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Bidirectional DC-DC Wireless Power Transfer Based
on LCC-C Resonant Compensation

Hurng-Liahng Jou

Abstract—A bidirectional dc-dc wireless power transfer (WPT)
based on LCC-C resonance compensation is proposed in this arti-
cle. For the power flowing from the primary side to the secondary
side (P2S), the voltage source is converted to a current source (V-C)
on the primary side and the current source is converted to a voltage
source (C-V) on the secondary side. For the power flowing from
the secondary side to the primary side (S2P), the V-C conversion
occurs on the secondary side and the C-V conversion occurs on
the primary side. The proposed bidirectional de—dc WPT using
LCC-C resonance compensation exhibits several advantages: 1)
it operates in bidirectional power flow; 2) it prevents burn out
of the coil when there is an open circuit on the load side or the
coils are misaligned; and 3) it outputs a constant current (CC) or
a constant voltage (CV). A hardware prototype is designed using
the specification SAE-J2954, the operating frequency is 85 kHz, the
maximum output power is 3.7 kW and the vertical distance for the
coil gap is 15 cm. The experimental results verify that the proposed
bidirectional dc—dc WPT performs as expected.

Index Terms—Bidirectional power flow, dc—dc, misalignment,
resonance compensation, wireless power transfer (WPT).

I. INTRODUCTION

ECAUSE of air pollution, climate change and oil crises in
B the last century worldwide, many countries are studying
alternatives to petrochemical fuel vehicles [1], [2]. Many plug-in
hybrid vehicles (PHEVs) and pure battery electric vehicles
(BEVs) are commercially available. Most charging systems
for BEVs currently use the unidirectional power flow [3]-[6].
However, electricity prices are expected to change in a short time
due to the development of smart grid [7], [8]. Studies are being
conducted to connect the vehicle to the grid (V2G) [9], [10].
The V2G concept uses the battery of BEVs as an energy storage
system to regulate the supply and the demand for the power grid
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and to allow smart grid demand management. Hence, the bidirec-
tional power flow for charging systems of BEVs will be the trend.

Wireless power transfer (WPT) technology has four cate-
gories: magnetic field, electric wave, electric field, and other
physical properties [11]. Currently, the development focuses on
the energy transfer through a magnetic field. It uses magnetic
induction [12] and magnetic resonance [13]. If a magnetic field
is used to transfer energy for electrical vehicle applications, the
transmitting (primary) coil must be buried in the ground. As a
result, it requires less space and the system is convenient and not
susceptible to metal shock or weather [14]. Magnetic induction
WPT works based on the basic transformer principle that two
power systems are coupled by two electrical coils (transmitting
coil and receiving coil) placed very close to each other [15].
However, the coupling coefficient of magnetic induction WPT
is lower than that of a conventional transformer because of
the air coupling. Increasing coupling coefficient, shortening the
distance between the transmitting coil and the receiving coil,
avoiding misalignment, and using the proper circuit topologies
can improve power transfer efficiency and reduces losses. Mag-
netic resonance WPT consists of a transmission coil, a primary
resonance coil, a secondary resonance coil, and a receiving coil
[13]. The resonance frequency of resonance coil is the same
as the current frequency of transmission coil. The power is
transmitted through the resonance of the resonance coil to the
receiving coil. Magnetic resonance WPT has better advantages
over magnetic induction WPT in terms of power transfer distance
and directivity, but most magnetic resonance WPT are operated
in a higher switching frequency (MHz) [16], [17]. Magnetic in-
duction WPT using a lower switching frequency (kHz) transfers
power over a shorter distance than the magnetic resonance WPT
[18]. Besides, magnetic induction WPT is strictly directional,
but a BEV can use wireless vertical charging to overcome this
shortcoming. Magnetic induction WPT is also more efficient
than magnetic resonance when the power transfer distance is
short and the direction of power transfer is no misalignment.
Hence, this study focuses on a wireless charger based on the
principle of magnetic induction applied for charging the battery
set of BEVs.

Magnetic induction WPT has an inherent magnetic leakage
field, and it may cause unwanted electric and magnetic field
(EMF) exposure and electromagnetic interference. For coexis-
tence and electromagnetic compatibility (EMC) with electronic
devices as well as to ensure safe operation in the condition of
EMF exposure, the WPT system must comply with the related
standards and regulatory requirements [19], [20].
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Wireless charging systems for BEVs are safer because WPT
achieves energy transfer without contact. The transmitting coil
and the receiving coil are electrically isolated. The conversion
efficiency for a WPT system is increased if the coupling co-
efficient for the coupled coils is increased [21]. The coupling
coefficient for a WPT system is lower than that of a conventional
transformer, so there is significant imaginary impedance in
the transmitting coil and the receiving coil. Hence, power is
also transmitted less efficiently because there is an increase in
reactive power. In order to reduce the effect of the imaginary
impedance in the transmitting coil and the receiving coil, a con-
ventional WPT system incorporates a resonance compensation
capacitor to compensate for the reactive power on the transmit-
ting coil and the receiving coil. The compensation capacitor does
not change the impedance of the coil itself. After compensation,
the apparent power in both the source side and the load side
is reduced. Therefore, a conventional resonance compensation
circuit for a WPT system includes four basic architectures [22]:
SS, SP, PP, and PS. S and P represent series compensation and
parallel compensation, respectively. The resonance frequency of
P compensation for the primary side is affected by the magnitude
of load if the capacitance of the parallel compensator capacitor
is fixed [23]. Hence, P compensation for the primary side is not
preferred. For primary side using S compensation, the primary
coil current must be increased in order to maintain the output
power when there is coil misalignment, so the current in the
primary coil can become too large to cause burning. A position
detection is necessary to address this shortcoming [3]. The
current gain in the SP and SS resonance compensation circuits
is inversely proportional to the coupling coefficient [24]. Hence,
coil misalignment has a significant effect on the primary side
using S compensation.

In order to improve the problems caused by the primary side
using S compensation, LCC compensation architecture is used
on the primary side [3]-[6], [25]. The LCC resonance compen-
sation circuit on the primary side converts a voltage source via
an inverter to a current source to produce a constant current
in the primary coil and to prevent the overcurrent problem of
primary side using S compensation [3], [4]. The LCC resonance
compensation circuit on the secondary side outputs a constant
current to the load. However, the output voltage increases when
the load is light.

For conventional bidirectional WPT, the power flow direc-
tion and the magnitude of both real and reactive power flows
are controlled by the relative phase angle and amplitude of
the voltages generated by the full-bridge inverters of primary
and secondary sides [26], [27]. The switching signals for the
full-bridge inverters of primary and secondary sides should be
synchronous to each other. This can be achieved by using a
wireless communication interface between the controllers of
primary and secondary sides. However, such solution will obvi-
ously increase the system cost and reduce its robustness. In [25],
a control method uses active and reactive power generated by the
full-bridge inverter of secondary side to perform synchronization
between the primary and secondary sides without any wireless
communications for controlling power transfer. However, real
and reactive power flows are still controlled by the relative phase
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angle and magnitude of the voltages generated by the full-bridge
inverters of primary and secondary sides. In general, the real
and reactive power flows are also affected by the parameters
of passive elements. Hence, the accuracy of power control is
difficult because the phase is difficult to control accurately and
the parameters of passive components will be varied due to the
tolerance, age, and temperature.

This article proposes a bidirectional dc—dc WPT based on
LCC-C resonance compensation. The major contributions of
proposed bidirectional dc—dc WPT are as follows.

1) LCC-C resonance compensation is adopted to prevent
burnt out of the coil when there is an open circuit on the
load side or the coils are misaligned.

2) The control circuit is simplified because the control for
performing constant current (CC)/constant voltage (CV)
to charge the battery in grid to vehicle application and
constant voltage in vehicle to grid application are imple-
mented by the bidirectional buck/boost converter.

3) The synchronization between the primary and secondary
side is not required.

4) The effect due to the parameter variation of the passive
components can be solved by controlling the bidirectional
buck/boost converter.

5) The bidirectional dc—dc WPT based on LCC-C resonance
compensation is analyzed in detail.

A hardware prototype is developed and tested to validate its
performance.

II. CircuiT TOPOLOGY

The architecture of LCC-C resonant compensation is ex-
tended from the S-S compensation architecture, and the LCC
resonance compensation replaces C compensation in the primary
side as well as the secondary side uses a series C resonance
compensation circuit. In the power flow of primary to secondary
(P2S), the voltage source is converted to a current source (V-C)
on the primary side and the current source is converted to a
voltage source (C—V) on the secondary side [28]. In the power
flow of secondary to primary (S2P), the V-C conversion occurs
on the secondary side and the C—V conversion occurs on the
primary side. This feature allows the output of a bidirectional
dc—dc WPT to be a voltage source regardless the direction of
the power flow and prevents open circuit to damage the power
converters on both sides.

The circuit topology for the proposed bidirectional dc—dc
WPT using LCC-C resonance compensation is shown in Fig. 1.
The circuit is composed of two full-bridge converters, an LCC-C
resonance compensation circuit, a pair of coils, and a bidi-
rectional buck/boost converter. The bidirectional buck/boost
converter can be separately operated as a boost converter or
a buck converter in different power flow direction. In the power
flow of P2S, the primary side full-bridge converter converts the
input dc voltage into a square voltage with a frequency of 85 kHz
and then supplies to the LCC-C resonance compensation circuit.
The output from the LCC-C resonance compensation circuit is
rectified by the secondary side full-bridge converter to supply
a dc voltage, and then the bidirectional buck/boost converter
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Fig. 3. Equivalent circuit for the LCC-C resonance compensation circuit.
Fig.2. Norton equivalent circuit for the V-C resonance compensation circuit.

operates in boost mode to convert this dc voltage to a regulated
dc voltage/current. In the power flow of S2P, the bidirectional
buck/boost converter operates in buck mode to generate the dc
bus voltage for the secondary side full-bridge converter and then
outputs a square voltage with a frequency of 85 kHz to the
LCC-C resonance compensation circuit. The output from the
LCC-C resonance compensation circuit is rectified by the full
bridge of the primary side to obtain a constant dc voltage.

III. POWER FLOW OF P2S

In the power flow of P2S, the dc voltage source on the
primary side is converted to a square voltage v,. by the full-
bridge converter. The square voltage v, is sent to the LCC-C
resonance compensation circuit. The resonance compensation
circuit on the primary side is composed of Lg; and C); and
this forms a V-C resonance compensation circuit with gain G .
Cs1 and Ly, are connected in series to form a series resonance
compensation circuit and the output from this series resonance
compensation circuit is connected to the primary coil, L,,,. L
and Cys form a C—V resonance compensation circuit with gain
G. The turn ratio for the transformer is N. The voltage source
vqc and inductor L can be replaced by a Norton equivalent, as
shown in Fig. 2.

The Norton equivalent current can be represented as

1

7 ey

Z'TX = Vge X

As seen in Fig. 2, the parallel circuit Lg; and C); can be

considered as the source impedance for i x. Its impedance is
written as

ZLSIZCpl

Zin1 = Lips1/ /7 =
thl Lsi//Zep Zio + Zop

©))

For an ideal current source, Zth must be as large as possible,
so L1 and C},; must be resonant, and Cy,; can be derived as

1
w2L sl '

Hence, Ls; and Cj,;can be regarded as open circuit. Because
Cs1 and Ly, are connected to the Norton equivalent current
in series, it can be ignored. Therefore, the LCC-C resonant
compensation circuit is equivalent to the circuit in Fig. 3. Ac-
cordingly, the gain for the V-C resonance compensation circuit
(71 can be written as

Cp1 = 3)

1
L
where Zp,_, is the impedance of Lg;.
irx and L, in Fig. 3 are transferred to the secondary side

of the transformer and are replaced by a Thevenin equivalent
circuit. Then, L,,,” can be written as

Lm/ = NZLm- (5)

Gy =

“

The gain of C-V resonance compensation circuit G2 can be
written as

G,=12,. (6)

The LCC-C resonant compensation circuit is equivalent to the
circuit in Fig. 4, where L,," and Veq1 are represented as

Veq1 = iTx X Zr,,". (7

As seen in Fig. 4, the series equivalent impedance for L,,’,
L1, and Cso must be as small as possible for an ideal voltage
source, so L,,,", Lk, and Cso must be resonant. As a result, v,.q¢
will approach veq1, and Cio can be derived as

1

C = —-—— .
52 w2 (lek + Lm/)

®)
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The voltage gain Ges_ o from the primary side ac side
voltage v, to the secondary side ac side voltage v, is written
as

1 1
—x Zp .
Zr. X N X AL,
)

The full-bridge converter on the secondary side operates as a
rectifier and the bidirectional buck/boost converter operates as a
boost converter. V1 is the voltage of C,1, and V., is the voltage
of C,,. If the boost converter operates in continuous-conduction
mode (CCM), the duty ratio for the boost converter is written as

Vcr2 - Vcrl
Vcr2

v 1
G = =G x =xGy=
res_fw Voo 1 N 2

D= (10)

IV. POWER FLOW OF S2P

In the power flow of S2P, the bidirectional buck/boost con-
verter operates as a buck converter. If the buck converter operates
in CCM, the duty ratio for the buck converter is written as

Vcrl
Vcr2

Ly, L, and Cys in the LCC-C resonance compensation cir-
cuit operate as a V-C resonance compensation circuit, Cs1, Ly
in the LCC-C resonance compensation circuit operate as a series
resonance compensation circuit, C},; and Lg; in the LCC-C
resonance compensation circuit operate as a C—V resonance
compensation circuit.

The dc voltage source V,; is converted to a square voltage
Urqc DY the secondary side full-bridge converter. The voltage
source, v,q¢, and the impedance of L, and Cy5 can be replaced
by a Norton equivalent circuit shown in Fig. 5. The impedance
of L, and Cso can be represented as

D= (11)

Zs = ZCSQ + Zslk = + 271—f-[/slk“ (12)

2 fCls
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Fig. 6. Thevenin equivalent circuit for a C—V resonance compensation circuit.

1rx can be represented as

v'rac

Z,

IRX = (13)

In Fig. 5, the parallel circuit for L,,” and Z, can be regarded
as the output impedance for current source i p x , which is written
as

(14)

Z, and Zr,,,’ are resonant, so Z;p3 is infinite and iz x can
be regarded as an ideal current source.
The current in the primary coil ¢7x can be written as

Z'TX:Z.RX x N. (15)

Since Cy; and L, operate as a series resonant circuit, their
equivalent impedance is almost zero. Therefore, i7x is con-
nected to Cp in parallel. Finally, i7x and C,; can be replaced
by a Thevenin equivalent circuit and the LCC-C resonance
compensation circuit can be simplified as Fig. 6, where v¢qo
can be represented as

iTX

— 1
Ze., (16)

Veq2 =
where Z¢,, is the impedance of Cp1. Since L and C); operate
as a series resonant circuit, v, will approach v,42. The voltage
gain Ges py from the secondary ac side voltage v,.q. to the
primary side ac side voltage v, is written as

Vac 1

— = — xNx
Urac ZS

Gres_bw == (17)

Zc,,

V. CONTROL OF BIDIRECTIONAL DC-DC WPT

When the proposed bidirectional dc—dc WPT operates in the
power flow of P2S, the power electronic switches of primary side
full-bridge converter are switched to operate in the inverter mode
and output a square wave, and the power electronic switches of
secondary side full-bridge inverter maintain off to operate in the
rectification mode. When the proposed bidirectional dc—dc WPT
operates in the power flow of S2P, the power electronic switches
of primary side full-bridge inverter maintain off to operate in
the rectification mode, and the power electronic switches of
secondary side full-bridge inverter are switched to operate in
the inverter mode and output a square wave. Thus, the high-
frequency synchronous signals for both full-bridge inverters
are not necessary. Hence, a wireless communication interface
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Fig. 7. Control block of the bidirectional buck/boost converter the proposed
bidirectional dc—dc WPT.

between the primary and secondary sides can be avoided to
increase the robustness of proposed bidirectional dc—dc WPT. In
addition, the controls of both full-bridge inverters are simplified.

The bidirectional buck/boost converter is used to control the
charging voltage/charging current for the battery in the power
flow of P2S and the voltage of dc bus in the power flow of S2P.
Fig. 7 is the control block of the bidirectional buck/boost con-
verter in the proposed bidirectional dc—dc WPT. The operation of
P2S and S2P power flow modes are selected through the P2S/S2P
selector. When P2S is selected, the control object is the charging
voltage (Vg pc) or the charging current (Is_pc) of battery set to
perform CV or CC charging. The CV/CC charging is determined
by comparing the charging voltage (Vs pc) and the setting volt-
age Vs_pc(set)- The bidirectional buck/boost converter performs
the CC charging when the charging voltage (Vs pc) is lower
than the setting voltage Vs_pc(set)- The bidirectional buck/boost
converter performs the CV charging when the charging voltage
(Vs_pc) is equal to the setting voltage Vs pc(set)- When S2P
is selected, the control object is the dc bus voltage (Vp_pc) of
primary side full-bridge inverter.

For reducing the switching power loss of full-bridge inverters,
the resonant frequency of LCC-C resonance compensation is
designed to be slightly away from the switching frequency of
full-bridge inverters to perform the inductive characteristic. The
voltage gains Gres_fw and Gires_py, Will be slightly affected due
to the mismatch between the switching frequency and resonant
frequency. In addition, the parameters of LCC-C resonance
compensation have errors in practical application, and it will also
affect the voltage gains Ges_fu and Gres_pw- The close-loop
control of bidirectional buck/boost converter may cover these
errors of voltage gains Gcs_f and Gies py to regulate the
voltage/current in the proposed bidirectional dc—dc WPT.

VI. EXPERIMENTAL RESULTS

A hardware prototype was implemented to verify the fea-
sibility of the proposed bidirectional dc—dc WPT. A digi-
tal signal processor TMDSDOCK28069 is used as the con-
troller. The prototype conforms to SAE-J2954 code [29] for
which the specifications are a transmission distance of 15 cm

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

TABLE I
MAIN PARAMETERS FOR THE EXPERIMENTAL PROTOTYPE
Circuit system parameters
Components Parameters Remarks
Vp pe 400V
Vs pe 255V~403V
Output power 3700W
Full bridge inverter
Operational
Swi~Sws C3M0065090 frequency 85 kHz
Cyc 100uF
Cy 150uF
LCC-C Resonance Compensation
Ly 76.88uH
Cp1 46nF 5SX5P
Csy 35.03nF 4Sx 3P
Ly 98.29uH
L, 61.27uH
1:N 1:0.7873
Loy 61.75uH
Csy 35.02nF 8SX 6P
capacitor type of 47nF R76UN24704040]
Cp1, Co1, Csp
Bidirectional buck/boost converter
switching
Swo™Swio C3M0065090 frequency 21.25kHz
Loy 500uH
Cp, 200uF
TABLE II

PARAMETERS FOR THE PRIMARY AND SECONDARY COILS

side length A

& i

- center

‘I— depth

N —
#—inside diameter (ID)—
#—outside diameter (OD)—#
Primary side Secondary side

Side length 60cm 60cm
Inside diameter 34cm 38cm
Outside diameter S54cm 54cm
Depth 10cm 8cm

(WPT class S), a rated power of 3700 W (WPT class 1), and
a switching frequency of 85 kHz. Table I shows the main
parameters for the prototype, and Table II shows the parameters
for the coupling coils.

For reducing the switching power loss of full-bridge inverters,
the resonant frequency of LCC-C resonance compensation is
designed to be slightly away from the switching frequency of
full-bridge inverters to perform the inductive characteristic. The
resonant frequency of Ls; and Cp; is 84.69 kHz, and it is slightly
lower than 85 kHz. The resonant frequency of L, L, and Cso
is 85.1 kHz, and it is slightly higher than 85 kHz. Fig. 8 shows
the bode plot for i,. when the proposed bidirectional dc—dc
WPT operates in the power flow of P2S under 0.38 coupling
coefficient and 45-( load, and Fig. 9 shows the bode plots
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Fig. 9. Bode plot for —i,q. of the proposed bidirectional dc—dc WPT in the
power flow of S2P.
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Fig. 10. Bode plots for the voltage gain of the proposed bidirectional dc—dc
WPT with different coupling coefficients and different loads. (a) Power flow of
P2S. (b) Power flow of S2P.

for —i,4. when the proposed bidirectional dc—dc WPT operates
in the power flow of S2P under 0.38 coupling coefficient and
45-Q) load. Figs. 8 and 9 verify that the proposed bidirectional
dc—dc WPT can perform inductive characteristic to acquire zero
voltage switching (ZVS) for the full-bridge power converter
in the bidirectional power flow. However, the currents i,. and
—1rqc increase slightly due to the existence of small inductive
reactive power. Because the operation of the full-bridge inverters
and the bidirectional buck/boost converter are decoupled by the
capacitor C,1, the switching frequencies of full-bridge inverters
and the bidirectional buck/boost converter are independent. For
reducing the switching power loss, the switching frequency of
bidirectional buck/boost converter is much less than that of
full-bridge converters.

Fig. 10 shows bode plots for the voltage gain of the proposed
bidirectional dc—dc WPT with different coupling coefficients
and different loads. Fig. 10(a) shows the bode plot for P2S
using (4), and Fig. 10(b) shows the bode plot for S2P using
(12). Fig. 10(a) and (b) shows that the resonant frequency is
almost independent of the coupling coefficient and the load. The
voltage gain is almost unchanged at the switching frequency, so
the proposed WPT can be operated as a voltage source in both
power flows of P2S or S2P.
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Fig. 11.  Experimental results for the proposed bidirectional de—dc WPT in the

power flow of P2S under 3700 W. (a) vge. (b) ige. (€) Vrge- (d) irge-

The capacitance error of each capacitor in the prototype is 5%,
and the inductor is wound by the laboratory of authors according
to the design results. The resonant frequency of Ls; and Cp, is
shifted from 84.69 to 81.95 kHz if the capacitance error is +5%,
and the resonant frequency of L, L, and Css is shifted from
85.10to 82.76 kHz if the capacitance error is +5%. The resonant
frequency of L and Cj,q is shifted from 84.69 to 86 kHz if the
capacitance error is —5%, and the resonant frequency of L] ,
L, and C'yo is shifted from 85.10 to 86.99 kHz if the capaci-
tance error is —5%. As can be seen in Fig. 10, it can be found that
the gains are slightly decreased for power flows of P2S and S2P
due to the 5% tolerance. The close-loop control of bidirectional
buck/boost converter may cover these errors of voltage gains
Gres_fwand Gres_py to regulate the voltage/current. In addition,
the tolerance will further push the resonant frequency of resonant
compensation circuit away from the switching frequency and
enlarge the reactive power to degrade the power efficiency. This
problem can be overcome by changing the switching frequency
to track the variation of resonant frequency due to the tolerances
of components, and the authors will address this issue in the
future research.

Fig. 11 shows the experimental results for the proposed bidi-
rectional dc—dc WPT in the power flow of P2S, under 3700 W,
respectively. Fig. 11(a) shows the ac voltage (v,.) across the
primary side full-bridge converter. The amplitude of v, is the
input voltage Vp_pc. Fig. 11(b) shows the output current (i) in
the primary side full-bridge converter. As can be seen in Fig. 11
Tac 1ags vgc, which allows ZVS in the primary side full-bridge
converter. The displacement power factor gradually increases as
the load current is increased. Fig. 11(c) shows the waveforms for
the ac voltage (v,..) at the secondary side full-bridge converter.
The amplitude of v,.,. is the dc bus voltage V.1 at the secondary
side full-bridge converter and does not change with the load.

Fig. 12 shows the experimental results for the proposed bidi-
rectional dc—dc WPT in the power flow of S2P under 3700 W,
respectively. Fig. 12(a) shows the ac voltage (v,.) at the primary
side full-bridge converter. The amplitude of v,. is the same
as the dc bus voltage Vp pc on the primary side full-bridge
converter. Fig. 12(b) shows the ac current (¢,.) in the primary
side full-bridge converter. i, is out of the phase with v, for
operation in the power flow of S2P and the amplitude of i,.
changes as the load is changed. Fig. 12(c) shows the ac voltage



2316

(2)

3

\\ é
<
e

N
>
D
>
+

@wm ©
/f\/\\/\\/v\q/\/\/\ @

@ 50 10.0ps 100MS/s 14H 2019
@ 500 v . 25.0 A 10k 3% 0.00 \/ 11:34: 51

@

Fig.12.  Experimental results for the output power from the bidirectional dc—dc
WPT in the power flow of S2P under of 3700 W. (a)vge. (b) tge. (€) Vrge-
(@ irac-

Tek EL

..
.
..
o

(@

®

°

>
©
i
o

N R

7.19A

=

IE

3220
(b)

(@ 200V

N

100kS/s
1M B4

)[1.00 s

‘0.
8

11115 2018
16:13: 17

>
<

Fig. 13. Experimental results for the proposed bidirectional dc—dc WPT
operating at CV in the power flow of P2S. (a) Vs pc. (b) Is pc.

TABLE I
MEASURED EFFICIENCY OF Fig. 13

voltage(V) current(A) power(W) Efficiency (%)
400 3.22 1288 93.07
400 5.21 2084 94.28
400 7.19 2876 94.11
400 8.19 3276 93.96
400 9.25 3700 93.86

(vrqc) on the secondary side full-bridge converter. The amplitude
of v, is the same as the dc bus voltage V., on the secondary
side full-bridge converter. Fig. 12(d) shows the waveforms for
the ac current (7,.4.). It is seen that i, is inductive and lags v,.q,
which allows ZVS in the secondary side full-bridge converter.

Fig. 13 shows the experimental results for the proposed bidi-
rectional dc—dc WPT operating at CV in the power flow of P2S.
It is seen that Vg_pc is almost unchanged at 400 V in Fig. 13(a)
and Is pc in Fig. 13(b) exhibits a step change of 3.22, 5.21,
7.19, 8.19, and 9.25 A when there is a step change in the load.
This means that the voltage is maintained as a constant value,
regardless of the change in the output current. This verifies that
the proposed system provides CV under different loads. Table III
shows the measured efficiency of Fig. 13.

Fig. 14 shows the experimental results for the proposed bidi-
rectional dc—dc WPT operating at CC in the power flow of P2S.
It is seen that the output current Is pc is maintained at dc 6 A
and the output voltage of Vg pc exhibits a step change to 266,
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Fig. 14. Experimental results for the proposed bidirectional dc—dc WPT
operating at CC in the power flow of P2S. (a) Vs pc. (b) Is pc.

TABLE IV
MEASURED EFFICIENCY OF Fig. 14

voltage(V) current(A) power(W) efficiency(%)
266 6 1596 93.57
300 6 1800 94.13
342 6 2052 94.28
400 6 2400 94.24
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Fig. 15.  Experimental results for the proposed bidirectional dc—dc WPT in the

power flow of S2P. (a) Vp pc. (b) Ip pc.

300, 342, and 400 V when there is a step change in the load.
This verifies that the proposed bidirectional dc—dc WPT in the
power flow of P2S provides CC under different loads. Table IV
shows the measured efficiency of Fig. 14.

Fig. 15 shows the experimental results for the proposed bidi-
rectional dc—dc WPT in the power flow of S2P. It is seen that
Vp pc is almost unchanged at 400 V in Fig. 15(a) and Ip pc
in Fig. 15(b) exhibits a step change to —2.5, —5.5, —7.5, and
—9.25 A when there is a step change in the load. The voltage
is a constant value and the load current is changed, so the
proposed bidirectional dc—dc WPT in the power flow of S2P
can be realized for different levels of output power.

The dynamic characteristics of proposed bidirectional dc—dc
WPT are shown in Fig. 13 for constant voltage application under
load change in the power flow of P2S, in Fig. 14 for constant
current application under load change in the power flow of P2S,
and in Fig. 15 for constant voltage application under load change
in the power flow of S2P. Figs. 13—15 verify that the proposed
bidirectional dc—dc WPT have good dynamic performance in
both P2S and S2P power flow.
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Fig. 16. Power efficiency for the proposed bidirectional dc—dc WPT in the

power flow of P2S.
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Fig. 17. Power efficiency for the proposed bidirectional dc—dc WPT in the
power flow of S2P.

Figs. 16 and 17 show the power efficiency of the proposed
bidirectional dc—dc WPT in the power flow of P2S and S2P.
A Yokogawa WT1600 is used for measurement. The working
power for the control circuit is ignored when measuring the
power efficiency. In the power flow of P2S, the power efficiency
measurement condition is set at 400 V for both Vp pc and
Vs pc, and the output current is changed by the adjustable
load to measure the power efficiency. In the power flow of S2P,
the power efficiency measurement condition is also set at 400 V
for both Vg pc and Vp pc, and the output current is changed
by adjustable load to measure power efficiency.

Curve 1 in Fig. 16 shows the power efficiency for the proposed
bidirectional dc—dc WPT in the power flow of P2S using a
ferrite core in Lg;. The maximum power efficiency is 93.57%
at 2050 W. The power efficiency for a full load is 92.92%.
Curve 2 shows the power efficiency using an air core in Lg;.
The maximum power efficiency is 94.30% at 1950 W and the
power efficiency is 93.86% for a full load.

Curve 3 in Fig. 17 shows the power efficiency for the proposed
bidirectional dc—dc WPT in the power flow of S2P using a
ferrite core in Lg1. The maximum power efficiency is 93.43%
at 2040 W. The power efficiency at full load is 92.83%. Curve
4 shows the power efficiency using an air core in Lg;. The
maximum power efficiency is 94.38% at 2250 W and the power
efficiency is 93.84% at full load.

As seen in Figs. 16 and 17, the power efficiency using an air
core is greater than that using a ferrite core in Lg;.

To verify the effect of misalignment of coils and the vertical
or horizontal offset on the coupling coefficient and transmission
efficiency for the proposed bidirectional dc—dc WPT, the primary
coil and secondary coils were mounted on square acrylic plate
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Fig. 18.  Misalignment between two coils. (a) No misalignment. (b) Rotational

misalignment. (c) Vertical misalignment. (d) Horizontal misalignment.

TABLE V
MEASURED RESULTS FOR COIL PARAMETERS UNDER MISALIGNMENT

Parameter Case 1 Case 2 Case 3 Case 4
L open 161.46uH 159.48uH 155.36uH 160.46uH
Lp close 136.37uH 137.48uH 140.02uH 150.33uH
Ls open 99.47uH 99.49uH 95.78uH 98.98uH
Ls close 83.43uH 86.09uH 86.53uH 92.74uH

Coupling 0.38 0.368 0.314 0.251

coefficient

1:N 0.7849 0.7898 0.7852 0.7854

Ly 100.11uH 100.75uH 106.54uH 120.14uH
Ly, 61.35uH 58.73uH 48.82uH 40.32uH
Loy 61.67uH 62.85uH 65.68uH 74.11uH

of 60 x 60 cm. In the experiments, the coordinates of the coils
are defined as (X, Y, Z) and the center point of primary coil is
defined as (0, 0, 0). The experiments simulate four scenarios:
No misalignment (case 1), rotational misalignment (case 2),
vertical (Z-axis) misalignment (case 3), and horizontal (X-axis)
misalignment (case 4). Fig. 18(a) shows the position of the coils
for case 1. In this case, there is no misalignment between the
primary and secondary coils, and the vertical distance between
the two coils is 15 cm. The center point of the secondary coil is
at coordinate (0, 0, 15). Fig. 18(b) shows the position of the coils
for case 2. There is no misalignment along the X-axis, Y-axis,
and Z-axis. However, the secondary coil is rotated 45° around the
X-axis. The position of the coils for case 3 is shown in Fig. 18(c).
There is no offset in the X-axis or Y-axis, but the vertical distance
between the two coils is increased from 15 to 18 cm. Therefore,
the center point of the secondary coil is at (0, 0, 18). The position
of the coils for case 4 is shown in Fig. 18(d). Fig. 18(d) shows
that the secondary coil is moved 15 cm along the X-axis, the
Y-axis has no offset and the Z-axis is still 15 cm. Therefore, the
center point of secondary coil is at (15, 0, 15). The frequency of
the LCR meter is set at 85 kHz to measure the parameters of the
coils. Table V shows the measured results, which are equivalent
to the parameters for the transformer model.

Fig. 19 shows the relationship between conversion efficiency
and the output power for the proposed bidirectional dc—dc WPT
in the power flow of P2S under four misalignment scenarios.
Fig. 19 shows that the power conversion efficiency is barely
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Fig. 19. Relationship between the conversion efficiency and the output power
for the proposed bidirectional dc—dc WPT in the power flow of P2S.
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Fig.20. Relationship between conversion efficiency and the output power for
the proposed bidirectional dc—dc WPT in the power flow of S2P.

affected by misalignment, but power transmission is signifi-
cantly affected. Therefore, misalignment affects the coupling
coefficient between two coils, but does not affect the resonant
frequency of the LCC-C resonance compensation circuit.

Fig. 20 shows the relationship between the conversion ef-
ficiency and the output power for the proposed bidirectional
dc—dc WPT in the power flow of S2P under four misalignment
scenarios. Fig. 20 shows that the power conversion efficiency is
barely affected by misalignment, but power transmission is sig-
nificantly affected. Therefore, misalignment affects the coupling
coefficient between two coils, but does not affect the resonant
frequency of the LCC-C resonance compensation circuit. There-
fore, coil misalignment, vertical misalignment, or horizontal
misalignment has little effect on the power conversion efficiency,
but each has a significant effect on the power transmission in the
power flows of P2S and S2P.

VII. CONCLUSION

The output current source creates a notable increase in the
resonant tank voltage for the current source compensation of a
WPT topology when the open circuit occurs due to the failure
of output power converter or load. Therefore, more complicated
control methods are required to achieve bidirectional WPT [24],
[25]. This study develops a bidirectional dc—dc WPT based
on LCC-C resonance compensation. and it has the following
features.

1) The bidirectional dc—dc WPT is designed to have induc-
tive characteristics so that the power electronics operate
in ZVS. This decreases the switching loss in the power
electronic switches.
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The LCC-C resonance compensation circuit converts the
voltage source into a current source and transmits it to the
coil in either power flow of P2S or power flow of S2P. This
prevents overcurrent of the coil when there is no load, or
the coils are misaligned. Because the output is a voltage,
the circuit does not produce an increasing current in the
resonant tank voltage.

This topology uses fewer components than other current
source compensation topologies [24], [25]. Hence, the
transmission efficiency is increased.
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