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Design and Control of Inductive Power Transfer
System for Electric Vehicles Considering
Wide Variation of Output Voltage and
Coupling Coefficient

Minkook Kim
and Byoung Kuk Lee

Abstract—In this paper, a design and control scheme of the
inductive power transfer (IPT) system for electric vehicles are pro-
posed, considering a wide variation in output voltage and coupling
coefficient. The characteristics of the proposed IPT system and a
design method for the resonant network are suggested. By utiliz-
ing the battery management converter at the secondary side, the
design and control can be simplified while managing the output
voltage and power of the battery. In order to achieve high effi-
ciency by reducing the voltage-ampere rating, zero phase angle
tracking control is proposed. In addition, a phase-shift control is
applied to the primary side to ensure the stable system operation
by limiting output voltage. A 3.3-kW laboratory prototype with
magnetic power pads is manufactured, and the validity of the pro-
posed design and control is verified through experimental results
using the laboratory prototype.

Index Terms—Battery management (BM) converter, coupling
coefficient, inductive power transfer (IPT), wireless power transfer
(WPT), zero phase angle operation.

1. INTRODUCTION

NDUCTIVE power transfer (IPT) systems, which are a type
I of wireless power transfer (WPT) technology, are recently
experiencing fast development and an increasing demand in
many applications, such as portable appliances and electric ve-
hicle (EV) chargers. Because of its physically separated con-
figuration, the IPT system can provide several advantages to
both vehicle manufacturers and end users. For designers and
manufacturers, its inherent galvanic isolation and robustness to
humid, volatile, or dusty environments can reduce the complex-
ity of the EV design. For end users, safety and comfort can be
improved, as they do not need to provide additional work to
initiate EV charging. In order to improve the above-mentioned
advantages and spread them to the industry and end users, re-
search on the IPT system has been actively performed. The

Manuscript received November 2, 2017; revised January 1, 2018 and March
21, 2018; accepted April 26, 2018. Date of publication May 9, 2018; date of
current version December 7, 2018. Recommended for publication by Associate
Editor J. Acero. (Corresponding author: Byoung Kuk Lee.)

The authors are with the Department of Electrical and Computer Engineer-
ing, Sungkyunkwan University, Suwon 16419, South Korea (e-mail: mkfour44
@skku.edu; silvernoid @skku.edu; bkleeskku @skku.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2835161

, Student Member, IEEE, Dong-Myoung Joo, Student Member, IEEE,

, Senior Member, IEEE

performance of the IPT system is dependent on the coupling
coefficient between primary and secondary power pads, and it
is directly related to the parking position of the EVs [1]. In
other words, the minimum-to-maximum ratio of the coupling
coefficient can be greater than 3, depending on the parking po-
sition of the EVs [2]. In addition, the battery voltage of the
IPT system also significantly varies according to the state of
charge (SOC) of the battery [3]. These wide fluctuations of the
coupling and battery voltage result in difficulty in IPT system
design and control. Instead of considering these complex con-
ditions of IPT system design, conventional research has been
carried out under several constraints. In [4]-[9], the values of
the coupling coefficient and battery voltage for the IPT system
are fixed by specified values. However, a constant coupling co-
efficient condition is not reasonable for the IPT system design,
because the coupling coefficient varies according to the type
of vehicle, height of ground clearance, and parking position.
Further, in accordance with the SOC level, the battery volt-
age varies, so a constant battery voltage is impractical for the
IPT system, which aims to charge the battery. Many studies on
IPT chargers have been carried out according to the coupling
variation [10]-[17]. However, the load conditions discussed in
[10]-[17] are not appropriate to represent the characteristics of
the IPT system because the load in [10]-[13] is assumed to be
a resistive load and the constant battery voltage is adopted in
[14]-[17]. In order to implement constant current (CC)/constant
voltage (CV) battery charging profile by translating between ba-
sic compensation topologies, series—series (SS), series—parallel
(SP), parallel-series (PS), and parallel-parallel (PP), additional
switches are utilized [18]. However, in this paper, either vertical
gap between magnetic power pads or horizontal misalignment
is not considered. In consideration of the interoperability, the
operating frequency should not be determined by manufactur-
ers arbitrarily, but a generally agreed-upon operating frequency
should be adopted. Thus, the recently published standard for
WPT charging, SAE J2954, establishes industry-wide specifi-
cation guidelines and operating conditions including operating
frequency, which is from 81.38 to 90 kHz [19]. Thus, in order to
live up to the expectations of the EV industry, a proper design
of the IPT system is necessary that considers SAE J2954 while
taking into account the wide variations of coupling coefficient
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Fig. 1.  Schematic of the proposed IPT system.

and battery voltage within a designated operating frequency.
By adopting a compensation network with load-independent
current characteristics and frequency control, CC-CV charging
profile is implemented [20], [21]. However, in [20], coupling
variation is not considered and the operating frequency range is
relatively wide to meet interoperability of the IPT system [19].
In [21], both coupling and battery voltage variations are consid-
ered while implementing the CC-CV charging profile. However,
additional intermediate coils make the IPT system bulky and the
secondary magnetic power pad, which is identical the size as
the primary side, is too large and heavy to be attached to the
bottom of the EVs.

In this paper, a design and control of the IPT system that can
counteract fluctuations of coupling coefficient and battery volt-
age are proposed. By adopting the battery management (BM)
converter, which is a cascaded buck—boost converter, at the sec-
ondary side of the IPT system, the CC-constant power (CP)
CV battery charging profile is easily implemented. Further, a
design process of the resonant network is presented and control
algorithms for the ZPA operation and phase shift control for out-
put voltage limitation, while satisfying the operating frequency
range of the standard, are suggested. Utilizing the proposed
ZPA tracking control, the IPT converter can be operated within
a narrow operating frequency variation range. The validity of
the proposed design and the control method is verified using
the 3.3-kW laboratory prototype with manufactured magnetic
power pads.

II. DESIGN OF AN IPT SYSTEM

A. Power Conversion System

An IPT system comprises two magnetically coupled electri-
cal systems. In terms of power conversion system (PCS), the
proposed system is classified into three stages: power factor
correction (PFC) converter, IPT converter, and a cascade buck—
boost dc—dc converter (BM converter). The schematic of the
proposed IPT system is shown in Fig. 1.

In order to meet the IEEE-519 standard, which deals with
the harmonic measurements and recommend harmonic limits
for voltage and current distortion, a boost PFC converter with
an analog controller (UCC28070) is used at the first stage of
the proposed system [22]. The IPT converter is composed of a

TABLE I
ELECTRICAL SPECIFICATION OF THE IPT SYSTEM

Parameter Value
Viria 220 Vi
Ve _ink 380 Vi

Ve 165-450  Vy

Vau 240410 Vg,

P 33 kW
fo 85 kHz

fow 81.38-90 KkHz
k 0.062-0.202

full-bridge inverter; resonant network, which includes primary,
secondary power pads and compensation capacitors; and diode
rectifier. For the purpose of corresponding input and output
voltage variations caused by coupling fluctuation and SOC of
the battery, a BM converter is adopted at the final stage of the
system. For digitally controlling the IPT and BM converters,
the microcontroller TMS320F28335 of Texas Instruments is
utilized. The PFC and BM converters are a two-phase design to
retain redundancy and achieve high performance.

Since the coupling coefficient k of the IPT system is greatly
influenced by the parking position of the EVs, considerations
of the vertical gap and horizontal misalignment of EVs are
necessary to deliver the desired power to the battery. In this
paper, both the Z; (§5-105 mm) and Z5 (95-165 mm) classes
are considered for system design and control. Thus, the vertical
gap is set to 55-165 mm and the horizontal misalignment for
the x- and y-axis is =75 mm, which results in a difference of
approximately three times k. In general, Li-ion batteries are
commonly used for the high-voltage battery pack of the EVs.
The nominal voltage of the Li-ion battery cell is 3.7 V, and its
voltage range should be managed from 3.2 to 4.2 V to protect
against deterioration or explosion of the batteries. In this paper,
the charging voltage range of the battery pack is selected as
240-410 V, 100 cells connected in series, to satisfy the stable
charge and voltage drop condition caused by over discharge of
the batteries. Table I shows the electrical specification of the
proposed system.
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Fig. 2. Configuration of the magnetic power pads. (a) Primary pad.

(b) Secondary pad.

B. Magnetic Power Pads

Because of the loosely coupled characteristic of the IPT sys-
tem, k of the magnetic power pads in the IPT system is low, and
its range is effectively 0.1-0.3. The system performance of the
IPT system is a function of k and the coil quality factor Q of
the IPT coils and it is defined as figure of merit [6]. In order
to achieve high efficiency in the loosely coupled system, high
k and Q are desirable. Thus, a variety of studies on the mag-
netic power pads have been performed, and their characteristics
and performance have been compared [23]-[27]. The circular
pad (CP) is one of the most common coil structures, and its
coupling drastically decreases as the misalignment increases to
either the x- or y-axis. The double-D pad (DDP) is developed
to improve the coupling performance at misalignment condi-
tions. The double-D and quadrature pad and the bipolar pad are
developed to combine the advantages of the CP and the DDP.
Unlike & depends on the configuration and relative position of
the magnetic power pads, Q is affected by the loss of the mag-
netic power pads. There have been many attempts to analyze the
loss of the magnetic components numerically but the finite ele-
ment method (FEM) simulation is utilized due to its nonlinear
characteristics [28], [29].

The rectangular and square structures are adopted for the pri-
mary and secondary power pads, respectively [19]. A double-
layer coil structure is adopted for both power pads to acquire
inductance. The structure of the ferrite is decided by flat plate
for coupling enhancement, reluctance reduction, and flux guid-
ance, whereas the aluminum shield is utilized to mitigate the
effect of the leakage flux. Fig. 2 illustrates the configuration of
the magnetic power pads, and indications of the x- and y-axis
are also presented and the detailed values are summarized in
Table II. After determining the configuration and dimensions
of the magnetic power pads, the maximum inductances of the
primary and secondary power pads should be estimated using
FEM simulation. This procedure is necessary to reduce the trial
and error iterations for coil turn number determination by setting
the implementable maximum coil inductances. In this design,
maximum inductances for the primary and the secondary coils
are approximately 1000 and 300 p«H, where the number of max-
imum turns for each coil is 26 and 30, respectively.
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TABLE II
DIMENSIONS AND PARAMETER INDICATIONS OF THE POWER PADS

‘[Ir?ll;]e \[7I;lmu]e Parameter indication
a 640 Cs 55 a;3  Primary aluminum shield
a 480 d; 250 b3 Primary ferrite
a 2 dy 3 Ci¢  Primary coil
by 600 e 242 di»  Secondary aluminum shield
b, 440 e 4 e,  Secondary ferrite
bs 6 fi 232 fi4  Secondary coil
ci 540 t 160 g Primary pad total height

c 380 fi 36 h
c3 400 i 2.5

C4 240 g 353

Cs 70 h 23

Secondary pad total height
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Fig. 3. Circuit diagram of the resonant network. (a) SP topology. (b) S-LCL.
(¢) LCL-S. (d) LCCL-S.
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III. DESIGN OF A RESONANT NETWORK
A. Characteristics of the Resonant Network

The battery voltage of the conventional research is fixed for
analysis simplification [6]. In the proposed system, the BM
converter controls the battery voltage and power considering the
wide variation of the battery voltage and coupling coefficient.
In order to simply control the system, a constant output voltage
V, of the IPT converter is desirable. Among various types of
resonant networks with constant output voltage characteristics,
SP,S-LCL, LCL-S, and LCCL-S are considered. Fig. 3 illustrates
the circuit diagram of the resonant networks. The notation S
represents the series-connected capacitors, and P represents the
parallel-connected capacitors. In the case of the SP and S-LCL
topologies, the voltage stress of the secondary compensation
capacitor C, and primary resonant current ,, are small, whereas
the voltage stress of the primary compensation capacitor C), and
secondary resonant current / are large. Additionally, due to the
characteristic that V,, increases as k decreases, a low limit for
k is necessary when utilizing SP or S-LCL topologies for the
resonant network in the IPT system. Further, the bifurcation
phenomena, which is affected by coupling or load condition,
may occur at high & or light loads [31]. Contrary to the SP and
S-LCL topologies, the primary current of the LCL-S topology
is constant regardless of &, and the load and induced voltage on
the secondary side is also constant

Vs = JwMI,. ey
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Output characteristic and impedance curves of the LCCL-S topology. (a) |V, ac| with k variation. (b) [V, ac| with Ry variation. (c) |1, ac| with k variation.

(d) |1, ac| with Ry variation. (e) Arg(Ziy) with k variation. (f) Arg(Zi,) with R, variation.

In addition, not only the voltage stresses of C,, and I, are
relatively small but also the possibility of bifurcation is low be-
cause of C,, [31]. In case of the LCL-type topologies, the values
of the input inductance L;, and primary inductance L, should
be identical and resonate with C, at the resonant frequency.
However, if the values of L;, and L,, are too large or too small,
an implementation of the system is difficult. Especially, when
their inductances are small, an intensively large I, lowers the

system efficiency. Thus, in order to understand the limitation of
the LCL-S topology, LCCL-S topology is adopted. By adding
the filter capacitor C'y in series with L,,, the impedance increase
in the primary power pad can be alleviated. A series-connected
C'y can also eliminate the dc offset of I, which results in solving
the high current stress at the transient state. The output voltage
of the LCCL-S topology is constant regardless of the load at
fixed k condition. Fig. 4 shows the output characteristics and



KIM et al.: DESIGN AND CONTROL OF INDUCTIVE POWER TRANSFER SYSTEM FOR ELECTRIC VEHICLES

TABLE III
DESIGNED PARAMETERS OF THE RESONANT NETWORK

Parameter Value
L, 399  uH
Ly 170 pH
Liy 37.19 uH
G 94271 nF
C 9.689 nF
Cs 20.623 nF
Vin 342.15  Vims
v, 165 Vg
P, 3350 W
f 85 kHz
k 0.062

L, L, L G gae
+ + + + + +
Vo~ . . Ve~
Vep Vy - wMls JwMlp Vs Ve
e S S ReT

Equivalent circuit of the LCCL-S resonant network.

Fig. 5.

impedance of the LCCL-S topology. The parameters in Table III
are utilized for the simulation and k_n is normalized coupling
coefficient and R,._, can be calculated using P, and V.

B. LCCL-S Resonant Network

In order to design an LCCL-S resonant network, six passive
components, L, L, C,, Liy, and C), and C, V,, output power
P,, and k should be determined. Because the design of the
resonant network is based on the fundamental harmonic analysis
(FHA), the fundamental components of the voltage and current
are considered. The equivalent circuit of the LCCL-S resonant
network is shown in Fig. 5. R, represents the ac equivalent load
resistance [32].

If the configuration of the coil, ferrite, and aluminum are de-
cided, L, and L, are only dependent on the number of coil turn,
so even if L, and L, are determined, the other four parameters
can be numerically calculated to make the imaginary term of
the input impedance Zj, zero [30]. C; is calculated by

1

Cs = ——.
s w%LS

2

Ly, is designed considering the output power rating

[TpLs
Lin - in .
kV; R.P 3)

C, is calculated to resonate with Lj,

1 1
B \/LinCP B \/LSCS '

“4)

Wo
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C'y should be designed to make the impedance of Lj, and
combined impedance of L, and C identical

LinCP
Cr=———
! LP - Lin

. . 1
('-'onLin = jwoLp + - ) NG))
JwoCr

As previously stated, the coupling varies according to the
parking position of the EVs, and V, of the IPT converter is pro-
portional to k. The design point is selected at a minimum cou-
pling point (k = 0.062, vertical gap is 165 mm, and horizontal
misalignment for the x- and y-axis is 75 mm), considering the
stresses on the passive components and power semiconductors.
Equations (6)—(15) show the formulas to calculate the voltage
and current stresses of the primary and secondary sides

4 2 4
weg () = ®
1, = Y= S;WMI“”) ! WZJZ S
=1, = j“’Zj‘i b _ éw Z ©
Ve = Via — jwLinly = Via gﬂ (10)
Vor = jwlcffp = <1 — Ilji) Via (11D
Vi = dulyl, - JMI, = T2V, —J“’gzv (12)
V, = jwMI, — jwL,I, = ]\év - gwéﬂf V“ (13)
Vye = Ipnc Ruc = ‘]‘iv (14)

As shown in Table I, the range of Vi, is from 240 to 410 V.
In consideration of the boosting ratio of the BM converter
under the lowest coupling coefficient condition (kK = 0.062),
V, is designed as 165 V, and with this boosting ratio, V,
reaches to 510 V at the highest k condition (kK = 0.2). How-
ever, a power semiconductor device with 650 V voltage rat-
ing is widely used for the secondary-side power circuit, the
voltage stress due to the malfunction may cause the dam-
age to the power semiconductor devices. Thus, phase-shift
control for a full-bridge inverter is needed and V, is lim-
ited to 450 V. A detailed explanation of the phase-shift con-
trol will be delivered in Section IV-A. Fig. 6(a) shows the
parameter variation where L, is set to 400 uH while L is
changed from 100 to 300 pH by steps of 10 uH using (2)—(5).
Fig. 6(b) and (c) illustrates the voltage and current stresses
of the resonant network using (6)—(15). Considering the pa-
rameters and stresses, a design point is selected and presented
in Fig. 6, and Table III shows the designed parameters of the
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the L variation. (L, = 400 H). (a) Parameter variation. (b) Voltage stresses
of the resonant network. (c) Current stresses of the resonant network.

resonant network. The target P, is set to 3350 W to deliver 3300
W to the load, considering the efficiency of the BM converter.

IV. CONTROL ALGORITHM OF THE PROPOSED SYSTEM
A. Proposed ZPA Tracking and Phase-Shift Control

In order to achieve high efficiency by reducing the turn-
ON losses of the power semiconductors, zero-voltage switch-
ing (ZVS) is generally adopted for the PCS. Likewise, in the
IPT system, for the purpose of reducing the voltage—ampere
(VA) rating and increasing system efficiency, the ZPA opera-
tion, which is theoretically an in-phase operation, is preferred.
However, because the proposed design method is based on the
FHA, the derived ZPA frequency is the frequency at which the
fundamental components of Vj, and I, are in phase, not the
actually applied square-wave voltage and current with harmon-
ics. Further, so as to minimize the effect of the dead time and
harmonic component, ZPA tracking control is proposed. The
previous research on ZPA tracking control needs to sense both
Vin and I, for phase detection and needs additional circuit to op-
erate at ZPA or ZVS region [33]. However, the proposed control
algorithm requires only [, sensing circuit. By adjusting the op-
erating frequency, the ZVS operation nearby ZPA frequency
is possible, and this results in reducing reactive power and
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Fig. 8. Block diagram of the proposed ZPA tracking control algorithm.

switching losses. Figs. 7 and 8 illustrate the [;, current sens-
ing point of the proposed control and the block diagram of the
ZPA tracking control algorithm.

The ZPA tracking control algorithm starts by sensing [i,. [iy
is sensed at every interrupt period of the pulsewidth modulation
controller, and the sensing point is set to ¢1, which is the end of
the dead time Z4eag. When determining whether the frequency is
increased or decreased by using the sensed [, at every control
period, the response time of the control will be faster, but the
accuracy of the control is lowered if the sensing error occurs due
to the external noise. Thus, using the moving average method,
Ty avg 1s derived by averaging the I;, values of the recent eight
cycles. Since the phase of the LCCL-S topology is capacitive
when the switching frequency f > fzpa and inductive when
f < fzpa in the range of f,, the switching frequency is con-
trolled to locate I, ayve between I1,_young and I poung- Ideally, the
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value of I poung Should be zero, and I}, 1oung Should be close to
zero to operate at fzpa. However, since the switching frequency
is determined by the quantized carrier of the digital controller,
the switching frequency cannot be linearly controlled according
to the carrier value [30]. Thus, the implementable maximum
value of I}, _poung should be identified and the margin is nec-
essary for I pound to avoid hard switching of the switches. In
order to protect the switching failure caused by the zero-current
switching (ZCS) operation, Izcs is set, and if [j, 4y is larger
than Ics, ZCS flag is set. If the ZCS flag is still set after three
attempts of trial, the WPT between is compulsorily terminated.
In consideration of the aforementioned issues, the following
values are determined: 7 pounda = —0.3 A, I youna = —1.3 A,
and IZCS = 1A.

As mentioned in the Section III, V, increases as k increases
proportionally. Therefore, in order to correspond the V, incre-
ment caused by high k, phase-shift control is applied to the IPT
converter to regulate Vj,. Considering the upper voltage limit of
the BM converter’s power semiconductors, the limitation value
of the output voltage V, jimit is set to 450 V. Figs. 9 and 10 illus-
trate the flowchart of the IPT converter and the schematic of the
ZPA tracking and phase-shift control for V,, limiting operation.
During the initial operation of the IPT converter, the switching
frequency is set to 81 kHz to securely operate the system in
the ZVS region. Further, for the purpose of preventing inrush
due to C),, the value of the time-base phase (TBPHS), which is
the magnitude of the Shifted Carr_base where the magnitude of
the Carr_base is zero, is configured to 1111 to set the effective
duty Deg to 0.1. If the operation of the IPT converter is enabled,
the TBPHS is increased by step of one after a 100-ms time delay.
By increasing the value of the TBPHS to 1666, D, also linearly
increases to 0.4. Then, both ZPA tracking and phase-shift con-
trols are enabled. If V, is smaller than V, jin;;, only ZPA tracking
control is applied, as shown in Fig. 7. In case it is higher, the V,
limiting phase-shift control is also applied. The control block of
the V,, limiting phase-shift control is shown in Fig. 10(b).

B. BM Converter Control

The main function of the BM converter is to regulate the bat-
tery voltage while delivering the target power. Since the constant
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Fig. 11. Battery charging profile for the IPT system.

dc voltage is supplied from the IPT converter, the control of the
BM converter is simple and its operation modes are determined
by the relation of the input and output voltages of the BM con-
verter. Figs. 11 and 12 show the CC-CP-CV battery charging
profile and the flowchart of BM converter control to realize the
battery charging profile. According to the battery charging pro-
file, the reference values of the battery charging current Iy cc
of the CC charging mode, the battery charging power Py, cp of
the CP charging mode, and the battery charging voltage Via.cc
of the CV charging mode are set to 10 A, 3.3 kW, and 410 V,
respectively. At the beginning of the BM converter operation, as
V, reaches 160 V, CC mode is initiated, and when the power of
the battery is greater than or equal to 3.3 kW, CP mode starts. The
CP mode continues until the battery voltage reaches to 410 V,
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End

Fig. 12.  Flowchart of the BM converter control.

and the during the CV mode, the battery voltage maintains a
constant value of as 410 V by the time the battery charging is
completed.

V. VERIFICATION

In order to verify the validity of the design and test, the per-
formance of the proposed system, test bed, PCS, and magnetic
power pads are manufactured, as shown in Fig. 13. The PCS
is composed of a PFC converter, an IPT converter, and an BM
converter, and the resonant capacitors are selected based on the
numerical analysis and the magnetic power pads are made in
reference to the SAE J2954. Figs. 14 and 15 illustrate the ex-
perimental waveforms of the PFC converter and IPT converter,
respectively.

The performance of the PFC converter is evaluated under
following conditions:

1) grid voltage: 220 Vs

2) grid frequency: 60 Hz;

3) switching frequency: 60 kHz; and

4) output voltage: 380 V.

The load is implemented using an electrical load. As shown
in Fig. 14(a), a phase current Iz ,, input current Jorq, and Ve sink
are well regulated. Fig. 14(b) depicts the load variation test
from 400 W to 4 kW, and shows that the PFC converter is
properly controlled as the load increases. The efficiency of the
PFC converter is over 97% from 400 W and the power factor is
higher than 0.99 over 25% of the load.

Fig. 15(a) and (b) illustrates the experimental waveforms of
the IPT converter at & = 0.062 and Fig. 15(c) and (d) shows
the experimental waveforms of the IPT converter at k£ = 0.202
where the output powers of the IPT converter P, are 400 W
and 3.4 kW, respectively. In Fig. 15(a) and (b), V,, is approxi-
mately 165 V and only ZPA tracking control is applied. Besides,
in Fig. 15(c) and (d), V, is limited to 450 V by V|, limiting

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

Magnetic power pads

Fig. 13. Laboratory prototype of the proposed IPT system. (a) Test bed.
(b) Power conversion system. (c) Manufactured magnetic power pads.

phase-shift control and ZPA tracking control is also applied.
Fig. 16 illustrates the steady-state waveforms of the BM con-
verter at the beginning of the CC mode and the CV mode under
various V, and Vi, conditions. The switching frequency of the
BM converter is set to 50 kHz.

The BM converters in Fig. 16(a), (b), and (d) are operated
by boost mode, whereas the ones in Fig. 16(c), (e), and (f) are
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Experimental waveforms of the PFC converter. (a) Steady-state operation waveform of the PFC converter at 4-kW input. (b) Load variation results of
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84.46kHz. (c) k = 0.202, P, sc = 400W, and fsw = 85.35kHz. (d) k = 0.202, P, oc = 3400 W, and fs = 83.26 kHz.

operated by buck mode. Regardless of V,, and Vj,y, the phase
current I or 1.2, battery voltage Vi, and battery current Jpq
are well regulated. In order to verify the validity of the BM
converter control, an electrical load is used to emulate battery
load and Fig. 17 shows the CC-CP-CV control waveforms of
the BM converter according to V.

According to the battery profile, the system is operated as
boost mode in Fig. 17(a) and is operated as buck mode in
Fig. 17(c). Incase V, is 300 V, the operation mode is moved from
the boost to buck mode as the battery voltage increases during
the CC mode. Although this operational transition occurs, the
BM converter stably operates and it is presented in Fig. 17(b).
Figs. 18 and 19 show the waveforms of the integrated IPT
system.

As shown in Fig. 18, the initial operation of the integrated
system at different k conditions performs well. In order to ver-
ify the CC-CP-CV charging control of the integrated system,
the electrical load is used to emulate a battery load. During the
CC mode, the current is set to 10 A until B, reaches to 3.3 kW,
and during the CP mode, P,y is maintained at 3.3 kW until
Vhan reaches 410 V. After entering the CV mode, V4, is kept at
410 V until the battery is fully charged. The experimental wave-
forms of the integrated IPT system applying the battery profile
of Fig. 10 is shown in Fig. 19 and efficiency curve is shown
in Fig. 20. Fig. 21 shows the efficiency of the proposed inte-
grated IPT system according to k and load variation. Through
the experimental results, a stable operation of each stage is iden-
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tified and the highest system efficiency is measured as 89.64%
at 2.9 kW and £ = 0.202.

VI. CONCLUSION

In this paper, a design and control scheme of the IPT system
for EVs considering wide variations of the output voltage and
coupling coefficient are proposed. The PCS and magnetic power
pads of the proposed system are designed and manufactured
in consideration of the SAE J2954. Among various kinds of
resonant networks, LCCL-S topology is selected as the resonant
network of the proposed system, and shows constant primary
power pad current and output voltage characteristics, which is
suitable for the design and control for EVs. The ZPA tracking
control and V,, limiting phase-shift control for a IPT converter
are also proposed. By adopting a BM converter at the final stage,
the design and the control of the IPT converter is simplified
and also the CC-CP-CV battery charging profile can be easily
implemented. The initial and steady-state operations of each
stage and integrated system are verified, and it is shown that
the highest system efficiency is 89.64% at 2.9 kW, where the
coupling coefficient is 0.202.
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