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Letters

A Noncommunication Mutual Inductance Estimation Method for Multiple
Transmitters SS-Compensated Dynamic Wireless Power Transfer

With Low Calculation Effort

Kaiwen Chen , Member, IEEE, Zhenghua Nie , Chongxu Yan , Norbert Chow Cheung , Senior Member, IEEE,
Eric Ka-Wai Cheng , Fellow, IEEE, and Jianfei Pan , Member, IEEE

Abstract—Mutual inductance estimation (MIE) plays an essen-
tial role in the primary-side control for dynamic wireless power
transfer (DWPT) systems. Traditional MIE method that is only
based on primary-side transmitter (Tx) information contributes to
no redundant hardware components. However, this method can
cause huge calculation effort in multi-Txs DWPT systems because
it involves the solution of multivariable multiple equations. In this
letter, a new method for estimating mutual inductance for series–
series (SS)-compensated multi-Txs DWPT systems is proposed,
where dual-side communication and auxiliary position sensor are
not required. By first solving the mutual inductance ratio and then
calculating the exact mutual inductance, the proposed method is
proven to avoid solving multiple equations, thus greatly reducing
complexity of the calculation. This study also includes simulations
and experiments that are carried out in a DWPT system with two
Txs to one receiver (Rx).

Index Terms—Dynamic wireless power transfer (DWPT),
mutual inductance estimation (MIE), noncommunication.

I. INTRODUCTION

THE wireless power transfer (WPT) technology, as an ideal
alternative to cabled charging, has raised much attention

of world-wide researchers and commercialized entities, due to
its safety and convenience [1]. In recent years, dynamic wire-
less power transfer (DWPT) had made much contribution to
the charging scheme for moving electric applications [2]. For
achieving the desired output and with high efficiency, numerous
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primary-side control methods for the DWPT system were pro-
posed [3], [4]. The mutual inductance estimation (MIE) method
is the key link that is always needed in these control methods.

Monitoring of electrical information is indispensable during
the MIE implementation. The monitoring methods can be di-
vided into two categories: 1) integration of dual-side communi-
cation to collect both sides information, and 2) monitoring only
the primary-side information. In the first method, the current
and voltage of the secondary side can be transmitted back by a
dual-side communication module (e.g., Wi-Fi and Bluetooth),
and then, the mutual inductance can be calculated directly by
combining the information from the primary side [5], [6], [7].
Nevertheless, in dynamic conditions, the delay caused by the
communication link and the handshake process can deteriorate
the dynamic performance of the control and reduce the relia-
bility of the system. As to the second method, the system is
mathematically modeled by applying Kirchhoff’s voltage law
(KVL), and then, the mutual inductance can be estimated by
collecting the primary-side information and solving the multiple
equations with one variable [8], [9], [10]. Although it has been
proven to be effective in the topology with a single transmitter
(i.e., Tx), it needs to solve multivariable high-order equations
under the case of the multiple Txs (i.e., multi-Txs) DWPT, which
will involve huge calculation effort and cumulative error. It is
necessary to reduce the calculation effort because the control
loop can have better dynamic performance when the Rx is with
faster movement [11], [12]. Hence, a noncommunication MIE
method for calculation reduction should be investigated for the
multi-Txs DWPT systems.

This letter proposed a new MIE method for series–
series (SS)-compensated multi-Txs DWPT systems. The pro-
posed method first calculates the mutual inductance ra-
tio, and then estimates the exact value of mutual induc-
tance. Only the primary-side information is required, and the
dual-side communication and auxiliary coils are not intro-
duced. The contributions of this letter can be summarized as
follows.

1) Low calculation effort: The complicated solution of multi-
variable multiple equations in the traditional primary-side
MIE is not involved.
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Fig. 1. Circuitry diagram of SS-compensated multi-Txs DWPT system.

2) Feasible in multi-Txs DWPT system: The proposed MIE
method is derived based on N Txs DWPT system, and no
additional power switch is utilized.

3) Low cost and high reliability: The communication unit
and redundant circuit component are not required.

II. MODELING OF THE MULTI-TXS DWPT SYSTEM AND

DERIVATION OF THE PROPOSED MIE METHOD

A. Mathematical Modeling of the System

The circuit of the SS-compensated DWPT system with N Txs
is illustrated in Fig. 1. In the following sections, i stands for the
ith Tx. The direct current (dc) voltage (i.e., Udc) is converted
into alternative current (ac) squared-wave voltages (i.e., vpi) as
the input voltage for primary windings by the primary inverter,
which consists of four MOSFET, (i.e., Si1–Si4). The inductances
(i.e., Lpi and Ls) are compensated with series-connected ca-
pacitors (i.e., Cpi and Cs). The resistances (i.e., Rpi and Rs)
stand for the sum of the copper resistance and the equivalent
series resistance (ESR) of the capacitor. Mi stand for the mutual
inductance between the ith Tx and Rx. The ac magnetic field
generated by Lpi is collected by the Rx coupler, and then it is
transformed to ac secondary voltage (i.e., vs). vs is rectified
into dc power by the full-bridge rectifier for powering the load
(i.e., RL). Req is the equivalent resistance that is seen before the
rectifier.

Since the Txs are similarly designed and compensated, they
share the same electrical parameters, which means that Rp1 =
Rp2 = · · · = RpN = Rp, Lp1 = Lp2 = · · · = LpN = Lp, and
Cp1 = Cp2 = · · · = CpN = Cp. In order to mathematically
model the multi-Txs DWPT system, KVL is adopted to ana-
lyze the primary and secondary circuits in complex frequency
domain. Hence, the following can be obtained:⎡
⎢⎢⎢⎢⎢⎣

vp1
vp2

...
vpN
0

⎤
⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣
Rp + jXp 0 . . . 0 jωM1

0 Rp + jXp . . . 0 jωM2

...
...

. . .
...

...
0 0 0 Rp + jXp jωMN

jωM1 jωM2 0 . . . Req +Rs + jXs

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎣

ip1
ip2
...

ipN
is

⎤
⎥⎥⎥⎥⎥⎦ (1)

where ω is the angular operation frequency. The dc components,
such as Udc and Req, can be linked with their ac components
by adopting the Fourier transform and extracting fundamental-
wave components, which are as follows:{

Req = 8
π2RL

vpi =
4
πUdc, i = 1, 2, . . . , N.

(2)

In (1), Mi is the mutual inductance between ith Tx and Rx,
and Xp and Xs stand for the primary and secondary winding
impedance. Because the Lp and Ls are fully compensated,
the winding impedance is about negligible in the operation
frequency (i.e., ω){

Xp = jωLp + 1/jωCp = 0
Xs = jωLs + 1/jωCs = 0.

(3)

The primary winding current (i.e., ipi) can be deduced from
(1) as follows:

ipi =(
RpReq + ω2

∑N
k=1, k �=i M

2
k

)
vpi − ω2Mi

∑N
k=1, k �=i Mkvpk

τ
(4)

where i = 1, 2, .., N , and τ is always larger than 0, which can
be expressed as follows:

τ = Rp

(
ω2

N∑
k=1

M2
k +RpReq

)
. (5)

It is assumed that the mutual inductance ratio between ith Tx
with Rx and j th Tx with Rx is γij , which is defined as

γij =
Mi

Mj
. (6)

If the numerator and denominator of (4) is divided by M2
g ,

(4) can be rewritten as

ipi =[
RpReq

M2
g

+ ω2
∑N

k=1, k �=i γ
2
kg

]
vpi − ω2γij

∑N
k=1, k �=i γkgvpk

τg
(7)

where τg is still larger than 0, which is

τg = Rp

[
ω2

N∑
k=1

γ2
kg +

RpReq

M2
g

]
. (8)

According to the definition in (6), there are two properties that
can be easily derived as{

γii = Mi/Mi = 1
γij = 1/γji.

(9)
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Fig. 2. Implementation flowchart diagram of the proposed MIE method.

B. Derivation of the Proposed MIE Method

By expanding (5), the component RpReq/M
2
j can be equal to

multiple equations, which are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

RpReq

M2
g

= ω2 γ1g(
∑N

k=2 γkgvpk+γ1gip1Rp)
vp1−ip1Rp

− ω2
∑N

k=2 γ
2
kg

RpReq

M2
g

= ω2 γ2g(
∑N

k=1, k �=2 γkgvpk+γ2gip2Rp)
vp2−ip2Rp

−ω2
∑N

k=1, k �=2 γ
2
kg

...
RpReq

M2
g

= ω2 γNg(
∑N−1

k=1 γkgvpk+γNgip1Rp)
vpN−ipNRp

− ω2
∑N−1

k=1 γ2
kg.

(10)

Through applying elimination method in (9) by multi-
ple times, the mutual inductance ratio can be derived as
follows:

γig =
vpi − ipiRp

vpg − ipgRp
. (11)

By substituting (10) into (6), the exact value of g th Tx can be
calculated by

Mg =
1

ω

√
Req (vpg − ipgRp)∑N

k=1 γkgipk
=

1

ω

√√√√ Req (vpg − ipgRp)∑N
k=1 ipk

vpk−ipkRp

vpg−ipgRp

.

(12)

III. IMPLEMENTATION OF THE PROPOSED MIE METHOD

Fig. 2 shows the implementation flowchart of the proposed
MIE method. The currents of Txs and the input winding ac
voltages are sampled in real time. The root-mean-square (rms)
values of the monitored currents and voltages are calculated,
and then the mutual inductance ratio matrix is calculated by
(11). Finally, based on the mutual inductance ratio matrix, the
mutual inductance between every Tx coil and the Rx coil can be
estimated by (12).

It is worth mentioning that the operation frequency (i.e., ω),
equivalent load resistance (i.e., Req) and the primary winding

Fig. 3. Experimental platform. (a) Key components and measurement equip-
ment. (b) Couplers and moving mechanism.

TABLE I
PARAMETERS OF THE MAIN COMPONENTS AND CONDITIONS IN EXPERIMENTS

AND SIMULATIONS (TEMPERATURE: 25 °C)

ESR (i.e., Rp) are determined as preconditions before the op-
eration of the proposed MIE method. In order to guarantee the
load to be pure resistance, the power factor correction should
be integrated in practice of the proposed method, which can be
commonly seen in the DWPT system [13], [14], [15].

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Experimental Setup

In order to verify the proposed MIE method, a prototype of
a DWPT system with two Txs (i.e., Tx1 and Tx2) and one Rx
is constructed. The experimental platform and key measure-
ment equipment are demonstrated in Fig. 3. The DWPT system
consists of a programmable dc voltage source, two full-bridge
inverters, a digital signal processor (DSP), inductive couplers, a
full-bridge rectifier, and an electronic load. An oscilloscope, two
current probes, and two ac voltage probes are used for collecting
key waveforms in experiments, and the ac voltage sensors and
hall current sensors are used for sampling the primary electrical
information for DSP process. The coupler that includes two Txs
to one Rx is shown in Fig. 3(b). Both the Tx coil and the Rx
coil are stranded in circular shape, and their sizes are 100 mm
×100 mm and 100 mm × 200 mm, respectively. The couplers
are with air cores, and the air gap between Txs and Rx is 100
mm. The couplers can be moved laterally on the guide track to
create varying coupling conditions.

The key parameters in the experiments and simulations are
listed in Table I. The resonant and operation frequency are
the same at 85 kHz. The MOSFET used in the experiment is
Infineon F4-23MR12W1M1-B11 full-bridge MOSFET module,
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Fig. 4. Experiment and simulation verifications of the proposed MIE method.
(a) Horizontal movement of the Rx. (b) Case 1 (xr =15 mm, M1 = 12.98 µH,
M2 =22.63 µH). (c) Case 2 (xr =10 mm, M1 =15.53 µH, M2 =22.08 µH).

and its ON-resistor is 23 mΩ. The diode is STPS30H100CT,
and its forward voltage drop is 0.64 V. In the simulation, the
ideal compensation network parameters are applied, and the ON-
resistance and forward voltage drop of the switching components
(i.e., MOSFETs and diodes) is ignored.

B. MIE in Different Rx Placements

As shown in Fig. 3(b), Rx can be moved on to the guide rail,
and thus different mutual inductances can be created. Fig. 4(a)
depicts the relative distance when Rx is moved horizontally.
The original point (xr = 0 mm) refers that Rx is on the central
point between Tx1 and Tx2. M1 denotes the mutual inductance
between Tx1 and Rx, and M2 denotes that between Tx2 and Rx.

Fig. 4(b) and (c) shows two cases such that the horizontal
distances of Rx are 15 and 10 mm, where the actual mutual
inductances areM1 = 12.98μH andM2 = 22.63μH, andM1 =
15.53 μH and M2 = 22.08 μH, respectively. The estimated
mutual inductances in experiments are demonstrated in Fig. 4,
and these results are determined by DSP. The relative error of
the MIE (i.e., e) is defined as follows:

e =
|Mac −Mes|

Mac
× 100% (13)

where Mac and Mes are the actual and estimated mutual induc-
tances, respectively.

The overall experiment and simulation results of the estimated
mutual inductance are collected and demonstrated in Fig. 5.
The dashed red lines are the actual mutual inductance, and

Fig. 5. Experiment and simulation results of estimated mutual inductance and
relative error in different horizontal movement distances: (a) M1 and (b) M2.

Fig. 6. Dynamic process of the proposed MIE triggered in one cycle under
case 1 (xr = 15 mm, M1 = 12.98 µH, M2 = 22.63 µH).

blue and green lines are the estimated value in simulations and
experiments. The solid red lines stand for the relative error. The
results shows that the proposed MIE can have lower than 0.3%
estimation error in simulation. The maximum relative error in
experiment is 6.53%. Under Case 1, the dynamic process of the
proposed MIE triggered in one cycle is shown in Fig. 6. It can be
observed that the proposed MIE can be processed in 3 ms under
dynamic condition.

C. Comparison Study of Related Existing Research Works

In order to further verify the contributions of this work, it is
necessary to carry out a comparison study with existing related
research works, which have been listed in Table II. It can be
seen that the proposed MIE method is without the help of
any communication and auxiliary position sensor. Compared
with other noncommunication MIE schemes in [8] and [9], the
proposed method is much more feasible in multi-Txs DWPT
system due to the solution of multiple equations is avoided.
Although complex calculation in [10] and [12] is also eliminated,
they contain frequency sweeping process in MIE, which means
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TABLE II
COMPARISON BETWEEN EXISTING RELATED RESEARCH WORKS

One

One

One

One

One

One

these methods are not suitable for DWPT systems. Based on
the aforementioned experimental setup, the proposed MIE can
be finished within 3 ms in dynamic conditions. The maximum
relative error of the proposed work is <0.1% in simulation and
6.51% in experiment, and it is proven to be comparable with
other related researches.

V. CONCLUSION

A new MIE method for SS-compensated multi-Txs DWPT
systems is proposed in this letter. The proposed method does not
introduce any dual-side communication module. By monitoring
only the primary ac winding currents and voltages, the mutual
inductance ratio is first determined, and then, the exact mutual
inductance is estimated. Because the solution of multivariable
multiple equations is not required, the proposed MIE method has
low calculation effort, and it has comparable estimation accuracy
in resonant frequency. Hence, the proposed method is feasible
for DWPT systems with multi-Txs configuration.
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