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Abstract—Inductive wireless power transfer has become one
of the most important emerging technologies in electric-vehicle
applications. Important parameters in such technology are the
variable coupling coefficient and equivalent load resistance that
depend on the relative position of the coils and the load power,
respectively. These parameter values are needed to optimize the
system performance. This work proposes a novel method to
accurately estimate the values of coupling coefficient and load
resistance dynamically without any receiver side measurements.
The method is based on measuring the system input impedance
seen from the transmitter side. A set of perturbation voltages
with different frequencies are injected into the system, and the
magnitude of the impedance obtained from measured voltage
and current responses is then utilized to estimate the parameter
values. The proposed method does not require communication
between the transmitter and receiver subsystems, and therefore,
the technique is well suited for applications in which the dynamics
of the charged object are unknown. The effectiveness of the
method is validated by experimental results.

Index Terms—coupling coefficient estimation, efficiency, system
identification, wireless power transfer

I. INTRODUCTION

Employing resonant based inductive wireless power transfer
(WPT) systems is an attractive solution in coping with the defi-
ciencies of electric vehicle (EV) cable-based chargers. Thanks
to the convenience and safety of the charging process, the
accessibility to EV chargers is improved if wireless chargers
are exploited. Thus, EV battery size, weight, and cost can be
reduced [1].

The operation of a WPT system is based on induction of
voltage in a receiver coil which is magnetically coupled to the
transmitter coil via an air gap [2]. The operating frequency is a
decisive factor in the system operation that can be optimized.
The optimization can be done in a way that the system
efficiency is maximized. The goal is sought by tuning the
operating frequency of a dynamic WPT system in the literature
[3]. However, maximum efficiency may not be always the
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best figure of merit (FOM) to be sought. For instance, the
system input power factor has been considered in addition to
the system efficiency [1]. Maximizing transferred power per
input current has also been sought [4]. Hence, it is evident
that maximizing one FOM may not result in maximizing other
FOMs. Therefore, it is essential to define a FOM that improves
the overall operation of the system regarding different aspects
relevant to a particular application criteria.

Regardless of what FOM is considered, it can be shown
that the optimum operating frequency is a function of coupling
coefficient k. It is notable that k is a function of the relative
position of transmitter and receiver coils [5]. Thus, k is an
unknown parameter for the control system. Moreover, k may
vary in time as the receiver coil may move during the system
operation. Thus, a control method capable of dealing with
unknown value of k must be employed [6].

Different methods have been proposed to estimate k [7]–
[10]. In order to control the energy transferred from a set
of transmitter coils to a moving receiver coil, an estimation
method has been introduced to determine k and the load
resistance [7]. The control method can cope with time variable
k and the load resistance with fast response characteristics.
Meanwhile, the estimation method proposed in [7] requires
high frequency sampling of voltage and current as the phase
angle difference is needed as well as the RMS value of the
variables. Thus, the control method is not simple and cheap
to be implemented. Moreover, the method cannot be used
for the systems in which series compensation capacitors are
employed in the transmitter and receiver sides. For the sake of
impedance matching, another k estimation method has been
proposed [8]. The method is able to deal with variable k during
operation. However, a data communication link is needed for
the estimation method which results in more construction cost
and lower robustness [11].

Recent studies have proposed a method based on the system
input impedance to estimate the value of k [9]. Yet, the fact
that the method is based on the soft start process confines
the identification process merely to system startup. Therefore,
the method cannot cope with the variable coupling coefficient



during the operation. Moreover, the estimation method in [9]
cannot be employed if the system is designed with series
compensation capacitors in both sides. On the other hand,
only one single identification frequency is applied to the
system and a single equation is solved. Thus, the identification
may be vulnerable to variations of parameters and errors in
measurements. The estimation method proposed in [12] can
be used for series-series compensated systems. Nonetheless, it
also needs receiver side measurement as it is based on load
voltage regulation. A machine learning technique has been
employed for k estimation [10]. Meanwhile, the required phase
measurement makes the system implementation difficult and
costly.

This paper proposes a method to accurately obtain the value
of k without the need of characterizing the receiver subsystem.
Eliminating the necessity of data communication link between
the two sides the method contributes to a cost-effective imple-
mentation. The identification method is based on applying a
perturbation voltage with different frequencies to the system,
measuring the corresponding input impedance values and
estimating the values by solving a set of non-linear equations.
Then, the operating frequency is tuned so that the proposed
FOM, transferred power per squared input voltage (PPSV),
is maximized. Since only the magnitude of the impedance
is needed, problems related to accurately determining the
phase shift between the high frequency current and voltage
are avoided. Comparing with conventional operation at the
frequency which results in maximum efficiency, the proposed
method results in higher transferred power for a given input
voltage while the efficiency does not drop significantly. The
proposed method is validated using a laboratory experimental
setup.

The remainder of the paper is organized as follows. Section
II describes the WPT system operation and model. The system
efficiency and transferred power are analyzed in Section III. A
control method including system identification and frequency
optimization is presented in Section IV. The effectiveness of
the proposed method is studied in Section V using experimen-
tal results. Finally, Section V draws conclusions.

II. WPT SYSTEM PRINCIPLES AND MODELING

The equivalent circuit of a series-series compensated WPT
system is schematically shown in Fig. 1. A full-bridge inverter
applies a high-frequency square-wave voltage to the circuit. As
a result, a high frequency current flows in the transmitter coil.
Based on Ampere’s law, a magnetic field is produced around
the transmitter coil encompassing the receiver coil as well.
The high frequency magnetic field induces a voltage in the
receiver coil according to Faraday’s law. The voltage can be
rectified by a bridge rectifier in order to supply a DC load.
It is notable that the high frequency alternation of magnetic
field results in a considerable induced voltage in spite of the
large air-gap. As the high frequency current flows through the
coils with large inductive reactances, a significant amount of
reactive power is consumed. Thus, compensation circuits are
employed on both the transmitter and receiver sides in order to

Fig. 1. A schematic view of a wireless power transfer system with series
compensation capacitors at transmitter and receiver sides

eliminate the reactive power. Different compensation circuits
have been proposed in the literature [13]. Meanwhile, a simple
and cost-effective option is to employ series capacitors on both
sides.

The circuit equations for the system shown in Fig. 1 can be
written as

U = ZTiT − jωMiR, (1)

jωMiT = (R+ ZR)iR, (2)

where ZT and ZR, the impedances of the transmitter and
receiver circuits, are defined as

ZT(ω) = rT + j(ωLT − 1

ωCT
), (3)

ZR(ω) = rR + j(ωLR − 1

ωCR
), (4)

respectively, where ω is the angular supply frequency. U is
the phasor of the inverter fundamental voltage. In [1], its root
mean square (RMS) value is given as a function of the DC
link voltage VDC as

|U | = 2
√
2

π
VDC, (5)

while there is a 180◦ phase shift between the gating signals of
H-bridge inverter legs. Moreover, iT, iR, LT, LR, rT, rR, CT,
and CR denote RMS phasor of the transmitter side fundamental
current, RMS phasor of the receiver side fundamental current,
transmitter coil inductance, receiver coil inductance, transmit-
ter coil series resistance, receiver coil series resistance, capac-
itance of transmitter series compensation, and capacitance of
receiver series compensation, respectively. R is the equivalent
load resistance seen from the rectifier. In [4], it is given as a
function of the load resistance RL by

R =
8

π2
RL. (6)

The mutual inductance M is defined as a function of the
transmitter and receiver coil inductances as

M = k
√
LTLR, (7)



where k is the coupling coefficient between the two coils.
If the rectifier power loss is ignored, the power transferred to

the load can be written as PL = Ri2R. Thus, system efficiency
can be obtained as

η =
PL

Pin
=

R

R+ rR + rT
|R+ZR|2
ω2M2

, (8)

where Pin is the circuit input power calculated by adding
conduction losses inside the coils to the load power. It is
noteworthy that the power loss inside the inverter and rectifier
are not considered in this derivation.

III. ANALYSIS OF SYSTEM EFFICIENCY AND
TRANSFERRED POWER

The system efficiency and transferred power are analyzed in
this section. Using (1) and (2), PL can be represented as

PL =
ω2 M2 R

|ω2 M2 + ZT(R+ ZR)|2
U2. (9)

Equation (9) represents the load power as a function of circuit
parameters and U , which can be considered as the input to the
system. Therefore, it can be stated that higher input voltage
would result in higher load power. Meanwhile, it is desirable to
maximize system transferred power for a given input voltage.
Thus, a novel FOM p can be created by dividing PL by the
square of U as

p =
PL

U2
=

ω2 M2 R

|ω2 M2 + ZT(R+ ZR)|2
. (10)

It is noteworthy that this novel FOM called transferred
power per squared input voltage (PPSV) can be considered
as a criterion showing system capability of transferring power
merely as a function of circuit parameters. Reflecting the
system power transfer potential regardless of the input voltage,
PPSV is a decisive FOM for the system operation. Hence,
system input does not affect the criterion. This fact contributes

Fig. 2. System efficiency and transferred power per squared input voltage
(PPSV) versus operating for different coupling coefficients in a system with
fr = 82.2 kHz, VDC = 100 V, and R = 6.33 Ω

to a clear grasp of how transferred power is related to the
circuit parameters. p and η are plotted versus frequency in
Fig. 2 for a typical WPT system with LT = LR and CT = CR
considering different values of k. It is seen that regardless of
k, the efficiency is maximized at fr, the resonance frequency
of both the transmitter and receiver circuits, which is defined
as

fr =
1

2π
√
LTCT

=
1

2π
√
LRCR

. (11)

However, it is observed that the PPSV corresponding to fr
is much lower than the maximum possible PPSV. In fact, the
two frequencies corresponding to the maximum possible PPSV
are slightly different from fr. One of them is lower than fr,
denoted as f1, and the other one is higher than fr, denoted as
f2. They can be obtained as functions of k as

f1 =
fr√
1 + k

, (12)

f2 =
fr√
1− k

. (13)

It is noteworthy that operation at (12) or (13) results in
maximum PPSV, but the maximum efficiency is not reached.
However, the PPSV improvement is more significant than the
decrease of system efficiency as shown in Fig. 2. On the other
hand, operation on frequencies higher than fr may result in
zero voltage switching (ZVS) of the inverter and contribute to
reduction in converter loss which is not considered in Fig. 2
and (8) [1]. Although ZVS operation depends on k and R, it
is realized for the whole ranges of k and R considered in this
investigation. Therefore, operation at the frequency given in
(13) is considered in this paper.

On the other hand, the magnitude of the system input
impedance, |Zin|, can be written as

|Zin(ω, k,R)| = |U
iT
| = |ZT(ω) +

(ωk
√
LTLR)

2

R+ ZR(ω)
|. (14)

Fig. 3. The magnitude of the system input impedance versus operating
frequency for different coupling coefficients for a WPT system with fr =
82.2 kHz, and R = 6.33 Ω



Fig. 4. Flowchart of the proposed control method for the system identification
and frequency optimization

The dependency of |Zin| on the operating frequency and k is
demonstrated in Fig. 3. It is seen that |Zin| changes signifi-
cantly with variation of the operating frequency. Moreover, in
a particular operating frequency, |Zin| gets distinctly different
values depending on k. This difference is more significant
around fr. Furthermore, |Zin| can be obtained by dividing |U |
by |iT| which are both transmitter side variables. According
to the mentioned properties of |Zin|, this variable is studied in
Section IV for identifying the unknown variables k and R.

IV. CONTROL SYSTEM

In this section, it is proposed to use |Zin| in order to find the
unknown values. A nonlinear equation system can be obtained
by evaluating (14) with n different frequencies ω = ω1, ... ωn

and equating the values to the impedances measured at the
corresponding frequencies as

|Zmeas,ω1 | − |ZT(ω1) +
(ω1k

√
LTLR)

2

R+ZR(ω1)
| = 0

|Zmeas,ω2 | − |ZT(ω2) +
(ω2k

√
LTLR)

2

R+ZR(ω2)
| = 0

.

.

.

|Zmeas,ωn | − |ZT(ωn) +
(ωnk

√
LTLR)

2

R+ZR(ωn)
| = 0

(15)

where |Zmeas,ωi
| i = 1,...,n are the magnitudes of measured

input impedance values when corresponding ωi is applied to
the system. The value can be determined simply as |UiT

|. Due
to two unknown parameters, at least n = 2 equations and
measurements are needed, but an overdetermined system with
n > 2 develops a more robust identification method which is
less sensitive to measurement errors. The set of equations can
be solved by using nonlinear optimization algorithms.

The flowchart shown in Fig. 4 demonstrates the control
method.The operation is divided into an identification period

and an optimum operation period. In the startup, the system
begins with the identification period. Firstly, a test frequency
is applied to the circuit by the inverter. The corresponding
transmitter coil current is measured with a current sensor.
Its RMS value |iT|, is obtained by dividing the measured
magnitude by

√
2 as its waveform is almost sinusoidal. |U |

is calculated using (5). Then, (15) is constituted by the
corresponding values. The procedure is repeated for the second
test frequency to have enough equations. Thus, an estimation
of k and R is obtained by solving (15) using an optimization
method. Another test frequency is applied afterwards and
(15) is updated with the newly constituted equation. Thus,
a new estimation of k is obtained. Once the two consecutive
estimations of k are close enough, it can be understood that
the estimation is trustworthy. Hence, the optimum operation
period starts by applying the optimum frequency calculated by
(13) to the circuit.

The value of |Zin| is continuously measured in order to
cope with possible changes in k during the system operation.
When a change in |Zin| is detected and remained for a specific
amount of time, it is assumed that either k or R has changed.
Then, the identification process restarts to find the new value
of k and R. As a result, the new optimum frequency can be
applied to the system. It is better to choose the test frequencies
from values around fr as the dependency of |Zin| on k is higher
at those frequencies. In this paper, test frequencies are chosen
from 80-90 kHz as the recommended fr in the standard SAE
J2954 is 85 kHz [6].

It is noteworthy that the proposed identification method
uses only transmitter side variables. Thus, unlike the method
proposed in [8], data communication is not needed for the
system. Moreover, unlike the methods proposed in [7], [10],
the phase angle measurement is not required. Hence, the
proposed method improves the robustness and feasibility of
WPT systems.

V. VALIDATION

The effectiveness of the proposed identification is validated
in this section using experimental results. For this purpose, an
experimental WPT setup is implemented in the laboratory. The
system is shown in Fig. 5 and the system parameters are given
in Table I. Four test cases are investigated by considering two
different coil positions and load resistances. k = 0.294 and
k = 0.205 are realized with 10 cm and 15 cm air gaps between
the coils, respectively. On the other hand, two different load

Fig. 5. Experimental setup of the WPT system implemented in laboratory



Fig. 6. Experimental results compared with the fitting curves using (14) for: (a) the first case where R = 12.6 Ω and k = 0.294; (b) the second case where
R = 6.3 Ω and k = 0.294; (c) the third case where R = 6.3 Ω and k = 0.205; (d) the fourth case where R = 12.6 Ω and k = 0.205

TABLE I
PARAMETERS OF THE IMPLEMENTED LABORATORY SETUP

Parameter Description Value
LT Inductance of the transmitter coil 170 µH
LR Inductance of the receiver coil 170 µH
CT Capacitance of the transmitter circuit 22.2 nF
CR Capacitance of the receiver circuit 22.1 nF
fT Resonant frequency of the transmitter circuit 81.8 kHz
fR Resonant frequency of the receiver circuit 82.0 kHz
rT Resistance of transmitter coil 0.38 Ω
rR Resistance of receiver coil 0.24 Ω
VDC DC link voltage 0-100 V
VL Load voltage 0-60 V

resistances are used so that R = 12.6 Ω and R = 6.3 Ω
are realized. The magnitude of the system input impedance
is first measured by an LCR meter at 11 different frequencies,
ranging from 80 to 90 kHz with intervals of 1 kHz. Thus, a
set of 11 equations with two unknown parameters, k and R,
is constituted according to (15). The “fminsearch” MATLAB
function is applied to the set of equations to find k and R
using the Nedler-Mead algorithm. In order to shorten the
identification period, the results are obtained again by using
merely 4 test frequencies from 81 to 84 kHz.

Estimation results and fitted impedance curves for the four
cases are depicted in Table II and Fig. 6, respectively. It is

seen that in each figure, two curves are fitted on the measured
|Zin| values, first with 11 test frequencies and then with 4
test frequencies. Moreover, the analytical results obtained from
(14) with the actual parameters are plotted as well for a better
comparison. It is seen that for all of the four cases the fitting
plots show a trend similar to the analytical results. However,
the experimental results are shifted to lower values. It can be
attributed to parasitic components and inaccuracy in parameter
values which become more significant as the impedance values
are higher in this case. The maximum difference occurs at fr
which coincides with the peak point of |Zin|. Meanwhile, the
differences are much smaller for lower and higher frequencies.
However, for the system optimal operation, only estimated k is
the decisive parameter. As there are two unknown parameters,
k and R, they need to be estimated simultaneously in spite
of the fact that only k is needed for the control method.
On the other hand, it is seen that using 4 test frequencies
results in accurate estimation with shorter identification period
compared with the case in which 11 test frequencies are used.

In Table II, the values obtained from the estimation method
using 4 test frequencies are compared with the actual values
determined by measurements done before the test. It is seen
that the obtained values correspond well to the actual values.
For all cases, k is estimated with error values less than 5



TABLE II
EXPERIMENTAL RESULTS COMPARED WITH ACTUAL VALUES

Case 1 Case 2 Case 3 Case 4
k Actual value 0.294 0.294 0.205 0.205

Estimated value 0.288 0.287 0.196 0.195
Percentage error -2.0 % -2.2 % -4.1 % -4.6 %
Optimal frequency 97.2 kHz 97.1 kHz 91.5 kHz 91.4 kHz

R Actual value 12.6 Ω 6.3 Ω 6.3 Ω 12.6 Ω
Estimated value 13.3 Ω 7.0 Ω 6.6 Ω 12.4 Ω
Percentage error 5.5 % 10.2 % 4.8 % -1.4 %

%. Furthermore, estimation error of R is less than 5.5 %
except for the second case. However, the error value does not
result in non optimum operation of the system as the optimum
operating frequency is only a function of k according to (12)
and (13).

In addition to the mentioned small signal LCR meter
measurements, |Zin| is also calculated using actual waveforms
of the inverter output voltage and current for n = 4. For
instance, the waveforms taken at f = 83 kHz are shown in Fig.
7 while R = 12 Ω and k = 0.294. |Zin| values are obtained
by dividing |U | by |iT| and using (5) and (14). In this case,
the estimator succeeds to determine k and R with errors less
than 4 % and 0.2 %, respectively. In the experimental testes,
it is seen that each test time interval can be reduced to less
than 20 ms. It is obtained from the current transient time and
the time required for the calculation. Thus, it can be stated
that the method is adequate for practical applications.

VI. CONCLUSION

The coupling coefficient and load resistance are important
parameters when optimizing the operation of a WPT system.
This paper has proposed a method with which the parameter
values can be identified without information of the receiver
subsystem. The method is based on applying different fre-
quencies to the circuit by the transmitter side inverter and
observing the corresponding input impedance value. Then,
a set of nonlinear equations is constituted and solved in
order to estimate the parameters. The experimental results
show that the proposed method can estimate the parameter

Fig. 7. Waveforms of inverter output voltage and current used for |Zin|
calculation for the frequency of 83 kHz while R = 12 Ω and k = 0.294

values with good accuracy using only 4 test frequencies. The
estimated values are used to optimize the operating frequency
so that the proposed figure of merit, transferred power per
squared input voltage, is maximized. The method is able
to detect the possible changes in the coupling coefficient
and update the operating frequency. The proposed method is
validated for series-series compensation topology, and it would
be interesting to further investigate the applicability of this
method with alternative compensation topologies.
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