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Abstract-Since the Society of Automobile Engineers (SAE)
launched the guideline J2954 for wireless battery charging of
electric vehicles (EVs), research activities on inductive power
transfer (IPT) or wireless power transfer (WPT) in EVs are
intensified over the last few years. The guideline J2954 calls
for an operating frequency around 85 kHz and power at four
levels. In this paper, both frequency and phase shift control,
are designed by controlling the front-end inverters to achieve
constant current (CC) and constant voltage (CV) control of Li-
ion battery loads in a power-scaled-down (i.e., 200 W) IPT
system. Simulation results using PSIM9.0 have verified the
effectiveness of both control strategies APEJ vol.14
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I. INTRODUCTION

Due to the convenience and safety, inductive power
transfer (IPT) technology is gaining increasing attentions in
recent years and has been widely used for portable
electronics, electric vehicles (EVs), and implantable
biomedical devices [1]-[3]. Thereinto, the Li-ion batteries
are most widely adopted energy storages for IPT systems.
Generally, the charging strategy for the Li-ion batteries
comprise a constant current (CC) charging first and then a
constant voltage (CV) second to prevent the degradation of
the lifespans. Specifically, the Li-ion batteries are
recommended to be charged in the CC mode when the state-
of-charge (SoC) or the output voltage is below a threshold
(e.g., 90% or 4.2 V). However, when the SoC or the output
voltage is above the threshold, the Li-ion batteries are
required to be charged in the CV mode. By far, various
efforts have been made to achieve the CC and CV charging
[4]-[15]. In [4]-[6], DC-DC converters are used at the
receiver sides to implement the CC and CV charging.
However, extra power losses are inevitable, which result in
reduced efficiencies and large volumes. In [7]-[15], front-
end control methods based on the communication-free
observers at the primary sides are proposed. The front-end
controllers can accurately control the output currents and
the output voltages at the nominal conditions, while the
robustness of the proposed controllers is quite low. To
address these issues, two feedback control, i.e., frequency
and phase shift control, are the most reliable and efficient
control strategies for the CC and CV charging of battery
loads in IPT systems [4], [7].

Frequency control is achieved by regulating the

switching frequency of the primary-side inverter based on
the feedbacks of the charging current and the charging
voltage of the battery load. By changing the switching
frequency, the impedances of both the transmitting and the
receiving resonators can be altered. As a result, the charging
current and the charging voltage can be regulated. Phase
shift control is implemented by delaying an angle between
the two bridge arms. By changing the phase shift angle, the
fundamental component of the input voltage of the
transmitter can be altered. Consequently, the charging
current and the charging voltage can be regulated. The
prominent advantage of the phase shift control is that the
IPT system can always be operated at the resonant
frequency.

This paper aims to implement both frequency and phase
shift control for series-series (SS)-compensated IPT
systems. Based on comprehensive analysis of the systems
with different mutual inductances and load conditions,
simulations are carried out in PSIM9.0 to exhibit the
applications of both control strategies for an 85kHz IPT
system with the power rating about 200 W. Nevertheless,
the control designs are also validated for general IPT
systems.

I1. ANALYSIS OF THE FREQUENCY AND PHASE SHIFT
CONTROL

The circuit diagram of an SS-compensated IPT system

with feedback control is depicted in Fig. 1. The input DC

voltage is V. A full-bridge inverter is adopted to drive the

transmitter resonator. Both C, and Cs are designed in

resonances with L, and Ls as
2 1 1

w'=—= 1)

LpCp  LsCs
where w is the switching angular frequency. At the receiver
side, a diode-bridge rectifier and a filter capacitor Cs are
adopted to feed DC current and voltage for the battery load.
Without using a DC regulator at the user-end, the power
density, reliability and cost of the receiver circuit can be
improved. However, to regulate the charging current in the
CC mode and the charging voltage in the CV mode, wired
or wireless communications are required between the
transmitter and receiver. As shown in Fig. 1, the measured
output current (i.e., l,) and output voltage (i.e., Vo) are fed
back to the primary-side controller to regulate the front-end
inverter.
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Fig. 1: An SS-compensated IPT system with direct feedback control.

Generally, two types of controllers (i.e., frequency and
phase shift control) are most widely adopted for the
inverters of IPT systems. Based on the circuit diagram in
Fig. 1, the equivalent circuit at the fundamental frequency
of the system can be plotted, as shown in Fig. 2. Due to the
filtering by the resonators, only the fundamental
components Vp, ip1, Vs2 and is are considered in the
equivalent circuit. Based on the Kirchhoff’s circuit laws,

Upl = Zplpl _j(UMisl (2.1)
ja)Mip1 =(Zs+R))is (2.2)
where Z, = jwL, + +R and Z; —]a)L+ +R.

Rp and Rs are the equwalent series-resistances (ESRs) M is
the mutual inductance. R} is the equivalent resistance of the
rectifier, filter (i.e., Cs), and the battery. During the charging
process, the battery load can be modelled as a resistive load
R.. Based on the Fourier analysis,

R, =Ry 3
By substituting (3) into (2.2) and eliminating ip1 in both (2.1)
and (2.2), the charging current and charging voltage of the
equivalent circuit, i.e., is1 and vs1, can be derived as

2
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Fig. 2: Equivalent circuit at fundamental frequency.

A. Frequency Control

For the frequency control, the switching signals S; and Sy,
Sz and S4 are complimentary and the switching signals S;
and Ss, Sz and Sz are in phase. The timing diagrams of the
four gate signals are depicted in Fig. 3.
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Fig. 3: Timing diagrams of the gate signals of the frequency
control.
Therefore, based on the Fourier analysis,
T
Ipl = ;Idc (5.1)
4
Vpl = ;Vdc (5.2)

where Vi1 and Ip: are the peak values of vy, and iy,

respectively. Similarly, the charging current and charging
voltage can be derived as

Ia =31 (6.)
Vs1 =% o (62)

By substituting (5.2), (6.1) and (6.2) into (4.1) and (4.2),
respectively,

8wMV
I, = e (7.1)
72 (ZpZs+w?M?)+8ZpRy,
8wWMRLYV,
v, = L de (7.2)
72 (ZpZs+w2M?)+8ZpRy,

Apparently, the output charging current and the output
charging voltage can be regulated by the switching angular
frequency .
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Fig. 4: Schematic diagram of the frequency control.

The schematic diagram of the frequency control is
depicted in Fig. 4. Here, Vorer and lorer are the output voltage
and output current references. The controllerl and
controller2 are used to track the voltage and current
references, respectively. The outputs of the controllerl and
controller2 are Awv and Aw, respectively. The output of the
frequency control is the addition of Awv, Aw; and wo, Where
wo is the nominal angular frequency. When V, is below the
threshold (i.e. Vova), the controller2 operates at the CC
charging mode, such that the output of the comparator is
null. Thus, the output of the frequency control only
comprises Aw; and wo. Similarly, when the battery voltage
(i.e., Vo) is above the threshold (i.e. Vova), the controllerl
operates at the CV charging mode, such that the output of
the comparator is one. Therefore, the output of the
frequency control only comprises Awv and wo.

B. Phase Shift Control

For the phase shift control, the output current and the
output voltage are controlled by changing the phase shift
angle between the switching signals S; and Sa, S, and Ss,
while S; and S, Ss and S4 are complimentary. The timing
diagrams of the four gate signals are depicted in Fig. 5.
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Fig. 5: Timing diagrams of the gate signals of the phase shift
control.

Based on the Fourier analysis,
4 a
Vo1 = - Vgc cos (;) (8)

By substituting (6.1), (6.2) and (8) into (4.1) and (4.2),
respectively,

[ = 8wMV ¢ cos(%) (9 1)

0 7 |n2(2p2Zs+w2M2)+8ZpRy, :
_ 8wMRYLV 4c cos(%) (9 2)

° 7 [r2(zpzs+w2MZ)+82ZpRy, '

Apparently, the output current and the output voltage can
be regulated by the phase shift angle a.
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Fig. 6: Schematic diagram of the phase shift control.

The schematic diagram of the phase shift control is
depicted in Fig. 6. The outputs of the controller3 and
controller4 are av and a, respectively. The output of the
phase control is the addition of av and ai. When the battery
voltage (i.e., Vo) is below the threshold (i.e. Vova), the
controller4 operates at the CC charging mode, such that the
output of the comparator is null. Thus, the output of the
phase shift control is «. Similarly, when the battery voltage
(i.e., Vo) is above the threshold (i.e. Vova), the controller3
operates at the CV charging mode, such that the output of
the comparator is one. Thus, the output only comprises ay
and a.

I1l. SIMULATION RESULTS

The parameters of the IPT system in simulation
(PSIM9.0) are listed in Table I. The current control and
voltage control of both control strategies (i.e., Controllerl,
Controller2, Controller3, and Controller4) in Figs. 4 and 6
are implemented by proportional-integral (PI) control. The
control parameters are given in Table Il. The nominal
charging current and charging voltage are 12 A and 60 V,
respectively.

Table 1: Specifications of the IPT system in simulation

Parameter Symbol Value
Nominal frequency fo 85 kHz
DC voltage source Ve 132V

Parasitic capacitances of|  Cs1, Cs, 315 pF
the inverter switches Cs3, Css P
Transmitter coil
inductance Ly 91.78 uH
Receiver coil inductance Ls 92.05 uH
Transmitter gompensated C, 49 nE
capacitance
Receiver cqmpensated C. 49 nE
capacitance
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ESR of the transmitter Rp 0.7Q
ESR of the Receiver Rs 0.8Q
Forward voltage of the
diode in the rectifier Vo 05V
Filter capacitance Cs 100 uF
NorT_unaI batte_ry load R 50
equivalent resistance
Nominal mutual M 19.34 4H

inductance

Table 2: Parameters of the controllers

Parameter Symbol Value
PropCO(r)tr:(t)Poa:II e?ralm of Ko 40
i 285
" Contoles | Ko 45

'”?353'0??;?4‘” Kia -38095.2

For the frequency current control, the output current
reference is changed from 12 A to 15 A at 0.015 s and
changed from 15 A to 10 A at 0.025 s. Fig. 7 shows the
waveforms of the output charging current and the switching
frequency. Besides, for the frequency voltage control, the
reference of the output charging voltage is changed from 60
V to 55V at 0.015 s and changed from 55 V to 65 V at 0.025
s. Fig. 8 shows the waveforms of the output charging
voltage and the switching frequency. Apparently, by
changing the operating frequency to be 87.08 kHz, 85.82
kHz and 87.83 kHz at steady states for the current control
and 87.14 kHz, 87.55 kHz and 86.72 kHz at steady states
for the voltage control, the output charging current and the
output charging voltage are well-regulated to track the
references. However, the frequency control may suffer from
small oscillations at steady state.
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Fig. 7: Output current and switching frequency of the IPT system
controlled by the frequency current control.
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Fig. 8: Output voltage and switching frequency of the IPT system
controlled by the frequency voltage control.

For the phase shift current control, the output current
reference is also changed from 12 A to 15 A at 0.015 s and
changed from 15 A to 10 A at 0.025 s. Fig. 9 shows the
waveforms of the output charging current and the
corresponding phase shift angle. Besides, for the phase shift
voltage control, the reference of output charging voltage is
also changed from 60 V to 55 V at 0.015 s and changed
from 55 V to 65 V at 0.025 s. The waveforms of the output
charging voltage and the corresponding switching
frequency are shown in Fig. 10. Obviously, the output
charging current and the output charging voltage are well-
regulated to track the references by changing the phase shift
angle to be -264.77, -294.9"and -248.8" at steady states for
the current control and -265.17 -256.6 “and -273.5at steady
states for the voltage control.
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Fig. 9: Output current and shifted angle of the IPT system
controlled by the phase shift current control.

Vo Voref

80
[ —
a0 |

20

-20

Phase angle

-160
-200 (4

280 R S— b e
-320 :

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time (s)

Fig. 10: Output voltage and shifted angle of the IPT system
controlled by the phase shift voltage control.

I\VV. CONCLUSIONS

In this paper, both frequency and phase shift control are
deigned to charge the Li-ion battery loads of SS-
compensated IPT systems in the CC and CV modes.
Simulations are carried out in PSIM9.0 to validate that both
control strategies can effectively regulate the output
charging current and the output charging voltage of a 85
kHz and 200 W IPT system with different charging current
and charging voltage references.
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