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Abstract 
 

Zero-Voltage-Switching (ZVS) operation for a Wireless Power Transfer (WPT) system can be achieved by designing a ZVS 
controller. However, the performance of the controller in some industrial applications needs to be designed tightly. This paper 
introduces a ZVS controller design method for WPT systems. The parameters of the controller are designed according to the 
desired performance based on the closed loop dominant pole placement method. To describe the dynamic characteristics of the 
system ZVS angle, a nonlinear dynamic model is deduced and linearized using the small signal linearization method. By analyzing 
the zero-pole distribution, a low-order equivalent model that facilitates the controller design is obtained. The parameters of the 
controller are designed by calculating the time constant of the closed-loop dominant poles. A prototype of a WPT system with 
the designed controller and a five-stage multistage series variable capacitor (MSVC) is built and tested to verify the performance 
of the controller. The recorded response curves and waveforms show that the designed controller can maintain the ZVS angle at 
the reference angle with satisfactory control performance. 
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I. INTRODUCTION 

Magnetically coupled resonant wireless power transfer (WPT) 
has been proven to be a superior technology for the charging 
of a variety of electrical devices, such as electric vehicles (EVs) 
[1]-[3], biomedical implants [4], [5], [9], portable equipment 
[6] and so on, without the need for metallic media. A typical 
WPT system consists of a DC voltage source, inverter, resonant 
network, rectifier and load. To reduce the switching loss of the 
inverter, the system needs to realize zero-voltage-switching 
(ZVS) operation in the full charging period. However, because 
of fluctuations in battery resistance [1]-[3], the designed input 
impedance point of the system may dynamically drift away, 
which leads to unstable ZVS operation and degradation of the 
transmission efficiency. 

To solve this significant challenge, numerous control methods 
have been proposed. In these studies, the operating frequency 
and impedance matching circuit are usually used as the 
controlled objects of the controller, that is frequency control 
(FC) and impedance matching control (IMC). Meanwhile, the 
phase difference between the primary current and the output 
voltage of the inverter is detected to form a feedback control 
loop. Typically, the drive signal of the inverter can be tuned 
by a proportional integral (PI) controller [3], amplifier 
controller [4] or phase locked loop (PLL) [5], [7] to achieve 
ZVS operation. However, the design process of the frequency 
controllers is not fully discussed in these research projects. In 
an effort to improve transmission efficiency, zero-phase- 
difference capacitance control (ZPDCC) [8], PLL [9], [10] 
and algorithm control [11]-[15] were proposed to regulate the 
phase angle of the input impedance of an inverter using 
variable capacitors. Although the efficiency and ZVS operation 
of the system can be improved and realized, respectively, the 
control performance of the controller is not optimized. In [16], 
[17], frequency controllers through PI action are proposed to 
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track the ZVS operation curve. To optimize control performance, 
an empirical Ziegler–Nichols (ZN) method is adopted. However, 
the dynamic characteristics of the system are neither analyzed 
nor considered in the controller design process, which results 
in inaccurate parameters for the controller. Also, considering 
that the dynamics of the second-order generalized integrator 
phase-locked loop (SOGI-PLL) can be easily analyzed, a direct 
phase control (DPC) approach [18] is developed to provide 
ZVS operation for WPT systems. Compared with [5], [7], [9], 
[10], a good transient response and a low overshoot can be 
achieved for the SOGI-PLL. However, the dynamics of the 
full system are still not analyzed. 

It is well known that an analytical model of a full system 
and its dynamic characteristics are necessary for designing a 
controller. Furthermore, in many industrial applications 
regardless of whether it is a frequency or an impedance 
matching control method, the control performances of the 
system, such as the settling time and overshoot, need to be 
designed tightly in terms of the system requirements. Therefore, 
an appropriate dynamic model of the full system is required 
to analyze the input-output characteristics and to design 
accurate parameters for the controllers. 

In the past decades, WPT systems have been modeled using 
the frequency domain modeling method [3], [18], Laplace 
phasor transform method [17] or generalized state space 
averaging (GSSA) technique [18]-[26]. However, some 
obstacles to these methods make it difficult to directly design 
a ZVS controller. The frequency domain modeling method 
cannot dynamically describe the electrical behavior of systems, 
and the internal state variables of the Laplace phasor transform 
method are unobservable, which makes the model unable to 
describe the full dynamics of a system. In addition, the GSSA 
technique increases the model’s order because it uses two 
slowly varying state variables to describe a fast varying state 
variable. Most importantly, these models have difficulty 
directly describing the dynamic characteristic of ZVS operation. 
For example, the authors of [27] proposed two transfer function 
models for the control-to-output corresponding to the charging 
modes. Although the phase and gain margin of the control 
loops can be analyzed and optimized through the proposed 
transfer functions, an additional current stress optimization 
controller is required on the primary side to maintain the ZVS 
operation. Thus, the relationship between the circuit state 
variables and the phase angle needs to be derived to describe 
the ZVS operation. Fortunately, based on the coupled-mode 
theory [28], a dynamic model covering the phase angles and 
amplitudes of the coupling network is obtained in [29], [30]. 
Because the state variables of the dynamic differential equation 
can be replaced by the phase angle and the amplitude of the 
coupled modes, a dynamic analysis for the full system and 
ZVS operation can be directly obtained. 

The main purpose of this paper is to provide a ZVS 
controller design method for WPT systems. The parameters 

of the controller are designed according to the desired 
performance based on the closed loop dominant pole placement 
method. Thus, to describe the dynamic characteristics of the 
system ZVS angle, a nonlinear dynamic model is deduced 
and linearized, where the operating frequency or the 
controllable impedance matching network is the input, and 
the ZVS angle is the output. Meanwhile, by analyzing the 
zero-pole distribution of the linearized model, a low-order 
equivalent transfer function model that facilitates the PI 
controller design is achieved. The parameters of the 
controller are designed by calculating the time constant of the 
closed-loop dominant poles. To validate the proposed controller 
design method and control performance, a five-stage MSVC 
is set up as an actuator in the experiment. By comparing it 
with existing literature [3]-[18], the advantages of the proposed 
controller design method in this paper are as follows.  

(1) The dynamic characteristics of the system ZVS angle 
can be described in the proposed model. In addition, both the 
frequency and impedance matching controllers can be 
designed. 

(2) Based on the zero-pole distribution of the dynamic 
model, the stability of the control loop and the characteristics 
of the zero-pole can be analyzed. In order to facilitate the 
controller design, a low-order equivalent transfer function 
model that consists of dominant poles is obtained. 

(3) When compared with the empirical equation based 
method in [16], [17], the parameters of the ZVS controller are 
designed by calculating the time constant of the closed-loop 
dominant poles according to the desired performance. 
Therefore, the controller is especially useful when a WPT 
system needs to be designed tightly in terms of its preset 
settling time and overshoot. 

This paper is organized as follows: Section II analyzes the 
main circuit of the proposed system and proposes a ZVS 
control strategy. Section III focuses on the modeling of the 
equivalent circuit and the MSVC. Section IV quantitatively 
analyzes the dynamic characteristics of the linear model and 
designs three PI controllers according to different requirements. 
A prototype circuit is set up in section V to verify the 
proposed controller design method and its control performance. 
Some conclusions are given in section VI. 

 

II. ANALYSIS OF THE SYSTEM STRUCTURE AND THE 

ZVS CONTROL STRATEGY 

A. Power Stage 

A series–series compensated topology of the WPT system 
is shown in Fig. 1, which consists of a DC input voltage VI, a 
full-bridge inverter, two resonant tanks, a rectifier and a 
battery load Rb. Each resonant tank comprises a series capacitor 
Cn, inductor Ln and its equivalent series resistor (ESR) Rn 
(n=1, 2), respectively. Cf and M are the filter capacitor and 
the mutual inductance between the two coils. During the  
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Fig. 1. Topology circuit of the analyzed wireless charging system. 
 

charging process, the full-bridge inverter converts the DC 
voltage into a quasi-square wave to energize the resonant 
network. Then, the full-bridge rectifier converts the AC current 
into a DC current to wirelessly charge the battery. 

In order to achieve ZVS control, the operating frequency 
and the MSVC in the primary side are usually used as the 
controlled objects to form FC or IMC closed-loops. In detail, 
by detecting the zero-crossing of the primary resonance 
current i1 and the rising edge of the inverter gate-driving 
signal, the phase difference between i1 and vab can be 
obtained to predict the status of the ZVS operation. Then, the 
PI controller converts the angle errors into control signals for 
the MOSFETs or relays to adjust the operating frequency or 
equivalent capacitance of the MSVC, respectively. 

B. Circuit Equivalent and ZVS Control Strategy 

The equivalent of any circuit is necessary for developing a 
model and for designing a controller. In this section, the 
equivalent circuit for a WPT system is derived based on the 
following assumptions. 

(1) The resonant currents i1 and i2 through the compensation 
network are sinusoidal, and the operation frequency is ωs. 

(2) All of the resonant capacitors and inductors are 
identical. 

(3) The filter capacitance of the full-bridge rectifier is large 
enough. 

Therefore, the fundamental components of the output 
voltage of the inverter and the equivalent resistance of the 
rectifier load can be respectively written as: 

,               (1) 

.                  (2) 

Considering (1) and (2), the main circuit of a WPT system 
can be simplified to an equivalent coupled circuit as shown in 
Fig. 1. The notation C1e in the equivalent coupled circuit 
represents the equivalent capacitance of the capacitor C1 in 
series with the multistage series variable capacitor (MSVC).  

C1eIMC-PI

φzvsφzvsref

WPT System

FC-PI ωs

 
Fig. 2. Control diagram of the IMC and FC methods for ZVS 
operation. 

 
The input impedance Zin of the equivalent circuit can be 
expressed as follows: 

,  (3) 

where Z1 and Z2 stand for the primary and secondary resonant 
network impedances, respectively. Therefore, the ZVS angle 
φzvs can be depicted as [3]: 

.        (4) 

The symbol Δφ is the input impedance angle of Zin, and φd 
is the dead-time phase angle. Dinv refers to the duty cycle of 
the square wave drive signal for the MOSFETs. By analyzing 
(3) and (4), it is possible to draw a conclusion that the ZVS 
angle φzvs can remain a constant by regulating the capacitance 
of C1e, or the angular switching frequency ωs of the inverter. 
In other words, the ZVS operation can be obtained by both 
FC and IMC methods. Therefore, a control diagram of the FC 
and IMC methods for ZVS operation is proposed in Fig. 2, 
and the operation principle of this strategy is briefly 
explained as follows.  

First, the zero crossing of the primary current is detected 
by the measuring circuit and processor. Then, the ZVS angle 
can be calculated by (4). By comparing this value with the 
reference angle, the angle errors are converted into new 
control quantities for the corresponding control object by the 
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PI controller. Taking the IMC method as an example, the 
ZVS angle φzvs follows the reference angle after several 
adjustments on the MSVC to achieve ZVS operation. 

 

III. DYNAMIC MODELING OF THE PROPOSED  
WPT SYSTEM 

A. Dynamic Model of a Coupled Network 

According to the fundamental harmonic equivalent circuit 
of the system shown in Fig. 1, the electrical behavior of the 
coupled network can be described by the following fourth 
order dynamic differential equations: 

,      (5) 

where i1 and i2 are the resonance currents through the primary 
and secondary coils, and v1 and v2 are the voltages across the 
primary and secondary resonance capacitors. Similar to the 
equivalent circuit models in [19]-[25], these equations cannot 
directly analyze the ZVS characteristics. Therefore, it is 
necessary to establish the relationship between the state 
variables in (5) and the phase angle of the coupled network.  

According to [29], [30], the dynamic characteristics of a 
coupled network can also be described by the coupled-mode 
theory [28]. Based on this suggestion, it can be assumed that 
the amplitude and phase angle of the primary coupled mode 
are a1 and θ1, respectively. Similar definitions of a2 and θ2 are 
for the secondary side. As a result, the state variables in (5) 
can be represented by an and θn as [29], [30] follows: 

.            (6)  

By substituting (6) into (5) and averaging the model in a 
switching period [29], one obtains a nonlinear time-invariant 
averaged model for the equivalent circuit as follows: 

,                (7) 

where x= [a1, θ1, a2, θ2] T is the state vector, and u=[ C1e, ωs] 
is the input of the model. f(x) and g(x) are smooth nonlinear 
functions, namely: 

,    (8) 

.         (9) 

The variables K1-K9 are listed in the Appendix. According 
to (4), the output of (7) can be depicted as: 

.          (10) 

By linearization around the operating point, it is possible to 
obtain a linearized small signal model for the WPT system. 

B. Model Linearization 

The model as per (7) through (10) represents the envelope 
of the ZVS angle under both steady-state and transient 
conditions. In other words, it contains both the operating point 
and the small-signal model. Thus, each variable in this model 
can be written as the sum of the operation point, and the 
small perturbation around it as: 

,                  (11)  

where xo is the steady operation point of the state variables in 
(7), and Δx is the transient small-signal condition. By 
substituting (11) into (7)-(10), the nonlinear time-invariant 
averaged model can be linearized around the operating point 
xo using Taylor’s series expansion, and written in the 
state-space form as: 

,             (12) 

where A, B and C are the partial derivative matrices. 
It can be seen from (12) that this linear model includes 

both the frequency control (FC) and the impedance matching 
control (IMC) methods. In the FC method, the parameters of 
the resonant circuit can generally be regarded as constants, 
and the operating frequency is selected as the input of the 
model. Conversely, the operating angular frequency ωs in the 
IMC method can be removed, and the impedance matching 
network is developed as the actuator in the control loop. 

Since the dynamic analysis and controller design for both 
the FC and IMC methods are similar, only the IMC method is 
considered as an example in the following sections. Thus, the 
operating angular frequency ωs in the input matrix and the 
second column of matrix B will be removed hereafter. 

A simple multistage series variable capacitor (MSVC) 
regulated by a controlling quantity d is selected in this paper 
by combined consideration of the regulation range, precision 
and costs. This is because the implementation process of the 
MSVC is convenient and the relationship between the control 
quantity and the equivalent capacitance is not complicated. 

C. Development of Multistage Series Variable Capacitor 

In order to obtain the relationship between the control  
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Fig. 3. Topology circuit of a multistage series variable capacitor. 
 
quantity and the equivalent capacitance, the proposed MSVC 
needs to be modeled. Fig. 3 shows the configuration of the 
proposed MSVC. It consists of multiple capacitors Can (n=1, 
2, …) and an inductor La, where n is the number of capacitors 
and j represents the jth capacitor in the MSVC. The 
capacitance Caj (j=1,2,…,n) is designed as per: 

,                  (13) 

to construct a geometric capacitance array {Ca1, Ca2, … Can}. 
The first term Ca1=Ca is the maximum capacitance, and the 
inductance La is defined as: 

.                (14) 

Each capacitor and inductor in the MSVC is controlled by 
a single-pole-double-throw (SPDT) relay, respectively, which 
can be connected to the resonant circuit or not. The SPDT 
relays are driven by an n+1 bit binary array {p1, p2, …, pj, …, 
pn, pn+1}, where pn can be 0 or 1 corresponding to the relay 
statuses of ON or OFF. The notation pj represents the relay of 
the jth capacitor. Therefore, the operational status of the 
MSVC can be expressed by a signed decimal control quantity. 

.  (15) 

As a result, the equivalent capacitance of the capacitor C1 
in series with the MSVC is: 

.       (16) 

It can be seen that from (16), the equivalent capacitance 
C1e has a bidirectional adjustment range, and its adjustment 
range and accuracy are related to the number n and the 
maximum capacitance Ca of the capacitors. Furthermore, 
according to the combination of (3)-(4) and (16), the ZVS 
angle φzvs can be regulated by the control quantity d. By 
substituting (16) into (7), a model with d as the input and a 
ZVS angle as the output can be achieved. Namely, a constant 
ZVS angle can be realized by designing a controller to 
automatically adjust the MSVC. 

 

IV. MODEL ANALYSIS AND CONTROLLER 

PARAMETER DESIGN 

A. Model Dynamic Characteristics Analysis and Reduction 

To linearize the nonlinear model, the steady-state operating 
point should be calculated by setting the derivative terms in  

TABLE I 
KEY PARAMETERS OF THE SYSTEM 

Parameters Values 

Inductance on primary side L1 261.38 μH 

Capacitance on primary side C1 1043 pF 

ESR of primary side R1 1.11 Ω 

Inductance on secondary side L2 264.1 μH 

Capacitance on secondary side C2 1050.1 pF 

ESR of secondary side R2 0.92 Ω 

Mutual inductance between two coils M 6 μH 

Input DC voltage VI 10 V 

Switching frequency of the inverter fs 301.8 kHz 

Load resistance Rb 10 Ω 

Control quantity of the MSVC do 25 

Duty cycle of drive signal for inverter Dinv 45 % 

Rising time of the MOSFET tr 28 ns 

Falling time of the MOSFET tf 8 ns 

On resistance of the MOSFET rMOS 40 mΩ 

MOSFET's drain-source capacitance Cds 320 pF 

ESR of filter capacitor rCf 5 mΩ 

On resistance of the rectifier diodes rD 5 mΩ 

Forward voltage of rectifier diodes VD 0.7 V 

 
(7) to zero. According to the full-bridge inverter minimum 
ZVS phase angle studied in [31], the preset ZVS angle can be 
calculated by: 

,           (17) 

where Coss=400 pF is the capacitance of the capacitor 
paralleled with the transistor, and I1 is the magnitude of the 
current flowing through the MOSFET. Therefore, the preset 
ZVS angle is selected to be 5° in this paper. According to the 
key parameters of the system in Table I, it is possible to 
obtain the operating point of the system by: 

.         (18) 

The substitution of xo and the circuit parameters into (12) 
yields the partial derivative matrices of the IMC linear model 
as: 

,       (19) 

,           (20) 

.                (21) 

Using MATLAB, a fourth-order linear small signal open- 
loop transfer function model for the equivalent circuit can be 
expressed as per: 

,  (22)  
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with the control quantity d of the MSVC as the input, and the 
ZVS angle φzvs as the output. The unity feedback root locus of 
this transfer function model is plotted in Fig. 4(a). By 
analyzing the closed-loop zero-pole distribution, the following 
conclusion can be obtained.  

(1) The stability of the unity feedback system is available 
because the closed-loop poles, which are composed of two 
plural dipole pairs and two plural dominant poles, are all 
located in the left s-plane.  

(2) According to the zero-pole distribution, the dipoles in 
Fig. 4(a) have less influence on the dynamic characteristics of 
the system since the distance between the zero and pole of the 
dipole is much smaller than its module from the origin. 
Hence, after several adjustments of the gain and coefficient of 
the dominant pole, (22) can be equivalent to a low-order 
model. 

According to the results of the analysis, a low-order 
open-loop transfer function model for the equivalent circuit 
can be obtained as: 

.            (23) 

A Bode plot of this low-order model and the original 
fourth-order linearized small signal model are plotted in Fig. 
4(b). This figure shows that the low-order model has the same 
magnitude-frequency and phase-frequency characteristics as  
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Fig. 5. Flow chart of the proposed PI controller parameter design 
method. 
 

the original model, which proves that the low-order model is 
accurate. 

B. Design of the PI Controller Parameter 

The transfer function of the PI controller is: 

,                 (24) 

where Kp and Ki are the proportional and integral parameters. A 
flow chart of the proposed PI controller parameter design 
method is shown in Fig. 5. It can be seen that the control loop 
consists of a low-order model and a PI controller. After the 
closed loop characteristic equation of the control loop is 
obtained, the parameters of the PI controller can be achieved 
by calculating the time constant of the new dominant pole in 
terms of a desired performance. 

According to the control strategy in Fig. 2 and Fig. 5, the 
final closed-loop transfer function of the WPT system 
including a PI controller can be expressed as: 

,      (25)  

where the closed-loop zero z= Ki/Kp. In addition, ωn and ξ are 
the natural frequency and damping ratio of the close loop 
poles. It can be seen that the proportion and integration 
elements of the controller are equivalent to adding a closed- 
loop zero and a new dominant pole to the low-order model 
(23). Therefore, the parameters of the controller can be 
calculated by arranging the time constant of the new closed- 
loop dominant pole with respect to the expected control 
performance.  

By substituting (23) and (24) into (25), the characteristic 
equation of the final closed-loop transfer function can be 
expressed as: 

,       (26) 
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TABLE II 
REQUIREMENTS AND PARAMETERS OF PI CONTROLLERS 

Controller 
Desired Settling Time 

and Overshoot 
Kp Ki 

(i) 50 ms and 0% 0.02 Ki(i)=22.7 

(ii) 80 and 0% 0.02 Ki(ii)=14.1 

(iii) 100 and 0% 0.02 Ki(iii)=11.4 

 

A
m

pl
it

ud
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Time(Seconds)

Settling Time
ts(i)=50 ms
ts(ii))=73 ms
ts(iii))=80 ms
ts(iv))=100 ms

 
Fig. 6. Unit step response of a closed-loop system with the 
designed controllers (i)-(iii) and empirical equations based 
controller (iv). 
 
where T1 ≤T2 is the time constant of the close loop poles. 

In this paper, to validate the proposed controller design 
method, three different sets of control performance 
requirements are listed in Table II, where the error band Δ is 
selected to be 2%. Since an oscillation of the circuit 
exacerbates the EMI of the system, the overshoot of each 
controller is set to zero. According to the characteristics of 
the over-damped second-order linear system, the time 
constant of the dominant pole can be calculated by: 

.                  (27) 

Thus, the relationship between Kp and Ki can be obtained 
by: 

   2

1 13.1 4 8.8 3 / 1 /

3.1 4
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 .        (28) 

A proportional gain that is much smaller than unity is 
selected to be Kp=0.02 in this paper. According to (28), the 
integral coefficient Ki of each controller can be calculated as 
shown in Table II. In addition, in order to compare this with 
an existing method, an additional PI controller (iv) is designed 
based on the empirical method [16], [17]. According to the 
empirical equations of the Ziegler–Nichols method, the 
critical proportional coefficient Kpcrit and oscillation period 
Tcrit of the model (22) can be obtained as 0.06 and 2.01×10-3, 
respectively. This results in a proportional gain of Kp(iv)= 
0.027 and an integral gain of Ki(iv) = 16.2. 

Fig. 6 shows the unit step response of a closed-loop system 
with the designed controllers (i)-(iii) and the empirical 
controller (iv). One obtains from the response curves that the  

d=45cm

DC voltage 
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Rectifier and Load
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Inverter

Sensor 

MCUs

Capacitors

SPDTs
 Inductor
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Fig. 7. Prototype of the proposed WPT system with a ZVS 
controller. 
 
unity feedback system responds to a step change with settling 
times ts(i)=0.05 s, ts(ii)=0.08 s, ts(iii)=0.1 s, and no overshoot is 
observed, which satisfies expectations. In addition, the 
settling time of controller (iv) is about 0.073 s. This proves 
that the empirical controller can only achieve a stable and 
controllable system. Meanwhile, the proposed method can 
allocate the dominant poles and design the parameters 
according to preset performance requirements. 

 

V. EXPERIMENTAL RESULTS 

To validate the proposed controller design method, an 
experimental setup based on the topology circuit in Fig. 1 is 
built and tested. The prototype, shown in Fig. 7, consists of a 
DC voltage source, an MSVC, a full-bridge inverter, MCUs, 
an S-S resonant network, a full-bridge rectifier and several 
switchable loads. The main parameters of the components are 
shown in Table I, where the values of the mutual inductance 
and the ESR of the resonance network are measured using an 
LCR meter (Agilent 4263B) when the power transfer distance 
is 45 cm. Four IPW65R041CFD MOSFETs are used for the 
full-bridge inverter, and the PI controller is implemented with 
two MCUs. The MCUs are an FPGA (XC6SLX9-3TQG144I) 
and an ARM (STM32F407VGT). The diameters of the two 
coaxial epoxy resin coils are 38 cm, and the diameter of the 
Litz-wire consisting of 2000 isolated strands is 6 mm. For the 
battery load, resistors in parallel with a switch are used to 
simulate changes in the resistance during the charging process. 
By controlling the opening or closing of the switch, the load 
resistance can be conveniently changed. 

A. Experiment of a Five-Stage MSVC 

In order to implement the IMC method, a five-stage MSVC 
is developed in the experiment. This is done considering the 
regulation range and precision of the equivalent capacitance. 
Then, the relationship between the equivalent capacitance C1e 
and the control quantity d, and the relationship between the 
ZVS angle and the equivalent capacitance C1e are simulated 
and tested. The capacitors and SPDT relays are EACO STD 
2000V and OMRON G2R-1-H5VDC. In the capacitor array 
of the five-stage MSVC, the maximum capacitance Ca is 2 μF. 
According to equation (14), the inductance La is calculated to  

1 4 / sT t
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(a) 

 
(b) 

Fig. 8. Theoretical and measured data of the equivalent capacitance 
and the phase difference. (a) Equivalent capacitance C1e vs. 
decimal controlling quantity d. (b) Phase difference Δφ vs. 
equivalent capacitance C1e. 
 
be 2.18 μH. 

Fig. 8(a) shows the relationship between the control quantity 
d and the equivalent capacitance C1e from (15) and (16) by 
using the parameters of the components shown in Table I. 

It can be seen that the theoretical curve of C1e 
monotonically increases from 1029 pF to 1063 pF while d 
increases from -31 to 31. The measured data in Fig. 8(a) is 
consistent with the theoretical curve. According to (3) and (4), 
the relationship between C1e and the ZVS angle φzvs is 
depicted in Fig. 8(b). Similarly, when C1e monotonically 
increases 1029 pF to 1063 pF, the predicted and measured 
range of φzvs is in good agreement from -62.7° to 20.4°. 

B. Performance of the Designed ZVS Controllers 

In order to simulate the change of the ESR of the lead 
battery during the whole charging process [1]-[4] and to 
verify the control performance of the ZVS controller, three 
cases of step-changing loads are set up in this section. These 
cases are (I) from 5 Ω to 10 Ω, (II) from 10 Ω to 15 Ω and (III) 
from 15 Ω to 20 Ω. The data of the ZVS angle is calculated 
and saved by the MCUs and an RS232 communication circuit 
at a period of 10 ms. 

The response of the ZVS angle φzvs to load cases (I), (II) 
and (III) with and without a controller (i)-(iv) is depicted in 
Fig. 9(a), (b) and (c). Without controllers, the ZVS angle 
deviates from the preset reference angle when the load 
resistance changes. Although the ZVS angle in each set of  

 
(a) 

ts(i)-(II)

 ts(ii)-(II) 

ts(iii)-(II)

 ts(iv)-(II) 

 
(b) 

ts(i)-(III)

 ts(ii)-(III) 

ts(iii)-(III)

 ts(iv)-(III) 

 
(c) 

Fig. 9. Dynamic curves of the ZVS angle response to step 
changing loads. (a) Load case (I). (b) Load case (II). (c) Load 
case (III). 
 

experiments drops rapidly, it gradually returns to the reference 
of 5° with the help of controllers, and no overshoot is 
observed. This proves that ZVS operation can be achieved by 
the designed controllers. 

Table III records the settling time and overshoot of each set 
of experiments when an error band of 2% is selected. It can 
be seen from Table III that the control performances of the 
controllers (i), (ii), (iii) and (iv) are in good agreement with 
the simulation results in Fig. 6. When compared to the empirical 
controller (iv), Table III indicates that the proposed controller 
design method can allocate the dominant poles and design the 
parameters according to preset performance requirements. 

Notably, when compared with controller (ii), the settling 
times of controllers (i) and (iii) are longer than the 
requirements. The same trend can also be found in controller 
(iv). This is because the parameters of controllers (i)-(iii) and 
the critical proportional coefficient Kpcrit of controller (iv) are 
all designed at a static operating point, where the load is 10 Ω.  
When the load changes, the operating point of the system  
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TABLE III 
CONTROL PERFORMANCE OF CONTROLLERS (I), (II) AND (III) IN 

DIFFERENT LOAD CASES 

Settling Time Load (I) Load (II) Load (III) 

ts(i) 51 ms 50 ms 52 ms 

ts(ii) 82 ms 80 ms 84 ms 

ts(iii) 102 ms 100 ms 105 ms 

ts(iv) 73 ms 71 ms 72 ms 

 

deviates from the point where the controller is designed. 
Therefore, the control performance of the controller is 
weakened. For this reason, research will be conducted in the 
future on system precise linearization and an advanced 
nonlinear controller design. 

C. Efficiency of the System 

According to [1], [3], [31], [33], transmission efficiency 
can be calculated by the overall power loss of both sides and 
the output power obtained from the load as: 

,                (29) 

where Pload is the power obtained from the load that can be 
achieved by measuring the voltage across the load. Ploss = PPloss 

+ PSloss is the overall power loss of both sides. 
The power loss of the primary side PPloss consists of the 

primary side conduction loss PPconduct and the full-bridge 
inverter switching loss Pinv, which can be expressed as: 

.      (30) 

The symbols Ppton and Pptoff represent the inverter turn-on 
and turn-off switching losses per transistor, which have been 
described in [31]. tr and tf represent the rising and falling 
times of the MOSFET, respectively. The MOSFET's drain- 
source capacitance Cds is the capacitance of the body-drain 
PN step junction diode. 

For the secondary side [33], the overall power loss PSloss 
consists of the secondary side conduction loss PSconduct and the 
rectifier power loss Prec, which can be expressed as: 

.          (31) 

The symbol rCf represents the ESR of the rectifier diodes 
and filter capacitor. VCf stands for the forward voltage of the 
rectifier diodes. I1 and I2 are the magnitudes of i1 and i2, 
which can be acquired by a hall sensor and a measuring 
circuit. According to the parameters of the system components 
in Table I, it is possible to obtain the transmission efficiency 
with and without the designed controller. 
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Fig. 10. Curves of transmission efficiency and inverter switching 
loss. (a) Transmission efficiency versus a changing load with 
and without control. (b) Inverter switching power loss with and 
without control. (c) Ratio of the inverter switching loss Pinv to 
the overall loss of both sides Ploss with and without control. 

 
Taking controller (ii) as an example, Fig. 10(a) presents the 

transmission efficiency versus a changing load from 5 Ω to 
20 Ω with and without control. It can be seen that the controller 
enables the system to achieve a higher transmission efficiency. 
Benefiting from the controller, the maximum system efficiency 
can reach 83%. This is because the impedance matching 
allows the system to operate in an optimized state. The 
inverter switching power loss with and without control versus 
the load resistance is calculated and plotted in Fig. 10(b). 
When Rb increases, it can be seen that Pinv with control is 
lower than that without control. This is because the ZVS 
angle can be maintained at the preset reference angle. Thus, 
Ppton is zero and only Pptoff is taken into consideration. To 
clarify the contribution of Pinv to the system transmission 
efficiency, a ratio curve of Pinv to Ploss with and without 
control is plotted in Fig. 10(c). It can be seen that the 
designed controller results in a lower ratio of Pinv to Ploss. 
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φzvs 

 Load Case (I) Without Controller (iii)

 
(a) 

φzvs 

 Load Case (I) With Controller (iii)

 
(b) 

 ts(iii)-(I) 

 Load Case (I) With Controller (iii)

 
(c) 

Fig. 11. Dynamic and steady-state waveforms of i1 and vab under 
load case (I). (a) φzvs without controller (iii); (b) φzvs with controller 
(iii). (c) Dynamic waveforms of i1 and vab with controller (iii). 

 

φzvs 

 Load Case (II) Without Controller (i)

 
(a) 

φzvs 

 Load Case (II) With Controller (i)

 
(b) 

 ts(i)-(II) 

 Load Case (II) With Controller (i)

 
(c) 

Fig. 12. Dynamic and steady-state waveforms of i1 and vab under 
load case (II). (a) φzvs without controller (i). (b) φzvs with controller 
(i). (c) Dynamic waveforms of i1 and vab with controller (i). 

φzvs 

 Load Case (III) Without Controller (ii)

 
(a) 

φzvs 

 Load Case (III) With Controller (ii)

 
(b) 

 ts(ii)-(III) 

 Load Case (III) With Controller (ii)

 
(c) 

Fig. 13. Dynamic and steady-state waveforms of i1 and vab under 
load case (III). (a) φzvs without controller (ii). (b) φzvs with controller 
(ii). (c) Dynamic waveforms of i1 and vab with controller (ii). 

D. Output Waveform Analysis 

Steady-state and dynamic waveforms of i1 and vab in 
different load cases with/without the designed controllers are 
captured by an oscilloscope (Tektronix DPO 2004B) and 
shown in Fig. 11 through Fig. 13. In detail, Fig. 11(a) and (b) 
depict steady-state waveforms of i1 and vab in load case (I) 
with and without the control. It can be seen from Fig. 11(a) 
that the ZVS operation is doomed to fail when there is no 
control. Conversely, the ZVS angle φzvs in Fig. 11(b) can be 
maintained at the preset reference angle by the designed 
controller. Fig. 11(c) shows dynamic waveforms of i1 and vab 
during an adjustment of the MSVC with controller (iii). It can 
be seen that the settling time of the adjustment is about 100 
ms, which is in good agreement with the performance 
requirements in Table II. 

Fig. 12 and Fig. 13 exhibit waveforms captured in load 
cases (II) and (III). The same trend can be observed in Fig. 
12(a) and Fig. 13(a) when the load resistance changes. The 
phase angle of the current lags behind the voltage when there 
is no controller. In addition, with controllers (i) and (ii), the 
ZVS angles in Fig. 12(b) and Fig. 13(b) can track the 
reference values and stay constant in spite of changes in the 
load. Meanwhile, the settling times of the adjustment in Fig. 
12(c) and Fig. 13(c) are about 50 ms and 80 ms, respectively. 
These results are also consistent with the performance 
requirements in Table III. 
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VI. CONCLUSIONS 

In this paper, a model-based ZVS controller design method 
was proposed and implemented for WPT systems. Based on 
the zero-pole distribution of the model, the dynamic 
performance of the ZVS angle was analyzed. In order to 
facilitate the controller design, a low-order equivalent transfer 
function model that consists of dominant poles was obtained. 
Unlike existing methods, the parameters of the ZVS 
controllers in this paper were designed by calculating the 
time constant of the closed loop dominant poles according to 
requirements. Therefore, the ZVS controllers were especially 
useful when the system required tight designing in terms of 
its preset settling time and overshoot. In the experiment, a 
five-stage MSVC was constructed to act as an actuator for the 
controllers. The recorded response curves and steady-state 
waveforms demonstrated that the ZVS angle can be 
maintained at the reference angle with an expected control 
performance when the load step changes. Although IMC was 
the main concern in this paper, the proposed modeling and 
the designing method of the ZVS controller can be applied to 
FC or a hybrid control method. In addition, a precise 
linearization and an advanced nonlinear controller design 
method that are independent of the operating point will be 
studied in the future to overcome fluctuations in the 
controller performance. 
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