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Abstract

Aiming at the influence of coupling coefficient variation on the output voltage of a high-
power LCC-S topology inductively coupled power transfer (ICPT) system, a synchronous
three-phase triple-parallel Buck converter is used as the voltage adjustment unit. The control
method for the three-phase current sharing of synchronous three-phase triple-parallel Buck
converter and the constant voltage output ICPT system under the coupling coefficient vari-
ation is studied. Firstly, the hybrid model consisting of the circuit averaging model of the
three-phase triple-parallel Buck converter and the generalized state-space average model for
the LCC-S type ICPT system is established. Then, the control methods for three-phase current
sharing of the synchronous three-phase triple-parallel Buck converter and constant voltage
output of ICPT system are studied to achieve the multi-objective integrated control of the sys-
tem. Finally, a 3.3 kW wireless charging system platform is built, the experimental results have
verified the effectiveness of the proposed modeling and control method, and demonstrated the
stability of the ICPT system.

Introduction

The inductively coupled power transfer (ICPT) technology [1-3] is widely researched and
applied in the field of wireless charging because of its ability to realize large power transmis-
sion [4-6]. For the electric vehicle wireless charging system, due to the flatness of the site and
the parking angle, the mutual inductance of the ICPT system will have a range of variation,
which will affect the output voltage of the system. Therefore, the realization of constant voltage
output [7, 8] with a DC-DC converter [9, 10] or a phase-shifting inverter [11] under the vari-
ation of mutual has been widely used. At present, the asynchronous signal-phase Buck con-
verter is mostly used as the DC-DC converter. However, a single-phase Buck converter has
insufficient voltage and current stress of the switching tubes, a large ripple of output voltage
and current, and poor safety redundancy characteristics [12, 13], and it cannot be used in the
high-power ICPT system. In addition, for an asynchronous single-phase Buck converter, the
loss of the flyback diode is very large, and the efficiency of the asynchronous single-phase
Buck converter is also not too high.

As the three-phase triple-parallel Buck converter can reduce the current stress of the power
switch tube, the current ripple of the output voltage and the volume of the inductor and cap-
acitor can be smaller. At the same time, because the synchronous DC-DC converter has a
higher efficiency than the traditional asynchronous DC-DC converter, in order to reduce
the conduction loss and improve the efficiency, a synchronous three-phase triple-parallel
Buck converter is adopted to achieve the constant voltage output under the coupling coeffi-
cient variation in this paper, which can reduce the current stress of the power switch tube,
the current ripple of the output voltage, and increase the power density of the ICPT system
(14, 15].

In this paper, an LCC-S topology ICPT system with a synchronous three-phase triple-
parallel Buck converter is studied. It can be divided into the front part of the three-phase
triple-parallel Buck converter and the later part of the LCC-S topology resonant converter.
However, as we know, this kind of system is a typical high-order non-linear system. For the
later LCC-S topology resonant converter, due to the existence of inverter circuit, rectifier cir-
cuit, and resonance compensation network, and a large number of capacitance or inductance
parameters in the system shows oscillation characteristics, the modeling method is not the
same as the modeling method of the front three-phase triple-parallel Buck converter. Thus,
the generalized state-space average (GSSA) model is used to model the LCC-S resonant con-
verter, while small-signal modeling is used to model the three-phase triple-parallel Buck con-
verter, so hybrid modeling of ICPT system with synchronous three-phase triple-parallel Buck
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Figure 1. Schematic diagram of the ICPT system based on the synchronous three-phase triple-parallel Buck converter.

converter is studied. In addition, based on the frequency-domain
method, the methods of the three-phase current sharing of the
synchronous three-phase triple-parallel Buck converter and the
constant voltage output control of the ICPT system under coup-
ling coefficient variation are studied. Firstly, based on the circuit
average method and GSSA method, the mathematical model of
the ICPT system is established. Then, the current sharing and
constant voltage output closed-loop controller under the coupling
coefficient variation is designed by using the frequency-domain
method. Finally, an experimental platform is built and tested
to validate the effectiveness of the current sharing and constant
voltage output controller.

Structure and modeling of ICPT system with a synchronous
three-phase triple-parallel Buck converter

Synchronous three-phase triple-parallel Buck converter ICPT
system

In this paper, the design objective of the ICPT system is that the
input voltage is 220 VAC, the output voltage is 300 VDC, the wire-
less transmission distance is 15 cm, the output power is 3.3 kW,
and the system operating frequency of the inverter is 85 kHz. In
order to realize the constant voltage output of the system with
the coupling coefficient variation, a three-phase triple-parallel
parallel Buck converter is used in the primary circuit of the
ICPT system. The structure of the ICPT system with a synchron-
ous three-phase triple-parallel parallel Buck converter is shown in
Fig. 1.

In Fig. 1, D;-D, constitutes the primary rectifier circuit. Ds—Dg
constitutes the secondary rectifier circuit. S;;,-S3; and S;,-S; are
the upper and lower power switches of the synchronous three-
phase triple-parallel Buck converter. Ly, L,, L3, and C; constitute
the filter of the Buck converter. S;-S, constitutes the high-
frequency inverter. Ly, Cya, C,, and L, constitute the LCC com-
pensation topology on the primary side, and L, is the equivalent
inductance of the transmitting coil. L; and C; are the equivalent
inductance and compensation capacitor of the secondary side,
respectively, which constitute the series compensation topology
of the secondary side. R is the equivalent load of the ICPT system.

Hybrid modeling and analysis for the synchronous three-phase
triple-parallel Buck converter ICPT system

In order to design the closed-loop controller of the system, the
mathematical model of the system based on the frequency-
domain analysis method must be established in advance. As
shown in Fig. 1, it consists of a synchronous three-phase triple-
parallel Buck converter and an LCC-S topology resonant con-
verter. As we know, this kind of system is a typical high-order

non-linear system. For the later LCC-S topology ICPT system,
due to the existence of inverter circuit, rectifier circuit, and reson-
ance compensation network, and a large number of capacitance
or inductance parameters in the system shows oscillation charac-
teristics, the modeling method is not the same as the modeling
method of the front three-phase triple-parallel Buck converter.
Thus, the GSSA model is used to model the LCC-S resonant con-
verter [16], while a small-signal modeling method is used to
model three-phase triple-parallel Buck converter, so a hybrid
modeling of ICPT system with the synchronous three-phase
triple-parallel Buck converter is studied.

Small-signal modeling and analysis for the synchronous
three-phase triple-parallel Buck converter
The small-signal model of a single-phase synchronous Buck con-
verter based on the network theory of a three-phase switching
device is given in [17]. Based on this, the equivalent model of
the synchronous three-phase triple-parallel Buck converter can
be established, which is shown in Fig. 2.

According to Fig. 2, based on the small-signal model theory,
the transfer function of output voltage v, and inductor current
ip with respect to the duty cycle can be derived as

T) V 1 + ReSVC
Gl =28 = W
S _L 1 or 2 — Resr 1
3 C( + R )S + <3R + C)S +
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GSSA modeling and analysis for LCC-S topology resonant
converter

As discussed in [16], the GSSA model is used to describe the
time-domain periodic signal in the Fourier complex exponential
form. By approximating the original signal with conjugate low-
order harmonic components and linearly processing the non-
linear link according to the properties of the Fourier coefficients,
the envelope of the original signal and its approximate solution
can be obtained.

According to the topology diagram of the LCC-S type resonant
converter shown in Fig. 1, the Norton equivalent circuit can be
obtained as in Fig. 3.

Choosing the inductor current ij,, i, i; and the capacitor
voltage ucpa Ucp Ucs Ue as the state variables. Using the linear,
differential, and convolution properties of the Fourier series, the
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differential equations of the system can be approximately linear-
ized as equation (3).
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Design of ICPT system current sharing constant voltage
output closed-loop system

In this paper, the front three-phase triple-parallel Buck converter
is adopted to realize the constant voltage output under the coup-
ling coefficient variation. The current in the three inductors may
be unequal, which will make the switch of one of the phases to
afford larger voltage and current stresses so as to destroy them
[18]. Therefore, the current sharing control should be taken in
the design.

In order to realize the current and voltage output with a
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Figure 2. Small-signal model of a synchronous three-phase triple-parallel parallel
Buck converter.

Then the generalized state-space equation of the LCC-S top-
ology resonant converter can be described as
x'(t) = Ax(t) + Bu(t) @

y(t) = Cx(t) + Du(t)’

where, u(t) = [Uy,] is the input voltage, y(t) = [Uyy] is the voltage
of the load, and A, B, C, and D are the coefficient matrix in the
GSSA equation, respectively (AeC"™"?, BeC'", ceC'?,
DeC'™). Then the small-signal transfer function of the LCC-S
resonant converter can be obtained as

G,(s) = C(sI — A)'B+D. (5)

closed-loop controller is proposed in this paper, which is shown
in Fig. 4.

In order to facilitate the design of the voltage compensation
network and current compensation networks, the current sharing
and constant voltage output control of the ICPT system can be
transformed into a system control block diagram, which is
shown in Fig. 5.

In Fig. 5, H(s) and H,(s) are the current and voltage feedback
transfer functions, G,(s) and Guc,(s) are the voltage external
loop compensation network and current inner loop compensation
network transfer function, respectively, G,,(s) is the pulse width
modulation transfer function. Z(s) is the output impedance,
Gi4(s) is the transfer function of the converter output current
with respect to the duty cycle of the control variable, and G,(s)
is the transfer function of the ICPT resonant converter. The
next step is to design the current loop compensation network.

Current sharing controller design

In order to analyze the system characteristics, the parameters of
the system are listed in Table 1.

Set the current and voltage feedback transfer function and the
carrier amplitude as 1, and the open-loop gain of the
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Figure 3. Norton equivalent schematic diagram of the ICPT system.
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Figure 4. Principle of current sharing and constant voltage output voltage control of the ICPT system.
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Figure 5. Flow-sharing constant-voltage closed-loop output control block diagram for the ICPT system.

uncompensated current coop can be calculated as:

Ti(s) = Gu(s)Gia(s)H;(s)
_ 6.20 x 107s
T 6.08 x 1071022 +1.08 x 10705+ 1"

(6)

According to [17], the double-pole double-zero compensation
network with an integral is selected. The transfer function of the
current loop compensation network is given by equation (7).

7481(s + 2.025 x 10%)°
s2(s 4+ 6.28 x 10°)

Gci(s) = ™)

Then, the frequency characteristic curve of the ICPT system
under different conditions is shown in Fig. 6.

It can be seen from Fig. 6 that the phase margin PM =61.7,
which satisfies the demand. The slope of the low-frequency
curve is —20 dB/dec and the gain at 0 is large, which can eliminate
the steady-state error. The mid-band crosses the 0 dB line with a
slope of —20 dB/dec. The slope of the high-frequency band is
pulled down and the anti-jamming performance of the system
is improved.

Voltage controller design

In order to realize the constant voltage control, the current con-
trol loop should be treated as equivalent. From Fig. 5 we can
see, the closed-loop transfer function of the current loop and
the open-loop gain of the voltage loop with no compensation net-
work are calculated, which can be shown as equations (8) and (9),
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Table 1. Parameters of ICPT system

Parameter Value Parameter Value
Ci1/uF 2050 CpalWF 0.0762
Ly/uH 77 Co/uF 0.018
Ly/uH 7 Lp/uH 240
Ls/uH 77 Le/uH 240
C1/uF 23.5 Cs/uF 0.0146
D 0.75 C/uF 68
f,/kHz 100 R/Q 27.3
Lpa/uH 46 k 0.3
L Uncompensated L Compensation 4 Compensated
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Figure 6. Current loop frequency characteristic simulation curve.

respectively:
_ T
Bi(s) = TT{(S)’ (©))
T,(s) = Bi(s)Z(5)Gy(s)H,(s). )

In order to reduce the impact of signal transmission delay on
the system, the NRF24L01 module with a transmission rate of 2
Mbps is adopted, which has the characteristics of strong immedi-
acy, ultra-low-power consumption, and high transmission rate.
The delay of the module in transmitting 32 bytes of data is
<10 ms. Therefore, to make the model more accurate, a delay
link is introduced in the voltage feedback transfer function,
which is approximated by using an inertia link, that is H,(s) =
e B~ 1/(Ts + 1), where the delay time is 10 ms.

According to the parameters listed in Table 1, the Bode dia-
gram before and after system fitting is shown in Fig. 7.

It can be found that the open-loop gain function of the voltage
loop with no compensation is a high-order function with 19 poles
and 12 zero points. In order to simplify the design of the voltage
loop controller, the system needs to be reduced by retaining the
integral link and a pair of conjugate dominant poles, —7.83 x
10°-5x 10%, —7.83 x 10° + 5 x 10°i. The angular frequency cor-
responding to the dominant pole is 4940 rad/s, so the open-loop
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Figure 7. Bode diagram before and after system fitting.
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Figure 8. Open-loop gain Bode diagram of the system with the voltage loop compen-
sation network.

gain function after the reduced order is:

1.6 x 1012
s(s? + 15665 + 2.561 x 107) "

T,(s) = (10)

The green curve in Fig. 7 is the Bode diagram of the system
after reduction. It can be found that the reduced-order curve
can fit the original curve well.

According to reference [14], the voltage loop design of the
converter selects a two-pole three-zero compensation network
with an integral, and the final transfer function of the voltage
loop compensation network transfer function is:

9.84(s + 2470)°

Gyels) = ——> T2
" s(s 4 5.34 x 10%)

(1)

The open-loop gain Bode curve after adding voltage compen-
sation is shown in Fig. 8.

From Fig. 8, it can be seen that the phase margin PM = 39.2
and the amplitude-frequency margin GM = 23.5, which satisfies
the stability index. The mid-band crosses the 0dB line with
a slope of —20dB/dec and the high-band slope remains at
—60dB/dec and the crossover frequency is 8.74 x 103 rad/s,
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Figure 9. Experimental platform of the ICPT system with current sharing and
constant voltage output.

Table 2. Major components

Three-phase Buck
circuit

Secondary rectifier

Inverter circuit circuit

Mosfet (six)
CREE-C2M0080120D

Mosfet (four)
CREE-C2M0080120D

Diode (six)
FAIRCHILD-RURG8060

which is close to the design crossover frequency. The indicators
meet the design requirements.

Experimental verification

Based on the above theoretical analysis and according to the sche-
matic diagram shown in Fig. 4, the experimental platform shown
as in Fig. 9 is built.

The system parameters are shown in Table 1. In this experi-
mental platform, DD coils are used as the primary and secondary
coils, the size of them is 4.8 mm in X-direction, and 4.8 mm in
Y-direction. In addition, the specifications of the major compo-
nents in the experimental system are listed in Table 2.

In order to verify the current-sharing and constant-voltage
output characteristics of the system under the variation of mutual
inductance coupling parameters, the X-direction offset (40 mm)
of the DD-type coil is selected in the experiment. For the given
offset disturbance, the coupling coefficient decreased from 0.3
to 0.26.

To verify the constant voltage control effect of the controller,
the output voltage of the ICPT system U, and the voltage of
the synchronous three-phase triple-parallel Buck converter Ug
are measured, which is shown in Fig. 10.

It can be seen from Fig. 10 that the ICPT system can realize
300 V constant voltage output under the coupling coefficient vari-
ation. The synchronous three-phase triple-parallel Buck converter
can adjust the duty cycle, the output voltage Uy increased from
200 to 226V, which compensates the drop of output voltage
caused by the coupling coefficient variation. The experimental
results have verified the effectiveness of the controller design.
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Figure 10. Drive and output voltage waveforms of the output voltage and the
synchronous three-phase triple-parallel Buck converter.

R o

To verify the current sharing effect of the controller, the three-
phase inductor current ripple of the synchronous three-phase
triple-parallel Buck converter is shown in Fig. 11.

It can be seen from Fig. 11 that, before and after coupling coef-
ficient variation, the three-phase inductor currents of the syn-
chronous three-phase parallel Buck converter are almost the
same, which verified the effectiveness of the current sharing
controller.

In order to verify the effectiveness of the circuit parameter
design and calculate the efficiency of the system, the output volt-
age of the inverter and the primary side coil current waveform
before and after the coupling coefficient variation are shown in
Fig. 12. The secondary side pickup voltage and the waveforms
are collected as in Fig. 13.

It can be seen from Figs 12 and 13 that before and after the
coupling coefficient variation, the inverter output voltage U,
always leads the primary side transmitting coil current I, 90°,
and the secondary side pickup voltage U; is always in phase
with the secondary side current I;, which satisfies the LCC-S com-
pensation network topology, and proves the correctness of the
system parameter design.

It can be seen from Fig. 12, the amplitude of the square wave of
the inverter rises to 226 V, and the effective value of the primary
current rises to about 9 A, which compensates for the voltage drop
caused by the decrease of the coupling coefficient and achieves
3.3 kW power transfer with a constant voltage.

It can be seen from Fig. 13 that the pickup voltage and current
are always constant before and after the coupling coefficient vari-
ation. The pickup voltage amplitude is 300 V, and the secondary
current amplitude is always about 17.3 A. At the same time,
according to the experimental result, the effective value of the pri-
mary input current, that is the primary rectifier circuit, reaches
17.5 A. After calculation, the overall efficiency of the system is
about 86%.

In order to further verify the effectiveness of the current shar-
ing constant voltage controller under the load variation, the
experiment from 3.3 kW full load (load resistance 27.3 Q) to
1.67 kW half load (load resistance 54 Q) is done. The output volt-
age waveform and the three-phase inductor current waveforms of
the system are shown in Figs 14 and 15.

It can be seen from Fig. 14 that before and after the load vari-
ation, the system output maintains a constant value, which is 300
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Figure 11. Output voltage and inductor current
waveforms of the synchronous three-phase triple-
parallel Buck converter before and after coupling
coefficient variation. (a) Before coupling coefficient
variation. (b) After coupling coefficient variation.

Figure 12. Output voltage and primary side coil cur-
rent waveform of the inverter before and after coup-
ling coefficient variation. (a) Before coupling
coefficient variation. (b) After coupling coefficient
variation.

Figure 13. Voltage and current waveform of the secondary side pick-up
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Table 3. Comparison of sign-phase Buck converter and three-phase triple-parallel Buck converter
Fault Switch tube Voltage Power
tolerance stress ripple density Redundancy Volume Cost
Single-phase Buck converter No Larger Larger Larger Lower A S
Three-phase triple-parallel Buck Yes Smaller Smaller Smaller Higher <3A <3S

converter

V, and the synchronous three-phase triple-parallel Buck converter
keeps a constant voltage output of 200 V.

It can be seen from Fig. 15 that when the ICPT system works
from 3.3 kW full load mode to half load mode, the average value
of the inductor of each phase of the synchronous three-phase
triple-parallel Buck converter drops from 5.67 to 2.9 A. It can
be seen that the three-phase inductor currents of the synchronous
three-phase triple-parallel Buck converter are always balanced
with load variation, which verifies the effectiveness of the constant
voltage and current sharing control under load variation.

Besides, the cost and performance by comparing a single-
phase Buck converter with a three-phase triple-parallel Buck
converter are shown as Table 3.

Where A represents the volume of a single-phase Buck con-
verter, and S represents the cost of a single-phase Buck converter.
It can be seen that although more devices are used in the syn-
chronous triple-parallel Buck converter, the cost and volume are
larger, the performance is much better, so it is widely used in
high-power ICPT system.

Conclusion

In this paper, a 3.3 kW ICPT system with a synchronous three-
phase triple-parallel Buck converter is built. In this system,
aimed at the influence of the coupling coefficient variation, the
GSSA model is used to model the LCC-S resonant converter,
and the small-signal model is used to model the three-phase
triple-parallel Buck converter. In addition, based on the
frequency-domain method, the methods of the three-phase cur-
rent sharing of the synchronous three-phase triple-parallel Buck
converter and the constant voltage output control of the ICPT
system under coupling coefficient variation are studied. The the-
oretical and experimental results show that the current sharing
and the constant voltage output are better under the coefficient
variation and demonstrate the stability of the ICPT system.
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