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Design of a High-Efficiency Wireless Power Transter
System With Intermediate Coils for the On-Board
Chargers of Electric Vehicles

Duc Hung Tran ', Van Binh Vu

Abstract—In this paper, a high efficiency inductive wireless
power transfer system for the on-board chargers of electric ve-
hicles is proposed. In order to improve the power transfer effi-
ciency, the proposed system adopts two additional intermediate
coils with resonant capacitors, which increases the effective mag-
netizing impedance between the transmitter and receiver coils with
no ferrites. The resonant tank of the proposed system is designed to
operate the converter as a current source and as a voltage source at
two different frequencies to implement the constant current (CC)
mode charge and constant voltage (CV) charge, respectively. Since
the proposed converter operates at a fixed frequency in each mode
of charge operation, full soft switching of all the switching devices
is possible and the zero phase angle condition can be achieved in
both the CC and CV mode operations. A theoretical analysis based
on a Thevenin model to come up with a suitable design for the
battery charger and its closed-loop controller is presented and its
superior performance is demonstrated by experimental results. A
6.6 KW prototype is implemented with a 200 mm air gap to demon-
strate the validity of the proposed method. Experimental results
show that the dc to dc conversion efficiency of the proposed system
is 97.08% at 3.7 kW of output power in the CV mode charge.

Index Terms—Constant current (CC)/constant voltage (CV)
charge, electric vehicles (EVs), wireless power transfer (WPT),
zero phase angle (ZPA).

1. INTRODUCTION

P TILL now, the most common method for charging elec-
U tric vehicle (EV) batteries is plug-in charge, which con-
nects an EV to the grid to charge its battery via a cable. However,
this has some disadvantages such as being bulky and messy. In
addition, exposure to electric plugs may cause safety issues
for users. Wireless power transfer (WPT) topologies have got
more attention during the last few years since they are able to
transfer electrical energy without wire connections and allow
devices to recharge more safely and conveniently, thereby elim-
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inating most of the issues associated with their conventional
wired counterparts [1]-[4].

In recent years, many studies on wireless chargers have been
carried out and a well-known approach is the inductive WPT
system employing two coil resonators for a short distance [5]—
[10]. With this topology, it is possible to obtain a high efficiency
in power transfer when the air gap is smaller than several cen-
timeters. However, if the distance between the transmitter and
the receiver is extended, the efficiency declines rapidly because
of weak magnetic coupling. In order to enhance magnetic cou-
pling, some researchers have proposed methods that use high
permeability material such as ferrites. However, this contributes
to increases in volume, weight which makes it unsuitable for EV
applications [11]-[13]. It is also possible to achieve high effi-
ciency at larger air-gaps in between 20 and 100 cm by operating
the WPT converter at very high frequencies (MHz) thanks to the
high quality factor of the coils. However, it is only suitable for
low power applications (several tens of watts) since the trans-
ferred power is inversely proportional to the frequency. Hence,
it cannot be applied for EV charger application of which power
rating is several kW [14], [15].

Other approaches adopted intermediate coils to improve the
effectiveness in coupling and three-coil systems have been pro-
posed in [16]-[18]. In [18], a three-coil method is proposed to
improve the efficiency of WPT systems with an intermediate
coil and this study suggests the optimal position to place the
intermediate coil in three coil WPT systems. In [17], a three
coil system is further analyzed in detail to suggest a suitable
design procedure for high-efficiency WPT systems and it is ver-
ified by experiments. However, this system cannot achieve full
soft switching since it is not designed to achieve the zero phase
angle (ZPA) condition during the entire charge operation. In ad-
dition, its soft switching range is narrow and a certain amount of
switching loss is unavoidable. In particular, the loss in the pri-
mary switches is one of the major factors which impairs system
efficiency. In order to further improve the coupling factor WPT
topologies with two intermediate coils are presented in [19]-
[21]. In [19], a WPT system adopting an asymmetric four-coil
resonator is proposed. Since the intermediate coils help to boost
the apparent coupling coefficient at the operating frequency,
high power conversion efficiency can be achieved. However, it
is not presented clearly as to how to maximize the apparent cou-
pling coefficient in this paper. Moreover, since the converter is

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Configuration of the proposed series—series compensated four-coil WPT system.
TABLE I

designed to operate at one frequency only for CV mode charge, it
can hardly be applied for EV charger applications which require
CC mode charge as well. In [21], some optimization technique
for the compensation capacitor of the resonant tank is proposed
to improve the efficiency of the WPT and it is applied to a
3.3 kW WPT charger. However, it has many disadvantages such
as high turn-OFF current of the switches and heavy weight due
to a lot of ferrite bars to achieve high coupling coefficient. The
maximum efficiency obtained with the proposed method is only
92% at a 210 mm airgap, which is lower than that of its wired
counterparts.

In addition to efficiency, it is also important to regulate the
output to implement the constant current (CC) charge and con-
stant voltage (CV) charge in charger applications. Since the most
efficient and popular method for the charging of EV batteries
is the CC/CV mode charge, it should be possible to implement
it with WPT systems. However, this can be difficult to achieve
without a wide range of frequency variation in case of reso-
nant converters. In order to deal with this issue, a number of
design and control guidelines have been presented in several
recent publications [22]—[24]. In [22], a pulse frequency modu-
lation (PFM) technique is used to control the output voltage of
a converter to implement the CV mode charge. Hence, a wide
range of frequency variation is inevitable and it is impossible
to maintain the ZPA condition over the entire charge operation.
Another approach is a combination of the phase shift and the
PFM controls [23]. In this scheme, the soft switching of the
primary switches can be achieved by using hardware to detect
the zero crossing of the primary current. However, it is complex
and expensive since it employs an additional dc—dc converter to
regulate the output voltage.

In this paper, a novel WPT system using two intermediate
coils with capacitors is proposed for the on-board charger of EV
applications in order to overcome the above-mentioned draw-
backs of the conventional WPT systems. The configuration of
this system is shown in Fig. 1. With the help of two interme-
diate coils, the effective magnetizing impedance between the
transmitter and the receiver coils is significantly increased to
achieve a high-efficiency power transfer. The resonant tank of
the converter is designed to operate the converter as a current
source for the CC mode charge and as a voltage source for the
CV mode charge. Since the proposed converter works at a fixed

SPECIFICATION OF THE WPT SYSTEM

Parameters Symbol Value
Nominal input voltage Uge 400 V
Battery voltage U, 250420 V
Rated output power P, 6.6 kKW
Nominal charging current I, 157 A
Cut-off current I, 1.57 A
Equivalent load impedance R, 17-267 Q

resonant frequency in each charge mode, the ZPA condition and
full soft switching of all the switching devices can be achieved
during the entire charge process. A mathematical model of the
proposed system is presented and analyzed to show the principle
of the proposed method. The detail design procedure to achieve
the ZPA condition is also discussed.

This paper comprises five sections. In Section II, a general
analysis of a series—series compensated four coil WPT system
by Thevenin theorem is presented based on the fundamental
harmonic approximation (FHA) method. The design procedure
for the resonant tank and closed-loop PFM controller for each
mode of charge is presented in Sections IIl and I'V. Experimental
results obtained with a 6.6 kW WPT converter with an air gap
of 200 mm are presented in Section V to validate the design
process. Finally, some conclusions are given in Section VI.

II. CIRCUIT CONFIGURATION AND OPERATION PRINCIPLE

A. First Harmonic Approximation Model of the Proposed
Converter

Fig. 1 shows the proposed four-coil system. The circuit con-
sists of a full-bridge inverter composed of four power MOS-
FET switches (S1 —S4), a loosely coupled transformer with two
intermediate resonators, and a full-bridge diode rectifier. The
specifications of the WPT system are shown in Table I, and
the CC/CV charge profile of the EV battery and its equivalent
impedance during charging is shown in Fig. 2.

In order to analyze the basic characteristics of the series—
series four-coil compensation topology, the FHA method is
used. By ignoring all of the high-order harmonics, the first har-
monic approximated model of the circuit is then obtained as
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Fig. 2. CC/CV charge profile of the EV battery and its equivalent impedance

of the battery during the charge.

shown in Fig. 2. The basic formula obtained with first harmonic
approximation can be represented as

4
Uy (t):; de sin(w-t+ 60+ )
iy (t)=1 -sin(w-t+0)
4
uy (t) = =U, -sin (w - t)
™

iy (t) =1y - sin (w - 1)

I = gL,
8 U?
RL‘cq = ﬁ? (1)

where w; (t) is the fundamental harmonic voltage of the square
wave input voltage of the tank, Uy, is the input voltage, and
Ry eq is the equivalent load resistance considering the battery
charge profile during the CC/CV mode charge.

By applying Kirchhoff’s voltage law to the circuit, the fol-
lowing voltage equations can be obtained
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Fig. 3. Equivalent circuit of the proposed four-coil WPT system.
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Fig. 4. Two port impedance network of the proposed WPT system.
where n 91 is the ratio of the resonant frequency of coil 1 and
coil 2 (fo/ f1); L1, Lo, L3, and L, are the self-inductances of
the coils; and ko, k13, k14, ka3, ko4, and k34 are the coupling
coefficients between the two coils as shown in Fig. 3. In order
to facilitate the analysis, it is assumed that the parameters of the
primary side are the same as those of the secondary side (L; =
Ly, Ly = L3, k1o = k34, and ki3 = koy). Here, each coil has
its resonant frequency at f = ﬁ, and the coil resistance is
neglected since the most of the voltage is applied to the coil
inductance.

The proposed WPT system can now be represented by a
two-port impedance network as shown in Fig. 4, and the two
closed-loop voltage equations can be obtained as

Ul = jIZpri - j4Zmag
0= jlzmag - f4 (Zse + RL,eq) (3)

where Z,,,, is the effective magnetizing impedance between
the transmitter and receiver, Z,,,; and Z, are the impedances of
the transmitter and receiver, respectively, and w is the operating
frequency. The primary and secondary side impedances and the
effective magnetizing impedance can be derived as

Zpri = Zse = jw-Ll

2
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Fig. 6. Thevenin equivalent circuit of the proposed system to achieve CC

mode charge when Z,,; = 0.

The derivation procedure can be found in Appendix Al.

B. Implementation of the CC/CV Mode Charge With the
Proposed WPT System

As mentioned above, the CC and CV mode charges can be
implemented by operating the converter as a current source and
as a voltage source. This can be achieved by suitably designing
the compensation network. The two port impedance network of
the proposed WPT system in Fig. 4 can be further simplified by
using Thevenin theorem as shown in Fig. 5. The equations for
the Thevenin equivalent circuit can be derived as

. I/
Uru = U, —2=% %)
Zpri
Zoilee — 22 72 72
ZTH _ p mag __ pri mag (6)
Zpri Zpri
- U U Zm' g
Ity = . == 21 = @)
ZTH + RL‘cq Zprj - Zmag + ZPTiRLsCQ
. UruRL e N ZmagRr e
L= THAL eq :Ul . 2g L.,eq (8)
Zru + Rpeq Zovi = Zinag T ZmillL eq

where UTH and Zry represent the Thevenin impedance and
Thevenin voltage of the proposed circuit, respectively. It can be
easily deduced from (7), (8), and Fig. 5 that it is possible to
implement the CC and CV mode charges by making | /15| and
|U, | constant regardless of Ry, ¢ .

It can be easily noticed from (7) that the Thevenin current
|TTH| is almost constant regardless of the load if the Thevenin
impedance Zry is designed to have a larger value than that of
Ry cq. It can be achieved by making Z,,; in (7) equal to O at
the operating frequency as shown in (9). Since the Thevenin
impedance Zry and the Thevenin voltage |UTH| both become
almost infinite under this condition, the CC mode charge can
be implemented as shown in Fig. 6. The output current gain
curves with respect to the frequency at variable loads are shown
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Fig. 7. Thevenin equivalent circuit of the proposed system to achieve CV

mode charge when Zgn — Z,?nag =0.
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Fig. 9. Voltage gain curves of the proposed system at different loads.

in Fig. 8 to verify the aforementioned analysis. As shown in
Fig. 8. It can be seen that the CC mode charge with 15.7 A
can be implemented at 50 kHz. In addition, since Z,,; = Zg.
from (4), the input impedance Z;, of the system becomes a
real number as shown in (10). Hence, the ZPA condition can be
obtained in the CC mode charge

- U .
Ity = _Tmag JifZ, =0 9
(Zsc - Zmag + RL cq) ZmaO‘
Zin =7 ri Zma - =
P 8 i Zse + RL,eq
72 .
mag
= . (10)
RL.cq

The voltage gain curves of the proposed WPT system with
respect to the frequency with variable loads are drawn by using
(8) and shown in Fig. 9. It can be also noticed from (8) and
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Fig. 7 that it is possible to make the output voltage |U4 | constant
regardless of the load if the Thevenin impedance Zty is equal
to zero. It can also be seen in Fig. 9 that there are two different
resonant frequencies at which the CV mode can be implemented.

The Thevenin impedance in (6) becomes zero if Zgri —
Z?nag = 0 at the resonant frequency. Then, the output voltage
U4 is equal to Upg which makes it possible to implement the
CV mode charge as shown in Fig. 7. In this case, the input
impedance of the proposed system in (10) and its phase can be

represented as

Zin -

ZpriRL,eq g |:_RL,eq:| ) (11)

=  —.,ar
Zsc + RL,cq Zmag

The derivation procedure for the phase of the input impedance
in (11) can be found in Appendix A2.

It can be noticed from (11) that the input impedance of the sys-
tem and its phase varies when the load varies. Hence, similar to
the conventional converter, it does not seem possible to achieve
the ZPA condition over the entire charge operation. However,
it can be achieved in the proposed topology by designing an
effective magnetizing impedance Z,,,, that is very large. Un-
like the conventional converter topology, it is possible to make
it large due to the presence of two intermediate coils. A method
to maximize the magnetizing impedance Z,,,, is detailed in the
following section.

C. Efficiency Maximization of the Proposed WPT System
During the CV Mode Charge by Achieving the ZPA Condition

Typically, a WPT system consists of three major blocks, a full
bridge inverter, a compensation network, and a diode rectifier.
The efficiency of the system is primarily dependent upon the
switching loss of the full bridge inverter and the effectiveness of
the resonant tank in terms of power transfer. In order to obtain a
higher efficiency, the proposed system needs to be designed to
achieve the ZPA condition for soft switching. In the CC mode
charge, this can be achieved naturally since the input impedance
Ziy 1s areal number as shown in (10). Hence, it is only necessary
to derive the condition to achieve it in the CV mode charge. As
already mentioned in Section II-B, the CV mode charge can be
implemented if following equation is satisfied:

|Zpri‘ = ‘Zmag|
{ Zmag ~ 00 (12)
The first condition in (12) implies that there is freedom in
designing the impedance of the resonant tank to be Z,,; =
Znag OF Zyi = —Ziag- It is necessary to investigate which
provides the better results in operation. At first, the follow-
ing equation can be derived by using (4) and (12) when
Zpri = Zmag:
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Fig. 10.  Characteristic curves of the proposed converter if ZPA condition is

achieved at fovo (a) effective magnetizing impedance Zy, .5 and (b) phase of
input impedance Ziy, .

Therefore, the ratio of the resonant frequency of coil 1 and
coil 2 nyoy can be represented as

1+ kos

- 2
1= kg + B hial

nf21 = (14)

Itis shown in (14) that if the resonant frequency ratio n 2 sat-
isfies the relationship in (14), the ZPA condition can be achieved
in the CV mode charge. This also means that the proposed WPT
converter can operate under the full soft switching condition
during the CV mode charge.

Fig. 10 is drawn with (4) and (11) to show the phase of
the input impedance Zj, and the magnitude of the effective
magnetizing impedance Z,,,, at different loads. As shown in
Fig. 10(a), the ZPA condition is achieved at the frequency fcva
since the effective magnetizing impedance is very large. Hence,
the phase of Z;,, is almost zero regardless of the load. However,
at the frequency fcvi, due to the small effective magnetizing
impedance, the ZPA condition cannot be achieved as shown in
Fig. 10(b).

Similarly, when Z,,,; = —Z,,,,, then the ratio of the resonant
frequency of coil 1 and coil 2 ny9; can be represented as

1 — kog

14k — Gl

nfo1 = (15)

Fig. 11 shows the phase of the input impedance Z;, and the
magnitude of the effective magnetizing impedance Z,,,, when
(15) is satisfied. Unlike the previous case, the ZPA condition is
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achieved at the frequency fcy; since the effective magnetizing
impedance is very large at this frequency. However, the range
of the frequency fcc and fovi between the CC and CV mode
charges in this case is a lot wider than that of the first case. This
makes it difficult to optimize the WPT system. Therefore, the
resonant frequency ratio n sy, calculated with (14) is selected to
design the resonant tank to achieve the CV mode charge.

III. DESIGN OF THE RESONANT TANK

In order to implement the CC/CV charge with the proposed
four-coil system it is crucial to suitably design the resonant tank.
However, owing to the complication of the input parameters,
the design of the resonant tank should be performed carefully
according to the order of sequence. In this section the detail
design procedure for a 6.6 kW WPT system with a 200 mm
air gap is presented step by step to provide an effective design
guide. In this design, the planar spiral coil is selected since it is
able to create a higher magnetic coupling for a given area when
compared to the other types such as rectangular or square coils

[S].

A. Design of the Inductance of Transmitter and Receiver Coil

The first step of the design procedure for a four-coil resonator
system is to determine the self-inductance of the transmitter
and receiver coils. Here, an initial guess for the number of
turns of the coil is required to determine the optimal number
of turns of the coil by the trial-and-error method. Typically, the
diameter of the transmitter coil is chosen to be less than four
times the airgap distance [5]. Hence, a suitable initial guess for
the number of turns is selected under this geometric limitation.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Since a higher magnetic coupling is always desirable for higher
power transfer efficiency, the resonators need to be designed to
have higher coupling coefficients. In addition, a larger quality
factor is desirable in order to reduce the conduction loss caused
by the resistance of the coil. Here, it should be noted that the
actual turn ratio between the transmitter and receiver coils needs
to be taken into account by using [5]

U, Ly
VI,

Udc -
Based on the limitations mentioned above, the optimal num-
ber of turns which gives the highest coupling coefficients can
be found based on the iterations.

(16)

B. Design of the Inductance Values of Intermediate Coils

The second step is to decide the self-inductance value of the
intermediate coils. In order to minimize the conduction loss of
the intermediate coil, it is desirable for the quality factor to be
500-600 [15]. Again, an initial guess for the number of turns of
the intermediate coil is used to determine the optimal value to
maximize the quality factor by the trial-and-error method

ey

Ly = onf (17)
3@

Ly = onf (18)

where 75 and r3 are the ac resistances of intermediate coils 2 and
3, respectively. (2 and Q3 are the quality factors of intermediate
coils 2 and 3, respectively.

C. Determination of the Resonant Frequency of the
Transmitter and Intermediate Resonators

. . _ 1
The resonant frequency of the transmitter coil fi = ;—— NIAYn
can be determined by using some equations when the converter
is operating in the CC mode. By using (1) and (9), the effective
magnetizing impedance can be represented as

|f]1‘ 8Ud(:
Zmag = — = . (19)
ST
By substituting (4) into (19), we get
8Uqc ‘
Zd = |jw\/ L1 L4
w21,
0.)2
2K12K13 (1 - ﬁ”?fﬂ) — Koy (Ky + Ki3)
K14 — 7, ;
(1 - ﬁ”ml) K3
(20)

Since the operating frequency in the CC mode charge is
50 kHz, as shown in Fig. 8, the resonant frequency f; of the
intermediate coil in (20) can be solved by a numerical method.
The resonant frequency fo> of the intermediate coil can then be
easily calculated by using 191 as

fo=h *MNfoy. (21)
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D. Determination of the Resonant Capacitance Value

After the inductances of the four-coils and their resonant
frequencies are determined, then the resonant capacitance values
C1, Cy, (3, and Cy can be calculated as

1 1 1 1

Ci=—5—0=—5—,03 = Cy = .
wal7 w§L27 W%L37 W%L4

(22)

IV. DESIGN OF THE CLOSED LOOP CONTROLLER FOR THE
CC/CV CHARGE

Once the resonant tank is suitably designed according to the
design procedure presented in Section III, the CC and CV mode
charges can be simply implemented at each fixed resonant fre-
quency while achieving the ZPA and the full soft switching
condition. However, it is only possible under the assumption
that the output voltage of the front-end PFC converter is always
constant. Hence, the operation of the WPT converter deviates
slightly from the perfect resonant condition if the output volt-
age of the front-end PFC converter is not constant. It may vary
due to variations in the ac input to the PFC converter. Therefore,
closed-loop control is necessary to achieve the CC and CV mode
charge operations while maintaining the ZPA and soft switching
conditions under input voltage variations. A simple PI control
scheme is adopted as shown in Fig. 12. The controller is com-
posed of a PI controller, a mode transfer switch, a limiter, an
anti-wind-up scheme, and a voltage-controlled oscillator. Since
each mode of the control requires its own independent con-
troller, one of two is selected by the transfer switch according
to the mode of charge. The limiter is used to prevent the con-
verter from operating at lower frequencies than the frequency at
which the peak voltage gain is obtained with a maximum load
(6.6 kW) so that the WPT converter can always operate in the
inductive region. The anti-wind-up scheme is adopted to reduce
the overshoot and transient time caused by the limiter operation.

Closed-loop control structure of the proposed four-coil wireless on-board charger system.

When the battery voltage is lower than the maximum charge
voltage, 420 V in this research, the current controller is activated
to charge the battery with the CC mode. Once the voltage of
the battery reaches its maximum charge voltage, the controller
automatically switches its mode to the CV mode charge.

To design the PI controllers, open loop transfer functions for
each mode of operation are obtained by using the ac sweep func-
tion in power electronics simulation (PSIM) software as shown
in Fig. 13. Fig. 13(a) and (b) shows bode plots for the current
control and voltage control under different load conditions, re-
spectively. The PI controller for each mode of charge is designed
to provide enough of a phase margin at the crossover frequency.
The bandwidth and phase margin of the current controller are
850 Hz and 60°, respectively

21

G (s) = 0.0015 + o (23)

Similarly, the bandwidth and phase margin of the voltage
controller are 100 Hz and 90°, respectively

Gey (5) = 0.0001 + 3 (24)
S

V. EXPERIMENTAL RESULTS

Based on the previous analysis and design, a 6.6 kW WPT
system is implemented to verify the proposed design method.
All of the parameters for the resonant tank are shown in Table II.
The airgap between the primary side and secondary side is set to
200 mm since the mounting distance for common passenger cars
is known to be 150-300 mm. Fig. 14 shows the implemented
coils for the proposed WPT system with a 200 mm air gap.
Two intermediate resonators are placed inside the transmitter
and receiver coil. In order to implement the resonant tank, film
capacitors are used. The resonant capacitors are arranged in an
array form to meet the voltage and current ratings and to get
better heat dissipation. In the proposed system, four MOSFETS
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Fig. 13.  Bode plots of the proposed converter at different loads: (a) CC mode

operation at 50 kHz; and (b) CV mode operation at 59.5 kHz.

TABLE II
PARAMETERS FOR THE RESONANT TANK

Parameters Designed Par.  Measured Par.
Self-inductance L, 132 nH 1324 H
Self-inductance L 80uH 79.7 uH
Self-inductance L3 98 uH 98.3 nH
Self-inductance L 4 135 uH 135.6 nH
Resonance Cap C'y 56.78 nF 56.76 nF
Resonance Cap C'y 75.1 nF 75.76 nF
Resonance Cap C's 64.15 nF 64.12 nF
Resonance Cap C'y 54.54 nF 54.51 nF

(IXFB120N50P2) and four diodes (DSEI120-06A) are used to
implement the inverter.

Fig. 15 shows experimental waveforms of the proposed con-
verter in both the CC and CV mode charges at 6.6 and 3.3 kW
of output power, respectively. Here, /; and I, are the currents at
the transmitter and receiver coil, and /5 and /3 are the currents at

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Fig. 14.

Implemented coils for the proposed WPT system.

the intermediate coils, respectively. U; and U, are the voltages
at the input and output of the resonant tank. It can be seen from
Fig. 15(a) and (b) that MOSFET S, turns ON with zero-voltage
switching (ZVS) and turns OFF with nearly zero-current switch-
ing (ZCS) in both cases. It can be also seen from Fig. 15 that
the rectifier diode D; in the secondary side achieves perfect soft
switching. Therefore, the proposed WPT system can achieve a
rather high efficiency.

In Fig. 16, the prototype of the proposed WPT converter and
the thermal images of the WPT coils, MOSFETSs, and diode are
shown. As shown in Fig. 16, the temperature of each component
is maintained at a reasonable value. Since, the proposed WPT
system operates at almost a fixed resonant frequency in each
CC and CV mode, the circulating current can be minimized.
The main loss of the coils is only the conduction loss and it is
quite small in case of Litz wire due to its lower resistance value.
Therefore, the temperature of the coils can be maintained at a
low value (34.1 °C at 6.6kW) as shown in Fig. 16(b).

Typically, the switching loss is a major portion of the losses at
the switches of the converters. In the proposed WPT converter,
the full ZVZCS condition in MOSFET switches can be achieved
over the wide range of load. As a result, the loss at the switch can
be minimized and hence the temperature rise of the MOSFETS can
be limited around 40 °C with full load as shown in Fig. 16(c).

In the meanwhile, since the conduction loss is the major
portion of the losses at the diodes, the maximum temperature of
the diode reaches 52 °C due to the high rms current as shown in
Fig. 16(d).

Fig. 17(a) and (b) shows the dynamic responses of the WPT
system when the power reference has a step change from 3.9 to
4.8 kW in the CC mode charge, and when the current reference
has a step change from 3.9 to 2.9 kW in the CV mode charge.
The transition time is about 16 ms in the CC mode and about
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20 ms in the CV mode, which is good enough for battery charge
applications.

Fig. 18 shows the efficiency of the proposed WPT system in
both the CC and CV mode charge operations. The maximum
efficiency is 97.08% at 3.7 kW in the CV mode and 96.39% at

6.1 kW in the CC mode.

Thermal image of coils The;,lngslll“:;;? of Thermal image of diodes

(b) (©) (d

Fig. 16.  Prototype of the proposed WPT converter and thermal images of each
component in the proposed WPT system at 6.6 kW.
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Fig. 17.  Dynamic response of the closed-loop WPT system (a) CC mode at
50 kHz when P, changes from 3.9 to 4.8 kW (I, = 15.7 A) and (b) CV mode
at 59.4 kHz when P, changes from 3.9 to 2.9 kW (V, = 420 V).
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TABLE III
COMPARISON OF VARIOUS WPT TOPOLOGIES

WPT with two coils WPT with three WPT with four coils
coils
Ref. [5] Ref. [11] Ref. [9] Ref. [17] Ref. [19] Ref. [21] Proposed
Power 5.5 kW 8 kW 22 kW 6.6 kW 33kW 33 kW 6.6 kW
Shape of the coil Circular Rectangular Rectangular Rectangular Rectangular Rectangular Circular
Size of the transmitter 210 600 x 600 800 x 600 800 x 800 800 x 800 575 x 575 720
coil (mm)
Size of the receiver coil 210 600 x 600 800 x 600 600 x 600 600 x 600 575 x 575 690
(mm)
Size of the N/A N/A N/A 400 Int.1: 400 Int.2: Int.1: 390 Int.2: Int.1: 520 Int.2:
intermediate coil (mm) 300 390 520
Operating frequency 100 95 20 100 90 100 60
(kHz)
Distance between coils 50 150 200 200 200 210 200
(mm)
Use of Ferrite core Yes Yes Yes No No Yes No
Switching ZVS Turn-ON ZVS Turn-ON ZVS Turn-ON Hard switching Hard switching ZVS Turn-ON ZVS Turn-ON
characteristics in CC turn-ON turn-ON
mode
ZCS Turn-OFF ZCS Turn-OFF ZCS Turn-OFF ZCS Turn-OFF ZCS Turn-OFF Hard switching ZCS Turn-OFF
Turn-OFF
Switching ZVS Turn-ON ZVS Turn-ON ZVS Turn-ON ZVS Turn-ON ZVS Turn-ON ZVS Turn-ON ZVS Turn-ON
characteristics in CV
mode
Hard switching Hard switching Hard switching Hard switching Hard switching Hard switching ZCS Turn-OFF
Turn-OFF Turn-OFF Turn-OFF Turn-OFF Turn-OFF Turn-OFF
ZPA condition CC mode CC mode CC mode CV mode CV mode N/A CC mode CV
mode
Req. for additional Yes Yes Yes Yes Yes Yes No
converter
Maximum Efficiency 96.5 95.36 95 96 96.56 92 97.1
(%)
97.5 T T r T T TABLE IV
VARIATION OF THE COUPLING COEFFICIENTS IN MISALIGNMENT CONDITIONS
97}
Coupling Perfect Vertical misalignment ~ Lateral misalignment
;; 96.5 coefficient alignment (10 cm) (20 cm)
g gl k12 0396 0.396 0.396
2 ki3 0.15 0.096 0.113
& k14 0213 0.141 0.12
= 955 ka3 0.155 0.073 0.05
kos 0.17 0.097 0.115
o i i i ; i k3a 0.385 0.385 0.385
1%00 2000 3000 4000 5000 6000 T000
QOutput Power (W)
Fig. 18.  Efficiency of the proposed four-coil WPT system. presented. As well known, the efficiency of the WPT system

In order to show the superiority of the proposed four coil WPT
converter topology, the performance of the proposed converter
has been compared with the various WPT converter topologies
as shown in Table III. It can be concluded from Table III that the
proposed converter is superior to the other topologies in terms
of efficiency.

In practical EV applications, it is difficult to assume that the
charge is always performed with the coils aligned perfectly.
Hence, it is required to verify the performance of the WPT
system when there is a misalignment in between the transmit-
ter and receiver coils. Two kinds of misalignment tests, ver-
tical misalignment and lateral misalignment, have been con-
ducted and the waveforms and efficiencies at each condition are

under the coil misalignment degrades. In the experiments, the
system is configured to have a vertical misalignment in the range
of 0-10 cm (the transmission distance between the source coil
and the load coil is in range of 20-30 cm) and a lateral misalign-
ment in the range of 0-20 cm at 3.4 kW in CV mode. In order to
maintain the output power constant under various misalignment
conditions, the operating frequency of the system is adjusted.

Table IV shows the variation of the coupling coefficients of
the coils when the receiver coil is misaligned from the transmit-
ter coils. The longer the misalignment distance, the lower the
coupling factor.

Fig. 19 shows the experimental results to verify the perfor-
mance of the proposed WPT converter under misalignment con-
ditions. Fig. 19(a) shows the voltage and current waveforms
of the proposed converter under perfect misalignment and the
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Fig. 19.  Voltage and current waveforms of the proposed converter under var-

ious misalignment conditions. (a) Perfect alignment. (b) Lateral misalignment
(20 cm). (c) Vertical misalignment (10 cm).

switching frequency is 59.5 kHz. Fig. 19(b) shows the volt-
age and current waveforms of the proposed converter under the
20 cm lateral misalignment. In this case, the switching frequency
is adjusted from 59.5 to 56 kHz to regulate the output voltage
and the proposed WPT system operates in the inductive region.
Fig. 19(c) shows the voltage and current waveforms under the
10 cm vertical misalignment. In this case, the switching fre-
quency is adjusted from 59.5 to 56.5 kHz to regulate the output
voltage. The nonzero phase of input impedance leads to a hard
switching operation of the MOSFET with large turn-OFF current
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Fig. 20.  Efficiency of the proposed WPT converter under various misalign-

ment conditions.

and increases the magnitude of the currents in transmitter and
intermediate coils. As a result, the efficiency of the system is
decreased. In case of 10 cm vertical misalignment and 20 cm
lateral misalignment, the efficiency of the proposed converter is
93.31% and 93.64%, respectively, as shown in Fig. 20.

VI. CONCLUSION

In this paper, a high-efficiency WPT system with intermedi-
ate coils is introduced and its feasibility and validity has been
demonstrated by a 6.6-kW prototype circuit. High efficiency of
the proposed converter can be obtained by the improved cou-
pling factors with the help of two additional intermediate coils.
It is possible for the proposed converter to achieve the ZPA con-
dition and soft switching in both the CC and CV modes over the
entire charge operation. In addition, the proposed WPT system
can implement the CC and CV mode charges at a fixed reso-
nant frequency. A peak efficiency of 97.08% at 3.7 kW with a
200 mm airgap has been achieved.

APPENDIX

A. Derivation Procedure for the Primary Side Impedance
Zyri, Secondary Impedance Z., and Effective Magnetizing
Impedance Z,, .4

Here, the derivation procedure for the primary, secondary,
and effective magnetizing impedances of the proposed WPT
with (A1) is presented. As already mentioned above, the voltage
equations of the circuit can be represented as

w3\ . Lo » La o~
ﬁ)11+k12\/L—jIQ+k13\/L—?I3

o
jwLy

L - 2 [La -
0=kF i 1+ (1 nf21 IQ +/€23 3[3
2 Ly
Li -~
+ ks L—44
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Ly - where Z,; (= Zs) and Zmag can be expressed, respectively,
+ Koy fI4 as

L A Zri: s :j(ULl
O*k14\/ +k24\/ 2+k34 fi[g P ¢

2
2 2 wi 2
w% (ng + l€13) (1 - ,ﬁnle> — 2K12K13K23

1—— Rpeq )1 Al T o2 2
< o q) A “ (1_75”%21) — K33

In order to derive the relationship between the input and (A6)
the output, the variables of the intermediate coils need to be Zinag = jw\/Li Ly
eliminated. With the top second equation of (A1), the current I 2
w2
can be represented as 2K12K13 (1 — :*5”3‘21) — Ko3 (5%2 + KJ%S)
K14 — . 3 (A7)
1 — Zin? — K}
. 1114312\/ +I3k23\/ +I4k24\/* w21 23
I, = . (A2)
1=2F nf 21 B. Derivation Procedure for the Phase of the Input Impedance

Zin in the CV Mode

By substituting (A2) into (A1), (A1) can be rewritten as
The phase of the input impedance can be derived from

Ur _ 1_1%_’{7%2 Tt (kg — Fshrz 7, = Zeiflied (A8)
ijl w? 1— ilQ nf?l 1— :*'17%1 Lo + RL,eq
By multiplying both the numerator and denominator by
Ls ~ kosk /L _ ; i i
« f} o+ (ku B 24: l12 > L4 2 (—Zse + Rr cq), the input impedance can be rewritten as
1 — 7” 1
2 7 ZpriRL,eq(_Zse + RL,eq) ) (A9)
0 — (k13 _ k‘23k‘12 > /ﬂﬁ (Zse + RLﬁeq) (_Zse + RLﬁeq)
- 2
1- %n%l Ly As already shown in (A6) and (A7), Z. is equal to Z,,; and
) 12 only has an imaginary part. Hence, the input impedance can be
+ (1 “%n%l — . f? - ) expressed as
— oz Noy
Z riR e Zi(‘ R e
Koo ke L Ziy = L L q( + L. Q) (A10)
O e
— orhay 3

From (A10), the real part of the input impedance can be

_ (kM— k247f512 ) ﬂfﬁ— leg— /@3]2724 ) represented as

L= g, )V 1 - T3y Re {ZZin) = —2wifiLcae (Al1)
|ch| + RL ,eq
Ls ~ 2 k2
3 T wy 24 I A3 . . . .
X N 3+ T2 1_ “,g n; N 1. (A3) The imaginary part of the input impedance can be represented
as
. . . - . ZiR2
With the middle of equation (A3), the current /5 can be ex- Im {Z;,Zin} = 7“1_ (A12)
pressed as ‘Zbe‘ + RL eq
Therefore, the phase of the input impedance can be obtained
kig — kuklz L, L+ (ksy kagkoy I, as
f 17—1n§1 ’ lf%ngl I {Z 7 } R
3 = — o2 2 . m in 4111 _ AL eq Al3
1—Zhng, — ﬁ arg{ Re {Z,} i 7 (Al3)
222
o ' ) (A4) Since Z,,;i = Zmae in the CV mode, by substituting this re-
By substituting (A4) into (A3), (A3) can be rewritten as lationship into (A13), the phase of the input impedance can be
R derived as
Ul = Il pri I4Zmag Im {Z Zln} —RL
- - arg{d ————2 % = arg 4t (A14)
0=1 Zmag — 14 Z (AS) Re {Zin} Zmag
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