineFilt:m NULL:=  YOKOGAWA 4
Freqfiltim CF:3

PAGE Element1,

[« {u1 600v Autol
ﬁ 11 58 Autg)
Element2
U2 600V Autol
12 A Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08/08 17:39:09

Normal Mode

Normal Mode

Uover:m = m  Scaling®™ LineFilt:™ NULLI™  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

EJ + [SET]: change items
Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  244(500msec)

Normal Mode

1.5023
1.4206

94.561

94.561

450.37 .
3.3346
350.38
4.0531

PAGE Element
[« [ut 600v Autol

ﬁ n 54 Autol

Element2,

E Uz 600V Auto)
17z 5A Auto|

Element3,

U3 157 Aute
13 500mA Aute

2022/08/08 17:38:05

LineFilt:= NULL:=  YOKOGAWA 4

Uoverim = = Scaling:=

lover:m m m  yerage:d

B + [SET|: change items

Udce1
Idct
Udc2
Idc2
P1
P2
n1
n1

Update 74(500msec)

Uover:m m m  Scaling:® LineFilt:m NULL:=  YOKOGAWA 4

Tover:=m = =  Ayerage:® FreqFilti= CF:3

B3+ [5ET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1i

Update  217(500msec)

450.30

6.662
344.83

8.250
3.0008
2.8457
94.832
94.832

v

PAGE Element1.
& [u1 600y Autol

ﬁ 11 108 Autg)

Element2,
Uz 600V Auto|
12 10A Auto

Element3,

Ul 19V Aut
13 500mA_Aut

Integ:Reset,
Time

2022-08-08 17:42:01

450.33

5.557
346.78

6.854
2.5034
2.3778
94.981
94.981

Freqfiltim CF:3

PAGE Element1,

[« {u1 600V Autol
ﬁ 11 10A Auto]
Element2
Uz 600V Autol
12 104 Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-08 17:40:49



Normal Mode

Appendix G: Efficiency of LCC-S
compensation topology after tuning

Uoveri= = =  Scalingi= LineFilti= NULL:=  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

ES + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  64(500msec)

Normal Mode

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  258(500msec)

25012

1.1985 .,
193.45
1.4402 .

299.87
278.711
92943 ,
92943 .

250.09 ,

4.0009 .,
188.99
5.0023 .

1.0009
0.9457 .
94.486 .
94.486 .

PAGE __ Element1
[a] [u1 300v Autol

ﬁ n 24 Autol

Element2,

E U2 300 Auto
12 3a Auto|

Element3,

U3 157 Aute
13 500mA Autc

2022/08/05 20:59:10

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
over:= = = pyerage:® FreqFilt:= CF:3

1
B2 + [SET|: change items

PAGE __Element1

| [u1 300v Autol

H )& 58 Autol

[é Element2
U2 300V Autol
12 5A Auto|

Elementd,

U3 15V Aut
13 500mA_Autc

Integ:Reset
Time

2072/08/05 21:04:34
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Normal Mode

update

Normal Mode

update

(M=76 uH)

Uover:= = = Scalingi= LineFilti= NULLi=  YOKOGAWA 4

Tover:m m m paverage:® FregqFiltim CF:3

B3 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

161(500msec)

Udc1
Ide1
Udc2
Idc2
P1
P2
n1

n1

130(500msec)

PAGE __ Element1

25011 ﬁ M

1.9964 , it

19221
u3 15 Auts

24534 . 13 500mA Autc

499.50 7
0.4717 w
94.441 .,
94.441 .

2022/08/05 21:02:04

Uoveri= = =  Scalingi= LineFilti= NULLi=  yOKOGAWA 4
over:= = =  pyerage:® FreqFilt:= CF:3

1
B3 + [SET|: change items

P’_GE Element1.
Y U1l 300v Aut
25005 v H 11 108 Azt:
6.002 , B e e
12 10A Autol

185.35 ,
u3 15v Auto
7559 " 13 500mA Aut

1.5013 w 7
1.4014
93.350 . =
93.350 .

Integ:Reset
Time

2022/08/05 21:06:50
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G. Appendix G: Efficiency of LCC-S compensation topology after tuning (M=76 uH)

Normal Mode Uoveri= = m  Scaling®® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B+ [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1

250.01
8.000 .,
181.29

10.130 .
2.0007

PAGE Element1
[« [u1 300v autdl

ﬁ 11 10A Auto)

Element2,

E U2 300v Auto
12 108 Auto|

Element3,

U3 157 Aute
13 500mA Aut

P2 1.8372 w

n1 91.826 .

n1 91.826 .
update  293(500msec) 2022/08/05 21:08:11
Normal Mode Uoverim = m  Scalingi® LineFiltim NULLim  YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

299.73
1.6716

23157
2.0257
501.19

469.26
93.628 .

PAGE Element1

[&] [ut 300v Autol

1 2A Auto|
Element2

U2 300v Auta

12 28 Auto)
Element3,

U3 15V Aut
13 500ma Autc

Integ:Reset
Time

n1 93.628 . =
Update 294(500msec) 2022708705 21:12:09
Normal Mode Uover:= = = Scaliny!: LineFilt:=m NULL:= YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3

B+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update 46(500msec)

29966 .
5.0087 .
226.19
6.270 .
1.5014
1.4186
94.487 .
94.487 .

PAGE Element1,
[« {u1 300v Autol
H 11 58 Autg)
Element2
Uz 300v Autol
12 108 Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08/05 21:15:43

Normal Mode Uover:= = =  Scaling:= LineFilt:= NULL:=  YOKOGAWA 4

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  247(500msec)

299.60 .

8.354 ,
219.78 ,
10.556 .

25037 w
2.3207
92.693 .
92693 .

over:m mm  Ayerage:® FreqFilt:m CF:3

1
B2 + [SET]: change items

PAGE __Element1

| [u1 300v auto|

H 11 10a Auto]

[é Element2
U2 300V Autol
12 108 Autol

Elementd,

U3 15V Aute
13 500mA_Autc

Integ:Reset
Time

2022/08/05 21:19:20

Normal Mode Uover'm = m  Scaling:® LineFilt:™ NULL®™®  YOKOGAWA 4
Tover:m m = pyerage:® FreqFiltim CF:3

EJ + [SET]: change items
Ude1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  71(500msec)

299.74
1.0043 .,
23259
11775
301.12
273.98
90.985 .
90.985 .

PAGE Element
[« [u1 300v Autdl

ﬁ n 24 Autol

E Element?2.
uz 300v Auto
12 28 Autg)

Element3,

U3 157 Aute
13 500mA Aute

2022/08/05 21:10:18

Normal Mode Uoverim m m  Scalingi® LineFiltim NULLim  yoKOGAWA 4
lover:=™ = =  Average:® FreqFilt:= CF:3

B3 + [6ET] change items
Udc1
Idct
Udc2
Idc2
P1
P2
n1
n1

Update  184(500msec)

299.69
3.3412
228.97
4.1480 ,
1.0017 i
0.9501
94.849 .
94.849

PAGE Element1
& [ut 300v Autol

ﬁ 1 54 Autol

E Element2.

U2 300v Autol
12 58 Autol

Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Titme

2022708705 21:14:48

Normal Mode Uover:m = m  Scaling® LineFiltim NULLI™  YOKOGAWA 4
Tover:m = m pverage:¥ FreqFilt:= CF:3

+[SET]: change items
Udce1
Idct
Udc2
Idc2
P1
P2
n1
n1

Update 68(500msec)

20963 .
6.675 .
22313
8.399 .,
2.0006
1.8748
93.709 .
93.709 .

Element1,
ul  300v Autol

F
1 11 104 Autol
2

Element2,
Uz 300v Auto|

12 10A Auto
Element3,
U3 15V Aute

13 500mA Aut

Integ:Reset
Time

2022-08-05 21:17:50

Normal Mode Uover:=m = =  Scaling:= LineFilti= NULL:=  YOKOGAWA 4

&+ ET): change itoms
Udc1
Ide1
Udc2
Idc2
P1
P2
n1i
n1

Update  72(500msec)

300.02 .,

10.008 .
216.73
12.685 .

3.0038 .
2.7502
91.559 .
91559 ,

over:m m m  Ayerage:® FreqFilt:m CF:3

PAGE __ Element1

U1 300v Auto|

11 104 Autol
Element2.

Uz 300v Autol

17 208 Auto|
Element3,

U3 15V Aut
13 500mA Autc

Integ:Reset
Time

2022/08/05 21:25:03
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Normal Mode Uover:= = m  Scaling'® LineFilt:= NULL™  YOKOGAWA 4
Tover:m m m  pyerage:® FreqFiltim CF:3

B+ [SET]|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  113(500msec)

350.40 ,
0.8535 .,
27256
0.9685 .
0.2992
264.08
88.271 .
88.271 .

PAGE Element
[« [ut 600v autdl

ﬁ 4] 23 Autol

[Q Element?2.
uz 300V Auto
12 20 Autol

Element3,

U3 157 Aute
13 500mA Aut

Intey:Reset.
Time

2022/08/05 21:27:11

Normal Mode Uoverim = m  Scalingim LineFiltim NULLim  YOKOGAWA 4
lover:= = =  Average:™ FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni
n1

Update 54(500msec)

350.38 .
2.8591 .,
269.45 ,
35183 .,
1.0021
0.9484 .
94.636 .
94.636 .

PAGE __Element1
[&] [ut 600v Autel
H 11 5A Autol

E Element2.
U2 300V Autol
12 58 Autol

Elementd,

U3 15V Aute
13 500ma Autc

Integ:Reset.
Time

2022/08-05 21:30:23

Normal Mode Uoveri= = m  Scaling'® LineFilt:= NULL‘™  YOKOGAWA 4
Tover:m = m pyerage:¥ FreqFilt:im CF:3

[+ [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update 51(500msec)

35032
5.715 .
264.76
7.153 .
2.0028
1.8944
94.588 .
94.588 .

PAGE Element1,
[« {u1 600v Autdl
H 11 108 Auto|
Element2
Uz 300v Autol
12 10a Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-05 21:33:20

Normal Mode Uover:= = =  Scalingi= LineFilt:= NULL:=  YOKOGAWA 4

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

Update  442(500msec)

350.25
8.565 ,
259.31 ,
10.797 .
3.0008 .
2.8008 ..
93.336 .
93.336 .

over:m mm  Average'® FreqFilt:m CF:3

1
B2 + [SET|: change items

PAGE __Element1

| [u1 8600v Autol

H 11 108 Auto|

[é Element2
U2 300V Autol
12 108 Autol

Elementd,

U3 15V Aut
13 500mA_Autc

Integ:Reset
Time

2072/08/05 21:36:35

Normal Mode Uover:m = m  Scaling:® LineFilt:® NULL™®  YOKOGAWA 4
Tover:m m =  pyerage:® FreqFilt:m CF:3

3+ [SET] : change items
Udce1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  346(500msec)

350.38 .
1.4278
27164
1.6987 .
0.5005
461.59
92.234 .,
92.234 .

PAGE Element
[«] [ut 600v Autdl

ﬁ n 28 Autol

[Q Element2
U2 300V Autol
12 28 Autol

Element3,

U3 157 Aute
13 500mA Aute

¥ _Intey:Reset
Time

2022/08/05 21:29:07

Normal Mode Uoverim m m  Scalingi® LineFiltim NULLim  yoKOGAWA 4
lover:=™ = =  Average:® FreqFilt:= CF:3

B3+ BET] - chango items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

Update  319(500msec)

350.34
4.2942 ,
267.18
5.3435 ,
1.5050 i
1.4282
94.897 .
94.897 .

PAGE __ Element1
& [ut 600y Autol
H 1 58 Autol
E Element2.
U2 300V Autol
12 5A Autol

Element3,

U3 15V Aut
13 500ma Autc

] _1Integ:iReset.
Time

2022708705 21:32:35

Normal Mode Uover:m m m  Scaling® LineFilti= NULLI™  YOKOGAWA 4
Tover:m = m  pverage:¥ FreqFilt:= CF:3

+[SET]: change items
Udc1
Idc1
Udc2
Idc2
P1
P2
n1
n1

update  252(500msec)

350.28 .
7.142
26213
8.975 .
2.5025
2.3533 w
94.037 .
94.037 .

Element1,
ul 600V Autol

F
1 11 108 Autol
2

Element2,
Uz 300v Auto|
12 10A Auto

Element3,
U3 15V Aute
13 500mA Aut

[ _1Integ:Reset
Time

2022-08-05 21:35:00

Normal Mode Uover:= = =  Scaling:= LineFilti= NULL:™  YOKOGAWA 4

B3+ 56T change itons
Udc1
Ide1
Udc2
Idc2
P1
P2
n1i
n1

Update  72(500msec)

399.75
1.2517
310.57
1.4581 .,
0.5005 .
453.01
90.502 .
90.502 .

over:m m m  Ayerage:® FreqFilt'm CF:3

PAGE __Element1
[=| [u1 s00v Auto|
H 11 28 Autol

[é Element2
U2 300V Autol
12 28 Autol

Element3,
U3 15V Aut
13 500mA Autc

[¥] _Integ:Reset
Time

2022/08/05 21:39:05
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G. Appendix G: Efficiency of LCC-S compensation topology after tuning (M=76 uH)

Normal Mode

update

Normal Mode

update

Normal Mode

B2+ [5ET):

update

Normal Mode

update

Uover:= = =  Scaling®™ LineFilt:™ NULL:™  YOKOGAWA 4

Tover:m m m average:® FregqFiltim CF:3

B+ [SET|: change items

Udce1
Idc1
Udc2
Idc2
P1
P2
n1

n1

61(500msec)

399.73
25026 ,
308.70

3.0488 .
1.0007

0.9415
94.083 .
94.083 .

PAGE Element1
[«] [ut 600v autdl

ﬁ 4] 58 Autol

Element2,

E U2 300v Auto
12 58 Auto|

Element3,

U3 157 Aute
13 500mA Aut

2072/08/05 21:41:52

Uover:m m m  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:= = =  Average: FreqFilt:= CF:3

B2 + [SET|: change items

Udc1
Idc1
Udc2
Idc2
P1
P2
ni

n1

94(500msec)

399.68 .
5.0072 .

304.78 ,
6.232 ,
2.0019

1.9000
94.910 .
94910 .

PAGE Element1

[&] [ut 600v Autol

1 5A Auto|
Element2

U2 300v Auta

12108 Auto)
Element3,

U3 15V Aut
13 500ma Autc

Integ:Reset
Time

2022/08-05 21:45:58

Uover:m = =  Scaling:® LineFiltim NULL:=  YOKOGAWA 4

Tover:m m m javerage:¥ FreqFiltim CF:3
change items

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

233(500msec)

Udc1
Idc1
Udc2
Idc2
P1
P2
n1

n1

59(500msec)

30962
7512
300.23
9.428 .,
3.0032 .
2.8315
94.283 .
94.283 .

449.72

2.2265 ,
34861
26772

1.0017 4
0.9336
93.207 .
93.207 .

PAGE Element1,
[« {u1 600v Autol
H 11 108 Auto]
Element2
Uz 300v Autol
12 108 Autol
Element3,

U3 15V Aute
13 500mA Aut

Integ:Reset
Time

2022-08-05 21:48:40

Uoveri= = =  Scalingi= LineFilti= NULLi=  YOKOGAWA 4
over:= = m  pyerage:® FreqFilt:= CF:3

1
B2 + [SET]: change items

PAGE __Element1
| [u1 800v Auto|
H )& 58 Autol

[é Element2

U2 600V Autol
12 5A Autol
Elementd,

U3 15V Aute
13 500mA_Autc

Integ:Reset
Time

2072/08/05 21:53:24

Normal Mode Uover'm = m  Scaling:® LineFilt:™ NULL®™®  YOKOGAWA 4
Tover:m m = pyerage:® FreqFiltim CF:3

B + [SET|: change items

Ude1
Idc1
Udc2
Idc2
P1

39969 .,
3.7551 ,
306.80 .

4.6401 ,
1.5014

PAGE Element
[« [ut 600v Autol

ﬁ n 54 Autol

E Element?2.
uz 300v Auto
172 58 Autg)

Element3,

U3 157 Aute
13 500mA Aute

P2 1.4241

n1 94851 .,

n1 94851 .
Update  445(500msec) 2022/08/05 21:45:04
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