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Abstract—Inductive power transfer systems can process higher
power using multiple charging pad modules connected in parallel.
However, the effects on the system operation of the inter-
/cross coupling among the pads have to be studied. This paper
analyses the power transfer efficiency and current distribution
of a quadruple modular IPT system. Additionally, a sensitivity
analysis of the power transfer efficiency is provided based on
the tolerances of the secondary resonant capacitors. The analysis
shows that the efficiency of a multi-modular IPT system will
increase compared to a single module and that there would
not be a negligible imbalance in the current due to the inter-
/cross coupling. In the experiments, the results of the quadruple
modular IPT system’s estimated AC efficiency are lower than
a single module. It also shows that the could be bifurcation
when multiple modules are deployed. Both can be attributed
to the mismatch in resonant frequency, self-inductance and main
mutual inductance between the modules. Future work will focus
on mitigating the circulating currents caused by the mismatch
between modules.

Index Terms—Inductive Power Transfer, Inter–/Cross Cou-
pling, Modular Design.

I. INTRODUCTION

Inductive power transfer (IPT) has risen in popularity in re-
cent years [1]. There has been considerable success in pushing
the research in IPT systems to 20 kW [2]–[5]. However, some
work still needs to be done to ensure that IPT systems can be
used for ultra-fast battery charging at much higher power. For
example, in a user case of the opportunity charging of buses,
the short interval while the passengers hop on/off the bus is
used for ultra-fast charging at high power (200 kW) to reduce
the battery size. The IPT technology could provide several

This project has received funding from the Electronic Components and
Systems for European Leadership Joint Undertaking under grant agreement
No. 876868. This Joint Undertaking receives support from the European
Union’s Horizon 2020 research and innovation programme and Germany,
Slovakia, Netherlands, Spain, Italy.

advantages in this application compared to contact charging,
such as less vulnerability to weather effects and vandalism [6].

High power brings challenges to the power electronics and
charging pads design. The high charging power increases the
current throughout the whole system. This makes it challeng-
ing to achieve high efficiency because of limited conductor
areas. A potential solution could be to use multiple parallel
modules to increase the power level [7]–[11]. However, the
inter-/cross coupling between the charging pads can affect the
current sharing between each module, hence the efficiency
will also be influenced [12]. This paper evaluates the current
sharing between the modules and its effect on the efficiency.

This paper will investigate the efficiency as mentioned
above and the current sharing problem. An analysis concerning
the multi-module IPT system is provided in Section II. The
simulation results for the efficiency and current sharing are
explained in Section III. The experimental results are discussed
in Section IV Lastly, the conclusion is given in Section V.

II. ANALYSIS

The multi-module IPT system is shown in Fig. 1. Syn-
chronous rectification is used in the system in order to im-
prove the efficiency of the secondary side power electronics.
Furthermore, series-series compensation is utilized for its
simple design while contributing to low input resistance, no
circulating current, and independence on the load and coupling
coefficient [13]–[15].

In this example, four modules of 50 kW will be used. (1)
can be used assuming that each of the four modules outputs
a power of 50 kW, the same DC voltage supply and that all
the converters are synchronized [16], [17]. In addition, it is
assumed that the same resonant frequency is assumed.
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
VAB

0
...

VAB

0

 =

[
A(1, 2) B
BT A(3, 4)

]

IAB,1

Iab,1
...

IAB,4

Iab,4

 , (1)

A =

 Z1x −jωMx jωM1x1y −jωM1x2y

−jωMx Z2x −jωM2x1y jωM2x2y

jωM1x1y −jωM2x1y Z1y −jωMy

−jωM1x2y jωM2x2y jωMy Z2y

 .

(2)

B =

 jωM1113 −jωM1123 jωM1114 −jωM1124

−jωM2113 jωM2123 −jωM2114 jωM2124

jωM1213 −jωM1223 jωM1214 −jωM1224

−jωM2213 jωM2223 −jωM2214 jωM2224

 ,

(3)
where:

Z1n = R1n + j

(
(ω2 − ω2

0)Lp

ω

)
, (4)

Z2n = R2n +RLac + j

(
(ω2 − ω2

0)Ls

ω

)
, (5)

RLac =
8

π2

V 2
out

Pout
. (6)

where Mabcd is the mutual inductance between coil ab and cd,
ω is the angular operating frequency and ω0 is the angular
resonant frequency. The following equations can be used to
analyze the power transfer efficiency when it is assumed that
the current distribution at all the Tx and Rx modules is even
provided that the ratio between the main coupling and inter-
/cross coupling is sufficiently high. This will later be verified
in the simulation. The real part of the reflected impedance on
one of the Tx side modules is given by:

Where the complex part of the Rx side is:

Xs = ω(L2n +M2n2x +M2n2y +M2n2z)−
1

ωC2n
. (8)

The power transfer efficiency between the Tx and Rx side
circuits is calculated by:

ηpt =
Re(Zr)

Re(Zr) +R1n

RLac

RLac +R2
. (9)

As indicated from (7)–(9), the reflected impedance will
increase because of the additional mutual inductances due to
the inter-/cross coupling. So, in the end, the high-frequency
AC power transfer efficiency of a multi-modular IPT system
should be higher than a traditional IPT system which implies
an advantage when using multiple modules.

Vin

Cinn Coutn
i1n i2n

Iin

C1n C2nR1n R2n

L1n L2n

Mn

Cin2 Vout
Cout2

i12C12 R12
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M2
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i11C11 R11
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M1

-

Iout

i22
C22R22

i21 C21R21

L22

L21

A

B

A

B

B

A a

b

a

b

b

a

iAB,1

iAB,2

iAB,n

Fig. 1: Multi-module IPT system.

Fig. 2: The multi-module IPT system in Comsol 5.4.

A. Sensitivity analysis

In practice, the values of the resonant components will
suffer from some tolerance, resulting in uneven current dis-
tribution and potentially lowering the overall efficiency and
power transfer. Fig. 3 illustrates the power transfer efficiency
for different secondary compensation tolerances, with a range
of +/- 5 %, against the normalized frequency. Furthermore,
the nominal, minimum and maximum capacitances are also
marked. The results show that the multi-modular IPT system
will typically outperform the efficiency of a singular even with
a tolerance. Another key point is that the efficiency could
increase for lower secondary capacitance around the nominal
frequency. A lower capacitance could potentially reduce Xs
due to the inter-/cross coupling which corresponds with (7)–
(9).

III. SIMULATION

In order to determine the efficiency and AC current through
each module, (1) will be used. The inductances in Fig. I have
been obtained using the multi-physics software Comsol 5.4. A
minimal distance of 10 cm has been used between the charging
pads in order to account for the mechanical constraints due
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Re(Zr) =
ω2(Mn +M2n1x +M2n1y +M2n1z)(Mn +M1n2x +M1n2y +M1n2z)(RLac +R2n)

(RLac +R2n)2 +X2
s

. (7)
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Fig. 3: Scatter plot for different secondary capacitor tolerances
dependent on the normalized frequency and power transfer
efficiency.

TABLE I: The inductances of the multi-module IPT system.

L/M [µH]
L11 = L12 = L13 = L14 169.11
L21 = L22 = L23 = L24 154.23
M1 = M2 = M3 = M4 54.423
M1113 = M1214 0.62598
M2122 = M2324 2.8960
M1123 = M1224 0.48531
M2113 = M2214 0.48062
M1114 = M1213 0.15485
M2123 = M2224 1.3338
M1112 = M1314 4.7901
M1124 = M1223 0.32460
M2114 = M2213 0.32333
M1122 = M2314 3.2818
M2112 = M1324 3.2772
M2124 = M2223 0.43974

to the casing. The configuration of the four charging pads
pairs is shown in Fig. 2 and the obtained self and mutual
inductances are displayed in Table I which assumes that the
self-inductances and main mutual inductances are the same
between each module.

The results of the study have been compared with a simula-
tion in GeckoCircuits in order to verify the theoretical impli-
cations. The high-frequency AC power efficiency comparison
between a single module and four 50 kW modules is 98.64
% and 98.74 % respectively. It can be observed that the high-
frequency AC power transfer efficiency would slightly improve
due to the cross-coupling between the Tx and Rx sides. This
is in compliance with the analysis in (7)–(9). Moreover, the
current sharing between each module is almost even which
validates the assumptions in (7)–(9). The AC voltages and
currents have been simulated in the simulator GeckoCircuits
to verify this.

TABLE II: The measured inductances of the down-scaled
multi-module IPT system.

L/M [µH] M [µH] M [µH]
L11 59.8907 M1112 1.3928 M1213 0.3178
L21 59.848 M1122 1.1768 M1223 0.2763
L12 59.9738 M1113 0.8353 M1214 1.0298
L22 60.5607 M1123 0.5480 M1224 0.5795
L13 60.3181 M1114 0.3143 M1322 0.2833
L23 58.0948 M1124 0.328 M2223 0.2883
L14 58.1566 M2112 1.0118 M1422 0.5730
L24 59.1183 M2122 1.3323 M2224 1.0573
M1 17.5365 M2113 0.5115 M1314 1.6283
M2 18.2194 M2123 0.8605 M1324 1.2805
M3 17.5365 M2114 0.2605 M1423 1.116
M4 18.3743 M2124 0.3065 M1424 1.4118

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

A downscaled version of the setup consisting of H-bridge-
converters, compensation capacitors and charging pads has
been constructed to validate the theoretical analysis in Sections
II and III. However, there are some key differences between the
experimental setup and the analysis which are the following:

1) The self and mutual inductances of the downscaled setup
are smaller, but the coupling factors are as close as
possible to the simulated values in order to keep the
comparison as fair as possible.

2) Instead of each module having its own converter, a single
H-bridge converter is utilized at both the Tx and Rx
sides, as displayed in Fig. 4. This configuration enhances
the DC-DC efficiency when deploying a single module
due to reduced power at the same voltage. Consequently,
the overall converter loss is significantly lower compared
to the scenario where multiple modules are deployed.
The H-bridge converters make use of IMZ120R030M1H
SiC MOSFETs, where three of these MOSFETs are
connected in parallel.

The measured inductances are shown in Table II and the
setup is displayed in Fig. 4.

B. Results & Discussion

The measured waveforms of the AC voltage at the converter
outputs and the AC current of a single module are shown
in Fig. 5(a) and Fig. 5(b) also shows the AC voltage at the
converter outputs and the total AC current of four modules
connected in parallel. One of the key differences is that the
IPT system with a singular module is able to ensure zero
voltage switching (ZVS) turn-on while the waveform in Fig.
5(b) shows that there is hard switching at turn-on despite the
inductive behavior. This might, in turn imply that the system is
in bifurcation when multiple modules are connected in parallel.
Further inspection is necessary in order to confirm that it is
the case.

1622
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Fig. 4: Experimental setup of the downsized multi-modular
IPT system.

VAB
IAB

Iab Vab

(a)

VAB

IAB

Iab Vab

(b)

Fig. 5: (a) Measured waveforms of a single module and (b)
four modules.

It is difficult to measure the efficiency of the high-frequency
AC stage of the IPT system due to the limited bandwidth of

TABLE III: Comparison between the power and efficiency
measurements and estimation of a single module and four
modules.

DC-DC measurement AC-AC estimation
Single
module

Four
modules

Single
module

Four
modules

Pin [W] 140.68 637.7 140.36 620.64
Pout [W] 134.72 573.6 135.01 588.73
η [%] 95.760 89.955 96.19 94.86

the oscilloscope and probes. In order to reach ensure ZVS it
is mandatory that the inverter and rectifier show inductive and
capacitive behavior. Hence, the high-frequency AC voltage and
current are never in phase with each other, which can result in
a small phase error between them. Even a small phase error
will result in a large error when the power is calculated during
post-processing, making the result unreliable.

A different approach to estimating the efficiency of the high-
frequency AC stage is by calculating the losses in the H-bridge
converters and either adding or substracting them from the DC
output and input power. The total conduction losses of an H-
bridge converter are calculated using the following:

Pcond = 2I2ABRDS,ON,eq(IAB , Tj), (10)

where Tj is the junction temperature and RDS,ON,eq is the
equivalent drain-source resistance of the MOSFET. The total
switching losses are estimated by:

Psw = Nf(EON (VDS , ION , Tj) + EOFF (VDS , IOFF , Tj)),
(11)

where VDS is the drain-source voltage over the MOSFET, ION

is the current at the MOSFET at turn-on, IOFF is the turn-off
current of the MOSFET, N is the number of MOSFETs in
the H-bridge converter, f is the operating frequency of the H-
bridge converter, EON is the turn-on energy of the MOSFET
and EOFF is the turn-off energy which both can be found in
the datasheet of the MOSFET.

The DC-DC power and efficiency measurements are given
in Table III together with the estimated AC power and effi-
ciency using the DC-DC measurements in Table III, (10) and
(11). It can be seen that there is still a significant difference
in the efficiency between a singular and four modules which
can be attributed to circulating current due to the parallel
connection of the modules. These circulating currents could
be caused by the difference in self-inductance and resonant
frequency between each module which deviates from the
assumptions made in Section II and III. Nevertheless, a more
precise measurement should be done in the future since the
switching losses are hard to determine. A calorimetric box
will be built as it will provide a much more accurate loss
measurement.

V. CONCLUSION & FUTURE WORK

In this paper, an analysis of a quadruple modular IPT system
has been given. This included the efficiency of the system
and the current in each module. The analysis shows that
the efficiency of the multi-modular IPT system will increase
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compared to a single module due to the inter-/cross coupling.
Furthermore, the imbalance in the current would be insignifi-
cant. In experiments, it is shown that it is difficult to measure
the high-frequency AC efficiency. Instead, an estimation is
made using the DC-DC power measurements. The experiments
show that the AC efficiency reduces when multiple modules
are deployed in comparison to the single module case. This
could be caused by the deviation in resonant frequency, self-
inductance and main mutual inductance between the modules,
which was not taken into account in the analysis. For future
work, a calorimetric box will be built in order to obtain accu-
rate measurement results for the high-frequency AC efficiency.
Additionally, more research will be done on the mitigation
of circulating current when multiple modules are deployed.
Lastly, the bifurcation that appears when multiple modules
are used will be studied on how to mitigate this.
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