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Abstract

Wireless power transfer (WPT) is becoming a popular choice for charging of batteries in various applica-
tions. Particularly, the increase in popularity of electrical vehicles (EVs) and the pursuit of user convenience
for charging the batteries makes WPT an attractive solution. The usage of WPT in e-transportation is not
straightforward because the current standardization limits the allowed frequency operating range and mag-
nitude of the irradiated magnetic field. Additionally, a fast control loop with high current or voltage sensing
bandwidth is necessary to guarantee soft-switching of the inverter’s semiconductors which are commonly
employed as part of an equivalent DC-DC resonant converter. The resonant circuit typically comprises of a
H-bridge inverter, two passive compensation network one at each side of the air-gapped transformer formed
by a transmitter and a receiver coil, and a diode-bridge rectifier. The control of the resonant converter can be
cumbersome particularly in case of dynamic charging condition because of the natural change in equivalent
load and coil misalignment conditions which cause the magnetic coupling to change.

The main goals of this thesis are: to understand the challenges involved with the control of WPT for EVs;
to propose and implement a digital control strategy for WPTs which not only maintain soft-switching but also
realize other functionalities such as soft start-up, soft shut-down and over-current protection.

With respect to power efficiency, it is important to operate the inverter with a frequency which makes the
resonant converter to function in the inductive region enabling soft-switching turn-on of the implemented
active semiconductors, such as MOSFETs. For that reason the inverter is typically operated at a frequency
slightly above the resonance, however this must avoid the effect of bifurcation. Studies in the literature have
found that the efficiency of the system is typically the highest at maximal magnetic coupling between the
coils and when the resonant circuit impedance match the so-called optimal load resistance. Furthermore, the
current available standards have set narrow requirements on the frequency range, minimum power efficiency
and restriction of irradiated magnetic field for both, safety of living beings and electromagnetic compatibility.
All these requirements makes the control implementation of WPT very challenging, especially for high power
applications.

In this work, the closed-loop control is successfully integrated into a TI microcontroller where the soft-
switching mechanism is derived with a selective band zero crossing detection circuit of the inverter AC cur-
rent. The current band is used to tune the instant where the semiconductor bridge turns from ON to OFF
state because there is a minimal current that need to be impressed into the inverter to reach the desired soft-
switching by compensating the accumulated charges across the parasitic MOSFET capacitances. This is also
important to compensate the signal processing delays of the closed-loop control. This functional block is im-
plemented externally to the TI digital controller with the existing high bandwidth current sensing and com-
mercial analog logic ICs. Moreover, an over-current protection is incorporated into the zero crossing block,
achieving a reaction time of 66ns. Finally, several strategies are proposed and tested for the soft start-up and
a concept is made for the soft shut-down of a WPT experimental setup available in the laboratory.
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1
Introduction

In the last decades, wireless power transfer (WPT) has become more commonly used in different battery
charging applications mostly in the form of inductive power transfer (IPT). For example, it has been im-
plemented in medical implants [1], smartphones [2] and robotics [3]. The basic principle of WPT is that a
primary coil generates a magnetic field that induces a current in a secondary coil, in which the working phe-
nomena is modelled by Ampère’s and Faraday’s law [4]. Because the WPT coils are typically separated with
large air gaps a loose magnetic coupling between them is common due to relatively large stray fields. Hence,
compensation capacitors are added to solve the issue regarding the loose coupling [5]. The compensation
capacitors counteract the reactive current created by the high leakage inductance and magnetizing current.
This will significantly increase the efficiency of the WPT system. With the rise of popularity of EVs, it has be-
come interesting to implement the battery charging with WPT systems mostly because of user’s convenience.
The WPT replaces the used cable in contact charging solutions which is vulnerable to weather effects and
vandalism [6].

The implementation of WPT for EV charging is regulated by international standards. For example, the op-
erating frequency range of the fundamental transferred magnetic field must be within 81.38-90 kHz [7]. The
consequence of this is that the inverter at the primary side must operate within the same frequency range.
By controlling the frequency and duty cycle of the primary inverter, it is possible to regulate the power trans-
mitted to the secondary side. Additionally, if the secondary DC voltage or current do not match the required
value from the battery, it is possible to use a DC/DC converter to adjust the required operation. The typical
structure of a WPT charging system is shown in Figure 1.1.

A relative high frequency is used for the inverter in which it needs to provide soft-switching of the semi-
conductors while ensuring: lower energy losses and reduced electromagnetic interference or EMI [8]. This
means that a fast control loop strategy is necessary. The next challenge is that the position of the car has a
great impact on the coupling between the coils because a misalignment condition could occur. If the coils
are well aligned, it would result in a higher coupling between the coils. However, the position of the car is not
always the same. This means that the coupling between the coils could differ every time the car is parked.
Moreover, the equivalent load varies over time because the battery’s state of charge changes during the charg-
ing process. These factors influence the optimum operating condition that maximizes the efficiency of the
primary and secondary coils. This means that the operating point must be adjusted to ensure a high effi-
ciency of the WPT system.

The research objectives of the project are:

• To understand the challenges involved with the control of WPT for EVs.

• To program the digital control and integrate it with a fast analog current sensing and logic circuit to
ensure the semiconductors operation with soft-switching in the allowed narrow frequency range.

• To implement other functionalities such as soft start-up, soft shut-down and over-current protection.

1



2 1. Introduction
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Figure 1.1: Block diagram of a general WPT system.

The methodology of this study is composed of several parts. First, a literature research is performed re-
lated to the characteristics of WPT systems and their control strategies. Then, an open-loop controller is
designed and tested with the goal to verify the functionality and the suitability for the application of the
commercial texas instruments (TI) F28379D Launchpad. Afterward, a closed-loop controller is designed and
programmed in this digital microcontroller. This should be integrated with the already existing analog zero
crossing detection (ZCD) circuit implemented in a existing WPT prototype. Lastly, the extra proposed fea-
tures for: soft start-up, soft shut-down and over-current protection are incorporated and tested.

The thesis is structured in the following way: Chapter 1 comprises the introduction containing: the back-
ground information, possible challenges, research objectives, methodology and thesis outline. Chapter 2 is
the literature research. It includes the theory about the power electronics used in a WPT system, compen-
sation networks, coil topologies, standards and different control strategies. Chapter 3 deals with the digital
control implementation. It will show how the open-loop control has been programmed, the design of the
analog ZCD circuit, the integration between the ZCD circuit and the digital closed-loop controller, the im-
plementation of the soft start-up with a comparison between two popular passive resonant compensation
circuits, the LCC and S-S compensation, and a concept on the soft shut-down. Chapter 4 is the conclusion
which describes the technical finds and future work.



2
Literature Research

2.1. Power Electronics
Power electronic circuits are an essential part in the WPT system. They allow for power conversion between
AC and DC quantities. This chapter gives a brief explanation about the (PFC) power factor correction con-
verter and the isolated DC/DC resonant converter.

2.1.1. Power Factor Correction Converter
The grid-connected power electronic circuit comprises a power factor corrector (PFC) converter with a pos-
sible circuit implementation as shown in Figure 2.1. The PFC operates in such a way that the system display
a resistive-like load behaviour or that the AC current waveform drained from the grid is in phase and with the
same shape with the voltage of the grid as shown in Figure 2.2. As a consequence, this will increase the power
factor and reduce the current total harmonic distortion (THD). It is especially important to reduce current
harmonic components to improve the power quality in the grid and to reduce electromagnetic interference
with other devices connected to the same grid [9].

a
b

|Vs|C1

+

-

Grid

L

Full-bridge 
inverter

Figure 2.1: PFC boost converter.

(a) (b)

Figure 2.2: The voltage and current: (a) at the grid and (b) after the rectifier [8].
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In Figure 2.1, the PFC converter varies the switching state of the MOSFET to either store energy or dis-
charge it to/from the inductor. Note that the circuit connected at the output of the diode-bridge rectifier is
a conventional DC/DC boost converter. Because of the alternate switching between the charging and dis-
charging states, the output current of the grid will look like the one shown in Figure 2.3. Therefore, further AC
passive filtering is commonly employed for high-frequency current harmonic mitigation and grid-code com-
pliance. Furthermore, it is important that the DC/DC converter controls the output voltage to be delivered
to the inverter as a DC quantity with low voltage ripples. Finally, the PFC ensures that the grid voltage is in
phase with the AC current [10].

Figure 2.3: The inductor current of the PFC converter [8].

2.1.2. Half-Bridge Inverter
The half-bridge inverter is shown in Figure 2.4. The voltage over the capacitors C1 and C2 is equal to half of
the source voltage. Both switches S1 and S2 can not be on at the same time as this would create a short-circuit
of the DC input voltage. Consequently the switching of S1 and S2 will have an opposite switching state to each
other. When S1 is closed and S2 is open, the inverter output voltage will be equal to Vs

2 , and for the opposite

case it will be −Vs
2 . In this way, the output of the inverter would result in a square wave that varies between Vs

2

and −Vs
2 .

Vin
A

B
iAB

C1

Iin
s1

s2
Compensation 

network
C2

Figure 2.4: Half-bridge inverter.

The voltage and current stress on the switches are [8]:

VQ =VS (2.1)

IQ = Iout ,peak (2.2)

2.1.3. H-Bridge Inverter
The H-bridge inverter is shown in Figure 2.5. To create a square wave voltage at the output, implementing the
so-called bipolar PWM modulation, the inverter will alternate between either having S1 and S4 closed while
S2 and S3 open or having S2 and S3 closed while S1 and S4 are open. The square wave varies between Vs and
-Vs.
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Vin
A

BiAB
Cin

Iin

s1

s2

s3

s4

Compensation 
network

Figure 2.5: H-bridge inverter.

The voltage stress across the switches are the same as for the half-bridge inverter [8]. In the case of high
power applications, it is preferred to use a H-bridge configuration instead of a half-bridge one because of less
current stress on the switches for the same power level.

2.1.4. Full-Bridge Diode Rectifier

At the secondary-side of the WPT charging system, a full-bridge diode rectifier as shown in Figure 2.6 is used.
It is used to convert the AC voltage and current from the compensation network to a DC voltage and current
to charge the DC battery.

D1

D2

D3

D4

a
b

Vout

Iout

Cout RL

+

-

Compensation 
network

Figure 2.6: Full-bridge rectifier.

The diodes D1 and D4 will conduct for the positive half cycle of the secondary side voltage. If the sec-
ondary side voltage is in a negative half cycle then D2 and D3 will conduct. Capacitor Cout is used as a
smoothing voltage/current filter [8].

2.1.5. Series Resonant Converter

The series resonance converter is shown in Figure 2.7. It consists of a H-bridge inverter, an inductor and ca-
pacitor connected in series, a transformer and a rectifier. It should be noted that the total leakage inductance
of the transformer is referred to the primary circuit, and it is represented by the equivalent inductance L1.

It is important to study the behaviour of this converter as it has a similar operation as a general WPT
system. The main difference is that the transformer is not loosely coupled and one can assume that the
coupling factor stays at a constant value. The converter has three operating modes based on the switching
frequency of the inverter and the resonance frequency of L1 and C1 [8]. The resonance frequency is given by:

fr = 1

2π
p

L1C1
(2.3)
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A
B

a
biAB

Vin Cin Vout

Iout

Cout

Iin

RL
C1

+

-

L1
s1

s2

s3

s4

D1

D2

D3

D4

Figure 2.7: Series resonant converter.

Figure 2.8 shows the operation for fs<0.5fr. The switches S1 and S4 conduct for the first half period of
the resonance frequency and, in the second half period, D1 and D4 will conduct because the inductor and
capacitor are fully charged and the switches S2 and S3 are not yet ON. Afterward, the current becomes dis-
continuous. This discontinuous part is equal to half of the switching period minus the resonance period,
because the resonance period ends when S1, S4, D1, and D4 conduct [8]. In the second half of the switching
period a similar operation will happen, but then with S2, S3, D2, and D3. Furthermore, it can be observed
from Figure 2.8 that the switches turn ON and OFF at zero current, the known zero current switching (ZCS).
However, zero voltage switching (ZVS) is preferred over ZCS as it will reduce the turn-ON switching losses
caused by the equivalent drain-source capacitance of the MOSFETs [11].

S1	and	S4
conduct

D1	and	D4
conduct

S2	and	S3
conduct

D2	and	D3
conduct

VAB
IL1

Figure 2.8: Output voltage of the inverter and inductor current for fs<0.5fr.

The waveforms for 0.5fr<fs<fr are shown in Figure 2.9. From the figure, it can be seen that the voltage
lags the current which shows a capacitive-like behavior. The current in the inductor reverses which allows D2

and D3 to conduct. It can be observed that the MOSFET S1 and S4 start conducting before the current has
returned to zero which means that there will be a hard-switching turn-ON, but there is zero voltage turn-OFF
which is guaranteed because the anti-parallel diode conducts the current before the MOSFET turns OFF [8].
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VAB

IL1

S1	and	S4
conduct

S2	and	S3
conduct

D1	and	D4
conduct

D2	and	D3
conduct

Figure 2.9: Output voltage of the inverter and inductor current for 0.5fr<fs<fr.

The main waveforms of the last operating mode are shown in Figure 2.10. The voltage leads the current
which means that it shows an inductive-like behavior. This event leads to zero voltage turn-ON, because D1

and D4 conduct before S1 and S4 which leads to zero voltage turn-ON. The same happens for S2 and S3, but
the MOSFET is forced to turn OFF at finite current. This introduces a hard-switching turn-OFF. However, by
placing additional capacitors parallel to the MOSFET (a lossless snubber) can reduce turn-OFF losses, but to
safeguard the ZVS turn-ON the switched current must be able to fully charge and discharge this capacitor.

The operating condition fs>fr is desirable for the WPT charging system because the ZVS turn-ON. Addi-
tionally, it is important to tune the operation such that the switching frequency should only be slightly above
the resonance frequency to maximize the power factor and the amount of power transferred, which is ex-
plained in more detail in chapter 2.2.4.

VAB

IL1

S1	and	S4
conduct

S2	and	S3
conduct

D2	and	D3
conduct

D1	and	D4
conduct

Figure 2.10: Output voltage of the inverter and inductor current for fs>fr.

2.2. Compensation Networks
Galvanic isolation is inevitable in WPT systems. In other applications, it is usually performed by a power fac-
tor correction rectifier and a DC-DC converter. In this case, the galvanic isolation is intrinsically caused by
the large air gap between the primary and secondary coils which causes high leakage inductance and mag-
netizing current at the primary and secondary coils. It is then required that the input source has a high VA
rating to transfer power to the load. This results in high reactive current which reduces the overall system
efficiency. Compensation networks are used to counteract the reactive current by compensating the leakage
inductance. A brief introduction to the basic compensation networks and the double-sided LCC compensa-
tion are given in this chapter. Furthermore an analysis is done on the effects of bifurcation, changes in the
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coupling factor and changes of the load for a series-series compensation network.

2.2.1. Basic compensation network topologies
There are four basic network topologies which are implemented by placing capacitors either in series or par-
allel to the coils [4], [12].

A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL
C1 C2R1 R2

+

-
L1 L2

M

(a) Series-series compensation.

A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL
C1

C2

R1 R2
+

-
L1 L2

M

(b) Series-parallel compensation.

A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL

C1

C2R1 R2
+

-

L1 L2

M

(c) Parallel-series compensation.

A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL

C1 C2

R1 R2
+

-
L1 L2

M

LoutLin

(d) Parallel-parallel compensation.

Figure 2.11: Basic compensation networks.

The value of the capacitor C2 for all networks is given by:

C2 = 1

ω2
0L2

(2.4)

The mutual inductance is given by:

M = k
√

L1L2 (2.5)

Table 2.1: Values of C1 for the four basic compensation networks [12]

Compensation network C2

Series-series L2C2
L1

Series-parallel
L2

2C2

L1L2−M

Parallel-series
L1L2

2C 2
2 R2

3
M 4+L1L2R3

Parallel-parallel
L2

2C2(L1L2−M 2)

(L1L2−M 2)2+M 4R2
3 L2C2

From all four basic compensation networks only in the series-series topology the natural resonance is
independent of the load and the coupling coefficient as shown in Table 2.1. This is important to consider for
applications where these parameters changes which can happen if the load is a battery and if the coils are
susceptible to misalignment.

2.2.2. Double-sided LCC compensation network
A more advanced compensation network would be a double-sided LCC network as shown in Figure 2.12.
An advantage of this method is that the primary coil’s current is less sensitive to load change [13], which is
particularly advantageous in case of multiple secondary coils.
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A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL
C1 C2

+

-
L1 L2CF1

LF1

CF2

LF2M

Figure 2.12: Double-sided LCC compensation network.

The transferred power of the compensation network is given by [13]:

P = MVAB Vout

ω0LF 1LF 2
(2.6)

To allow the use of ZVS turn-ON, it is necessary to have sufficient turn-OFF current to discharge CDS

within the dead time [11].

Io f f >
2VAB CDS

tdead
(2.7)

CDS =COSS −CRSS (2.8)

Then, it is possible to tune C2 to achieve an acceptable turn-off current.

2.2.3. Bifurcation phenomenon
The bifurcation phenomenon also known as pole-splitting results in multiple frequencies where the phase
angle of the input impedance is equal to zero and, among those frequencies, one is the chosen resonance
frequency [12], [14]. The input impedance for a series-series compensation network is given by [15]:

Zi n = R1 + jωL1 + 1

jωC1
+Zr (2.9)

Where R1 is the series resistance of the primary coil, L1 is the inductance of the primary coil, and C1 is the
capacitance of the primary compensation capacitor. The reflected impedance Zr is given by (2.11).

Zr = ω2k2L1L2

RL +R2 + jωL2 + 1
jωC2

(2.10)

Substituting (2.10) into (2.9) results in:

Zi n = R1 +
ω4C 2

2 k2L1L2(RL +R2)

(ωC2)2(RL +R2)2 + (ωL2 −1)2︸ ︷︷ ︸
Real Part

+ j
(
ωL1 − 1

ωC1
− ω3C2k2L1L2(ω2L2C2 −1)

(ωC2)2(RL +R2)2 + (ωL2 −1)2

)
︸ ︷︷ ︸

Imaginary Part

(2.11)

Equivalently, it can be said that the bifurcation occurs when the imaginary part of Zin in (2.11) is equal to zero
for multiple frequencies and not only for the chosen resonant frequency. The influence of the phenomenon
is shown in Figure 2.13 by plotting the phase angle of Zin for different frequencies. The values from Table 2.2
are used.

Table 2.2: The values used to simulate the bifurcation phenomenon.

Parameter Value [unit]
L1 70.28 [µH]
L2 48.87 [µH]
C1 35 [nF]
C2 50 [nF]
R1 0.09 [Ω]
R2 0.12 [Ω]
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(a) Bifurcation for different k with Rload = 10Ω.
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(b) Bifurcation for different loads with k = 0.28.

Figure 2.13: The bifurcation phenomena for a series-series compensation network.

From Figure 2.13, it can be concluded that if the coupling factor k is increased or the load resistance
is decreased, it will be more likely that bifurcation would occur. In WPT for EV charging, the coupling factor
depends on the airgap between the two coils and the load resistance changes depending on the state of charge
(SOC) of the battery, so it is important to prevent that bifurcation would occur for the nominal ranges of those
variables. Furthermore, to achieve ZVS turn-ON of the inverter, it is needed that the voltage leads the current
to get an inductive behaviour [13]. Normally, this would be accomplished by setting the switching frequency
of the inverter just above the resonance frequency of the compensation network. However, if bifurcation
would arise it could be that the system operates in the capacitive region in the case where the switching
frequency of the inverter is found just above the resonance frequency.

2.2.4. Analysis Series-Series compensation circuit
The equivalent model in Figure 2.14 is used to analyse the series-series compensation network [12].

A
B

a
b

Control
f, D

iABVin Cin Vout

Iout

Cout
i1 i2

Iin

RL

M

C1 C2L1-MR1 L2-M R2

+

-

A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL

M

C1 C2L1-MR1 L2-M R2

+

-

Figure 2.14: The equivalent model of a Series-Series compensation network.

The rectifier and load can be modeled as a resistor RAC given by (2.12) [16].

RAC = 8

π2 RL (2.12)

The peak voltage of the first harmonic component of the inverter’s square waveform voltage is used in this
analysis, which is:

V̂AB = 4

π
Vi n (2.13)

Moreover the source and load current are given by:

Ii n = 2

π
Î1 (2.14)

Iout = 2

π
Î2 (2.15)
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Furthermore, the peak current is also used. The following equations can be derived by using Kirchhoff’s and
Ohm’s laws on the equivalent model:

V̂AB = z1 Î1 + jωM(Î1 − Î2) (2.16)

z2 Î2 = jωM(Î1 − Î2) (2.17)

With

z1 = R1 + j

(
ω(L1 −M)− 1

ωC1

)
(2.18)

z2 = R2 +RAC + j

(
ω(L2 −M)− 1

ωC2

)
(2.19)

The current gain Gi can be derived from (2.17).

Gi = |Î2|
|Î1|

= | jωM |
|z2 + jωM | (2.20)

The voltage gain Gv is given by combining (2.16), (2.17) and multiplying it with RAC:

Gv = |RAC Î2|
|V̂AB |

= | jωMRAC |
|z1z2 + jωM(z1 + z2)| (2.21)

The voltage and current gain are plotted in Figure 2.15 and Figure 2.16.
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Figure 2.15: (a) Voltage gain and (b) Current gain for different loads with k = 0.28.
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Figure 2.16: (a) Voltage gain and (b) Current gain for different k with Rload = 15Ω.
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The voltage gain has a maximum at the resonance frequency for higher loads and lower coupling factors.
For lower loads and higher coupling factors, the maximum of the voltage gain starts to shift in two local
maximums. These two local maximums are at the frequencies where bifurcation would take place. This is
observed by comparing Figure 2.13(b) and 2.15(a). This means that the maximum will not be at the resonance
frequency.

The efficiency and power factor of the series-series compensation network can be calculated by:

ηSS =GvGi (2.22)

PF = cos[Phase(Zi n)] (2.23)

The results of the efficiency and power factor are plotted in Figure 2.17 and Figure 2.18.
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Figure 2.17: (a) Efficiency and (b) Power Factor for different loads with k = 0.28.
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Figure 2.18: (a) Efficiency and (b) Power Factor for different k with Rload = 15.

The efficiency has maximums at the resonance frequency, however for low loads it is possible that there
are multiple maximums. From Figure 2.18 it can be observed that a higher coupling factor gives a better
efficiency. This shows that it is really important to avoid misalignment as this would reduce the coupling
between the coils, which results in less efficiency. The efficiency does not differ as much for the change in
load resistance. The efficiencies at the resonance frequencies for different loads are shown in Table 2.3.



2.3. Coil Topologies 13

Table 2.3: The efficiencies at the resonance frequency for different loads.

RL Efficiency [%]
5 96.79

10 97.89
15 98.02
20 97.95
25 97.77
30 97.54

The efficiencies only differ a few percents of each other and the efficiency is at its highest for a load of 15
Ω. The inverse of the current gain at the resonance frequency if R2 is neglected. This will give:

|Î1|
|Î2|

= RAC

ω0M
(2.24)

The losses are minimal when:
d

dRAC

(R2 Î 2
2 +R1 Î 2

1

RAC Î 2
2

)
= 0 (2.25)

By substituting (2.24) into (2.25) it is possible to compute the optimal value for RAC as given in (2.26). The
load resistance of 15Ω is the closest to the optimal load resistance which is the reason why it has the highest
efficiency at the resonance frequency.

RAC ,opt =ω0M

√
R2

R1
(2.26)

2.3. Coil Topologies
The coils in a WPT system enables the system to transfer power in a wireless manner which makes them one
of the most important components in the system. The work principle is explained by Ampère’s and Faraday’s
laws describing the transfer power from the primary to the secondary coil [4]. The laws can be described in
the following way.

1. Ampère’s Law: A conductor that carries a current I produces a magnetic field H . Where the displace-
ment current Id is ignored for good conductors [17].∮

C
H d l = I + Id (2.27)

2. Faraday’s Law: An electric current is induced in a conductor if it is linked with a time varying magnetic
flux [17]. ∮

C
E d l =−δφ

δt
(2.28)

This chapter explains the advantages and disadvantages of the following five known coil topologies:

• Circular Pad

• Rectangular Pad

• Flux Pipe

• DD Coil

• Bipolar Pad
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2.3.1. Circular Pad
The circular pad in Figure 2.19 is one of the most commonly used coil structures. The reason why it is so
commonly used is because of its single-sided magnetic field. This will reduce the leakage flux that can be
reduced further with the help of shielding. The shielding of circular coils is a necessity to achieve a high
coupling coefficient and better misalignment tolerance [4]. Moreover, the leakage flux is reduced especially
when used for EVs due to the steel floor pan [18]. However, the circular coil has a "dead zone" where no power
will be transferred if it deviates at least 40% from the center [18].

Aluminium
Shielding

Ferrite

Coil

Figure 2.19: Circular pad.

2.3.2. Rectangular Pad
The rectangular pad in Figure 2.20 shows a similar behaviour as the circular pad. The difference is that the
rectangular pad has a lower coupling coefficient when the primary and secondary are aligned when they
have similar dimensions [19], [20]. However, the rectangular pad loses less coupling with misalignment in
the lateral direction [19]. This has to do with the geometry of the ferrite. The magnetic field is shaped in
lateral direction for the rectangular pad. While, for the circular pad it is shaped in a more vertical direction.

Coil

Ferrite Aluminium
Shielding

Figure 2.20: Rectangular pad.

2.3.3. Flux Pipe
The flux pipe is shown in Figure 2.21, the design is a ferrite core with two coils wounded along it. The advan-
tages of this structure over a circular pad are higher misalignment tolerance and higher coupling coefficient
if not shielded [21]. The problem occurs when the flux pipe is shielded because the shielding will catch flux
from one side of the coil due to its solenoidal shape [4].
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Ferrite Coil

Figure 2.21: Flux pipe.

2.3.4. DD Coil
The DD coil in Figure 2.22 is a combination of the circular pad and the flux pipe. It consists of two coils
which are magnetically connected in series. The ferrite is placed underneath the coil on top of the shielding.
This allows for no losses in the quality factor. The DD coil still has a "dead zone" just like the circular pad,
but this could be solved by adding a quadrature coil [18]. The DD coil has better a coupling factor than the
circular pad and better misalignment tolerance than the circular pad. However this only applies for a larger
misalignment. There will be more leakage flux close to the center of the DD coil in comparison to the circular
pad [18].

Ferrite Aluminium
Shielding

Coil	A Coil	B

Figure 2.22: DD coil.

2.3.5. Bipolar Pad
The bipolar pad is similar to the DD coil except that the two coils have an overlap as shown in Figure 2.23. The
partial overlap of the two coils avoids the interaction between the two coils which results in independence
of the fields generated by each coils [22]. The performance of the bipolar pad is similar to the DD coil with
quadrature coil [22], [23]. However, it has as an advantage that it needs less copper [22]. Furthermore, the
performance of the bipolar pad reduces by adding an aluminum shield. It results in a reduced coupling
coefficient because the magnetic flux is double-sided which will block one of the sides [4].

Ferrite Aluminium
Shielding

Coil
A

Coil	
B

Figure 2.23: Bipolar pad.

A trade-off table is made for the discussed coil topologies in Table 2.4. This table shows that the bipolar
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pad outperforms all the other coils in misalignment tolerance and coupling. However, its double-sided mag-
netic flux behavior limits its performance with an aluminum shield. Furthermore, circular and rectangular
pads have single-sided magnetic flux behavior which allows them to outperform the bipolar pad if aluminum
shielding is used [4]. So, it is important to take these characteristics into consideration when choosing the
coil topology.

Table 2.4: Trade-off table for the different coil topologies.

Coil topology
Misalignment
tolerance

Coupling coefficient
when aligned

Influence of shielding Magnetic flux

Circular pad - +-
Better misalignment tolerance
and coupling coefficient

Single-sided

Rectangular pad +- -
Better misalignment tolerance
and coupling coefficient

Single-sided

Flux pipe +- +-
Sensitivity to the flux from the other
side which reduces coupling

Double-sided

DD coil +- +- Higher coils’ quality factor Double-sided

Bipolar pad + +
Lower coupling factor
(only for aluminum shield)

Double-sided

2.4. Standards
With the rise in popularity of EVs, it is essential to have standards to regulate EV charging though WPT. This
will ensure safer systems and better interoperability between different parties. A short introduction is given
about each one of the three standards that are currently available for the public.

2.4.1. IEC 61980-1
This standard is involved with common aspects for all power transfer technologies like use cases, electrical
safety, electromagnetic compatibility (EMC) and electromagnetic field exposure (EMF) [24]. The EMC re-
quirements for immunity and conducted disturbances are based on the well-known standards part of the
IEC 61000 series. The EMF exposure of humans limits are based of ICNIRP from the IEEE or of national reg-
ulations. The limits in the Table 2.5 only apply for the area around the vehicle and inside the vehicle. The re-
quirement regarding the harmonics is the most important thing related to the control because soft-switching
can reduce these harmonics. This will be further elaborated on in Chapter 2.4.4.

Table 2.5: EMF exposure limits in the frequency range 3kHz-10MHz (RMS values) [25].

Electric field
strength [V/m]

Magnetic field
strength [A/m]

Magnetic flux
density [µT]

Contact
current [mA]

83 21.5 27
0.2*f[kHz]

= 17 @ 85kHz

2.4.2. ISO 19363
This standard includes the requirements for safety and interoperability for magnetic field power transfer for
passenger cars and light duty vehicles [7]. It has some shared parts with IEC 61980-1. It has a specification
where it defines different power classes and Z-classes, where IEC 61980-3 has to confirm the power level and
interopability of these classes. However IEC 61980-3 is still in development.

The standard also includes some efficiency and operating frequency requirements. The WPT system
should have a minimum efficiency of 85 % at with no misalignment and a minimum efficiency of 80 % at
the maximum allowed misalignment. The operating frequency range is found within 81.38 to 90 kHz with a
nominal frequency of 85 kHz.

It does not have any EMC regulations of its own as these are referred to CISPR/D which is currently in
development. The standard has two different protection levels for EMF. One of the levels is based of ICNIRP
Guideline 2010 and the other one of ISO 14117-1. The one based of ICNIRP Guideline 2010 is a general limit
to protect humans from electromagnetic fields, while the one based on ISO 14117-1 is there to keep the func-
tionality of active implantable medical devices secure.
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2.4.3. SAE J2954 RP
This standard provides technical guidelines and references for light-weight EVs which work with stationarity
and unidirectional WPT charging [26]. Currently, there is a certain compatibility between transmitter system
and depending on the power class or z-class of the receiver side. Furthermore, there are references that
include offset tolerances for EV misalignment. The operating frequency should be between the 79 and 90
kHz with a nominal frequency of 85kHz. The EMC limit is 67.8 dB for WPT1 and WPT2. For WPT3 is 82.8 dB.
The general limit for EMF is also based of ICNIRP Guideline 2010, just like in ISO 19363. The EMF for active
implantable medical devices are based of AAMI/ISO 14117-2012.

The standard also includes regulations for foreign object detection and living beings protection. The
power transfer process will be stopped in the case that a foreign object is detected. Additionally in the case no
object is detected, then the temperature of the transmitter side should be monitored and should not exceed
a set limit. Moreover it should be able to detect a living being within its vicinity and act fast enough to ensure
that the radiated field is not a hazard.

Furthermore, efficiency targets are set for different power levels. In Table 2.6 the efficiency requirements
are shown. The requirements for WPT4 still need to be decided upon. Moreover, an efficiency of 75% is
required for power classes that are not listed in this table. This gives an example of why it is of importance
to have soft-switching for the inverter as it could help the system to reach more easily the listed efficiency
requirement from this standard by reducing the switching losses in the inverter.

Table 2.6: Efficiency requirements for different power levels for WPT [26].

WPT Power Class
WPT1 WPT2 WPT3 WPT4

Maximum input VA 3.7 kVA 7.7 kVA 11.1 kVA 22 kVA
Minimum target efficiency at nominal X,Y alignment >85% >85% >85% TBD in next phase
Minimum target efficiency at offset position >80% >80% >80% TBD in next phase

2.4.4. Comparison of EMC and EMF regulations
There are some differences between the regulations for EMC and EMF. It turns out that the electromagnetic
field strength limits for EMC according to IEC 61980-1 are only defined for frequencies above 150kHz, while
SAE J2954 RP also defined limits below 150kHz as shown in Figure 2.24. IEC 61980-1 defines the magnetic
field limits for frequencies below 150kHz, but they are only EMF related. The EMC limits are focused on
electronic devices while the EMF limits are focused on human exposure. This can be observed in Figure 2.24
as the EMC limits are for a distance of 10m [27]. As proposed in [27], it would be better to define a unique
limit which is valid for both. This would make the required operation limits more concrete.

However, it is noted that at around 20MHz the two standards start to have a similar trend. Without soft-
switching, more harmonics would be present in the inverted voltage waveform. The square wave comprises
already a sum of several harmonics, but the ringing created by the lack of soft-switching would make this even
worse. The high-frequency harmonics would increase the magnetic field strength at very high frequencies,
e.g. MHz range, that could result in not reaching the requirements of neither standards.

Figure 2.24: Limits of the magnetic field strength at 10m [27].
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2.5. Control
To keep the WPT system as efficient as possible, it is necessary to minimize the losses at each part of system.
There are different implementation strategies to realize different control methods. This chapter gives an
overview of the different control methods with their trade-offs, and how these methods are implemented
in WPT systems.

2.5.1. Phase Shift Control
This control scheme makes use of a constant switching frequency, but the phase shift α between switch pair
S1, S4 and S2, S3 is varied as shown in Figure 2.25(b). This results in a symmetrical phase-shift control. Vary-
ing the phase-shift between the two pairs will give a different amplitude for the fundamental of the output
voltage. Unfortunately bifurcation could occur which would make it harder to make soft-switching work.
This would result in more switching losses due to reverse recovery of the diodes [28]. Likewise, to keep the
power through the coils the same, it is required to increase the current at the primary side as the output volt-
age of the inverter decreases due to the phase-shift. By increasing the primary current, it will result in higher
conduction losses [28]. There is also an asymmetrical phase-shift control as shown in Figure 2.25(c). It is
an alternative method to introduce soft-switching to the inverter. It is shown in [29] and [30] that achieving
soft-switching with this strategy is simpler than symmetrical phase-shift control.

Vin
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BiAB
Cin

Iin

s1

s2

s3

s4

Compensation 
network

(a)

180°

180°

180°-α

α

VAn

VBn

VAB

IAB

(b)

180°

VAB

IAB

180°

180°

VAn

VBn

(c)

Figure 2.25: (a) Full-bridge inverter, (b) waveform with symmetrical phase-shift α and (c) asymmetrical phase-shift.
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2.5.2. Frequency Control
In frequency control, the transmitted power is regulated by changing the frequency above the resonant fre-
quency as shown in Figure 2.26. This happens because of the change in input impedance of the compensation
network [28, 31, 32]. The disadvantage of using this control scheme is that it is susceptible to sudden changes
in coupling and load [28]. Therefore hard-switching could happen. This means that constant monitoring is
necessary for this control scheme.

VAB

IAB

Figure 2.26: Output voltage and current of the inverter with frequency control.

2.5.3. Dual Control
By combining phase-shift and frequency control it is possible to obtain another control scheme: dual control.
The frequency is controlled by detecting the zero-crossing current in the primary coil. This will guarantee that
the switching frequency is equal to the resonance frequency [28]. The output of the inverter will look like the
one in Figure 2.27.

VAB

IAB

Figure 2.27: The output voltage with fundamental and output current of a dual controlled inverter.

It is also possible to keep the input power constant in case the primary current changes due to a change
in coupling factor.

2.5.4. Impedance Matching
As described in [4] and [33], this control method keeps the switching frequency close to the resonance fre-
quency. Moreover the DC output voltage to charge the battery and the DC input voltage of the inverter should
be adjusted to ensure maximum efficiency of the coils at the chosen power level.

The output power for an WPT system using a series-series compensation network is given by [33]:

Pout = 8

π2

Vi nVout

ω0M
(2.29)

Therefore, it is possible to meet the required Pout by controlling Vin.
According to [16] the equivalent AC resistance of the secondary-side is:

Rac = 8

π2

V 2
out

Pout
(2.30)

It is possible to match the load to maximize the efficiency. In the case for a series-series compensation
network at resonance frequency it is given by (2.26).



20 2. Literature Research

Combining (2.26) and (2.30) gives:

Vout =

√√√√π2

8
ω0MPout

√
R2

R1
(2.31)

So the output voltage of the secondary-side from (2.31) is adjusted to match the optimum equivalent load
that maximizes the coils’ efficiency. This could be managed by a buck-boost converter at both primary and
secondary sides.

By using the optimal impedance it is possible to attain higher efficiencies. However the efficiency could
be reduced because of the extra DC-DC converter used. This would also mean that more space is necessary
for the WPT system.

2.5.5. Main feedback control implementations
Generally, impedance matching is done as in Figure 2.28. As told in Chapter 2.5.4, this is generally done by
controlling the voltage at the primary and secondary sides. In [34], an FPGA controller is used to monitor
the voltages and currents and to control the system. The voltage at the load is adjusted by an active rectifier
while the voltage at the primary side is adjusted using phase-shift control at the inverter. This phase-shift
is determined by the phase-shift at the active rectifier, the measured battery voltage, the measured DC link
voltage of the primary side and the desired nominal values of the DC link voltage.

However, in [6], [35] and [36], an extra DC/DC converter is used after the rectifier to match the impedance
instead of the active rectifier. This would come with the trade-off of more components and space, but it is
possible to use simpler control.
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iAB
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Iout
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i1 i2

Iin

RL

C1 C2R1 R2

+
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Primary side control

D1

Secondary side control
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VL, D2

VL, IL

Vin

M

Figure 2.28: Control diagram of [34].

The dual control is typically performed such as in Figure 2.29. The zero-crossing in the primary side
current is detected from which the resonance frequency is determined. Afterward, a controller is used to
adapt to these frequencies and set the phase-shift. In [37], several logic gates and comparators are used to
detect the zero-crossing and to control the gate-outputs.
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Figure 2.29: General control diagram of dual control.

In [33], [38] and [39] a digital controller is used in combination with some zero-crossing detectors. This
would allow for a controller with more functionalities. It is easier to do certain tasks such as start-up, shut-
down, protection of the circuitry and frequency limitation. Furthermore, it would allow the controller to
do more complex control as for example computing the efficiency of the WPT system [6], [36], [40], [41].
However, analog control allows for faster actions and is overall cheaper.

Additionally most controllers make use of communication between the primary and secondary side due
to the need to exchange data between those sides. Some of the used communication methods include WLAN
[36], TCP/IP [39] and DSRC [41]. Lastly all implementations control the primary side to ensure soft-switching
at the inverter.





3
Digital Control

The objective of the inverter control is to guarantee that the WPT system can efficiently and safely charge the
EV batteries for all operating ranges and conditions the hardware is designed for. This includes the safe start-
up and shutdown of the system, the circuit component protections, and above all to ensure soft-switching
of the semiconductors for the maximization of power efficiency. Digital control grants more functionalities
than analog control. However, analog control is still a necessity due to the relatively high switching frequency
operation. The digital control would be too slow, so it should be integrated with an analog logic control with
a high bandwidth sensing.

First, an open-loop controller is designed which can set the frequency and dead time of the H-bridge
inverter. Then, it will be tested on an existing e-Bike wireless charging setup at low power to test the ZVS ca-
pabilities of the controller. Afterward, the closed-loop controller is designed. It should consist of the following
features of the soft start-up, soft shut-down and over-current protection at the primary side.

3.1. Laboratory Prototypes used for the Proof of Concept
There are two WPT setups used for practical testing. The first one is the 200W e-bike setup which circuit
schematic is shown in Figure 3.1, and the component values are shown in Table 3.1. The second prototype is
composed of 2.5kW EV charging coils which have been connected to both series-series and double-sided LCC
compensations as shown in Figure 3.2(a) and 3.2(b). Both configurations have been designed for an output
power of 1.1kW, and the components’ values are displayed in Table 3.2.
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Figure 3.1: The 200W e-bike wireless charging setup.

Table 3.1: The values used for the open-loop controller test.

Parameter Value [unit]
L1 57.05 [µH]
L2 50.53 [µH]
C1 57.8 [nF]
C2 68.0 [nF]
RL 14.7 [Ω]
kmax 0.26 []
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Figure 3.2: The 1.1kW WPT setup with: (a) double-sided LCC compensation network, and (b) series-series compensation network.

Table 3.2: Component values for the 1.1kW system.

LCC SS
L1 202.5 [µH] 202.5 [µH]
L2 204.4 [µH] 204.4 [µH]
LF1 65.26 [µH] N/A
LF2 68.69 [µH] N/A
C1 25.55 [nF] 18.40 [nF]
C2 28.7 [nF] 18.22 [nF]
CF1 53.7 [nF] N/A
CF2 28.70 [nF] N/A
RL 145 [Ω] 15 [Ω]
k 0.1089 0.1089

3.2. Open-Loop Control
The open-loop controller sets the frequency and duty cycle of the inverter based on the user selection, with-
out the need of a feedback signal. Moreover, the open-loop controller is designed to get accustomed with the
programming of the controller and it is a first step into the design of the desired closed-loop controller.

The control is programmed on a C2000 Delfino MCU F28379D LaunchPad. It is possible to program the
controller in Simulink with the Embedded Coder Support Package for Texas Instruments C2000 Processors
(ECSPTIC2000) add-on provided by MathWorks. The controller will be able to set the frequency in the time-
base and action qualifier sub-module and the dead time in the deadband module as shown in Figure 3.3.
Besides, it will test the serial communication interface. The operation of the open-loop controller is tested
with the inverter of the e-bike wireless charging setup from Chapter 3.1.

Figure 3.3: The ePWM module [42].

3.2.1. Programming of the open-loop controller
The host and main models are given in Figure 3.4 and Figure 3.5. The main model is converted into C/C++
code by the ECSPTIC2000 to make it possible for the launchpad to be programmed. The function of the host
model is to change the frequency and deadband of the main model while it is running on the launchpad.
When the main model is programmed correctly onto the launchpad only a blue led should blink.
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Figure 3.4: (a) Main model, (b) PWM subsystem and (c) Serial Communication Interface (SCI) subsystem of the open-loop controller.
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Figure 3.5: Host model.

The PWM subsystem in Figure 3.4b consists of four ePWM modules. Their counting modes are set on up-
down-count mode to prevent the use of the action qualifier sub-module in Figure 3.3. When the counter = 0
or counter = prd, this would give a situation where the launchpad is not able to update the registers in time
in case of a change in frequency. The time-base period in clock cycles for the ePWM module is calculated by
[42]:

T BPRD = 1

2

fT BC LK

fPW M
(3.1)
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where fTBCLK is the frequency of the time-base clock and fPWM is the desired PWM frequency.

The deadband submodule in Figure 3.3 will automatically change the duty cycle of the PWM signal in
accordance with the requested deadband. The deadband in clock cycles is given by:

DBC LKC Y C LES = DBsecond s

TT BC LK
(3.2)

Where DBseconds is the desired deadband in seconds and TTBCLK is the period of the time-base clock. The two
blocks: init frequency and init deadband will give a starting frequency and deadband to the ePWM modules.
To synchronize both ePWM modules with each other, it is possible to use the synchronization output and syn-
chronization action in the time-base submodule. The synchronization works much the same as the master-
slave principle. One of the ePWM modules outputs a signal at the synchronization output when its counter
reaches zero. The other ePWM modules have their synchronization action to count up with a phase-offset
value because of the internal delay between the modules. The measured delay is about 20ns, so to compen-
sate for the delay the phase-offset is set at 2 clock cycles as each clock cycle is 10ns. The serial communication
of the SCI subsystem in Figure 3.4(c) makes it possible to change the frequency and deadband from the main
model through the host model. Furthermore, the main model sends the received frequency and deadband
back to the host model for verification. The hardware interrupt in Figure 3.4(a) makes sure that the changes in
frequency and deadband are asynchronously from the system clock. This allows for fast and robust updates.
The rate transmission block is mandatory to connect the asynchronous process of the serial communication
and the synchronous process of the PWM subsystem.

3.2.2. Results of the open-loop controller
The output PWM signals are shown in Figure 3.6 and Figure 3.7. The switches from the left switching leg from
Figure 3.8 is controlled by ePWMxA while the other leg is controlled by ePWMxB. The values from Table 3.1
and 3.3 are used for this experiment.
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Figure 3.6: PWM output of ePWM1, frequency = 85kHz, deadband = 300ns.
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Figure 3.7: Comparison of the PWM output for: (a) ePWMA and (b) ePWMB, frequency = 85kHz, deadband = 300ns.

It can be concluded from Figure 3.6 that the frequency and deadband give the specified value. Besides, in
Figure 3.7 it is shown that all ePWM modules are synchronized with each other with minimal differences.

In Figure 3.8, the test results of the open-loop controller are shown, which have been measured from the
e-bike WPT charging set-up.
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Figure 3.8: ZVS of the inverter from the e-bike WPT charging set-up with: (a) no misalignment and (b) misalignment.

Table 3.3: Frequency and dead time settings.

Frequency [kHz] Dead time [ns]
Without misalignment 93.24 268
With misalignment 93.07 230

The results in Figure 3.8 shows that the voltage is leading the current which is necessary to achieve ZVS
as mentioned in section 2.2.3. With misalignment, there are a bit more losses in the MOSFET which is due to
the higher primary current. This happens because of the reduced coupling factor which is in line with what
was proven in section 2.2.4.

3.3. Closed-Loop Control
The closed-loop control uses the output current of the inverter as feedback signal to regulate the switching
frequency of the H-bridge inverter. This results in ZVS turn-ON that would follow the resonance. This is im-
portant as the tolerance of the component parameters could change the resonance frequency. Furthermore,
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Figure 3.9: Block diagram of the whole system.

to follow the output current, an external analog based zero current detection (ZCD) circuit is used because of
the necessary high resolution due to the relatively high switching frequency operation. Besides, over-current
protection is used which, in case of a fault, trips the PWM signals coming from the F28379D launchpad. All
these features that are shown in Figure 3.9 have been programmed in Simulink with the ECSPTIC2000 add-on
from MathWorks, and tested in combination with the H-bridge inverter used in Figure 3.2.

3.3.1. Zero current detection
The zero current detection circuit is shown in Figure 3.10. The three main parts of the circuit are the com-
parator, AND gate and the rising edge D-type flip-flop.
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Figure 3.10: Simplified representation of the zero current detection of the inverter.

The references of the comparator are tuned by the resistors connected to the op-amps of the comparator.
These will determine the position of the dotted red and green line in Figure 3.11. Afterwards, the comparator
outputs TZ1x and TZ2x. These will go through an AND gate to form TZ1y, which is fed in the CLK input of the
rising edge D-type flip-flop. Table 3.4 is made from the data-sheet of the flip-flop [43] and the inputs of the
flip-flop from the design. This table shows that the outputs are dependent on only the CLR and TZ1y. The
CLR is generated from TZ1y when TZ1y goes to a high state it will result in CLR going to a low state for a short
time to reset the flip-flop output Q. The output Q is taken as input from the LaunchPad as TZ1. Input TZ1
makes use of the tripzone submodule of the ePWM module. The tripzone is normally used for the protection
as it has a very fast response which makes it a suitable to use for the zero current detection because of the
relatively high switching frequency.
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Table 3.4: Truth table of the rising edge D-type flip-flop [43].
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Figure 3.11: Signals of the zero current detection.

3.3.2. Over-current protection
The over-current detection is shown in Figure 3.12. It has a similar design as the zero current detection.
The references of the comparator are tuned by the resistors in such a way that if the current is within the
limits, it will output a high state at both outputs of the comparator. From Table 3.4, it can be derived that the
output of the flip-flop (Q) which is now referred to as TZ3 is high when the button is pressed to set the CLR
low. Subsequently, the CLR goes back to high which will keep the last output state, so the output TZ3 stays
high when no over-current is detected and the button should be pressed every time to reset the protection if
an over-current happened. So, for normal operation TZ3 will be in a high state.

When an over-current occurs, it will have as a consequence that the output of the first AND gate will go to
a low state. This would result in a rising edge at the CLK input of the flip-flop which brings the output TZ3 to
a low state according to Table 3.4. This leads to the AND gate blocking the PWM signal which is going to the
gate drivers. Additionally, the low state of TZ3 should also trigger the F28379D launchpad which set all the
PWM signals to low as a back-up safety measure.
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Figure 3.12: Simplified representation of the over-current protection of the inverter.

3.3.3. Programming of the closed-loop controller
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Figure 3.13: (a) Main model and (b) ePWM unit of the closed-loop controller.

The designed controller is shown in Figure 3.13. The controller makes use of both the over-current protection
and the zero-current detection cicuits. A similar host model is used to tune the frequency of ePWM6A and
the deadband of ePWM1 and ePWM2, along with the same SCI subsystem as the open-loop controller. The
current detection signal is replicated using ePWM6A. The deadband settings for ePWM1 and ePWM2 are
identical to the deadband settings as in section 3.2.

Moreover, some extra code is added by the system update block in Figure 3.13a. This code is in Appendix
A.1. This allows the use of the digital compare with the action qualifier. The digital compare signal (TZ1)
is connected to the T1 input of the action qualifier. Every time TZ1 goes low, it will toggle ePWMxA and
ePWMxB. This means that if the signal is in a low state, it will go to a high state and if the signal is in a high
state, it will go to a low state.

Besides, the CLR signal is as well implemented with the help of the system update block. The CLR is made
by ePWM5A and works in a comparably manner as the toggle for the other PWM signals. The time-base
period is set very low in the ePWM module and it is set to go to a high state for the up and down count in the
action qualifier. In the system update block code, it is programmed to go to a low state if TZ1y (TZ2) goes to
a high state which creates the CLR signal from Figure 3.11.

Lastly, the protection is implemented by using the tripzone sub-module in Figure 3.3. The over-current
protection signal (TZ3) will go to a low state in case of an over-current. The tripzone sub-module in all ePWM
modules are set to do a one-shot trip for this case and set the output to low. The one-shot trip keeps this
condition active until the F28379D launchpad gets a reset signal.
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3.3.4. Results of the closed-loop controller
The PWM signals of the ePWM modules are measured and plotted in Figure 3.14-3.17. The over-current
detection signal (TZ3) which is made by a function generator has to be in a high state to keep the ePWM
modules functional. In Figure 3.14, it can be observed that VGS and ePWM1B go to a low state if TZ3 also
goes to a low state. The delay between VGS and TZ3 is about 90ns. From Figure 3.15, it can be notices that
ePWM1A and ePWM1B toggle at around the same moment as the falling edge of TZ1 in Figure 3.15. The delay
is 64ns. Moreover, Figure 3.16 present the test of the zero-current detection with the logic of the PCB. It can be
observed that the generated PWM signals fall around the time as the "dummy" measurement of Vlem reaches
a zero crossing. The CLR is realized in Figure 3.17. It can be concluded that the CLR is generated in time as
the delay is 66ns.
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Figure 3.14: The over-current protection test on ePWM1 normal version (a) and zoomed in version (b), frequency = 85kHz, deadband =
400ns.
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Figure 3.15: The generated signals from ePWM1 with CLR and TZ3 (a) normal version and (b) zoomed in version, frequency = 85kHz,
Deadband = 400ns.
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Figure 3.16: Zero-current detection test with the PCB, frequency = 85kHz, deadband = 400ns.
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Figure 3.17: The CLR for the rising edge D-type flip-flop and TZ1y (a) normal version and (b) zoomed in version.

3.4. Soft Start-up and Shut-down
During the start-up transient of the WPT, there would be a high output current from the inverter if the system
starts at full power. This might damage the MOSFETs and could trip the over-current protection. The main
challenge is to ensure soft-switching while ensuring safe operation of the WPT system. One of the solutions
is shown in Figure 3.18. At the start-up, the controller would initially set the inverter to a frequency higher
than the nominal resonance such that it operates in the inductive region. Moreover, the initial duty cycle is
set to the minimum value to achieve a lower equivalent inverted voltage. This would result in soft-switching
because the operation is in the inductive region. Moreover, because of the high frequency, the current gain
would be low as explained in section 2.2.4. After this initial period, the voltage should be gradually increased
back to its maximum value. This is done by decreasing the operating frequency to its nominal value, and then
by increasing the duty cycle to 50% using phase-shift control. The proposed concept for the WPT start-up is
shown qualitatively in Figure 3.18.
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Figure 3.18: The concept of the start-up.

3.4.1. Simulation of the start-up
Circuit simulations of the start-up transient are done on a 1.1kW WPT system for both double-sided LCC and
series-series compensation from Chapter 3.1. The simulations of the soft start-up are done in LTspice to show
the performance of the WPT system. Different soft start-up methods are simulated in this section. These are
based on Figure 3.18, and they use both the symmetrical and the asymmetrical phase-shift control.

Figure 3.19 shows the output voltage and current of the inverter simulated for the first 0.35ms when the
soft start-up is not used. It is observed that, for the double-sided LCC compensation in Figure 3.19(a), the
peak current almost reaches -25A when the soft start-up is not used which is about 5 times higher than the
nominal current peak. The large peak currents at start-up would eventually result in tripping the over current
protection which is also why it is important to have a soft start-up. Furthermore, soft-switching is lost for a
few cycles. On the other hand, Figure 3.19(b) shows the output voltage and current of the inverter at the start
for the series-series compensation. The starting current is much closer to the steady state value. However,
soft switching is also lost for a few cycles just as for the double-sided LCC compensation.
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Figure 3.19: The output voltage and current of the inverter without soft start-up for: (a) double-sided LCC compensation and (b) series-
series compensation, frequency = 85kHz.

To avoid the high current peaks that might occur during the start-up transient, the influence of the soft
start-up shown in Figure 3.18 has been analyzed on both the double-sided LCC and the series-series com-
pensation networks. A challenge arises if the frequency is gradually decreased from 200kHz to 85kHz for
the double-sided LCC. In Figure 3.20, the frequency gradually drops from 200kHz to 85kHz between 0-2ms.
Then, until 6ms the duty cycle gradually increases from 5% to 50%. A peak current appears when the fre-
quency reaches approximately 107kHz. The reason why these current peaks appear is due to the multiple
resonances of the LCC. Moreover, it needs to be taken into account that these peaks can happen at other
frequencies depending on the components’ value that might vary because of their tolerances. However, the
high starting frequency will result in soft switching after the first cycle.
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One possible way to solve this problem is by using the soft start-up shown in Figure 3.21(a). First, the fre-
quency will gradually decrease from 200kHz to 130kHz until 1ms. Afterward, it will go to 88kHz and decrease
gradually to 85kHz until 2ms. Finally, the duty cycle will gradually increase back from 5% to 50%. Figure
3.21(b) shows that there will be soft-switching at the transition between 130kHz and 88kHz after a few cycles.

Another possible soft start-up strategy for the double-sided LCC could be using the symmetrical phase-
shift without varying the operating frequency. This method is able to comply with the frequency limit 81.38-
90kHz from the current standards. It is observed that there is a current peak at the start-up which is larger than
the case where the frequency is changed, but the frequency would be in the range allowed by the standards.
The duty cycle gradually increases from 5% to 50% between 0-3ms. Figure 3.22(b) show that there will be
soft-switching at the start after almost 0.2ms.
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Figure 3.20: The output voltage and current of the inverter with double-sided LCC compensation for a varying frequency between 0 and
2ms (a) full version and (b) zoomed-in version, resonance frequency = 85kHz.
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Figure 3.21: The output voltage and current of the inverter for a double-sided LCC compensation with the frequency going from 130kHz
to 88kHz at 1ms (a) full version and (b) zoomed-in version, resonance frequency = 85kHz.
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Figure 3.22: The output voltage and current of the inverter for a double-sided LCC compensation with only symmetrical phase-shift (a)
full version and (b) zoomed-in version, resonance frequency = 85kHz.

A similar analysis has been executed with the series-series compensation network. The symmetrical
phase-shift control is used in Figure 3.23. It is shown that the starting current is much lower if compared
with Figure 3.23(b). However, hard switching is introduced while it is using the symmetrical phase-shift. This
might be resolved at a higher frequency because of the more inductive behavior.

Figure 3.24(a) shows the variable frequency and symmetrical phase-shift control with the series-series
compensation network. Notably, the current starts at an even lower than the one with only symmetrical
phase-shift control. Moreover, soft switching is observed at 200kHz from Figure 3.24(b), but hard switching
will eventually happen at around 105kHz.

Lastly the asymmetrical phase-shift control is simulated in Figure 3.25(a) for the series-series compen-
sation network. The starting current is much higher than the previous methods which makes sense if it is
considered that only the positive pulse width is smaller. From 3.25(b) it can be seen that that there will even-
tually be hard switching. It might be possible to maintain soft-switching if a higher starting frequency is used.
This is later investigated in Chapter 3.4.3.
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Figure 3.23: The output current of the inverter with only symmetrical phase-shift for series-series compensation (a) full version and (b)
zoomed-in version, resonance frequency = 85kHz.
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Figure 3.24: The output current of the inverter with variable frequency and symmetrical phase-shift for series-series compensation (a)
full version and (b) zoomed-in version, resonance frequency = 85kHz.
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Figure 3.25: The output current of the inverter with only asymmetrical phase-shift for series-series compensation (a) full version and (b)
zoomed-in version, resonance frequency = 85kHz.

3.4.2. Programming of the start-up
The design of the controller is shown in Figure 3.27(a). The counter that is connected to the start-up is shown
in Figure 3.27(b). It counts till it reaches the maximum count value and will stop at that value. The threshold
of the switch should be set the same as the maximum count to achieve this. Each count is limited to 4ms.
This means that the whole soft start-up process is done within 0.3s.

(a)

If the maximum count is changed also change the threshold in Switch to the same value 

Maximum count 

1 

z-1

Delay 

Switch 

Change the sample time in Delay to set how much seconds each count occurs 

every count is limited to 2.5ms 

(b)

Figure 3.26: (a) Main model and (b) counter subsystem.
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(a) (b)

(c) (d)

Figure 3.27: Soft start-up: (a) overview for symmetrical phase-shift, (b) frequency control, (c) symmetrical phase-shift control and (d)
PWM subsystem of the controller.

(a) (b)

(c) (d)

Figure 3.28: Soft start-up: (a) overview, (b) frequency control, (c) asymmetrical phase-shift control and (d) PWM subsystem of the con-
troller.

Figure 3.27(a) shows an overview of the symmetrical phase-shift control. The switching frequency is con-
trolled by Figure 3.27(b). First, the frequency will gradually decrease from 200kHz to 130kHz. Then, it will go
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from 88kHz to 85kHz. The timing when the frequencies change can be configured by changing the condition
in the if-statement 3.27(b). Subsequently, the symmetrical phase-shift control is shown in Figure 3.27(c). It
will keep the phase-shift in a certain way such that the duty cycle of the output voltage of the inverter is 5%
until it reaches 85kHz. Afterward, it will gradually shift the phase difference between the PWM to increase
the duty cycle of the output voltage of the inverter back to 50%. When the frequency would start at 200kHz, it
is chosen to use 10% duty cycle instead of 5% to avoid issues due to the very small pulse width. Additionally,
the deadband of the ePWM modules in Figure 3.27(d) are set from 400ns to 200ns.

The overview of the asymmetrical phase-shift control is shown in Figure 3.28(a). In Figure 3.28(b) the
frequency control is presented. It allows the frequency to change when the soft start-up process is over by
using the if-statement block. The asymmetrical phase-shift control is displayed in Figure 3.28(c). This system
controls the duty cycle of the signals from ePWM2 as shown in Figure 3.28(d).

3.4.3. Testing of the soft start-up
The programmed control methods for the start-up are tested on the 1.1kW WPT system. These results will
be compared with the simulations. Furthermore, it is chosen to test the double-sided LCC compensation at
partial load with an input voltage of 150V and the series-series compensation with 47V. This is done because
of safety reasons. Also, the resulting resonant frequency of the system turns out to be 82kHz instead of 85kHz
for series-series compensation due to the manufacturing tolerances of the resonant components.
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Figure 3.29: The output voltage and current of the inverter for the double sided LCC compensation with the frequency going from
130kHz to 88kHz at 1ms (a) full version, (b) zoomed-in version at the start and (c) zoomed-in version at the transition between 130kHz
and 88kHz, resonance frequency = 85kHz and deadband = 200ns.

In Figure 3.29(a) the output voltage and current of the inverter are presented for double-sided LCC com-
pensation with both frequency and symmetrical phase-shift control. The current waveform shows a similar
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behavior as the simulation from Figure 3.21(a). It can be concluded that the peak current from Figure 3.29(b)
would be even higher at full power because the simulation is done with an input voltage of 380V while this
measurement is done with an input voltage of 150V. Besides, soft-switching is achieved at the start and when
the frequency skips from 130kHz to 88kHz as shown in Figure 3.29(b) and 3.29(c).
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Figure 3.30: The output voltage and current of the inverter for the double sided LCC compensation with only symmetrical phase-shift
(a) full version and (b) zoomed-in version, resonance frequency = 85kHz and deadband = 400ns.

The output voltage and current for the symmetrical phase-shift control are shown in Figure 3.30(a) which
is also tested on the double-sided LCC compensation network. The behavior of the current is also similar to
the simulation from Figure 3.22(a). The starting current is much lower than shown in the simulation even
though this is done on partial load. Moreover, soft-switching is secured after the first cycle as displayed in
Figure 3.30(b). So, it seems that this method is better suited for double-sided LCC compensation than using
both frequency and symmetrical phase-shift control.

The voltage and current behavior that is shown in Figure 3.31(a) is also similar to the simulation for the
series-series compensation network. It can be seen from Figure 3.31(b) that there is hard-switching just as
in the simulation. If variable frequency control is included it will result in Figure 3.32(a). It is demonstrated
in Figure 3.32(b) that there will be soft-switching at the start, but when the frequency comes closer to the
nominal frequency it would be lost. Next, the asymmetrical phase-shift is tested in Figure 3.33(a). It is noted
that the current at the start is higher because the negative voltage pulse width stays constant. Here soft-
switching is also lost as shown in Figure 3.33(b).

It is interesting to see if a higher frequency at the start could help to achieve soft-switching if the series-
series compensation network is used. This is done for the symmetrical phase-shift in Figure 3.34(a). It can
be observed from Figure 3.34(b) that there will barely be soft-switching after a few cycles. A similar strategy
has been executed for the asymmetrical phase-shift in Figure 3.35(a) as it also starts at 89kHz. Figure 3.35(b)
shows that there will be soft-switching after the first cycle. So, it seems that the asymmetrical phase-shift
would be better to use for series-series compensation if started at a higher frequency.

It can be concluded that the experimental results from the soft start-up investigation have similar be-
haviour as the simulated ones in Chapter 3.4.1 It must to be pointed out that the amplitude of the current
waveform from the inverter is lower in the measurements because the applied input voltage is lower. More-
over, the results can be summarized as follows:

• The double-sided LCC compensation is found to perform the best with using only the symmetrical
phase-shift control. It provides soft-switching after the first cycle and it has a lower peak current than
using symmetrical phase-shift control with frequency control.

• The series-series compensation achieves the best result with the asymmetrical phase-shift control when
started at 89kHz. It produces a relatively low starting current and provides soft-switching after the first
cycle.
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Figure 3.31: The output voltage and current of the inverter of the series-series compensation with only symmetrical phase-shift (a) full
version and (b) zoomed-in version, resonance frequency = 82kHz and deadband = 400ns.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

t [s]

-40

-30

-20

-10

0

10

20

30

40

V
 [v

]

-4

-3

-2

-1

0

1

2

3

4
I(

A
)

Output voltage and current of the inverter with frequency and phase-shift

V
I

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4

t [s] 10
-5

-40

-30

-20

-10

0

10

20

30

40

V
 [
v
]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

I(
A

)

Output voltage and current of the inverter with frequency and phase-shift

V

I

(b)

Figure 3.32: The output voltage and current of the inverter of the series-series compensation with variable frequency and symmetrical
phase-shift (a) full version and (b) zoomed-in version, resonance frequency = 82kHz and deadband = 200ns.
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Figure 3.33: The output voltage and current of the inverter of the series-series compensation with asymmetrical phase-shift (a) full
version and (b) zoomed-in version, resonance frequency = 82kHz and deadband = 400ns.
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Figure 3.34: The output voltage and current of the inverter of the series-series compensation with symmetrical phase-shift starting at
89kHz (a) full version and (b) zoomed-in version, resonance frequency = 82kHz and deadband = 400ns.
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Figure 3.35: The output voltage and current of the inverter of the series-series compensation with asymmetrical phase-shift starting at
89kHz (a) full version and (b) zoomed-in version, resonance frequency = 82kHz and deadband = 400ns.

3.4.4. Concept of the soft shut-down
When the battery is around 80% charged it will go from constant current mode to constant voltage mode.
This will gradually increase the resistance of the load which will increase the voltage and current at the sec-
ondary side and the output current of the inverter. The increase of the voltage and current at the secondary
side could potentially damage the converters at the secondary side. However, because the output current of
the inverter also increases, the over-current protection would stop this from happening. On the other hand,
if it is necessary to use the over-current protection to shut-down the system every time, it could overwork the
protection which would decrease the durability of the whole system. Another shut-down method is shown
in Figure 3.36. First, the soft shut-down gradually decreases the duty cycle of the output voltage of the in-
verter. Thereafter, it increases the frequency from 85kHz to 200kHz and lastly turns off the inverter voltage.
In Appendix B is the simulation given and a concept on how to program this soft shut-down strategy.
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Figure 3.36: The concept of the soft shut-down.



4
Conclusion & Future Work

With the rise of EVs, it has become interesting to use wireless power transfer or WPT for this charging appli-
cation. However, there are some challenges involved with this technology. This work aimed to understand
the challenges that are involved with the feedback control implementation of a WPT system in a TI micro-
controller which integrates an analog zero current detection circuit to ensure that soft-switching is attained
for all operating conditions, and finally to include other functionalities such as soft start-up, soft shut-down,
and over-current protection.

4.1. Conclusion
The literature research that is done in Chapter 2, helped to create an understanding of the challenges in the
control of WPT systems. It is also a necessity to ensure soft-switching to comply with the efficiency require-
ments and magnetic field limits. To ensure soft-switching, the resonant converter is set to be operated in
the inductive region. Hence, the switching frequency of the inverter is set to be slightly above the resonance
frequency to also maximize efficiency which is shown in the analysis from Chapter 2.2.4. It also shows that
this efficiency is also dependent on the coupling between the coils and the load resistance. It is preferable to
operate at the optimum load that minimizes the losses of the coils and that depends on the mutual induc-
tance of the coils, the resonance frequency and the resistance of the coils. It is desirable to ensure a coupling
between the coils that is as high as possible. Moreover, the current standards limit the switching frequency to
81.38-90kHz which means that the control is required to be fast and of high bandwidth. This is why a combi-
nation of analog and digital control is used. The analog control has a fast response while the digital control is
able to do complex tasks.

The start of the digital control began after the literature research. The open-loop control is realized to gain
experience on the TI F28379D Launchpad. Herein, the implemented program is able to vary the switching
frequency and dead time via a serial communication. Afterward, the closed-loop control is designed which
works together with an analog circuit which detects a zero-crossing in the output current of the inverter.
Typically the digital control would slow the control down, however the tripzone submodule of the F28379D
Launchpad would negate this because of it’s fast response. The closed-loop control is tested with the analog
control and is able to produce the desired PWM from a test signal with a dead time that can be changed via
serial communication.

Likewise, the over-current protection is implemented with closed-loop control. It works together with
some analog control similar to the closed-loop control. The results show that it works and reacts in about
66ns. This speed is well suitable to safeguard to operation and reliability of the WPT system.

The soft start-up shows that it is better to use only symmetrical phase-shift control for the double-sided
LCC compensation. Unlike the simulations, it results in a low starting peak current and after the first cycle,
it achieves soft-switching. Besides, it also complies with the current standards. Asymmetrical phase-shift
control when started at a higher frequency seems to be the best control strategy for series-series compensa-
tion. It produces a lower current at the start and accomplishes soft-switching after the first cycle. For the soft

43
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shut-down a concept is made which works with a similar control strategy as the soft start-up.

4.2. Future Work
Now that most of the project is finished, it is unavoidable to set some plans for some future work and recom-
mendations. These plans are:

• It should be investigated what is the influence for using a battery as a load instead of a resistor.

• Soft shut-down needs more investigation.

• Closed-loop control need to be tested with high power.

• All the features need to be integrated with the closed-loop control.

• A method for frequency limitation is needed for the closed-loop control to agree with the requirements
of the current standards.

• Some further research needs to be done on different communication methods.



A
Additional C-code

A.1. Enable action qualifier with trip zone
1 EALLOW;
2 EPwm1Regs .AQTSRCSEL. b i t . T1SEL = 0b0000 ; /* Select TZ1 as an event source */
3 EPwm1Regs .AQCTLA2. b i t .T1U = 0b11 ; /* Action when event occurs on T1 in UP−Count , 11: Set : toggle ePWM1A

output . */
4 EPwm1Regs .AQCTLA2. b i t .T1D = 0b11 ; /* Action when event occurs on T1 in Down−Count , 11: Set : toggle ePWM1A

output . */
5

6 EPwm1Regs .AQCTLB2. b i t .T1U = 0b11 ; /* Action when event occurs on T1 in UP−Count , 11: Set : toggle ePWM1B
output . */

7 EPwm1Regs .AQCTLB2. b i t .T1D = 0b11 ; /* Action when event occurs on T1 in Down−Count , 11: Set : toggle ePWM1B
output . */

8

9 EPwm2Regs .AQTSRCSEL. b i t . T1SEL = 0b0000 ; /* Select TZ1 as an event source */
10

11 EPwm2Regs .AQCTLA2. b i t .T1U = 0b11 ; /* Action when event occurs on T1 in UP−Count , 11: Set : toggle ePWM2A
output . */

12 EPwm2Regs .AQCTLA2. b i t .T1D = 0b11 ; /* Action when event occurs on T1 in Down−Count , 11: Set : toggle ePWM2A
output . */

13

14 EPwm2Regs .AQCTLB2. b i t .T1U = 0b11 ; /* Action when event occurs on T1 in UP−Count , 11: Set : toggle ePWM2B
output . */

15 EPwm2Regs .AQCTLB2. b i t .T1D = 0b11 ; /* Action when event occurs on T1 in Down−Count , 11: Set : toggle ePWM2B
output . */

16

17 EPwm5Regs .AQTSRCSEL. b i t . T1SEL = 0b0000 ; /* Select TZ1 as an event source */
18

19 EPwm5Regs .AQCTLA2. b i t .T1U = 0b01 ; /* Action when event occurs on T1 in UP−Count , 11: Set : low ePWM5A
output . */

20 EPwm5Regs .AQCTLA2. b i t .T1D = 0b01 ; /* Action when event occurs on T1 in Down−Count , 11: Set : low ePWM5A
output . */

21

22 EDIS ;
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B
Simulation and programming of the soft

shut-down

Simulations on the shut-down are done in LTspice to present what happens if there is no soft shut-down, with
duty cycle decreasing from 50% to 5%, with the method shown in Figure 3.36 and with a jump in frequency
similar to the final soft start-up concept. This is done on the circuit of Figure B.1 with the parameters given
in Table B.1. In the simulation the resistance of the load increases over time this is a simplified scenario that
is used to mimic the behavior of the battery.

A
B

a
biAB

Vin Cin Vout

Iout

Cout
i1 i2

Iin

RL
C1 C2

+

-
L1 L2CF1

LF1

CF2

LF2M

Figure B.1: Double-sided LCC compensation network.

Table B.1: Component values of the 7.7kW EV charger.

Parameter Value [unit]
L1 63.3489 [µH]
L2 43.533 [µH]
LF1 23.54 [µH]
LF2 14.49 [µH]
C1 88.07 [nF]
C2 120.7 [nF]
CF1 148.93 [nF]
CF2 242.02 [nF]

Figure B.2 shows the plot of the secondary current. It can be observed that the current in the coil would
increase gradually as the load resistance increases. As a consequence, the relatively high current could dam-
age the equipment of the system. On the contrary, with the soft shut-down, the current would eventually go
to zero.
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Figure B.2: Current through the secondary coil with and without shut-down.

In Figure B.3, the duty cycle decreases from 50% to 5% between 0-3ms. Then, the output voltage of the
inverter is turned off. It is observed that the current gradually lowers when it gets near the 3ms mark. So, this
looks like a promising method.
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Figure B.3: Output current of the inverter with only lowering the duty cycle.

In Figure B.4, the duty cycle decreases gradually from 50% to 5% between 0-3ms. Afterward, the fre-
quency of the output current of the inverter gradually increases from 85kHz to 200kHz between 3-16ms. A
similar effect happens at approximately 107kHz as in the start-up and the peak can vary between 100-115kHz
depending on the component values. This peak current also exists because of the multiple resonances just
as for the start-up. Similarly to the previous analysis, a primary components’ tolerance of 5% is used while
the secondary side’s tolerances are neglected because of the minimal effect on the resonance. Furthermore, it
shows that the current is lower at higher frequencies, which implies that there is a lower current gain at higher
frequencies. Besides, it will also ensure soft-switching of the inverter as it is in the inductive region.
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Figure B.4: Comparison of the output current of the inverter for a varying frequency between 3ms and 16ms for a component tolerance
of 5%.

The last simulated method for the soft shut-down is to first decrease the duty cycle of the output voltage
gradually to 5%. Subsequently, the frequency will first gradually go to 90kHz and then jump similarly to the
start-up to 150kHZ. Afterward, the frequency will gradually increase to 200kHZ. Lastly, the duty cycle will
drop to 0% which will turn the system off. However, it shows a less steady drop of the current in comparison
to only decreasing the duty cycle. So, it is finally decided to use that method
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Figure B.5: Output current of the inverter with lowering the duty cycle gradually and increasing the frequency gradually.

The shut-down has a similar design to the start-up as shown in Figure B.6(a). The design of the counter
in Figure B.6(b) is a modified version of the one in the start-up. The counter will only start counting if one of
the pins on Launchpad goes from a low signal to a high signal.
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Figure B.6: Overview of the shut-down (a) and counter subsystem (b).
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Figure B.7: PWM subsystem (a), Phase-shift control subsystem (b), disable (c) and PWM (d) of the start-up controller.

Figure B.7(a) shows the PWM control of the shut-down which is similar to the one of the soft start-up. The
duty cycle control in Figure B.7(b) gradually decreases the duty cycle of the output voltage of the inverter. The
disable in Figure B.7(c) makes sure that the shut-down is off when there is no signal that it needs it or when
the counter reaches a certain value.
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