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Abstract—A dynamic wireless charging system for electric
vehicles (EVs) is expected to extend the limited driving distance of
EVs. As the transmitting efficiency changes according to motion
of the vehicle in dynamic charging, an efficiency maximization
method is important. Previous research has proposed secondary-
side efficiency control based on mutual inductance estimation
to simplify the ground facilities, which would be installed over
long distances. However, the ground facilities have to regulate
the primary voltage to achieve maximum efficiency control on
the secondary side without signal communication. In this paper, a
calculation method of the reference value for maximum efficiency
control is proposed using simultaneous estimation of the primary
voltage and the mutual inductance on the secondary side to elimi-
nate the need for the primary voltage regulation. Simulations and
experiments demonstrate that the proposed method is available
for maximum efficiency control on the secondary side.

Keywords—Wireless power transfer, Magnetic resonance, Elec-
tric vehicle, Parameter estimation, Secondary-side control

I. INTRODUCTION

Wireless power transfer (WPT) has gathered attention in
recent years for transportation applications [1]–[3]. Eliminating
the use of wiring not only simplifies charging operations but
also reduces the risk of accidents such as electric shock,
disconnecting, and so on. In addition, a dynamic wireless
charging system for electric vehicles (EVs) can extend the
limited driving distance of EVs and reduce the size of the
energy storage system of EVs [4], [5].

WPT via magnetic resonance coupling [6] has many ad-
vantages such as a highly efficient transmission, robustness
to misalignment, and so on. Although these are feasible
characteristics for dynamic charging of EVs, the transmitting
efficiency is determined according to the load condition and
the mutual inductance between the transmitter and receiver [7].
Consequently, it is an important issue to achieve the maximum
efficiency regardless of the vehicle motion. However, the
ground facilities, which consist of transmitters, inverters, and
so on, should be simply designed because they would be
installed over long distances. Therefore, secondary-side control
is preferable to primary-side control [8] or dual-side control
[9] to reduce the complexity of the ground facilities.
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Fig. 1. Equivalent circuit of the wireless power transfer system.

Although previous research has proposed maximum effi-
ciency control based on mutual inductance estimation from
the secondary side [10], [11], the primary voltage has to be
regulated by the ground facilities. If the primary voltage and
the mutual inductance are simultaneously estimated from the
secondary side, the ground facilities can be further simplified.
Although primary-side multi-parameter estimation has been
proposed [12], this paper uses multi-parameter estimation from
the secondary side using power converters for secondary-side
control [13].

In this paper, maximum efficiency control based on simul-
taneous estimation of the primary voltage and the mutual in-
ductance using secondary-side information is proposed. Then,
the reference voltage for efficiency maximization is calcu-
lated from the estimated values. Simulations and experiments
demonstrate the effectiveness of the proposed method.



Fig. 2. Transmitter and receiver coils.

TABLE I. SPECIFICATIONS OF COILS.

Primary side Secondary side

Resistance R1, R2 1.19 Ω 1.23 Ω

Inductance L1, L2 617 µH 617 µH
Capacitance C1, C2 4000 pF 4000 pF

Resonance frequency f1, f2 101.3 kHz 101.3 kHz

Mutual inductance Lm 37.3 µH (Gap: 300 mm)
77.8 µH (Gap: 200 mm)

Coupling coefficient k 0.060 (Gap: 300 mm)
0.126 (Gap: 200 mm)

Outer diameter 440 mm

Number of turns 50 turns

II. WIRELESS POWER TRANSFER VIA MAGNETIC
RESONANCE COUPLING

A. Characteristics at resonance frequency

This paper uses a series-series (SS) compensated circuit
topology of WPT via magnetic resonance coupling. Its circuit
diagram is shown in Fig. 1 [14]. V1 is the RMS value of the
primary voltage and RL is the load resistance. The transmitter
and receiver are composed of the coils and the series-resonant
capacitors, which are characterized by the internal resistances
R1, R2, the inductances L1, L2, and the capacitances C1,
C2, respectively. Lm is the mutual inductance between the
transmitter and receiver. The power source angular frequency
ω0 is designed as follows:

ω0 =
1√
L1C1

=
1√
L2C2

. (1)

From the circuit equations, the voltage ratio AV and the
current ratio AI between the primary side and the secondary
side are described as follows:

AV =
V2

V1
=

ω0LmRL

R1(R2 +RL) + (ω0Lm)2
(2)

AI =
I2
I1

=
ω0Lm

R2 +RL
(3)

where V2, I1, and I2 are the RMS values of the secondary
voltage, the primary current, and the secondary current, respec-
tively. Then, the transmitting efficiency η is given as follows:

η =
(ω0Lm)2RL

(R2 +RL){R1(R2 +RL) + (ω0Lm)2}
. (4)
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Fig. 3. Load resistance RL vs. transmitting efficiency η.
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B. Maximization of transmitting efficiency

Fig. 2 shows the transmitter and receiver, which are used
in this study, and their parameters are expressed in TABLE
I. Then, Fig. 3 shows the load resistance RL versus the
transmitting efficiency η. For efficiency maximization, the load
resistance RL has to be given as follows [7]:

RLηmax =

√
R2

{
(ω0Lm)2

R1
+R2

}
. (5)

Since eq. (5) does not include the primary voltage V1, RLηmax

is determined only by the mutual inductance Lm.

If the primary voltage V1 is given, the transmitting ef-
ficiency η can be maximized by secondary voltage control
[10], [11]. Fig. 4 shows the secondary voltage V2 versus
the transmitting efficiency η. From eq. (2) and eq. (5), the
secondary voltage V2ηmax, which maximizes the transmitting
efficiency η, is obtained as follows [10]:

V2ηmax =

√
R2

R1

ω0Lm√
R1R2 + (ω0Lm)2 +

√
R1R2

V1. (6)

Therefore, maximum efficiency control can be achieved by
secondary voltage control. However, V2ηmax is determined not
only by Lm but also by V1.

C. System configuration

The circuit diagram of the WPT system is shown in Fig. 5.
The power source consists of the DC voltage source and the
inverter, which generates a square voltage with the resonance
angular frequency ω0. Half Active Rectifier (HAR) is used as
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Fig. 6. Operation modes of Half Active Rectifier.

an AC-DC converter and composed of the upper arm diodes
and the lower arm MOSFETs. The DC link voltage Vdc is
controlled by the HAR to achieve secondary voltage control for
efficiency maximization. The load is assumed to be a battery
charging system or a motor drive system, which include power
converters for power control.

D. Secondary voltage control by Half Active Rectifier

HAR controls the DC link voltage Vdc using two operation
modes, which are shown in Fig. 6. The rectification mode has
the same function as the diode rectifier. Then, the lower arm
MOSFETs are off state and the transmitting power P flows
into the DC link capacitor. If P is larger than the load power
PL, Vdc is increased during the rectification mode. On the
other hand, the short mode is worked by turning on the lower
arm MOSFETs and P is cut-off. As a result, Vdc is decreased
during the short mode.

Fig. 7 shows the waveform of Vdc in the case of HAR
control with hysteresis comparator [3]. The upper bound Vhigh

and the lower bound Vlow are defined as follows:

Vhigh = Vdc
∗ +∆V (7)

Vlow = Vdc
∗ −∆V, (8)

where Vdc
∗ is the reference voltage and ∆V is the hysteresis

band. Fig. 7 shows that Vdc can be kept within the desired
range by switching the operation modes of HAR.

Assuming losses during the short mode is negligible to
losses during the rectification mode, the transmitting efficiency
has to be maximized during the rectification mode. From eq.
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Fig. 7. Waveform of DC link voltage by HAR control.

(6), Vdc
∗ has to be set to Vdcηmax, which is given as follows:

Vdcηmax =

√
R2

R1

ω0Lm√
R1R2 + (ω0Lm)2 +

√
R1R2

V1. (9)

where V1 is the RMS value of the square voltage, which is
generated by the inverter. Consequently, Vdcηmax is calculated
considering Fourier series expansions.

III. PARAMETER ESTIMATION AND REFERENCE
CALCULATION USING SECONDARY-SIDE INFORMATION

A. Conventional estimation method

1) Secondary current: Previous research has proposed the
estimation method of the primary voltage V1 [15] or the mutual
inductance Lm [11] based on the secondary current of the WPT
system. When a diode rectifier is used in the secondary side,
the RMS secondary current I2 is expressed as follows:

I2 ≃ ω0LmV11 −R1V21

R1R2 + (ω0Lm)2
=

2
√
2

π

ω0LmV1 −R1V2

R1R2 + (ω0Lm)2
(10)

where V11 and V21 are the RMS values of the fundamental
primary and secondary voltages. They are calculated from the
RMS values of the primary voltage V1 and the secondary
voltage V2 using Fourier series expansions. Since V2 and I2
can be measured on the secondary side, eq. (10) can be applied
to V1 and Lm estimation.
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2) Primary voltage and mutual inductance estimation: If
Lm is assumed to be constant and given, the fundamental
primary voltage V11 can be estimated as follows [15]:

V̂11 =
R1V21 +

{
R1R2 + (ω0Lm)2

}
I2

ω0Lm
. (11)

Assuming the primary voltage is a square wave, V̂1 can be
obtained in the same way.

If V1 is regulated by the primary-side ground facilities, Lm

can be estimated as follows [11]:

L̂m =
V11 ±

√
V11

2 − 4R1I2(V21 +R2I2)

2ω0I2
. (12)

Although eq. (12) has two solutions, the solution with a
positive sign is used considering the system condition.

These estimations cannot be achieved simultaneously be-
cause the estimation equation is given by the analysis of
the WPT circuit for steady state. The conventional WPT
system, which uses a diode rectifier instead of HAR, has only
the rectification mode and the persistently exciting condition
cannot be satisfied.

B. Multi-parameter estimation method [13]

1) Operation modes of HAR: HAR is operated in two
different modes for secondary-side control. From eq. (10),
the secondary current I2 is expressed as a linear function
of the fundamental secondary voltage V21. Since V21 and I2
can be obtained in each operation modes as shown in Fig. 8,
simultaneous estimation of two parameters can be achieved.
This paper focuses on the primary voltage V1 and the mutual
inductance Lm. Their estimation method is derived from eq.
(10).

2) Simultaneous estimation of primary voltage and mutual
inductance: Firstly, unknown parameters are distinguish from
measurable parameters. Eq. (10) is transformed as follows:

ω0LmV11 − I2(ω0Lm)2 = R1(V21 +R2I2). (13)

Then, the estimation equation is given as follows:

x1 − I2x2 = R1(V21 +R2I2) (14)

x = [x1 x2]
T
:=

[
ω0LmV11 (ω0Lm)2

]T
. (15)

Full-bridge inverter

Half Active Rectifier

From / To DSP

Gate drivers

Primary-side sensors

Secondary-side sensors

Fig. 9. Experimental equipment.

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50

S
e

co
n

d
a

ry
 c

u
rr

e
n

t 
I 2

[A
]

DC link voltage V
dc

[V]

Lm = 37.3 μH (calc.)

Lm = 37.3 μH (sim.)

Lm = 77.8 μH (calc.)

Lm = 77.8 μH (sim.)

(a) V1 = 10 V.

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50

S
e

c
o

n
d

a
ry

 c
u

rr
e

n
t 

I 2
[A

]

DC link voltage V
dc

[V]

Lm = 37.3 μH (calc.)

Lm = 37.3 μH (sim.)

Lm = 77.8 μH (calc.)

Lm = 77.8 μH (sim.)

(b) V1 = 20 V.

Fig. 10. Experimental results of the secondary current I2.

Therefore, estimated parameter x̂ can be obtained as follows:

x̂ = [x̂1 x̂2]
T
= A−1b (16)

A :=

[
1 −I2r
1 −I2s

]
, b :=

[
R1(V21r +R2I2r)

R1(V21s +R2I2s)

]
where I2r, V21r, I2s, and V21s are the measured values of I2
and V21 during the rectification mode and during the short
mode.

Assuming that the secondary voltage is a square wave and
the voltage drop of the MOSFETs is negligible, V21r and V21s

are calculated as follows:

V21r =
2
√
2

π
V2r =

2
√
2

π
(Vdc + 2Vf ) (17)

V21s =
2
√
2

π
V2s = 0 (18)

where Vf is the forward voltage of the diodes. From eq.
(15) and eq. (16), the mutual inductance L̂m and the primary
voltage V̂1 can be estimated as follows:

L̂m =
1

ω0

√
x̂2 (19)

V̂1 =
π

2
√
2
V̂11 =

π

2
√
2

x̂1

ω0L̂m

. (20)

C. Reference voltage calculation

The reference voltage Vdcηmax for maximum efficiency
control can be calculated from eq. (9), eq. (19), and eq. (20).
By controlling Vdc to Vdcηmax, the transmitting efficiency can
be maximized from the secondary-side.
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(c) V1 = 20 V, Lm = 37.3 µH.
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Fig. 11. Simulation results of the primary voltage V1 and the mutual inductance Lm estimation.
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Fig. 12. Experimental results of the primary voltage V1 and the mutual inductance Lm estimation.

IV. SIMULATION AND EXPERIMENT

A. Experimental equipment and conditions

The effectiveness of the proposed method was verified
by simulations and experiments. The circuit configuration is
shown in Fig. 5 and the power converters are shown in Fig.
9. The power source was composed of a DC power supply
(ZX-400LA, TAKASAGO) and the full-bridge inverter, which
generated a square wave voltage with the resonance frequency
of the transmitter and receiver. The inverter and the HAR were
controlled by a DSP (PE-PRO/F28335A, Myway). The load
was simulated by an electronic load (PLZ1004W, KIKUSUI)
and the DC link voltage Vdc was regulated by the electronic
load instead of HAR control.

The amplitude of the primary voltage V1 was tuned to 10
V and 20 V. The transmitting distance was set to 200 mm and
300 mm. The load was assumed to be a constant voltage and
its amplitude Vdc was gradually increased in 2.5 V increments
from 2.5 V to 50 V during simulations and experiments.

The RMS secondary current I2 was measured by a digital
phosphor oscilloscope (DPO2024, Tektronix). Fig. 10 com-
pares the measured values of secondary current I2 with their
actual values. As they are closely matched, eq. (10) can be
applied to the estimation method from the secondary-side.

B. Simultaneous estimation of primary voltage and mutual
inductance

Simulation results of V1 and Lm estimation are shown in
Fig. 11. Although the estimated primary voltage in Fig. 11(b)
and Fig. 11(d) are slightly larger than these actual values, the
estimated values are roughly the same as the actual values.

Fig. 12 shows experimental results of V1 and Lm esti-
mation. From these results, the reduction of the estimation

accuracy is confirmed. Especially, Fig. 12(b) is the worst case
because I2 during the short mode is nearly unchanged from the
one during the rectification mode in a low V1 and high Lm

condition. As a result, a resolution capability of the current
measurement has to be improved for the accurate estimation.
However, Fig. 12(c) indicates that the estimated values are
close to the actual values. Consequently, high power and low
coupling application such as dynamic charging of EVs is more
suitable for the proposed estimation method.

C. Reference voltage calculation and efficiency maximization

Fig. 13 shows the simulation results of the reference
voltage calculation for efficiency maximization based on si-
multaneous estimation of V1 and Lm. From Fig. 13(a) and Fig.
13(c), the estimated reference voltage V̂dcηmax can be obtained
using V̂1 and L̂m, which are shown in Fig. 11, regardless of
the simulation condition. Although the transmitting efficiency
η changes according to Vdc as shown in Fig. 13(b) and Fig.
13(d), η can be maximized by controlling Vdc to V̂dcηmax.

The experimental results of the reference voltage calcula-
tion are shown in Fig. 14(a) and Fig. 14(c). As the experimental
results of V̂1 and L̂m are poorly matched compared to the
simulation results, V̂dcηmax is slightly different from the actual
value Vdcηmax. However, the proposed method is effective for
maximum efficiency control of the WPT system because Fig.
14(b) and Fig. 14(d) demonstrate that η can be much-improved
using V̂dcηmax as the reference voltage. If the forward voltage
of HAR is compensated, the estimation accuracy is improved
and η becomes fairly close to the maximum value.

V. CONCLUSION

This paper proposed a reference voltage calculation method
for efficiency maximization from the secondary side in a
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Fig. 14. Experimental results of reference voltage calculation for efficiency maximization.

WPT system using simultaneous estimation of the primary
voltage and the mutual inductance based on the operation
modes of HAR. Simulations and experiments demonstrated
the effectiveness of maximum efficiency control based on the
proposed method.

Future works are to implement maximum efficiency control
using the proposed method and to apply the proposed control
strategy to a dynamic WPT system.
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