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Abstract—Bidirectional wireless power transfer greatly im-
proves the reliability of power supply. However, wireless commu-
nication between the primary and pickup controllers is usually
required to transmit load information, which has time delay and
is easily interfered by electromagnetic fields. Existing solutions
to avoid the use of communication can be divided into three
categories: additional dc/dc circuit, primary side bridge control,
and secondary side bridge control. Compared with the other two
methods, the secondary side bridge control has low loss and good
robustness. But, it usually requires phase-locked loop (PLL) to
eliminate the frequency error between primary and secondary side
bridges, which increases the complexity. In this article, a constant
current control strategy without communication is proposed. It
is based on the secondary side bridge control and the switching
sequence of the secondary side bridge is periodically synchronized
according to the phase of the resonant current. It works robustly
without the need for additional hardware such as PLL or Multiplier.
The harmonic sensitivity analysis, parameter optimization design
and stability analysis are carried out to improve the control effi-
ciency. Experimental results based on a 1 kW prototype with dual
LCC resonant network are presented to verify the effectiveness of
the proposed control strategy.

Index Terms—Bidirectional wireless charging, LCC, non-
communication.

NOMENCLATURE
Ly Compensation inductor of primary side.
Lo Compensation inductor of secondary side.
L, Self-inductance of the transmitting coil.
Ly Self-inductance of the receiving coil.
M Mutual inductance between L,, and L.
k Coupling coefficient.
is Output current of secondary resonant network.

The amplitude of the n-th harmonic current in 7.

Manuscript received February 22, 2022; revised March 28, 2022; accepted
April 19, 2022. Date of publication April 25, 2022; date of current version May
23, 2022. This work is supported by National Key R&D Program under Grant
2020YFB1506800. Recommended for publication by Associate Editor J. Acero.
(Corresponding author: Min Chen.)

The authors are with the Department of Applied Electronics, Zhejiang
University, Hangzhou 310027, China, and also with ZJU-Hangzhou Global
Scientific and Technological Innovation Center, Hangzhou 311200, China
(e-mail: 22010073 @zju.edu.cn; calim@zju.edu.cn; bodong_li@zju.edu.cn;
11710013 @zju.edu.cn; 3150103575 @zju.edu.cn; jiangfeng @zju.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3169882.

Digital Object Identifier 10.1109/TPEL.2022.3169882

ip Input current of primary resonant network.
o Load current.

Up Input voltage of primary resonant network.
Vs Input voltage of secondary resonant network.
Vo nth Amplitude of the nth harmonic voltage in v,,.

Vs nth Amplitude of the nth harmonic voltage in vy.
wo Resonant angular frequency.

Ty Resonant period of resonant network.

T, Switching period of primary side bridge.

T Switching period of secondary side bridge.

AT Difference between 7}, and T5.

0, Phase shift of primary side bridge.

0 Phase shift of secondary side bridge.

0 Relative phase angle of v, leading v,,.

Aty Time corresponding to the initial value of 6.

o) Phase difference between v, and 7.

V5 @ in the ith switching cycle after the synchronization
point.

Tc Synchronization period.

S5 ~ Sg  Secondary side MOSFETS.

Prc Average active power in T¢.

Qrc Average reactive power in T¢.

r Reference value of the ratio of Qr¢ to Prc.
X1 Impedance of inductance L.

I. INTRODUCTION

RADITIONAL power supply has been realized through
T cable since the advent of electric energy, but it will cause
problems, such as cable aging and interface wear. The harsh
working conditions, the wear and corrosion of the interface
will greatly reduce the safety [1]. In contrast, wireless charging
effectively solves these problems and makes charging more
convenient and flexible. Meanwhile, more and more scenarios
are beginning to show the demand for bidirectional wireless
power transfer (BWPT) technology, such as V2G technology
[2]-[4] and portable devices charging [5], [6]. In the future,
BWPT can also be used in new energy power generation and
other occasions that require bidirectional energy flow.

In order to keep a constant power output, a bidirectional dc/dc
circuit can be added to the input and output side [7]-[10]. The
block diagram is shown in Fig. 1. The load-side dc—dc circuit
can control the reference power, but it increases costs and losses
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Fig. 1. System block diagram with dc/dc circuit.

Primary Converter

|
,J ¥ Lp Ls I+ | |
C i Compensation | 7
Voer© J»_ Up network network | VS 4% ‘ ez :
o

Pick-up Converter .
0

| 7‘ - }
/ | .
prive F:IU' /E = 4 Drive | 0. Vc:
Signals e Signals J t
\ N P 7
Primary |, . o Vo [T
Controller | "~~~ S Pickup Controller

Wireless Communication

Fig. 2. Phase shift control system.

[11]-[13]. In contrast, the phase shift control strategy has been
widely discussed and analyzed due to its flexible control method
and simple hardware [14]-[21]. The block diagram is shown in
Fig. 2. However, due to the current source characteristics of the
resonant network [22], [23] and the uncertainty of the distance
between the induction coils, wireless communication is needed
to transmit the load information to the primary controller. This
causes a delay of several milliseconds and is easily interfered by
electromagnetic fields. Therefore, the use of communication in
closed-loop control will reduce the stability of the system.

In order to avoid using wireless communication, the control
strategies can be further divided into two categories: primary
side bridge control and secondary side bridge control. When
using the primary side bridge control, the transmission power is
controlled by adjusting the switching frequency or phase shift
of the primary side bridge. In [24], a MOSFET is added to the load
side to maintain a constant output current. Then, the primary
side detects the current change and adjusts the phase shift of the
primary side to meet the load current. It uses the disturbance
observation method, and the dynamic response speed needs
to be further improved. A power-frequency droop control
method is employed in [25]. The primary side detects the power
disturbance generated by the secondary side, and the output
power of the circuit is changed by adjusting the frequency. It
extends the power transmission range, but the circulating current
will increase at the non resonant frequency. In addition, the
primary side bridge can control the output power by detecting
the signal and calculating the load impedance [26]. Although
the system structure is simple, it relies on theoretical calculation
and signal detection. To sum up, the primary side bridge control
detects the load signal indirectly, so the accuracy and dynamic
performance are deficient. In addition, the secondary bridge
works as the uncontrolled rectifier. It also increases the loss.
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In contrast, the secondary side bridge control directly detects
the output power for feedback, and then adjusts the operating
mode of the secondary side bridge. It avoids the shortcomings
of the primary bridge control. Mao et al. [27] proposed a phase
angle control method with varactors and realized the adaptive
deadtime control in the transmitter mode and the off-delay
compensation in the receiver mode with delay-locked loop. The
transmission efficiency of the whole working range is effectively
improved. However, the regulation range of transmission power
needs to be expanded. A reconfigurable rectifier is proposed in
[28]. The secondary side bridge switches between the voltage
doubling rectifier and the full bridge rectifier. The power is
controlled by the working time ratio of the two modes. At
the same time, the primary side can detect the disturbance of
mode switching to assist in power control. The combination
of primary and secondary side control effectively increases the
power transmission range. However, the control strategy adds a
switch for mode switching, and the discontinuity of gain in the
two modes will increase the ripple.

In addition, the phase angle control of the secondary side
bridge is widely used because of its flexible control. The relative
phase angle between the primary and secondary side bridges
needs to be maintained at +90° to ensure that the transmitted
reactive power is zero [29]. However, since the primary con-
troller and pickup controller are independent, there will always
be a slight error in the frequencies between the primary and sec-
ondary side bridges. This causes the periodic change of relative
phase angle between primary and secondary side bridges, which
will lead to transmission power oscillation. Therefore, PLL or
VCO is used to eliminate the frequency error in [29]-[31]. In
[29], an auxiliary coil is added on the secondary side to detect
the phase of the primary side bridge, and then adjust the relative
phase angle. However, the method requires accurate sampling
compensation, and controlling the phase difference between the
primary and secondary sides by 4+90° cannot cope with the
detuning situation [30]. In order to enhance the robustness, a
synchronous control strategy based on disturbance observation
method is proposed in [32]. Disturbance is applied to the relative
phase angle. If the power increases, the relative phase angle will
continue to increase or decrease in the same direction. Otherwise
it will change in the opposite direction. This strategy can avoid
the influence of parameter error and detuning, but the power will
fluctuate all the time affected by disturbance, which will also
affect the stability. Furthermore, a more practical method is to
adjust the phase angle of the secondary side bridge by detecting
the active and reactive power output by the secondary resonant
network [30], [31]. The reactive power is detected to carry out the
control of PLL, so as to eliminate the frequency error and keep
the reactive power at 0. It effectively avoids interference caused
by component parameter errors. However, complex hardware
circuits (voltage and current sensors, phase-shifting circuits and
multipliers) are required to calculate active and reactive power.
At the same time, the existence of harmonic component makes
it difficult to detect reactive power accurately, which will lead
to small control deviation.

Compared with the other methods, the phase angle control of
the secondary side bridge has the advantages of low loss, high
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TABLE I
CONTROL STRATEGY WITHOUT COMMUNICATION
Catego Control Strate Additional | Parameter Varia- Design PLL Power
gory gy MOSFET tion Problem complexity Requirement | fluctuation
A(i(iirlzluoirtlal Additional bidirectional DC / DC circuit!"'"! Yes No Low No No
) . Primary side control according to fluctuation gen-
Primary bridge | erated by additional MOSFET on secondary side” Yes No Low No Yes
control Load impedance calculation 1% None Yes Low No No
Secondary side bridge switches between the volt-
age doubling rectifier and the full bridge rectifier. .
The primary side detects the disturbance of mode Yes No Medium No Yes
switching to assist in power control (8
Phase detection by adding a mutual inductance coil .
b Sgg:r(liirtyol on the secondary side None Yes High Yes No
Tl ¢ - B -
Adjust relative phage angle by gze]rturbatlon obser- None No Low No Yes
vation method
P and Q detection B33! None No Medium Yes No
Proposed method None No Low No No
accuracy and good dynamic performance. However, it needs i W M g, )
additional hardware to maintain the relative phase angle and - L Cp— F'y<=Ca Lo -5
eliminate the frequency difference. To solve these problems, this
article proposed a strategy to correct the relative phase angle by I I
detecting the output current of the resonator, which is robust and Up_1th C2 ? s Cis Us 1th
free of additional hardware. The proposed strategy regulates the —‘—

active power by adjusting the phase shift of the secondary side
bridge. The phase of the resonant current is detected in each syn-
chronization period, and the switching sequence of secondary
side bridge is synchronized accordingly. By designing the syn-
chronization period, the drift of relative phase angle can be
limited to a small range. In this way, constant active power can be
transmitted when the reactive power is limited to a small amount.

The advantages and drawbacks of these methods are given in
Table I. Compared with [29]-[32], the proposed method has
no additional disturbance, does not require PLL, VCO, and
complex detection circuits, and is not affected by detection error
or parameter error. Section II introduces the phase shift control
of dual LCC BWPT system, and presents the mathematical
model to analyze the power oscillation caused by frequency
deviation. Further details about the strategy and the design
method of synchronization period are presented in Section III.
The harmonic sensitivity and parameter optimization design for
the proposed strategy are also analyzed. Generalized state space
averaging (GSSA) method is used to analyze the stability. The
effectiveness of the proposed control strategy is verified by the
experimental results of a 1 kW BWPT prototype.

II. BIDIRECTIONAL WIRELESS POWER TRANSFER SYSTEM

The diagram of BWPT system is depicted in Fig. 2. The power
transmission characteristics will be introduced. The power os-
cillation caused by frequency difference between the primary
and secondary side bridges will also be analyzed in this section.

A. Phase Shift Control Method

The resonant network of the BWPT system includes double
LCC, double series—series compensated topology and so on. As

Fig. 3. Double LCC resonant network.
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Fig. 4. Schematic diagram of phase shift angle.

the dual LCC resonant network has the advantages of high trans-
mission power and good security, it is selected for research [33],
[34], as shown in Fig. 3. v, 14, and v,_14), are the fundamental
components of the voltage at both ends of the resonant network.
Lp is the transmitting coil. Lg is the receiving coil, and M is the
mutual inductance between Lp and Lg.

Fig. 4 shows the input voltage v}, on the primary side and vy
on the secondary side of the resonant network, where 6 is the
relative phase angle of v, leading v,, 0, and 0, are the phase
shifts of primary and secondary side bridges.
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The fundamental and harmonic components can be obtained
by Fourier decomposition as

-
vp (t) = _%:r Vp_nth sin nwot
4Woer = 1 n .
= n:213: - cos (59,3) sin nwot
vs (1) = Z Vs nen sin (nwot + né)
n=13,5...
4Vi — 1
= ;:C2 n:zw: -~ cos (g@s) sin(nwot + nd)
ey

where w is the resonant angular frequency, V), n., and Vi
are the amplitudes of the nth harmonic voltage in v, and v,
respectively. Under the fundamental wave model, the current
can be expressed as [34]

MV 14n . ( ™
= L lslth {40 —)
ip wol1Lo sin (wot + 0 + 5
V,
il = p_lth sin (Wot — z)
oJoLl 2 (2)
— 7Mvp‘1th sin (w t— z)
s OJ()LlLQ 0 2
. Vs . ( 7T>
i = oLy sin (wot + 6 5

Combining (1) and (2), the transmitted power can be further
calculated as

p= —Mpilein gip g
_ _8MVociVoez Oy s o
szOLlLQ 2 2 3
0 MVprnVern o - O
2w0L1L2
~ 8MVpciVpc2 O, 0
= ———————— C0S — CO0S — cos 0

7T2wOL1L2 2

According to (3), the transmission power can be adjusted by 6,,
or 6. In order to keep the reactive power at 0, 6 needs to be kept
at —90° when the power is transmitted forward. However, when
the component parameters change or the circuit does not work
at the resonance frequency, the ideal value of 6 will change. The
deviation of # will increase the reactive power. On the other hand,
there will always be a slight error in the frequencies between the
primary and secondary side bridges since the primary and pickup
controllers are independent. This causes the periodic change of
0, which will lead to transmission power oscillation.

B. Analysis of Power Oscillation

When there is an error between the primary switching period
Tp and the secondary switching period T, 6 will gradually
change as shown in Fig. 5, where At is the time corresponding
to the initial relative phase angle and AT =Tp — Ts.

Assuming that the resonant frequency of the compensation
network is Tg, the error is small, so T» and Ts are close to
To. As shown in Fig. 5, the time corresponding to 6 of the nth
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switching cycle is Aty + (n — 1) AT Therefore, 6 can be given

by
2 AT
0 = T <Ato + T0t> . (4)

Substituting (4) into (3), the active and reactive power can be
given by

MV, 1nVs 1n . |27 AT
2UJOL1L2 St |:T0 < ot T() (5)
MVp ltth 1th 27 AT '
Q 2w0L1L2 o |:T0 ( 0 + TO

The waveform of P is shown in Fig. 6. It shows that the
frequency difference will cause the transmitted active power to
oscillate sinusoidally at a fixed frequency, and the average output
power will be 0. The frequency difference leads to the continuous
phase shift of the primary and secondary side bridges. Therefore,
the essential cause of power oscillation is also the change of 6. If
0 is kept stable, stable output power can be obtained. Therefore,
a synchronization technology is needed in the control.

III. PROPOSED CONTROL STRATEGY

In order to keep 6 stable, one solution is to eliminate the
frequency error and design a closed loop of reactive power [30],
[31]. It will increase the complexity and the control effect will be
reduced due to inaccurate reactive power detection. This article
proposed a synchronization strategy to periodically correct § by
detecting the output current of the resonant network, which is
much simpler and reliable. The frequency difference will slightly
affect the transmission power in the proposed control strategy.
Therefore, the transmission power is calculated accurately in
Section III-B. At the same time, the control strategy relies on
the detection of the current zero-crossing point. The harmonic
current will affect the accuracy of the detection. Therefore, it is
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necessary to establish the circuit model to analyze the harmonic
sensitivity, which is shown in Section III-C.

A. Proposed Control Strategy

The system block diagram of the proposed control strategy is
shown in Fig. 7. Vpc1 and Vpo are voltage sources. When the
system starts to work, the secondary side bridge is not driven
and its body diodes are used for rectification. The primary side
tracks the resonant frequency by detecting the phase difference
between v, and i,,, and adjusts the switching frequency f,, of the
primary side bridge. Thus, the phase difference between ¢, and
v) 18 maintained at a reference value. Resonant frequency point
tracking can avoid detuning caused by parameter errors.

At the same time, the pickup controller samples ¢ to capture
the zero-crossing point and calculate the frequency to obtain
fs. After f, is stable, 6 will remain at a fixed value. Then, the
secondary side bridge will be driven and fs will be used as its
switching frequency. Taking into account the detection error and
the difference between the controllers, there will be an error in
the switching frequency between the primary and secondary side
bridges. From (2), i lags v, 90° and is independent of v,. If v
and i, are in phase, 6 will stabilize at —90°. Therefore, v, can be
periodically synchronized by detecting the phase of i, thereby
avoiding power oscillation. The phase synchronization strategy
is performed as Fig. 8. is_g;, is the polarity signal of i, and u 45 -
ugs are the driving signals of secondary side bridge. The pickup
controller captures the rising edge of i5_g;r and synchronizes 6 at
each synchronization point. The synchronization period T is N
times the period of T as (6), which means that synchronization
operation occurs every N cycles of i .

Tc = NTy. (6)

At the synchronization point, vy is corrected to be in phase
with 7,. While synchronizing the secondary side bridge, the
pickup controller detects the error between the output current and
the reference value, and then adjusts 05 through PI controller.
As shown in Fig. 8, the secondary circuit has four stages in

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

generator

Synchronization Synchronization

point TC p\omt
non synchronization '

A point
L \\ .
is_dir'| ] ] \ 1 5
o g [ o
wh g L /) e
I e
w—d el | =l o
AN e B T

I_!ﬂ i :III!T!; _!:

i
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each switching cycle: I; II; III; and IV. Each stage is shown in
Fig. 9. In stages I and IlI, the current resonates in the resonant
network, while in stages II and IV, the current flows to the
load. In order to complete the synchronization, the switching
sequence at the synchronization point needs to be calculated.
The synchronization process is as follows.

1) Stage I [ty, t1]: The pickup controller captures the rising
edge of 75 g at 7y and starts to synchronize. During #y-t;,
both S5 and S are turned ON. Therefore v, is 0. S 5 is turned
OFF at ¢4, and the time from ¢, to ¢; can be presented as
t1 — to = 95 /(47Tfs)

2) Stage Il [11, t2]: At this stage, S5 is in the OFF state, and S
is still ON. Therefore v, is equal to Vpc2, and the resonant
current flows to the load. S is turned OFF at ¢, and the
duration of state Il is: to — ¢t = T /2 — 05/ (27 f5).
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Fig. 9. Working stage of secondary circuit. (a) Stage I. (b) Stage 1. (c) Stage
III. (d) Stage IV.

Through the switching timing adjustment, v; and 75 are always
in phase in the first switching cycle after the synchronization
point. After t», the secondary bridge still uses f; as the switching
frequency. Although there is still frequency error between the
primary and secondary side bridges, the periodic synchroniza-
tion can avoid large amplitude shift of 6.

In summary, the control strategy keeps 6 stable through cur-
rent detection. Therefore, constant power output can be achieved
without wireless communication. 6 is determined by the phase
of is rather than the detection of 6 or theoretical calculation,
so it can deal with the non ideal working conditions caused by
parameter errors and harmonics.

Due to the frequency deviation between the primary and
the secondary side, the value of N will affect the transmitted
active and reactive power. When N is too large, a lot of reactive
power will be generated. At the same time, it is also necessary
to consider the impact of harmonic currents on the synchro-
nization process. These will be introduced in Section III-B and
III-C. The stability analysis is presented with GSSA method in
Section III-D.

B. Power Calculation and Design of Synchronization Period

According to the proposed strategy, the phases of v, and i,
are slightly different at the non-synchronization point due to
frequency error. It will produce reactive power and loss. The
average active power transmitted is also changed. Therefore,
the average active and reactive power need to be calculated, and
N needs to be designed to reduce loss.

According to (5), the average active power P, and reactive
power Q7. in a synchronization period T can be calculated as

1 s X .
QTcZN(Q1+Q2"'+QN)=NZSIH%
=1
) ¢ N @)
PTC:N(P1+P2"'+PN):N2COS(pi

where Q;~Qpy and P;~P are the reactive and active power
generated in each switching cycle after the synchronization
point respectively, S is the apparent power, and ¢; is the phase
difference between v, and 75 in the ith switching cycle after the
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Fig. 10. i, andits polarity signal ¢5_gir when the harmonic current is too large.

synchronization point. They can be obtained from (3)—(5)

§— PPr e = MoanVeron

AT 2w0L1L2 (8)
pi=— x27x(i—1)(i=1,...,N)
Ty

where Q 7. is the average value of Q ;~Qy, and Q ;~Q y has the
same calculation form. Therefore, Q 7. can be approximated by
integration as

s (N (AT
Qr, = N/o sin <To * 27rt) dt

STy AT
=—|1— — x 27N || . 9
%Mﬂ[ m(%*”>} ©)
Similarly, Pr,, can be calculated as
STy . AT
PTC = m Sin (% * 27TN> . (10)

It can be seen from (10) that with the increase of N, P,
decreases and Q7. increases. Then the ratio of Q 7. to P, can

be calculated as
AT
= tan (To * 7TN) .

Qrc
Pr,,

The ratio of Q7. to Py, increases as N increases. In order
to reduce the loss, NV needs to have an appropriate value range.
Assuming that the maximum allowable ratio of Q 7. to P is 7,
the range of N can be given by

(11)

Ty
N < AT arctan(r).

In theory, the smaller N is, the less reactive power flows, but
due to the limitation of the controller’s response speed, N cannot
be too small. Equation (12) provides a reference for the value of
N. Through (10), the transmission power can be designed more
accurately.

12)

C. Sensitivity of Control Strategy to Harmonics and
Parameter Optimization Design

The implementation of the proposed strategy depends on the
detection of the zero crossing point of 7. However, the harmonic
current not only affect 4, but also cause multiple zero crossings
as Fig. 10 when the harmonic current is too large. Multiple zero
crossings will cause the polarity signal ¢5_g;, to generate multiple
rising edges in one switching cycle. This will cause phase
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Fig. 11.  Equivalent circuit of resonant network.

synchronization errors. Therefore, the harmonic model of i, is
needed to study the harmonic sensitivity of the control strategy.

Assuming that the phase of v;_1,, s 0, the fundamental current
1s_1th Of 14 satisfy

MV, 1
w0L1L2

From (1), the harmonic voltage in v, varies with 6. In order
to calculate the harmonic current, it is necessary to calculate the
input impedance of secondary resonant network. The equivalent
circuit of compensation network is shown in Fig. 11. The sec-
ondary circuit is equivalent to resistance R p at the primary side,
and the primary circuit is equivalent to the fundamental voltage
source Us, at the secondary side. Due to the low-pass filtering
characteristics of LCC resonant network, the power in Lp and
Lg is mainly transferred by fundamental voltage and current. So
Rp and Uy, are calculated using the fundamental model

Vs 1tn
kaLp =
11 p_1th

Us 1th = (13)

sin (wot — g —9) .

iowoMj

R, =
(14)

L
UST = il woMj = kﬁ%lth

sin (wot)
Ignoring Uy, the harmonic input impedance Z(w) of the
secondary side can be calculated

1
JwCs2

Z (w) = jwLy + —_— (15)
JwlLs + JjwCs1

In order to simplify the impedance, parameter a is introduced
in this article in combination with (3)

Pmax o kOLp
V})flth‘/sflth woL12

a = (16)
where kj is the coupling coefficient of rated working distance
and P, . is the designed rated power. a is a constant, reflecting
the ability of the system to transmit power. Then, (17) is obtained
by combining (15) and (16)

4 2 k
n*—2n“4+1-—- —=
Z(n) =uwo Ly * awoly
(n) = wo Ln - —
n4—2n2+1—a|§°‘
L
- |XL1| * s —n - (17)

where n is the harmonic order. According to (17), the input
impedance is an inductor with a value of |Z(n)| and the resonant
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current i, can be calculated as follows:

i (t) = —1s 1th sin (th — 0+ g)
= > Loamsin (nwot = 5)  (18)
n=35...
where
V:s nth
Ioiin = ——— V., 1tns Is min = —= =35...
_1th WLl p_1ths Ls_nth Z ()] ( )

In (18), parameter 6 needs to be solved. According to the
proposed control strategy, ¢s= 0 at the synchronization point, so
wehave i4(0) = 0. Combining with (18), 6 can be derived

Loy + Tsgin + - + Loy ) (19)

0= —g + arcsin (

ISlf,h
According to (19), when the harmonic current is 0, § = —90°.
That is, when 0 = —90°, the reactive power is 0. This is the

same as the conclusion deduced from (3). The harmonic current
cause 0 to deviate from —90°. Furthermore, both simulated and
analytical waveforms of i, are shown in Fig. 12. The analyti-
cal waveforms is consistent with the simulation results, which
verifies the effectiveness of the model.

On the other hand, when the system is working, the induction
coil may be dislocated and k decreases. Then, I 1, decreases. In
order to maintain constant power output, 6 s decreases, so Vs ¢,
may increase and the harmonic current will increase. When
k = 0.1, 75 is shown in Fig. 13. The harmonic currents cause
multiple zero crossings in i,. It will cause incorrect synchro-
nization.

In summary, harmonic current will not only affect the value
of 6, but also cause i, to have multiple zero crossing points in
serious cases, which greatly reduces the accuracy of detection.
Therefore, it is necessary to reduce the harmonic current. The
gain of harmonic current under different |Xy ;| is shown in
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Fig. 14. As|X ;| increases, the harmonic current gain decreases,
but the trend gradually slows down. Therefore, it is not necessary
to choose an excessively large X1, 4].

When selecting different |X, ;|, the change of § with kis shown
in the Fig. 15. The larger the |X1 ;] is, the closer the @ is to the
theoretical value of —90°. Therefore, the method of avoiding
reactive power flow by keeping 6 at 90° [29] is not reliable.

When designing the parameters, the resonant frequency needs
to be determined first and its range is usually limited, so |X, ;| can
be increased by increasing L ;. However, when L; increases, the
parasitic resistance increases, and the efficiency will decrease.
Therefore, L; can not be too large. The parameter selection
process is shown in Fig. 16, where 6 is related to the power
transmission range, k can be obtained from the transmission
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TABLE II
COMPONENT PARAMETERS
Parameters Value Parameters Value
Cpr Co 33nF Ri1» Ry 0.21Q
Co» Cy 12nF Ry Ris 0.320
Ly L» 108uH Air gap 150mm
Ly, L, 406uH Vocrr Voo 300V
Synchronization control closed loop
éperturb
Sampler ZOHNT N 0
0 1—e ™ '+ WG 2o
- 3 @ OB
(@rer =0) s i
7 @
LGo(s) =+
[
irg k: | 6. i,
- @_ kﬁ_’_? Go,i(s):»*
0.

] PI Controller

Power control closed loop

Fig. 17.  Control block diagram.

distance, and f'is determined by the frequency tracking range of
the primary controller. In order to avoid multiple zero crossing
points in 74, the worst working condition can be selected to
design the minimum L /L according to the proposed calculation
model of i4, and then other parameters can be obtained. The
parameter selection principle takes into account the accuracy of
control strategy detection and transmission efficiency.

D. Stability Analysis

After the analysis of harmonic sensitivity in Section III-C, a
set of appropriate parameters are designed, as given in Table II.
Rr1, Rra, Rrp, and Ry, are the parasitic resistances of Ly, Lo,
L,, and L, respectively, and the rated transmission power is
1 kW.

In order to analyze the stability of the proposed control
strategy, it is necessary to establish the small signal model of
the control system and obtain the transfer function for analysis.
The small signal model of the proposed control strategy is shown
in Fig. 17, where
%) phase difference between v, and ¢4

pref  reference of ¢

Gy;  open-loop transfer function between 0 and %0

Gy,i open-loop transfer function between és and %O
Gy, open-loop transfer function between 6 and P.

For a variable z, & represents its perturbation. The control
block diagram is divided into synchronization control closed
loop and power control closed loop. Correspondingly, the dis-
turbance of output current 7, also comes from two parts: the
disturbance caused by the change of 6 and 6, respectively.
According to (4), when there is an error in the switching fre-
quency between the primary and secondary side bridges, there
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is a continuous phase difference disturbance between v, and v,.
The disturbance can be regarded as the perturbation épenurb of
6 in the small signal model. In the synchronous control closed
loop, the purpose of synchronization is to keep ¢ at 0, SO Dyef 1S
0. The proposed control strategy synchronizes v every N cycles.
It can be regarded as a discrete control with a period of N7,
which can be equivalent to the sampler and zero order holder
(ZOH) link. The sampler samples the error of  every N cycles
and generates the corrected value of 6 after ZOH.

The closed-loop transfer function between épemrb and %0 can
be expressed as Gy and the closed-loop transfer function

perturb s

between ire ¢ and %, can be expressed as (. According to
Fig. 17, i, can be expressed as

%o - Gepermﬂ,iéperturb + Gi,efi%ref
Go; 1 A
= o ~Ts ¥ > 0
1+ GQLPT 1+ (kp + ?1) GOSZ'

(kp + k_;) Ggsi -
T Lref-
14 (kp + %) Go,i

To obtain the closed-loop transfer function, it is necessary
to establish the small signal model of the circuit to calculate
Goi, Gg,i and Gg,. For resonant circuits, GSSA method is
widely used to analyze dynamic characteristics. The compen-
sation network port equations are established and the open-loop
transfer functions are obtained by GSSA method. The details of
the solution are shown in the Appendix. According to the small
signal model, the zero pole distribution diagram of Gy,_,,.; and
G, can be drawn, as shown in Fig. 18. The real parts of the
poles are all negative, so the system can operate stably. The small
signal model can also be used for control parameter design.

perturb

(20)

IV. EXPERIMENTAL RESULTS

A BWPT prototype with rated power of 1 kW and resonant
frequency of 84.27 kHz is designed and built. The source and
load are both 300 V dc sources. The prototype is shown in
Fig. 19.

A. Experimental Verification

When the circuit works, the ratio of AT to Ty is 0.34%.
As shown in Fig. 20, the output current ¢, oscillates when
the proposed synchronous control strategy is not adopted.
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Bidirectional DC

voltage source

Fig. 19.  Prototype image. (a) Prototype. (b)Induction coils.
. secondary side bridge control
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0 .. SR

1w
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value 842514 kHz

> 0:—28.2"4}
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v

P5ifreq(C4) PG --

284.481020 Hz
v

Output current without using the proposed control strategy.

P3mean(C4)
-592mv

status v

-4.00m

Fig. 20.

0 gradually changes under the influence of frequency difference.
The oscillation frequency is 285 Hz, which is consistent with the
theoretical value calculated by (5).

During oscillation, the phases of vy and ¢4 are different,
resulting in reactive power flow. As a comparison, the proposed
control strategy is adopted and the number of synchronization
cycles Nis set to 6. Fig. 21 shows the operating waveform when
the transmission power is 1 kW. 6, is stable at 21°, and the
efficiency reaches 94.27%. Fig. 21(a) shows the driving and
drain source voltage of the primary side MOSFET. The primary
side bridge realizes zero voltage switching ON. The voltage and
current waveforms of the secondary side are given in Fig. 21(b).
The phases of v, and i are consistent and there is no reactive
power flow. Affected by the harmonic current, the value of
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Fig. 21. Operating waveforms with output power of 1kW (adopting the
proposed control strategy). (a) Primary side. (b) Secondary side.

0 is —104°, indicating that the effectiveness of the control
strategy of maintaining # = —90° by continuously detecting
0 is insufficient.

In order to verify the stability of the dynamic working process,
the dynamic waveforms of the step response are observed, as
shown in Fig. 22. At t(, the command signal with 850 W is
given, and the system can respond effectively. In steady state,
i, = 2.82 A, 0, = 53°, 0 = —99°. i, is constant and the
phases of v, and is are always the same, which proves the
effectiveness of the control strategy. Due to the decrease of
harmonic current caused by the increase of 0, 8 is closer to —90°
compared with the value at 1 kW, which is consistent with the
theoretical analysis in (19). Therefore, the value of 6 is different
under different transmission power. The proposed strategy can
stabilize 6 at an appropriate value at different power levels, that
is, output constant power while keeping reactive power at 0.

Fig. 23 shows the transmission power and efficiency at dif-
ferent 6. The highest efficiency reaches 94.3%.
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B. Robustness Test

To test the robustness of the proposed strategy, experiments
are carried out under worse conditions. The frequency error
is changed from 0.34% to 1%, and the effects of different
synchronization cycles (N = 4, 6, 12) are tested under the
condition of 1% frequency error. The operating waveform when
P.r = 1kW is shown in Fig. 24. As shown in Fig. 24, the phases
of vg and 74 are the same, and the proposed strategy effectively
controls 7, to be 3.3 A. As indicated in Fig. 24, the amplitude
of is fluctuates slightly, and the fluctuation period is the same
as T¢. The i, with different N shows that the smaller T, the
smaller the fluctuation, and the better the control effect.

Further, the experimental waveform when there is error in
circuit parameters is shown in Fig. 25. The value of Clyy is
changed to 26.4 nF to simulate the case where there is a20% error
between the component value and the design value. Compared
with the case of C'so = 33 nF, the maximum transmission power
of the system is reduced to 850 W. The command signal from
850 to 800 W is given. In steady state, § = —89°, 8, = 35°. The
system can still work effectively using the proposed strategy.
The above experiments show that the control strategy has good
robustness.
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Step response waveform at C'so = 26.4 nF.

V. CONCLUSION

In this article, a constant power control strategy for the BWPT
system without communication is proposed. The strategy solves
the problems of reactive power flow and power oscillation caused
by the change of relative phase angle. The switching sequence of
the secondary side bridge is periodically synchronized according
to the output current phase of the resonant network. Thus, it does
not require reactive power closed loop and additional hardware,
such as PLL or VCO. A mathematical model is established
to analyze the current oscillation due to frequency deviation,
and the design method of synchronization period is presented.
Furthermore, the harmonic sensitivity analysis and parameter
optimization design are carried out to improve the control effi-
ciency. The stability of the proposed control strategy is proved
with GSSA method. The simulation and experimental results of
a 1 kW prototype verify the effectiveness of the proposed control
strategy and mathematical model. The proposed strategy is not
affected by parameter fluctuation while outputting constant cur-
rent. Therefore, the proposed strategy is a simple and effective
solution free of wireless communication.

APPENDIX

The solution process of open-loop transfer function is pre-
sented in this section. Selecting inductor currents and capacitor

(b)

Experimental waveforms with frequency error of 1%. (a) N=4. (b) N=16. (c) N = 12.

P= 850W<:ZI:IZ(>P0%U€7"

voltages as state variables, the LCC-LCC compensation network
can be described as

di
_Li
Up = S
di,

= —LQE +'UC

+ UC + Z.p]%l,l

— iR

dvcp2
dt
d'UC,<2
dt

d dZQ
M==
L *

dt
d22 di 1

L E—'_ME—’_ZQRLS

dvc,,
dt

dvc,,
dt

where ve,,, vo,,, Vc,,, and vo,, are the voltages of Cp1, i1,
Cp2 and Cjo respectively. After the parameter optimization,
the harmonic content in the system is low, and the energy
transmission and dynamic characteristics are dominated by the
fundamental component. Therefore, the fundamental frequency
component is used to describe the dynamic characteristics of the
system, v, and v, can be expressed as

ip — i1 = Cpa

—lg — g = CSQ

2y

Ve, = Ve, + L + 11 Ry

Ve, = Vo, T

’il = Cpl

ig = Co1

4
vy = PCL sin (wot)
4V 0 @2)
Vg = DC2 - os ES sin (wot + 0)
™

For resonant circuits, GSSA method is widely used to analyze
dynamic characteristics. In GSSA method, a variable z(¢) can
be expressed as

x(t) = z(t), sin wt + z(t),cos wt (23)

where (z(t))s and (x(t)),. are the coefficients of sine component
and cosine component of x(¢) Fourier expansion, respectively.
(24) can be obtained by expressing all eight state variables in
the form of (23).
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In order to establish a small signal model, a variable x needs d(%p> . R .
to be expressed as the addition of steady-state X and disturbance =L ( ac o <Zp>c) + (0c,,) + (ip)s R
Z, as shown in (25)

=1 (% + wo(2p>s) + (0c,s)c + (ip)eRr1

oo _p, (d““s - wO<z'p>c) +(0,), + i) B
() s | (bt
Wots B g (B ) — L, (% (i) ) + (i) = (R
+ (v0.,) s — (is) RiL2 4‘/’;‘32 (9—; sin 0'sin % + 0 cos % cos 9>
T cos G sin 0= Lo T+l ) = ra( Mk i, ) + G0l Gi)eP
+(ve.a), — {is) Rra & A
iy - ( (ve,,), (v6,.) ) (ip)s — (i1)s Cp2<d<v§;2>s —wo<@cpz>c>
Ip s — Wo UCP2 c ~
om0 = (2 (e (n)e = cpz(dtjg”c b, |
iy (M),
), — i), = G <% - wo(chz>c> (12)s — (is)s Cs2< 0 w0<st2>c>
i), = (). = Caa (21 4 nfuc), St <% i
(V0 )y = (V0,0 ), + L;(% - W0<i1>c> \0Csals = <ﬁcf1>s " LP(% - w0<%1>c> (26)
(v,0), = (v, ), + L e + enin), ) (e = (e + by ke 1 onfi,
(e s i, ) + ) Ry (M i, ) + oy
(b, = oo+ (B2 — o), (0.0 = (oo + Lo L2 — i, )
+M(% - w0<i1>c) + (ia) Rrs +M<% - w0<%1>c> + (i2)sRes
(e = tocu b+ Le( e + (i), (0.1e = Genleot B (B2 ),
+M(d<;;>c +uJo<i1>s> + (i) R +M<d<2t>“ +wo<§1>58> 1 (in)e Ry
(= O (R8s o, ), ) (). = O (L2 i, ,)
e s N (o ™ v
i2), = Co1 pr wo (v (ia)s = Cs1< pn wo<vcsl>c>
(i), = O ( B8k 1 i), ) (z)e = O 5k anfic,),

(24) The input disturbances in the system are 6 and 6,. By substi-
tuting all variables as shown in (25), (24) can be rewritten in a
r=X+2 (25) linear small-signal form as (26).
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Equation (26) reflects the dynamic characteristics of state
variables. In order to solve the transfer function, the output
equation needs to be established. The phase ;5 of i satisfies

tan 0;, = <. 27

S8

Then , ¢ can be solved

~ ~ ~ 1 ~
p=10— is — U — 77 3 .s c
4 b ’ <ZS>S + (zs>ctan Ois (te)
n tan 6, <’zs>s~ 28)

(ts) s + (1s) . tan O,

Assuming that the amplitude of %, is %4y, ([29]) can be de-
duced according to the power conservation on both sides of the
secondary side bridge

2 2

Z'sp2 = <is>s + <is>c

Vs 1th
V2

(29)

lsp

V2

* xcosp = Vpee i,

~ 2 95 .s . 0 s il
i, = — [cos — cos @ (<Z )s (is)g + (i >C<ZS>C>
™ 2 lsp Tsp
1 0 - O .
—5 sin Es cos Pigpls —sin @ cos 2251,4 . (30)

Then, %0 can be solved as (30). In summary, the state equation
of the compensation network can be expressed as

(€19}

&= A%+ Ba
§=Ci+ Di

where

7= |(p) (ool is), (o) (00,0, (00,),

Cy2 >s @C’sz >C<%1>s <%1>C<%2>s <%2>c
i) (0 (Be) (e T

i=166,]"

=9

A, B, C. and D are constants related to circuit parame-
ters, which can be calculated according to (21)-(30). Then
Goi, Go,i, and Gp, can be calculated with the formula
C(sI — A)"'B+D.
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