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Modeling and Analysis of Periodic Energy Control
for Series—Series Wireless Power Transfer System

Tianlu Ma
Yue Wang

Abstract—Wireless power transfer (WPT) is an emerging tech-
nology that enables efficient and convenient transmission of elec-
trical energy wirelessly, and it has gained significant attention due
to its potential to revolutionize various industrial, commercial, and
consumer applications. This article presents a study on the series-
series (SS)-compensated WPT system, focusing on characteristics
analysis of periodic energy control (PEC) by the extended describ-
ing function (EDF) model. The model incorporates the influence of
equivalent series resistors in the transmitting and receiving coils.
The research highlights the feature of the PEC’s input impedance
angle always being greater than zero, which is attributed to the
phase limitation of its driving circuit, making it suitable for zero
voltage switching operations. In addition, the study reveals that the
operating frequency range of PEC is discontinuous and exhibits
a piecewise monotonic property against frequency splitting. This
research provides valuable insights for the accurate modeling and
understanding of PEC behavior in SS-compensated WPT systems.
Finally, simulations and experiments are conducted, the EDF model
is verified with high accuracy, and the frequency skip is demon-
strated. The dc-dc system efficiency is up to 95.3% for the WPT
system using PEC.

Index Terms—Extended describing function (EDF), frequency
splitting, modeling, periodic energy control (PEC), wireless power
transfer (WPT).
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1. INTRODUCTION

IRELESS power transfer (WPT) is an effective, popu-

lar, safe, flexible, and convenient technology for many
devices, like electric vehicles [1], drones [2], and underwater
robots [3]. It is an attractive alternative to traditional wired
charging methods. However, to ensure optimal performance and
safety of WPT systems, it is essential to develop effective control
strategies and accurate models that can accurately predict and
regulate the power transfer process. These control strategies and
models play a crucial role in enabling efficient power transfer,
minimizing power losses, and ensuring system stability.

The control strategies will be applied to the controllable
parts of the WPT system, such as the inverter, rectifier, and
dc—dc converters on the primary or secondary sides. The in-
verter transfers the dc voltage into ac voltage, and its operating
frequency is close to the nominal resonant frequency of resonant
tanks on the primary and secondary sides. Variable frequency
control (VFC) manages the switching frequency of the inverter,
thus regulating the system output because the voltage gain
and the switching frequency are related [4]. Nevertheless, the
reactive power can degrade the system efficiency when there is
a big deviation between the switching frequency and nominal
resonant frequency. Furthermore, phase-shifted modulation can
be utilized to adjust the phase-shifted angle between the front
and rear bridge arms of the full bridge inverter [5]. The root
mean square value of the inverter’s output voltage diminishes
with the enlargement of the phase-shifted angle. Although
phase-shifted modulation can realize a low reactive power by
fixing an optimal frequency, zero-voltage-switching (ZVS) will
vanish with a light load condition. Pulse density modulation
controls the system output by adjusting the density of driv-
ing signals, which will excite harmonics [6], [7]. Meanwhile,
the fluctuation of current and voltage also threatens the ZVS.
Model predictive control has a fast dynamic response, which
relies on the high-accuracy mathematical model [8], [9], [10].
System trajectory can be predicted by the model, and the optimal
control variables can be solved by the optimization algorithm.
Nonetheless, the huge computational burden limits its applica-
tion in high-frequency conditions, which means less computing
time.

On the other hand, the rectifier transfers the dc voltage into
ac voltage on the secondary side. Active or semiactive rectifiers
can regulate the output voltage by controllable semiconductors
[11]. In addition, dc—dc converters can be added on the primary
and secondary sides to regulate the voltage and impedance [12].
Certainly, the controllable parts on the primary or secondary
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sides can be combined to achieve better performance. For in-
stance, the triple-phase-shift strategy is used to realize maximum
efficiency tracking during a wide output voltage range in [13],
where the phase-shifted angle between the front and rear arms
of the inverter and rectifier and the phase-shifted angle between
the output voltage of the inverter and rectifier are all regulated.

Mathematical modeling plays a crucial role in power elec-
tronics, which allows engineers to design and analyze systems
before prototype development. Also, it can describe system
trajectory and aid in optimizing system efficiency, reliability,
and stability. Fundamental harmonic approximation (FHA) is
an effective modeling method because fundamental harmonic
constitutes the predominant element in the WPT system [14],
[15]. Nevertheless, the presence of higher order harmonics
exhibits an escalating trend for WPT systems with wide-load
and wide-coupling characteristics. The complex Laplace trans-
formation is an effective tool that transforms a function of
time into a function of a complex variable, whereas system
initial conditions need to be considered [16]. The generalized
state-space averaging (GSSA) approach provides a way to model
power electronic converters as time-independent systems, i.e.,
approximating the state variables of the circuit using a Fourier
series expansion [17], and it is suitable for the WPT system
[18]. Different from GSSA, the extended describing function
(EDF) method expresses each state variable in trigonometric
form instead of exponential form [19], and each state variable
can be separated by sine, cosine, or dc terms. In fact, the sine
or cosine terms correspond to the value of state variables at two
different moments. Therefore, the EDF method can be utilized
to build the model for the system where the control variable
is related to sine or cosine terms of any state variables. FHA,
GSSA, and EDF methods can be easily extended and obtain
a higher accuracy by considering high-order harmonics. For
example, harmonic modeling was builtin [20] and [21], which is
regarded as the extension of FHA. Nevertheless, there is no doubt
that multiple harmonics will lead to an exponential increase in
computational complexity, and the gyrator model can be used
to simplify complex circuits by replacing inductors or coupling
coils with gyrators, thus decreasing the order of the model [22],
[23].

The time-domain modeling method usually has a higher
accuracy than the ones in the frequency domain, thanks to
not ignoring high-frequency harmonics. The sampled-data
model of the series series (SS)-compensated WPT system was
established in [24], and its accuracy was proven to be higher
than the GSSA model. Similarly, the discrete-time model
was successfully applied to multiple compensation networks of
WPT systems to solve problems. For instance, the stability of the
LCC-S compensated WPT system was analyzed, and controller
parameters were optimized in [25]. Also, efficiency optimization
was conducted for the LCC-LCC compensated bidirectional
WPT system using a discrete-time model in [26]. In addition,
the unified full-load discrete-time model, which is a form of the
extension of the discrete-time model, was derived to analyze the
discontinuous conduction of the passive rectifier [27]. Moreover,
time-domain analysis can also be utilized to identify the zones of
continuous or discontinuous conductions of the passive rectifier
[28], and it has an analytical solution but with a complex result.
The mathematical model is an effective tool for analyzing the
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system characteristics and optimizing the performance of control
strategies. It is important to select a suitable model for analysis.

Periodic energy control (PEC) is a new control strategy that
adjusts energy flowing into the resonant network, which is
quite different from traditional control methods. It was first
proposed in [29], and compared with VFC because the working
frequency of PEC is changed for different references. PEC has
been proven to have a better performance than VFC in terms of
dynamic response and overshoot suppression by experiments but
without deep explanation in the mathematical model, and many
unique phenomena still need to be explained. Therefore, the
mathematical model of PEC is established to reveal its working
mechanisms and to analyze its characteristics. Although the
order of the EDF model is relatively high, it is still selected to
model for PEC and analyze the characteristics of PEC because
the control variable of PEC is a state variable of the EDF model.
The contributions are listed as follows.

1) The accurate EDF model of PEC in the SS-compensated
WPT system is derived considering the equivalent series
resistors (ESRs) of transmitting and receiving coils.

2) The feature that the input impedance angle of PEC is
always larger than zero is achieved due to the phase
limitation of its driving circuit, which is friendly for ZVS.

3) The operating frequency range of PEC is proven to be
discontinuous, and PEC follows a piecewise monotonic
property against frequency splitting with a large coupling
coefficient.

The rest of this article is organized as follows. In Section II,
the structure and mechanism of PEC for SS-compensated WPT
systems are introduced. In Section III, the large signal model
and small signal model are derived by EDF. In Section 1V,
the characteristics are analyzed based on the established model
with different load and coupling coefficients. In Section V,
the simulations and experiments are carried out to verify the
model and features of PEC. Finally, Section VI concludes this
article.

II. PEC FOR SS COMPENSATED WPT SYSTEMS

The SS compensation network is widely used in WPT systems
due to its simple structure, and its circuit topology and main
waveforms are shown in Fig. 1. §1—S, are four semiconductor
devices composed of a full-bridge inverter, and D—D, are four
diodes consisting of a full-bridge rectifier. L; and L are the self-
inductance of transmitting and receiving coils, and their ESRs
are expressed as Ry and Ry. C; and Co are the compensation
capacitors on the primary and secondary sides to compensate
for the reactive power, Cy is the filter capacitor, Ry is its ESR,
and R, is the load resistor. M is the mutual inductance between
the transmitting and receiving coils, and the coupling coefficient
is expressed as

M
VLiLy
In addition, the voltages and currents are expressed by the
symbols u and i with different subscripts.
PEC is a new control method, and it has been applied to the
different compensation networks of WPT systems. The principle

of PEC is reviewed first. The energy out of the inverter is
regulated to manage the system output, and the energy out of

ey
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Fig. 1. Overall diagram of the SS-compensated WPT system. (a) Typical

circuit topology. (b) Main waveforms on the primary side.

the inverter is simplified based on the compensation networks
of WPT systems, which has been summarized in [29] according
to two kinds of source types. As for the SS-compensated WPT
system, the energy out of the inverter in each switching period
can be calculated by

Ts
Bup = / o (8) i (1) @)
0

where u,;, and i,;, are the output voltage and current of the
inverter, and T's is the switching period. Based on the circuit
topology, the current out of the inverter also charges for the
capacitor Cq, i.e.,

dU1 (t)
dt

Assume the input voltage of the SS-compensated WPT system
Uiy, 1s constant in each switching period. Thus, the output voltage
of the inverter u,;, is equal to + U, and - Ui, in each half
switching period. As a result, the energy calculation can be
simplified as

iap(t) = i1 (t) = C1

3)

Tol2  duy (t s duy (t
Eu = Us, / CIL()dt — U, CIL()dt
0 dt Ts/2 dt
s (T, /2) s (T2)
= UmCl / du1 - / du1
1 (0) i (T, /2)
= 2UCy (Uy_pn — Uy Np) “4)

where U;_py and U; _yp are the values of the voltage u; at the
moments when the output voltage of the inverter u,; switches
from positive to negative and switches from negative to positive,
as shown in Fig. 1(b). Therefore, capacitor voltage u; will be
sampled and applied to control the system output for PEC in
SS-compensated WPT systems.

III. MODELING FOR PEC

Extending describing function (EDF) has been used to es-
tablish the model of SS-compensated WPT systems in [19]. A
T-equivalent model is applied to analyze the coupling coils of the
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Fig. 2. Equivalent circuit of the SS-compensated WPT system.
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Fig. 3. Flowchart of modeling for WPT systems by the EDF method.

WPT system. Only three traditional control methods, i.e., input
voltage control, phase-shifted control, and frequency control, are
considered. However, the ESRs of the coils are ignored, which
will degrade the accuracy of the model. In this section, the EDF
method is utilized to build the mathematical model of PEC. The
reason for using the EDF model is that the cosine term, which
is one of the state variables, is the control variable of PEC for
the SS-compensated WPT system.

A. State Space Equations

The equivalent circuit of the SS-compensated WPT system is
shown in Fig. 2, where the directions of the voltage and current
are marked. The coupling model is applied for coils rather than
the T-equivalent model in [19]. Thus, fewer variables are needed
in the model. The state equations can be listed as

Uap (£) = uy (£) + Lyl ppdialt) 4 () R,
MO — 7, 32O 4y (8) 4 gy (8) + o (£) Re

dt
uo (t) = uy (t) +if (t) Ry
i (1) = ¢y 2a ) )
iz (1) = Oy 2ez(®)
i (t) = Cp 2t
iy (t) = liz ()] = if (£) + o (2)

B. EDF Model of the SS-Compensated WPT System

The modeling process is illustrated by a flowchart in Fig. 3,
which has been detailed in [19], and the differences and high-
lights will be described in this section. The WPT system opera-
tion frequency is around the resonant frequency, the fundamental
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harmonic is the major item in the whole system, and the current
and voltage shape is like a pure sine wave. Therefore, all vari-
ables in (5) can be expressed as

x (t) = A(t)sin (wst + 0) (6)

where A(7) is the amplitude, w; is the switching angular fre-
quency, and 6 is the phase. According to Ptolemy’s identities,
(6) can be expanded into

x = A(t)cos (0)sin (wst) + A (t)sin (6) cos (wst).  (7)
Therefore, variables can be expressed by the sum of the sine
item and cosine item, i.e.,

x (t) = xs () sin (wst) + ¢ (t) cos (wst) 8)

where x5(#) and x.(7) are the amplitudes of sine and cosine items.
The derivative of the state variable is

d:;it) _ (dxcslt(t) — W - 2, (t)) - sin (wst)

dxe (t
+ < cclt( ) + wy + T (t)) ccos (wst) . (9)

The inverter and rectifier are two nonlinear structures, and
their voltages are shaped as a square wave. Apply the Fourier
transform, and only fundamental harmonic is considered. The
output voltage of the inverter is expressed as

Ugp (1) = sin (wst) . (10)

The phase of u, is the reference phase, and it equals 0. As for
the voltage of the rectifier u .4, the fundamental harmonic of the
voltage of the rectifier is the same as the current i5. Therefore,

u.q can be expressed as

4
Ueq (1) = % sin (wgt + 0;2)

— 41;0 [cos (0;2) sin (wst) + sin (6;2) cos (wst)] (11)

where 6,5 is the phase of current iy. The current i can be
expressed as
ig (t) = igpk (t) sin (wst + eig)
= dgs (1) sin (wst) + i2. () cos (wst) (12)

where is s and i are the amplitude of the sine and cosine term
of iy, iy is the amplitude of i5, and

9 _ 2 o
Lopk = 125 T3¢

COS (912) = igs/iQPk (13)
sin (912) = igc/igpk.
Plug (13) into (11), and u.4 can be derived as
41 sUp . 41 clo
Ued = — 1,2‘ Yo sin (wst) + ,ﬂ cos (wst) . (14)
T 19pk T 12pk

The output current of the rectifier is a dc term, and its average
value can be expressed as
2

1y = —lopk.
T P

s)
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The nonlinear items have been linearized successfully. Plug
(8)—(15) into (5), the state equation will be expanded and com-
posed of sine items, cosine items, and dc items. The large signal
model can be obtained, and the steady state operating point can
also be derived when the derivative of the state variable equals
0,1i.e.,

Xy = As_slBss (16)

where

Xss - [Uls;U2s;I13;I25;UlcaU2chlc7]2c}T (17)

and matrix Ay and By are shown in Appendix. The control
variables U;_py and U;_yp are the values of capacitor voltage
11 at which the phase is 7 and 0, respectively, i.e.,

{UIPN = Uy sin (m) + Uy cos (m) = Uy

Uy wp = Uy sin (0) + Uro cos (0) = Use. (18)

The amplitude of U;_px and U;_np is defined as Uy,. The
relationship between control variables and other parameters of
PEC can be analyzed by the steady state model.

In addition, the small signal model can be obtained by perturb-
ing the state variables around the steady-state operating point,
ie.,

r=X+2. 19)

To solve the small signal model of PEC, the small signal model
of VFC will be described first as follows [19]:

{ d¢(t) _ Az 4+ B,

dt 20
i, = CZ 0

where

ey

N I T S . N N N ~ T
T = [levzlcszszQC)ulsvulc7u287u26,uf]

and matrices A, B, and C are shown in Appendix. Thus, the
transfer function of VFC, switching frequency to output voltage,
is derived as

(22)

Then, the control variable of PEC is related to the state
variables of the system, as shown in (18), and it can be expressed
by

Ui = Cyz (23)
where
Cy, =10,0,0,0,0,—1,0,0,0]. 24)

Therefore, the transfer function from switching frequency to
threshold voltage can be derived as

U ~
H,(s) = =2 = Cy(sI — A)'B.

Ws

(25)

The transfer function of PEC, threshold voltage to output
voltage, can be derived by combining (22) and (25)

4, Hp(s) C(sI-A)'B
Hy (s) C Hy(s) Cu(sI—A)'B

= = (26)
Uin
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Fig. 4.

Control block diagram for PEC with a closed loop.

As aresult, the small signal model of PEC is derived cleverly
by utilizing the transfer function from switching frequency to
threshold voltage, which relies on the fact that the control vari-
able of PEC is one of the state variables. After deriving the small-
signal transfer function of PEC, H),(s), the performance of the
closed-loop system can be optimized by designing the controller,
G(s), as shown in Fig. 4, where K is a constant determined by the
sampling and conditioning circuit. The system’s open loop gain
is G(s)xKxH,(s). The energy out of the inverter is the control
variable of PEC, and it is reflected by the threshold voltage Uy,
for the SS-compensated WPT system, which has been analyzed
in Section II. Therefore, the controller will regulate the threshold
voltage and thus manage the system output.

IV. CHARACTERISTIC ANALYSIS OF PEC

The EDF model has been established in the last section, and
the characteristics of PEC in SS-compensated WPT systems will
be analyzed based on the established model in this section. Two
conditions of WPT systems with a small and large coupling
coefficient will be discussed because the frequency splitting
phenomenon exists for the SS-compensated WPT system with a
large coupling coefficient [30], like automated guided vehicles
where the distance between the primary and secondary coils
is small [31]. The voltage gain and input impedance of the
SS-compensated WPT system can be derived based on the large
signal model, i.e.,

G, =2
Uin
AU /7
VI
. 11,
LZin = Oyap — i1 = —0;1 = — arcsin (T{ch)
(28)

where I; s and I . are the amplitudes of the sine term and cosine
term of the current /1, and the curves of the voltage gain and
input impedance with different coupling coefficients are shown
in Figs. 5 and 6, where f,, is the normalized switching frequency,
i.e., fn, =fs/fo. It can be found that double peaks occur in voltage
gain and three crossover frequencies with zero in the curve of
the angle of the input impedance when the coupling coefficient
increases.

27)

Zin| = [uab]
|2l = 5

i

A. ZVS Operation

The ZVS requires the phase of the output current of the
inverter to lag one of the output voltages of the inverter [13],
i.e., the angle of the input impedance is larger than 0. It can be
noted that the angle of the input impedance varies from —90° to
+90° when the switching frequency deviates from the nominal
resonant frequency. Nevertheless, PEC can keep the angle of
the input impedance larger than 0, and it is important for the
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&
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fw
Fig. 5. Voltage gain of the SS-compensated WPT system, R;,.= 10 €2.
el
i
<
ﬁ1
Fig. 6. Input impedance of the SS-compensated WPT system, Ry, = 10 2.

characteristics analysis in the following parts. This feature is
given by the driving circuit, and the reason is as follows.

The main structure of driving circuit is shown in Fig. 7(a).
u1 411 18 the signal after capacitor voltage u; has been attenuated
and lifted, and it is a sine wave with a dc bias voltage of 1.5 V.
u, gy and uyy, g, are two dc signals and generated by DACs of the
digital controller, and they correspond to U;i_py and Ui_np
in (4), respectively, whose values reflect the energy out of the
inverter and determine the system output. After two compara-
tors, two pulses appear, and then the cascaded RS flip—flop will
generate the driving signal of four switches S1-S4. Fig. 7(b)
illustrates the relationship between main waveforms. Between
points A and B, uj 44 is larger than uy, g, and the output of
comparator 2 is positive. Similarly, the output of comparator 1
is positive between points C and D. Through RS flip—flop, the
driving signals of Sy and S3 are positive between points A and
C, and S and S, are activated in the other half switching period
(between point C and A’). « is the phase difference between
point C and the peak point of current i;. It should be noted that
uyp, 1, should be larger than the minimum value of uy 44, and uy, g
should be smaller than the maximum value of 1y 4. Otherwise,
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Control scheme of PEC. (a) Main control structure. (b) Main wave-

the system will shut down. Point C is on the left of the minimum
value of uy 444, 1.€., &« > 90°, which means the phase of current iy
lags the phase of u,;,. Therefore, the driving circuit determines
PEC meets the ZVS conditions.

B. Piecewise Monotonic Feature

The input impedance angles vary continuously from —90°
to +90° when the normalized frequency increases from 0.5
to 1.5, as shown in Fig. 6(b). Furthermore, the driving circuit
determines the angle of the input impedance must be larger than
0, which is explained in Section IV-A. Therefore, the system
using PEC works at the segmented frequency range where the
input impedance angle is larger than 0. The large signal model
is utilized to illustrate the relationship of multiple parameters,
and small and large coupling coefficients will be discussed to
illustrate the monotonous feature of PEC.

1) Without Frequency Splitting: When the coupling coeffi-
cient is small, there is only one peak for voltage gain of the
SS-compensated WPT system and one point where the input
impedance angle is 0, as shown in Figs. 5 and 6, which means
no frequency splitting. Meanwhile, the voltage gain approaches
the maximum value while the input impedance angle is 0.
Three parameters, including input impedance, voltage gain, and
normalized threshold voltage u,, are calculated by the EDF
model, and they are drawn in one polar plot, as shown in Fig. 8.
The normalized threshold is defined as

Uin

max (Upp,) 29)

Uthn =
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Fig. 8. Polar plot of input impedance angle versus voltage gain G, and
normalized threshold voltage w4y, k = 0.1.
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Fig. 9. Polar plot of input impedance angle versus voltage gain G, and
normalized threshold voltage uyp,,, k = 0.4.
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Fig.10. Twokinds of skip phenomena of PEC. (a) DE segment to AB segment.
(b) BC segment to AB segment.
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Fig. 11.  Pole-zero maps when input and output voltage is 50 V, Ry, = 10 €2,
and k = 0.4. (a) VFC. (b) PEC.

The effective zone is covered in blue. Obviously, the voltage
gain increases monotonically with normalized threshold voltage
while the input impedance angle is larger than 0.

2) With Frequency Splitting: When the coupling coefficient
increases, there will be two peaks in voltage gain and multiple
operating frequencies at which the input impedance angle equals
zero, as shown in Figs. 5 and 6. It means that the operating
frequency and voltage gain are nonmonotonic. However, tradi-
tional control methods, such as proportional-integral-derivative
control, require the system to work in the monotonic region.
PEC can overcome the nonmonotonicity problem caused by
frequency splitting. The polar plot of the input impedance angle
with respect to the voltage gain and normalized threshold voltage
Uy, With k = 0.4 can be drawn utilizing the EDF model, as
shown in Fig. 9. A-E are five key points at the normalized
threshold voltage curve, and A’-E’ are five key points at the
voltage gain curve. A and A’ have the same input impedance
angle, which is also suitable for other letters. In addition, C’
and E’ are close, but they are not the same. In the effective
zone where the input impedance angle is larger than O, curves
of voltage gain and normalized threshold voltage are split into
two segments, A-C and D-E.
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Fig. 12.  Pole-zero map when input and output voltage is 50 V. (a) k = 0.4
with the load resistor coefficient increasing. (b) R, = 10 Q with the coupling
coefficient increasing.

From point D to E, uy,,, increases; meanwhile, the voltage gain
also increases (from D’ to E’). For another segment, although
the threshold voltage changes continuously from point A to C,
Uhy Increases from point A to B and decreases from point B to
C. Similarly, the voltage gain increases from point A’ to B’, and
decreases from point B’ to C’. To sum up, the voltage gain also
increases monotonically with normalized threshold voltage for
the system with frequency splitting.

Another question that should be followed is that the threshold
voltage is not continuous; the operation point might skip from
one segment to another segment. Fig. 10 illustrates two possibil-
ities for the skip phenomena of PEC. Since the whole system is
passive, the input impedance angle is between —90° and +90°.
Moreover, the input impedance angle is larger than 0 due to the
driving circuit of PEC. As a result, only a quarter of the polar
plots are diagramed in Fig. 10. Point A is infinitely close to the
origin if the input impedance approaches +90°. Since DE and
BC segments are truncated by the 0-degree line, they will skip
to the AB segment if the normalized threshold voltage continues
to decline. Nevertheless, the conclusion that the voltage gain in-
creases monotonically with normalized threshold voltage is still
effective. This feature is summarized as piecewise monotonic.
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Fig. 13. Bode plot of PEC of the SS-compensated WPT system, Ui, = 50V,
and u, = 50 V. (a) Multiple load resistors, k = 0.1. (b) Multiple coupling
coefficients, Ry, = 10 Q.

C. Small Signal Analysis

Frequent response is important for the closed-loop design.
The small signal model of PEC has been derived by utilizing the
model of VFC in Section III. Based on the transfer functions of
VEC and PEC, the locations of poles and zeros can be watched.
The pole-zero maps of these two control methods with the same
working conditions are shown in Fig. 11. Only low-frequency
poles and zeros are illustrated because the EDF model is not
accurate at too high frequencies. It can be seen that pole-zero
cancellation occurs in PEC (the area circled in red). As a result,
the dominant poles are farther from the imaginary axis, which
is beneficial to improve system stability.

In addition, the frequency response of PEC in two conditions,
different equivalent load resistors and different coupling coef-
ficients with the same output voltage, is illustrated, as shown

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

1. Power analyzer 6. Rectifier 11. Capacitor C: i
2. Electronic load 7. Capacitor Ci 12. Current probe i
3. DC power supply 8. Voltage probe 13. Voltage probe |
4. Driving circuit 9. Voltage probe 14. Transmitting coil i
5. Full-bridge inverter 10. Oscilloscope 15. Receiving coil i

|
|
|
|
'
|
|
|
|
1
\

Fig. 14. Experimental setup of PEC for the SS-compensated WPT system.

in Fig. 12, where arrows indicate the direction of increasing
coupling coefficient or load resistors. When the load resistor
increases, the dominant poles move toward the imaginary axis.
However, when the coupling coefficient increases, the dominant
poles move away from the imaginary axis. Meanwhile, these fea-
tures can also be reflected in bode plots. The low-frequency gain
grows with the load resistor increasing, as shown in Fig. 13(a).
Whereas it changes little with different coupling coefficients, as
shown in Fig. 13(b). The magnitude and phase of the transfer
function are related to the locations of poles and zeros. Also, the
differences between small signal models of VFC and PEC are
distinguished by the different locations of zeros and poles.

Zeros and poles analysis and bode plot are two common tools
of the small signal analysis, which help to research the system’s
important characteristics, such as gain, bandwidth, stability, and
distortion, and they are crucial for designing a system to meet
specific performance requirements. Furthermore, it enables the
evaluation and comparison of various circuit topologies, compo-
nent values, and parameters to achieve desired performance. The
stability analysis and controller optimization can be researched
further in detail based on the established small signal model by
the EDF approach.

V. SIMULATIONS AND EXPERIMENTS

Simulation in MATLAB/Simulink and experiments are con-
ducted to verify the EDF model and the characteristics of PEC.
The system parameters are shown in Table I. The coupling
coefficient is changed by adjusting the vertical distance of the
coil, and two input voltages, 30 or 50 V, are selected to limit
the capacitor voltage u1, thus protecting the digital controllers.
The experimental setup is shown in Fig. 14, and the scheme
of the driving circuit is shown in Fig. 15. The AND gates and
OR gates are used to switch the control strategy between PEC
and VFC, and the signals FlagF and FlagP generate opposite
levels to ensure VFC or PEC work. As for VFC, FlagF is high
level, and FlagP is low level; the driving signals of the inverter
are generated by the ePWM module of DSP, and the switching
frequency is determined by the code. And when FlagF is low
level, and FlagP is high level, the driving signals of the inverter
are generated by PEC. The reason for using VFC is that any
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TABLE I
PARAMETERS OF EXPERIMENTAL SETUP

Symbol Quantity Value
L Primary self-inductance 56.67 uH
L, Secondary self-inductance 57.23 uH
C, Primary compensation capacitor 61.5 nF
G, Secondary compensation capacitor ~ 60.9 nF
Cr Output filter capacitor 120 pF
k Coupling coefficient 0.17 or 0.35
Ui, Input voltage 300r50V
U, Output voltage ~50V
fo Nominal resonant frequency 85 kHz
R, ESR on the primary side 42.8 mQ
R, ESR on the secondary side 39.2 mQ
R, Load resistor 5-50 Q
D; Inner diameter of the coils 10 cm
D, Outer diameter of the coils 28 cm
H Vertical distance of coils 6orllcm

switching frequency can be enforced. Therefore, the VFC can
offer an initial state for PEC to verify the skipping frequency
phenomenon of PEC.

The EDF  model of PEC is verified first. Two different
coupling coefficients are tuned by changing the distance between
the transmitting and receiving coils. The results of the large
signal model and experiments are consistent, as shown in Fig. 16.
The voltage gain calculated by the EDF model with ESRs is
closer to the experimental results, and the larger the voltage
gain, the more obvious the error of the model without ESRs
is. The deviations between the model and experiments are due
to the modeling process idealizing the switching devices, like
diodes of the rectifier whose forward voltage varies with the
current. The frequency response of PEC can be obtained by
the tool “model linearizer” of MATLAB (2022b)/Simulink. The
model and simulation results exhibit a high level of agreement,
as shown in Fig. 17. However, the ESR has a bigger impact
on the magnitude than on the phase, and the model with ESR
has a higher accuracy than the model without ESR. To sum up,
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Steady-state waveforms of PEC, k = 0.35, U;, = 50 V. (a) Output voltage and current of the inverter, sensed u1, uspr,, and uspp, ugp, = 0.6 V, Ry, =

10 . (b) Signals of the driving circuit, u, = 0.6 V, Ry, = 10 €. (c) Measured system efficiency, uy, = 0.9 V, R, = 16 Q.
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Waveforms when k = 0.17, U;;,, =30V, R, = 5 Q. (a) uyy, stepping from 0.6 to 0.4 V. (b) Zoom in when uy, = 0.6 V. (¢) Zoom in when uy, = 0.4 V.
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the large signal model and small signal model of PEC for the
SS-compensated WPT system are effective with high accuracy,
and the model with ESRs is more accurate than the model
without ESRs.

The characteristics, including ZV'S and piecewise monotonic,
are demonstrated by experiments. The multiple signals of the
driving circuit in a steady state are illustrated in Fig. 18(a)
and (b). Specifically, us, 7 and uyy, g, are two threshold voltages
corresponding to U;_py and U;_np in (4), and their average
value is 1.5 V. uy 44 is the signal after u; is attenuated 200 times
and then raised by 1.5 V. uy, is the distance from uy,z7 or uspg,
to dc bias 1.5V, i.e., ugy, = (uena-tinr)/2. tepq and u.py, are the
outputs of two comparators, and u,, and u,.s, are the outputs

(b)

(©)

V. (b) ZVS operation of S1 when uz, = 0.6 V, Ui, = 50 V. (c) ZVS operation of

of the RS flip—flop. In addition, the dc—dc system efficiency can
be up to 95.3% when uy, = 0.9 V and Ry, = 16 €2, as shown in
Fig. 18(c). In addition, there are two segmented working zones
for a large coupling coefficient due to frequency splitting, as
illustrated in Fig. 10. The threshold voltage stepping from 0.6
to 0.4 V is demonstrated in Fig. 19(a), and waveforms before
and after stepping are enlarged in Fig. 19(b) and (c). It can
be found that the switching frequency is changed from 78.3
to 109.5 kHz, and the nominal resonant frequency of 85 kHz
is skipped. The experiment proves that the system moves from
the DE segment to the AB segment, which is consistent with
the analysis in Section IV-B. Compared with Figs. 18(a) and
19(b), their switching frequencies are different, although they
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have the same threshold voltages, which can also prove there are
two segmented zones for PEC with large coupling coefficients.
Similarly, a small coupling coefficient is also demonstrated, as
shown in Fig. 20. The threshold voltage steps from 0.6 to 0.4 V,
and the switching frequency is changed from 94.6 to 95.5 kHz,
both larger than the nominal resonant frequency. The system
without frequency splitting for a small coupling coefficient
works well during the continuous zone when using PEC.

In addition, the driving signals of the inverter rely on the
comparison results of uy 4¢4, Uhr, and us, g, as shown in Fig. 7.
However, u7 44 is so small that the comparators’ outputs are both
zero during the system startup process. To solve this problem,
u,r, and uy,pr are assigned high and low levels together alter-
nately through DSP control with the nominal resonant frequency
during the startup process. As shown in Fig. 21(a), the first three
cycles are generated by changing w7, and uy, 7, and the energy
flowing into the resonant network supports the system entering
the steady state.

Moreover, the inverter’s current phase always lags the voltage
phase, which can be observed in all experimental waveforms.
The results are consistent with the analysis in Section IV-A. This
feature is suitable for ZVS operations. More detailed waveforms
are shown in Fig. 21(b) and (c¢), which correspond to the working
conditions in Fig. 19(b) and (c). It can be found that Vpg is
decreased to zero before the switch S turns ON, i.e., Vggis SV,

VI. CONCLUSION

Previous studies have demonstrated the good dynamic perfor-
mance of PEC, but its internal mechanism remains unclear. This
article establishes the EDF model of PEC in the SS-compensated
WPT system, which is verified to have high accuracy and is used
to analyze the characteristics of PEC. The study reveals that the
driving circuit causes a phase lag between the inverter’s output
current and voltage, favoring ZVS operation during the full-load
range. Furthermore, when the system has frequency splitting,
the working zones of PEC are discontinuous. Nevertheless,
regardless of the coupling coefficients being large or small,
PEC exhibits the piecewise monotonic property, supporting the
design of a unified controller. Experimental results corroborate
the characteristics of PEC derived from the mathematical model.
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