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Abstract

The investigation on the constant current (CC)/constant voltage (CV) charging for the
electric vehicle wireless power transfer (WPT) system has been widely conducted. How-
ever, the CC/CV performance under misalignment cases has been scarcely studied espe-
cially for the multi-coil WPT system. The resonant tank compensation methodology for
the exciter-quadrature-repeaters (EQR) transmitter-based multi-coil WPT system is stud-
ied to achieve high power factor CC/CV charging with low leakage flux over ±150 mm
lateral misalignment range. The EQR transmitter consists of one small exciter coil pow-
ered by a single full bridge inverter and two larger decoupled quadrature repeater coils
which are magnetically coupled to the exciter coil. A variable switched capacitor is applied
on the exciter side to maintain a high power factor in the CV mode. A 3-kW experimental
setup with a 200 mm nominal vertical distance was built and a three-coil WPT system with
a single large repeater coil is chosen as a comparison. Experimental results show that the
EQR transmitter-based WPT system achieves 92% coil-to-coil efficiency and reduces the
leakage flux density by 70% compared with the existing three-coil system in the CV mode
at 150-mm lateral misalignment.

1 INTRODUCTION

The promotion of electric vehicles (EVs) is of paramount
importance to achieve transportation electrification. The
widespread adoption of EVs places a great demand on the
charging infrastructures. Wireless power transfer (WPT) as an
emerging technology [1–3] has several unique advantages over
conductive charging such as low electrocution risk and being
highly attractive for autonomous charging. Several technical
challenges must be resolved to ensure ubiquitous wireless charg-
ing in EVs. Lateral misalignment is an inevitable issue for vehi-
cle parking. Compared with front-to-rear lateral misalignment,
door-to-door lateral misalignment is more difficult for a driver
to rectify and is the major challenge addressed in this paper.
Associated with the lateral misalignment leakage magnetic field
in the surrounding area is another concern. According to the
SAE J2954 standard [4], there is a 27 μT (RMS) threshold for
leakage magnetic flux density wherever people may be present.
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During the whole charging process of the lithium-ion battery,
the battery pack equivalent load resistance, (ratio of the bat-
tery voltage and the DC charging current), may vary from a few
ohms to several hundred ohms [5]. As such, several studies have
proven that a load-independent constant current (CC)/constant
voltage (CV) charging profile is preferable for lithium-ion bat-
teries to ensure safety, durability, and high performance of the
battery [6–9].

Multi-coil WPT systems, such as three-coil and four-coil
WPT systems, have been widely investigated recently. In
[10–13], multi-coil WPT systems, applying repeater or interme-
diate coils, have been proven to improve the transmission effi-
ciency compared with the conventional two-coil systems [14]. In
[15–20], the magnetic field distribution can be adjusted by con-
trolling the current in each transmitter sub-coil in the multi-coil
WPT systems in order to achieve high misalignment tolerance
and low leakage magnetic field. In [18], a space vector-based
excitation method was proposed in the bipolar transmitter pad
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FIGURE 1 The structure of the EQR transmitter WPT system. EQR,
exciter-quadrature-repeaters; WPT, wireless power transfer

and in [19] the current optimization method was developed for
a three-coil decoupled transmitter. Both these methods in the
multi-coil WPT systems allow the magnetic field to be oriented
towards the receiver pad under lateral misalignment. However,
each transmitter sub-coil has to be equipped with one inverter in
these systems, resulting in an increase in system cost and control
complexity.

In terms of CC/CV charging in multi-coil WPT systems, Li et
al. [21] proposed a reconfigurable intermediate resonant circuit
to implement CC/CV charging in a four-coil WPT system. In
[22], hybrid compensation topologies on the receiver side were
applied to allow a three-coil WPT system to achieve CC/CV
charging. Yang et al. [23] utilized two different operation fre-
quencies in a three-coil WPT system to achieve CC/CV charg-
ing in. However, the CC/CV performance for the multi-coil
WPT systems under lateral misalignment was not considered in
these previous studies. In [6], two different operation frequen-
cies were applied in a four-coil WPT system and a closed-loop
controller was developed in order to achieve CC/CV charg-
ing. However, the system could not maintain a zero phase angle
(ZPA) between voltage and current at the inverter terminals in
the misalignment cases, which results in higher power loss in
the inverter. Besides, the EMF issue for the multi-coil WPT sys-
tems under the CC/CV mode in different misalignment cases
has been scarcely studied in the previous literatures.

In this paper, a multi-coil WPT system, as shown in Figure 1,
with an exciter-quadrature-repeaters (EQR) transmitter pad is
proposed to efficiently achieve CC/CV charging. As shown in
Figure 1, the EQR transmitter consists of a small exciter coil,
and two magnetically decoupled big quadrature repeater coils.
The exciter is energized by an inverter. As discussed in the pre-
vious work [24], the EQR transmitter WPT system can achieve
CC and ZPA over ±150 mm lateral misalignment and ±20 mm
vertical misalignment and the currents in the two quadrature
repeater coils adjust autonomously based on the position of

FIGURE 2 Equivalent electrical circuit of the EQR transmitter WPT
system

the receiver pad without any additional feedback control. Due
to this attribute, the EQR transmitter WPT system has a large
lateral misalignment tolerance and low EMF emission in the
CC charging mode. In this paper, the investigation on CC/CV
charging in the EQR transmitter WPT system is conducted
while maintaining low EMF emission and ZPA over ±150 mm
lateral misalignment considering 200 and 220 mm two vertical
distances. The variable switched capacitor [25] is applied in the
excitation resonant tank.

The main contributions of this paper are: (1) Load-
independent CC/CV charging and ZPA conditions can be
achieved simultaneously for the lateral misalignment of ±150
mm and vertical misalignment of +20 mm by applying the pro-
posed coil topology and associated capacitor design methodol-
ogy, without closed-loop control based on the output voltage
or current signal from the receiver side. (2) Only one inverter
unit is needed and the currents on two quadrature repeater coils
adjust based on the receiver pad position without excitation cur-
rent control on the transmitter side as required in [15, 17–19].
This current adjustment effectively reduces the leakage mag-
netic field in the lateral misalignment cases. The receiver coil is a
simple rectangular coil and no additional component or control
circuit is required on the receiver side.

In Section 2, the conditions required to achieve load-
independent CC/CV charging and excitation coil ZPA are
derived. Then in Section 3, two important design considerations
are discussed in order to ensure the system operates efficiently
in CC/CV charging mode within ±150 mm lateral misalign-
ment. In Section 6, the design procedure of a 3-kW EQR trans-
mitter WPT system is illustrated. Finally, in Section 5, a 3-kW
experimental WPT system is presented and results are discussed
to verify the system performance described in the above sec-
tions.

2 CIRCUIT ANALYSIS OF THE EQR
TRANSMITTER-BASED WPT SYSTEM

In this section, the conditions of the load-independent CC and
CV charging are studied and the ZPA condition in each CC or
CV mode is also derived. As shown in Figure 2, the equivalent
electrical circuit of the EQR transmitter-based WPT system
includes a dc power supply Udc, a dc-link capacitor Cdc-link, a
full-bridge inverter comprising Q1–Q4, four series compensated
resonant tanks which include an exciter coil, two quadrature
repeater coils, a receiver pad, and their associated series com-
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pensation capacitors. On the receiver side, a voltage-doubling
rectifier is used to connect the receiver pad to a battery.

2.1 Constant current charging and zero
phase angle conditions

To simplify the analysis of the proposed multi-coil WPT system,
the fundamental harmonic approximation (FHA) is applied and
the parasitic resistance of each resonant tank, namely Re, Rq1,
Rq2, and Rr is neglected. Furthermore, the dc power supply and
the full-bridge inverter are simplified as an AC voltage source
with the peak value Uin while the voltage doubling rectifier and
the battery are converted into an equivalent resistance load. The
equivalent resistance is determined by Uo shown in Figure 2,
and the desired output power, Po based on FHA and the fact
that a voltage doubling rectifier is used.

RE=
U 2

o

Po
=

2U 2
b

Po
. (1)

where Ub is the battery voltage.
Based on Kirchhoff ’s voltage law, the proposed multi-coil

system can be represented through a 4× 4 matrix (all the param-
eters highlighted in bold are phasors in RMS in this paper)

⎡⎢⎢⎢⎢⎢⎣

Uin

0

0

0

⎤⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎣

Ze Zeq1 Zeq2 Zer

Zeq1 Zq1 0 Zqr1

Zeq2 0 Zq2 Zqr2

Zer Zqr1 Zqr2 Zr + RE

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

Ie

Iq1

Iq2

Ir

⎤⎥⎥⎥⎥⎥⎦
(2)

where Ze, Zq1, Zq2, Zr are the equivalent impedances of the
four corresponding resonant tanks shown in Figure 2, and Zeq1,
Zeq2, Zqr1, Zqr2 are defined as the equivalent impedances of
the mutual inductances between the coupled coils shown in
Figure 2, respectively.

Since two quadrature repeater coils are designed to be decou-
pled, the mutual inductance between these two coils is assumed
as zero in the second and the third rows of (2).

Therefore, all the impedances can be expressed as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ze = j𝜔Le + 1∕ j𝜔Ce

Zq1 = j𝜔Lq1 + 1∕ j𝜔Cq1

Zq2 = j𝜔Lq2 + 1∕ j𝜔Cq2

Zr = j𝜔Lr + 1∕ j𝜔Cr

Zeq1 = j𝜔Meq1

Zeq2 = j𝜔Meq2

Zqr1 = j𝜔Mqr1

Zqr2 = j𝜔Mqr2

Zer = j𝜔Mer

(3)

where ω = 2πf denotes the operation angular frequency; Le,
Lq1, Lq2, and Lr are the self-inductances of the exciter coil, the
repeater coil 1, the repeater coil 2 and the receiver pad respec-
tively; Mer, Meq1, Meq2, Mqr1, and Mqr2 are the mutual induc-
tances between the coupled coils shown in Figure 2, respectively.

Based on the matrix shown in (2), the corresponding voltage
and current relationships can be achieved as

Zin =
Uin

Ie
=

A + BRE + D

−Zq1Zq2Zr + Z 2
qr1Zq2 + Z 2

qr2Zq1 − Zq1Zq2RE

(4)

Ir

Uin
=
−Zeq1Zqr1Zq2 − Zeq2Zqr2Zq1 + ZerZq1Zq2

A + BRE + D
(5)

where the symbol notations A, B, and D are expressed as

A = −ZeZrZq1Zq2 + Zr

(
Z 2

eq1Zq2 + Z 2
eq2Zq1

)
+ Ze

(
Z 2

qr1Zq2 + Z 2
qr2Zq1

)
−
(
Zqr1Zeq2 − Zqr2Zeq1

)2 (6)

B = −ZeZq1Zq2 + Z 2
eq1Zq2 + Z 2

eq2Zq1 (7)

D = −2Zer
(
Zeq1Zqr1Zq2 + Zeq2Zqr2Zq1

)
+ Zq1Zq2Z 2

er (8)

It can be seen from (5) that Ir/Uin is independent of the load
resistance RE when term B in (7) is equal to zero, which suggest
that the CC charging mode condition is achieved if

Ze−cc =
Z 2

eq1Zq2 + Z 2
eq2Zq1

Zq1Zq2
(9)

By substituting (9) into (4), the total input impedance is
obtained

Zin =
Uin

Ie
=

A + D

−Zq1Zq2Zr + Z 2
qr1Zq2 + Z 2

qr2Zq1 − Zq1Zq2RE

(10)
If Zin is real, ZPA is achieved. Given that both A and D are real,
this requires the denominator of (10) to be real. This is satisfied
if:

Zr−cc =
Z 2

qr1Zq2 + Z 2
qr2Zq1

Zq1Zq2
(11)

If both (9) and (11) are satisfied, then (4) and (5) can be rewritten
as the following equations. In this case, both CC and ZPA con-
ditions can be simultaneously achieved in the proposed WPT
system [24].

Zin =
Uin

Ie
=

A + D

−Zq1Zq2RE
(12)

Ir

Uin
=
−Zeq1Zqr1Zq2 − Zeq2Zqr2Zq1 + ZerZq1Zq2

A + D
(13)
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FIGURE 3 CC–CV mode operation schematic. CC–CV, constant
current–constant voltage

2.2 Constant voltage charging and zero
phase angle conditions

For CV mode, the system output voltage Uo must be indepen-
dent of the load RE for a given input voltage Uin. According to
(5), the ratio of Uo over Uin can be obtained as follows:

Uo

Uin
=

IrRE

Uin

=

(
−Zeq1Zqr1Zq2 − Zeq2Zqr2Zq1 + ZerZq1Zq2

)
RE

A + BRE + D

(14)

The ratio becomes independent of RE if A + D can be
assigned to zero. For A + D = 0

Uo

Uin
=

IrRE

Uin
=
−Zeq1Zqr1Zq2 − Zeq2Zqr2Zq1 + ZerZq1Zq2

B
.

(15)
As shown in (15), Uo/Uin is independent of RE, which means

the system can achieve load-independent CV charging. In terms
of ZPA condition, the total input impedance of the system Zin

if A + D = 0 is provided by

Zin =
Uin

Ie
=

BRE

−Zq1Zq2Zr + Z 2
qr1Zq2 + Z 2

qr2Zq1 − Zq1Zq2RE

(16)

Since term B is imaginary based on (7), −Zq1Zq2RE needs
to be zero to ensure Zin remains real and that ZPA is achieved.
This requires −Zq1Zq2RE = 0, which implies either Zq1 = 0 or
Zq2 = 0.

Assuming Zq1 is assigned to zero,

A + D = ZrZ
2
eq1Zq2 + ZeZ 2

qr1Zq2

−
(
Zqr1Zeq2 − Zqr2Zeq1

)2
− 2ZerZeq1Zqr1Zq2

(17)

and three options to achieve A + D = 0

(1) Keep Zq2 and Zr at the same values as in CC mode and
then change Ze to

Ze−cv =(
Zqr1Zeq2 − Zqr2Zeq1

)2
+ 2ZerZeq1Zqr1Zq2 − Zr−ccZ 2

eq1Zq2

Z 2
qr1Zq2

(18)
(2) Keep Ze and Zr at the same values as in CC mode and then
change Zq2 to

Zq2−cv =

(
Zqr1Zeq2 − Zqr2Zeq1

)2

Zr−ccZ 2
eq1 + Ze−ccZ 2

qr1 − 2ZerZeq1Zqr1
. (19)

(3) Keep Ze and Zq2 at the same values as in CC mode and then
change Zr to

Zr−cv =(
Zqr1Zeq2 − Zqr2Zeq1

)2
+ 2ZerZeq1Zqr1Zq2 − Ze−ccZ 2

qr1Zq2

Z 2
eq1Zq2

(20)

If Zq2 instead of Zq1 is assigned to be zero, then (18), (19), and
(20) can be recalculated accordingly by using the same method.

Figure 3 shows the six different approaches to switch the sys-
tem from CC mode to CV mode. To change mode, either Ze, Zq,
or Zr can be adjusted by adding a variable switched capacitor.

Since the ZPA is not beneficial for reducing the switch-
ing loss in the full-bridge inverter, it is preferred to adjust the
impedances obtained from (18), (19), or (20) slightly in order to
allow the system to be slightly inductive and achieve zero volt-
age switching (ZVS) other than ZPA in reality. This can be easily
achieved as a variable switched capacitor is applied which is able
to adjust its capacitance controlled by the DSP continuously.

Two questions need to be addressed to complete the design
of this system, which are

(1) Which repeater resonant tank impedance, Zq1 or Zq2,
should be switched to zero for a given receiver pad position?

(2) Which impedance Ze, Zr, or the other repeater resonant
tank impedance as per (18), (19), or (20) should be adjusted?

These two questions will be discussed in detail in the follow-
ing section.

3 DESIGN CONSIDERATIONS OF THE
EQR TRANSMITTER-BASED WPT SYSTEM

3.1 Zero-reactance resonant tank selection
for CV mode

As discussed in the previous section, the first condition for the
system to switch to the CV mode is to make Zq1-cc = 0 or Zq2-cc
= 0, which means one of the repeater resonant tanks should be
adjusted to be fully compensated. Based on the system matrix in
(2), the currents in two repeater resonant tanks can be obtained



LUO ET AL. 5

if the parasitic resistances in the resonant tanks are considered.

Iq1 =
−
(
Zeq1Ie + Zqr1Ir

)
Zq1 + Rq1

(21)

Iq2 =
−
(
Zeq2Ie + Zqr2Ir

)
Zq2 + Rq2

. (22)

where Rq1 and Rq2 are the parasitic resistances of two repeater
resonant tanks.

From the above equations, it is seen that lower Zq1 or Zq2
values yield higher resonant tank currents. Therefore, the basic
principle is to zero the reactance of the resonant tank with
stronger coupling to the receiver pad. As such, the repeater coil
with lower coupling to the receiver pad transfers lower power to
the receiver pad and also causes lower leakage magnetic flux.
If the mutual inductances between the receiver pad and two
repeaters coil are equal (i.e. the receiver pad is close to the well-
aligned case), the capacitor with the repeater coil placed closer
to the exciter coil should be adjusted.

3.2 Reactance adjustable resonant tank
selection for CV mode

According to (18), (19), and (20), one of the impedances, Ze, Zr,
or the non-zero Zq value should be adjusted to allow the pro-
posed system to switch into CV mode. This can be achieved by
using a variable switched capacitor [25]. According to (18)–(20),
there is the freedom to choose which resonant tank is compen-
sated by the variable switched capacitor.

In practice, it is inevitable to have some discrepancy between
the desired capacitor value and the actual capacitor value
achieved by the variable switched capacitor. Therefore, the per-
turbation analysis of Ce, Cq, and Cr is conducted to investigate
which tank capacitor should be controlled in order to achieve
the ZPA condition during CV charging. In this analysis, all of
the parasitic resistances in each resonant tank are taken into
account. All the self-inductances, mutual inductances and par-
asitic resistances needed in this analysis are based on the exper-
imental measurements, which are listed in Table 1.

In Figure 4, the results of the capacitance perturbation analy-
sis in terms of the power factor are shown. The black lines dis-
play how the power factor changes in different lateral misalign-
ment cases if (20) is applied and Cr has±10% perturbation. The
red and blue lines are the results when (19) and (18) are applied
respectively. All of the calculations are obtained when the out-
put power of the system is 3 kW and RE = 6.079 Ω. According
to the results, it can be seen that only if the variable switched
capacitor is added in the exciter resonant tank does the system
maintain unity power factor in each misalignment case despite
there being a ±10% perturbation in Ce.

When it comes to the CV charging performance, the results
are displayed in Figure 5. These two figures show the variation
of the output voltage of the system in the well-aligned and the
150-mm misalignment cases, when the system equivalent load

TABLE 1 Design parameters of the EQR transmitter-based WPT system

Parameter VALUE (MM)

Operation frequency (fs) 85 kHz

Nominal vertical distance (zgap)a 200 mm

Exciter coil dimension (dle × dwe)a 185 × 410 (8 turns)

Receiver coil dimension (dlr × dwr)
a 325 × 325 (18 turns)

Quadrature repeater coil dimension (dlq× dwq)a 390 × 410 (22 turns)

Overlap length of two repeater coils (D) 135

Two repeater coils dimension ((2dlq-D) × dwq)a 645 × 410

Litz wire diameter in the exciter and receiver coil 6.53

Litz wire diameter in the repeater coils 3.75

Ferrite layer dimension in the EQR transmitter
pad

670 × 550 × 5

Ferrite layer dimension in the receiver pad 350 × 350 × 5

Aluminium sheet dimension in the EQR
transmitter pad

680 × 560 × 2

Aluminium sheet dimension in the receiver pad 370 × 370 × 2

Exciter coil to repeater coil 1 (heq)a 15

Repeater coil 1 to repeater coil 2 (hqq)a 7

aThese parameters are defined in Figure 1.

FIGURE 4 Capacitance perturbation analysis. (Power factor vs. lateral
misalignment)

resistance increases from 6 Ω to 100 Ω. As can be seen in
Figure 5, the CV output cannot be maintained by varying the
capacitor in the repeater resonant tank when considering the
parasitic resistances in the circuit. Meanwhile, it is clear that Uo
has a considerable deviation from the desired value along with
the increase of RE with an adjustable capacitor on the receiver
side when the capacitance value has a ±10% variation.

Based on the above studies, it is clear to conclude that: (1)
the reactance of the resonant tank of the repeater having higher
mutual inductance with the receiver pad should be switched to
zero; (2) the variable switched capacitor should be added in the
exciter resonant tank based on (18).



6 LUO ET AL.

FIGURE 5 Capacitance perturbation analysis. (Output voltage vs.
equivalent load resistance) (a) Well-aligned; (b)150-mm lateral misalignment

3.3 Current of the proposed system in CV
mode with variable switched capacitor in exciter
resonant tank

The current distribution between the two repeater coils of the
EQR transmitter-based WPT system is shown in Figure 6a in
CV charging mode under different lateral misalignments. The
inductance matrices for this simulation are based on the exper-
iment measurement shown in Table 2. The impact caused by
the lateral misalignment on the self-inductance in each resonant
tank is minor due to the large air gap between the transmit-
ter and the receiver pad. The mutual inductances between the
repeater coils and the receiver pad are not identical in the well-
aligned case because the two repeater coils are not in the same
horizontal plane. Mutual inductances are equal at −25 mm, lat-
eral misalignment is achieved by the FEA simulation. For com-
parison, the current in a single repeater of the existing three-
coil WPT system from [23, 26, 27] is shown in Figure 6a. The
operation principle of the existing three-coil system for CC/CV
charging in this paper is similar to [23]. In the proposed system,
the repeater coil with higher coupling to the receiver pad con-
ducts much more current than the other repeater coil (iq2 ≫

iq1 for positive lateral misalignment). In Figure 6b, the repeater
power loss is presented based on the current distribution in
Figure 6a. The parasitic resistances of two repeater coils in the
EQR system are 0.4 Ω for q1 and 0.36 Ω for q2, while the

TABLE 2 Inductance matrices of the EQR transmitter WPT system at
zgap = 200 mm

Parameter

WELL-ALIGNED

(𝛍H)

MISALIGNED

+150 MM (𝛍H)

MISALIGNED

−150 MM

(𝛍H)

Le 32.6 32.6 32.6

Lq1 267 268 267

Lq2 261 261 263

Lr 92.4 92.3 92.3

Meq1 22.2 22.6 22.2

Meq2 22.3 22.4 22.7

Mqr1 11.0 1.75 15.8

Mqr2 13.2 16.9 1.7

Mer 2.90 1.17 1.04

Mqq 1.30 2.08 2.03

Le , Lq1 , Lq2, Lr , Meq1, Meq2, Mqr1, Mqr2, Mer are defined in Figure 2.
Mqq is the mutual inductance between two quadrature repeater coils.

repeater coil in the three-coil system is 0.6 Ω. It can be seen
that the proposed system achieves a 60% power loss reduction
in the repeater coils in the extreme lateral misalignment cases
when the system is in CV mode. In the well-aligned case, even
though the current in one of the repeater coils in the EQR trans-
mitter is greater than that in the repeater coil of the three-coil
system, the power losses caused by the repeater coils are still
slightly lower than that caused by the repeater of the three-coil
system.

In terms of leakage magnetic field, this current distribution
has a benefit in reducing the leakage flux density in the sur-
rounding area especially when the receiver pad has a large lat-
eral misalignment. In Figures 7c and 7d, the magnetic field
distributions of the proposed system in both well-aligned and
150-mm misalignment cases are presented during CV charg-
ing. In comparison, the magnetic field distributions of the exist-
ing three-coil system in both well-aligned and 150-mm mis-
alignment cases are also displayed in Figures 7a and 7b. As
shown in Figures 7b and 7d, the leakage magnetic field on the
left-hand side reduces significantly compared with the existing
three-coil WPT system when the receiver pad has a 150-mm lat-
eral misalignment towards the right-hand side owing to the pro-
posed compensated capacitor selection methodology. When the
receiver pad is at the well-aligned position, Mqr2 is slightly higher
than Mqr1. Therefore, the reactance in the repeater 2 resonant
tank is set to zero resulting in most of the power being delivered
through the repeater coil 2. In this case, the magnetic field dis-
tribution is also studied and shown in Figure 7c. In Figure 7a, it
shows that the magnetic field distribution of the existing three-
coil WPT system is symmetrical regarding the centre vertical line
of the repeater when the receiver is in the well-aligned case. The
magnetic field is more intensive around the repeater coil 2 than
it is around the repeater coil 1 in Figure 7c. However, the safety-
risk area where B_peak is greater than 38.2 μT in Figure 7c
is similar to that of Figure 7a. This proves that this B-field
asymmetry of the proposed system in the well-aligned case will
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FIGURE 6 (a) Current distribution of the three-coil system and the EQR transmitter-based WPT system at zgap = 200 mm; (b) power loss in two repeater coils
of the EQR system and the repeater coil of the three-coil system

FIGURE 7 (a) Magnetic field distribution of the three-coil system in well-aligned case; (b) magnetic field distribution of the three-coil system in the 150-mm
misalignment case; (c) magnetic field distribution of the EQR transmitter WPT system in well-aligned case; (d) magnetic field distribution of the EQR transmitter
WPT system in the 150-mm misalignment case

not lead to a higher leakage magnetic field in the surrounding
area.

3.4 Principle of the variable switched
capacitor circuit

As discussed in Section 3. A and B, the capacitors in both
the exciter and the repeater resonant tanks should change their
capacitances in order to implement CC versus CV charging. On
the repeater side, the capacitor only needs to switch between
two specific values for CC and CV modes; thus, two capacitors
with a common electrical relay Relay1 or Relay2 in Figure 8 are
added on each repeater coil. Since the voltage across Cq1-cc or
Cq2-cc is much lower than the one across Cq1-cv or Cq2-cv during

the system operation, these additional electrical relays will not
increase too much cost.

A continuously variable capacitor is added to the exciter and
is implemented using two MOSFETs, Qe1 and Qe2 as shown.
Relay1, Relay2, Qe1 and Qe2 are open when the system is work-
ing in CC mode. When the battery management system or the
control unit on the vehicle requires CV charging, one of the
relays, Relay1 or Relay2, is switched on. As for the exciter side,
according to (18), the capacitor value Ce should be adjusted
once for every misalignment case in order to achieve ZPA con-
dition and CV charging.

Therefore, the variable switched capacitor is applied which is
shown in Figure 8a.

As shown in Figure 8a, the variable switched capacitor has
another zero-crossing detection unit A2 that is used to avoid the
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FIGURE 8 (a) Equivalent electrical circuit of the EQR transmitter WPT
system with variable switched capacitor. (b) Schematic of the zero-crossing
detection unit

current flowing into the body diode of the MOSFETs. Figure 8b
shows that in the zero-crossing detection unit, an SMT current
sense transformer CST2010 is used to scale down the measured
current. Then the secondary scale-down current flows to the
2.5-Ω resistor to transfer the measured current to the AC volt-
age signal. The sampled AC voltage signal is compared to the
reference voltage Vref by using the rail-to-rail high-speed com-
parator TLV3502-Q1. Finally, the 3.3-V zero-crossing detection
signal is transferred to the I/O pin of the digital signal processor
(DSP).

In order to illustrate how to control the variable switched
capacitor, the important signal waveforms are displayed in

Figure 9. The first step is to implement a zero-crossing detec-
tion for Ie, which is shown as A1 in Figure 8. The zero-crossing
detection unit is used to monitor the rising edge and falling edge

FIGURE 9 Waveform of the variable switched capacitor

zero-crossing of Ie. If the rising edge zero-crossing is detected,
the timer in the DSP is triggered. Then, after

𝜑

2𝜋
Ts the MOS-

FET Qe1 turns off and it will turn on again after
2𝜋−2𝜑

2𝜋
Ts,

where Ts is the switching period of the inverter. For Qe2, the
timer is triggered by the falling edge zero-crossing of Ie. Then,
after

𝜑

2𝜋
Ts the MOSFET Qe2 turns off and it will turn on again

after
2𝜋−2𝜑

2𝜋
Ts. By implementing the above-mentioned control

scheme, the equivalent capacitance of the variable switched
capacitor can be expressed as [25]

Ceq = Ce0
1

2 − (2𝜑 − sin 2𝜑) ∕𝜋

(𝜋
2
< 𝜑 < 𝜋

)
. (23)

The peak voltage stress of Uce0 can be calculated by the follow-
ing equation which is derived in the Appendix.

UCp0_peak =
Im

𝜔0Cp0
(cos (𝜑) + 1) (24)

The desired Ceq can be calculated based on (18) in each mis-
alignment case. That means an online mutual inductance detec-
tion unit is needed to obtain the control variable φ. There are
several previous research works on measuring the mutual induc-
tance in a WPT system by utilizing the voltage and current signal
from the existing coils or adding the additional position sensing
coils [28–31]. As such, the online mutual inductance detection
unit is not within the scope of this paper as any of the afore-
mentioned techniques could be applied.

4 DESIGN AND OPERATION
PROCEDURE OF A 3-KW EQR
TRANSMITTER WPT SYSTEM

In this section, the design procedures of a 3-kW EQR transmit-
ter WPT system is displayed including the CC mode and the CV
mode respectively. The overall design process is summarized in
Figure 10.

(1) Determine the desired total input impedance of the sys-
tem in CC mode. The desired input rated power can be calcu-
lated by Pin = Po/η by assuming the coil-to-coil efficiency, η,
is 94% and the DC output power is 3 kW. If the nominal input
current, I rated

t in Figure 8, is decided (i.e. 20 A in this paper), the
total desired input impedance in the well-aligned case can be
determined by Z desired

in−cc = Pin∕(I rated
t )2 considering that the ZPA

condition is satisfied.
(2) Apply the CC condition in (9) and ZPA condition in (11)

to determine the impedance of the exciter and the receiver reso-
nant tank Ze-cc and Zr-cc and the required compensation capaci-
tor values Ce0 and Cr (defined in Figure 8) can also be obtained
accordingly.

(3) Assuming the symmetry, Zq1≈Zq2 and, the value of Zq1 is
given by (25) according to [24]. Then, the combined reactance
of Cq1-cc and Cq1-cv in the upper repeater in Figure 8 and Cq2-cc
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FIGURE 10 Design and operation procedures of the proposed WPT
system

and Cq2-cv in the bottom repeater in Figure 8 can be obtained.

Zq1 =

√√√√√
(
Zqr1Zeq1 + Zqr2Zeq2

)2

|||Z desired
in−cc

|||RE

(25)

(4) If all the system parameters are chosen as stated in the
previous procedures, then (26) is applied to check the sys-
tem misalignment tolerance [24] in order to ensure the sys-
tem still maintains the power factor higher than 0.9 within the
prerequisite lateral misalignment (±150 mm in this paper). If
(26) cannot be satisfied, the coil structure should be modified.
Step I through Step IV would then be repeated. Once (26)
is met, S1, S2 are switched off while Qe1, Qe2 stay off allow-
ing Ce0 as the compensated capacitor for the exciter resonant
tank.

||||||
Z 2

qr2 + Z 2
qr1 − Z

′2
qr2 − Z

′2
qr1

Zq1RE

||||||
≤ 0.48 (26)

where Z ′
qr1 and Z ′

qr2 are the mutual impedances between two
repeater coils and the receiver pad, respectively.

(5) Cq1-cv and Cq2-cv can be obtained by using Cq1-cv =

1/(ω2Lq1) and Cq2-cv = 1/(ω2Lq2).
(6) If the system switches to CV mode, turn on the

switch in the repeater resonant tank which has the higher
mutual inductance with the receiver pad. Adjust the impedance
of the exciter resonant tank based on (18) by using
the variable switched capacitor in different misalignment
cases.

FIGURE 11 3-kW experiment setups of the EQR transmitter-based
WPT system and the three-coil WPT system. (Both ferrite and aluminium
shields are applied in the experiment on transmitter and receiver sides.)

5 EXPERIMENT RESULTS
AND DISCUSSION

In this section, a 3-kW experiment setup of the EQR
transmitter-based WPT system was built in the lab and a 3-
kW three-coil system was also built as a comparison. The EQR
transmitter WPT system is shown in the upper left corner of
Figure 11. The design parameters of the system are listed in
Table 1 and the inductance matrices of the system in the well-
aligned and the ±150 mm misalignment cases at zgap = 200
mm are demonstrated in Table 2. In the upper right corner
of Figure 11, there is a 3-kW experiment setup of the three-
coil WPT system. In the three-coil system, the copper area of
the repeater coil (650 mm × 410 mm with 22 turns) is simi-
lar to the overall copper areas of the two quadrature repeater
coils in the EQR transmitter WPT system. The exciter coil and
receiver pad are identical in these two systems. The vertical dis-
tance between the repeater coil and the exciter coil in the three-
coil system is the same as the distance between the repeater
coil 2 and the exciter coil in the EQR transmitter WPT sys-
tem. In the bottom left corner of Figure 11 there is the inverter
board which consists of two Cree/Wolfspeed CAS120M12BM2
SiC half bridge modules and a C2000TM DIMM100 Experi-
menter’s Kit from Texas Instrument. In the bottom right cor-
ner of Figure 11, there is the variable switched capacitor board
which includes two Cree/Wolfspeed C2M0025120D SiC Mos-
fets, two FFSH50120A 1.2 kV 50 A SiC Schottky diodes and
a C2000TM DIMM100 Experimenter’s Kit from Texas Instru-
ment.

In the experiment, a variable resistive load is used so that the
load condition can be adjusted to verify CC and CV modes.
Besides the nominal zgap = 200 mm, another z-plane, zgap =

220 mm, is also tested to prove that the EQR transmitter-based
WPT system can achieve the same performance at different ver-
tical distances.

5.1 ZPA and CC/CV condition verification

As shown in Figure 12a, when the receiver pad is in the well-
aligned position at zgap = 200 mm, the output voltage from
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FIGURE 12 (a) Waveform in the well-aligned case at zgap = 200 mm. (b)
Waveform in the 150-mm misalignment case at zgap = 220 mm. (Blue line:
output voltage from the inverter; yellow line: current in the exciter coil; purple
line: voltage across the variable switched capacitor Ce)

the inverter is in phase with the current in the exciter coil. In
Figure 12b, when the receiver pad has a 150-mm misalignment
at zgap = 220 mm, the power factor on the exciter side is not
exactly unity due to the parasitic resistance in each resonant
tank. The exact Ce implemented by the variable switched capac-
itor is slightly higher than the desired one from (18). In this way,
the system is inductive and the power factor remains higher than
0.9, which is essential for the inverter to achieve ZVS.

In order to verify the CC/CV performance of the proposed
system, a variable resistive load is used to replace the battery
load Ub shown in Figure 8. During the test, the load resistance
RL changes from 20 to 180 Ω and the nominal output power of
3 kW is achieved when the load is 30 Ω. The charging profiles
in two different misalignment cases, namely well-aligned at zgap
= 200 mm and 150 mm misalignment at zgap = 220 mm, are
displayed in Figure 13. It can be seen from Figures 13a and 13c,
the EQR transmitter-based WPT system achieves the desired
CC/CV charging profile even though the receiver pad has lat-
eral and vertical misalignments. In terms of the overall system
efficiency, in CC mode, the efficiency is stable, which is around
91% in the well-aligned case and 86% in the misalignment case.
In CV mode, as the resistance of the load increases, the effi-
ciency decreases to 63.6% in the well-aligned case and 70% in
the misalignment case when RL = 180 Ω. Since it is close to the
end of the charging process and the charging power is low, the
relatively low system efficiency is still acceptable.

5.2 System efficiency results

In this sub-section, the transmission efficiency from the exciter
resonant tank to the receiver resonant tank (coil-to-coil effi-
ciency) and the transmission efficiency from the DC input to
the DC output (DC–DC efficiency) are studied in both the EQR
transmitter WPT system and the three-coil system. Since it has
already been proven that the EQR transmitter-based WPT sys-
tem can achieve higher coil-to-coil efficiency and DC–DC effi-
ciency compared with the three-coil system in [24] in CC mode,
Figure 14 displays the comparison in CV mode at 3-kW output
when the receiver pad is in two different z-planes. Overall, both
the coil-to-coil efficiency and the DC–DC efficiency of the pro-
posed system are higher than that of the three-coil system in
CV mode. The highest coil-to-coil efficiencies for two differ-
ent z-planes are achieved in the 150-mm misalignment case in
the proposed system, which are 92% and 91.2% respectively.
The reason why the efficiency increases as the lateral misalign-
ment increases is that the system mostly relies on one quadrature
repeater coil transferring power in the CV mode. As the receiver
pad moves laterally towards one of those quadrature repeaters,
the mutual inductance between the repeater coil and the receiver
pad gets higher, which leads to higher transmission efficiency.
The three-coil WPT system, shown in the upper right corner
of Figure 11, has been proven to improve the transmission effi-
ciency compared with the conventional two-coil system in sev-
eral previous literatures such as [10, 12, 13, 26, 32]. The EQR
transmitter-based WPT system shows further improvement in
terms of transmission efficiency. Furthermore, the EQR trans-
mitter WPT system can reduce the leakage flux density in the
extreme lateral misalignment case in both CC and CV modes.
The experimental results for the leakage flux density are dis-
cussed in the following sub-section.

In Figure 15, the power lower loss distribution in the EQR
transmitter WPT system in both well-aligned at zgap = 200 and
150 mm misalignment at zgap = 220 mm is demonstrated. The
major power loss is in the repeater coil 2 in both cases as it trans-
fers the most of the power to the receiver side. The power loss
in the exciter variable switched capacitor in the 150-mm mis-
alignment case is higher than that in the well-aligned case. The
reason for this is that in the well-aligned case, the turn-off time
delay ’ is longer than that in the 150-mm misalignment case in
order to get a higher equivalent exciter capacitance. Therefore,
the overlap area of the gating signals of Qe1 and Qe2 is bigger,
which means less current flowing into the capacitor Ce0 in the
well-aligned case. However, the additional power electronics in
the variable switched capacitor do not contribute significantly
to the whole system power loss in both the well-aligned and the
misalignment cases as seen from the exciter capacitor loss in
Figure 15.

5.3 Leakage flux density results

In CC mode, it has been proven that the proposed system
achieves a 30% reduction of leakage flux density compared to
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FIGURE 13 (a) Measured charging profile versus log30the (RL) in well-aligned case at zgap = 200 mm. (b) Measured output power and system efficiency versus
log30(RL) in the well-aligned case at zgap = 200 mm. (c) Measured charging profile versus log30(RL) in 150-mm misalignment case at zgap = 220 mm. (d) Measured
output power and system efficiency versus log30(RL) in 150-mm misalignment case at zgap = 220 mm

FIGURE 14 (a) System efficiency comparison between the EQR transmitter WPT system and the three-coil system at zgap = 200 mm in CV mode. (b) System
efficiency comparison between the EQR transmitter WPT system and the three-coil system at zgap = 220 mm in CV mode

the three-coil system in the 150-mm lateral misalignment case in
[24]. In this sub-section, the leakage magnetic flux density com-
parison between the EQR transmitter-based WPT system and
the three-coil system is studied in CV mode at 3-kW output.
In order to measure the leakage flux density in the surrounding
area of the WPT system, three 800 mm×600 mm measurement
planes are set, which are 800 mm away from the centre of the
receiver pad as shown in Figure 16. This is representative of
where a human could stand next to a vehicle. The method of
achieving the maximum leakage flux density can be divided into
three steps.

∙ Run the FEA simulation shown in Figure 16 in a specific
receiver pad misalignment case.

∙ Plot the magnetic flux density distribution in those three
measurement planes and find the worst-case point corre-
sponding to the largest flux density in all measurement
planes.

∙ A Hioki FT34700-50 MAGNETIC FIELD HiTESTER is
used to measure the leakage flux density at the location of
the worst-case point identified by the FEA simulation.

In these tests, two different vertical distances are considered,
namely zgap = 200 mm and zgap = 220 mm. In terms of lateral
misalignment, three cases, which are well-aligned, 150-mm mis-
alignment and −150-mm misalignment, are taken into account.
As a comparison, the leakage flux density of the three-coil sys-
tem is also measured.
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FIGURE 15 (a) Loss distribution of the EQR transmitter WPT system in
the well-aligned case at zgap = 200 mm in CV mode. (b) Loss distribution of
the EQR transmitter WPT system in the 150-mm misalignment case at zgap =

220 mm in CV mode

FIGURE 16 Schematic of the leakage measurement plane

As presented in Table 3, the leakage magnetic flux density of
the EQR transmitter-based WPT system is slightly higher than
the three-coil system in the well-aligned case, but it is still much
lower than the safety limitation (27 μT) required by SAE J2954
[4]. In the extreme lateral misalignment case, the proposed sys-
tem can significantly reduce the leakage magnetic field from 30.5
to 7.7 μT at zgap = 220 mm. It is worth noticing that the leak-
age flux density of the three-coil system in the ±150 mm lateral
misalignment cases at zgap = 220 mm violates the safety limit
27 μT defined by the SAE J2954 [4]. Therefore, it can be con-
cluded that the EQR transmitter-based WPT system can help
reduce the leakage flux density in both CC and CV modes when
the receiver has the lateral misalignment.

TABLE 3 Worst-case leakage flux density measurement results at 3-kW
power transfer

Misalignment case

EQR

(𝛍T)

THREE-

COIL (𝛍T)

LEAKAGE

REDUCTION

Well-align at zgap = 200 mm 12.2 11.6 +5.2%

Well-align at zgap = 220 mm 15.8 14.5 +8.2%

150 mm at zgap = 200 mm 7.5 26.6 −71.8%

150 mm at zgap = 220 mm 7.7 30.5 −74.8%

−150 mm at zgap = 200 mm 8.5 26.4 −67.8%

−150 mm at zgap = 220 mm 10.2 31 −67%

All the magnetic flux density measurements are in RMS.

6 CONCLUSION

In this paper, an EQR transmitter pad is proposed and both CC
and CV charging can be achieved by applying the presented res-
onant tank design method and the variable switched capacitor.
Meanwhile, the whole system can also maintain ZPA condition
while working in CC/CV mode. In CV mode, the repeater coil
which has higher mutual inductance with the receiver pad trans-
fers the majority of the power to the receiver side, which can
effectively reduce the leakage flux density. When the receiver
pad has high lateral misalignment this is especially significant as
it allows charging to occur without exceeding the leakage flux
safety threshold.

A 3-kW setup of the EQR transmitter-based WPT system
was built in the lab. Based on the experimental results, the pro-
posed system can perform a good CC/CV charging profile
within ±150 mm lateral misalignment at two different vertical
heights (zgap = 200 and 220 mm). Compared with the three-coil
WPT system, the EQR transmitter WPT system has a higher
coil-to-coil and DC–DC efficiency when working in CV mode
at 3-kW output. Furthermore, it is also verified that the EQR
transmitter-based WPT system can reduce 70% of the leakage
flux density in the 150-mm lateral misalignment case at the nom-
inal vertical distance.
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APPENDIX

Define the sinusoidal excitation current iLf1 as follows

iLf1 = Im sin (𝜔0t ) (A1)

where Im is the peak value of iLf1 and ω0 is the operation fre-
quency of the inverter.
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As shown in Figure 9, capacitor Cp0 conducts current during
the time interval [’,2𝜋 − ’]. Therefore, the voltage Cp0 across
can be expressed as

UCp0
(t ) =

1
Cp0 ∫

t

td

Im sin (𝜔0x ) dx (A2)

where ω0td =’ .

By solving the integral in (A2), the following equation can be
obtained.

UCp0
(t ) =

Im

𝜔0Cp0
(cos (𝜑) − cos (𝜔0t )) (A3)

When ω0t =𝜋 , UCp0
reaches to its maximum value.

UCp0_peak
=

Im

𝜔0Cp0
(cos (𝜑) + 1) (A4)
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