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Abstract—Impedance mismatching is a prevalent issue in wire-
less power transfer (WPT) systems across various power levels
and operating frequencies. In scenarios where coils are closely
coupled, the maximum power transfer does not occur at the
natural resonant frequency of the coupled coils due to impedance
mismatching between the internal impedance of the power
source and the WPT system’s input impedance. This results in
the frequency splitting phenomenon. This paper first examines
the frequency splitting phenomenon using the maximum power
transfer theorem. Subsequently, a Perturbation and Observation
(P&O)-based method with a variable step size is proposed
to enhance power transfer efficiency over a range of coil-to-
coil distances. Unlike conventional, time-consuming search-and-
find impedance matching (IM) methods, this approach achieves
optimal IM network parameters in a single step. A scaled-down
20-watt prototype is fabricated to validate the effectiveness of the
proposed method in terms of input current, active and reactive
input powers, as well as power factor correction (PFC).

Index Terms—Wireless power transfer (WPT), Inductive
power transfer (IPT), Frequency splitting, Impedance matching
(IM), Maximum power transfer theorem, Perturbance and Ob-
servation (P&O), Electric Vehicles (EVs)

I. INTRODUCTION

Depending on the transmission range and operating fre-
quency, wireless power transfer (WPT) technology is primarily
categorized into three main types: Microwave Radiative Power
Transfer (MRPT) for long-range [1[]-[3]], Magnetic Resonance
Coupling (MRC) in high frequency (HF) for mid-range [4],
and Inductive Power Transfer (IPT) in low frequency for short-
range distances [S]]. Although the efficiency of power transfer
in IPT systems is relatively low over medium transmission
distances compared to recently proposed mid-range WPT
systems, MRC-based WPT systems encounter challenges re-
lated to electromagnetic interference (EMI), inefficient power
delivery over short distances, and stabilization issues with
high-Q resonators [4]—[7]. Therefore, IPT is often preferred
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over resonance-based systems in various applications, such
as portable consumer electronics (e.g., laptops, cell phones,
PDAs) [8], [9] and electric vehicles (EVs) [10]-[13]. To
maintain optimal power transfer efficiency across a wide
range of coil-to-coil distances, WPT systems aim to achieve
critical coupling where the input impedance matches that of
the power supply [[1], [14]], [[15]. Deviation from this critical
distance decreases efficiency due to phenomena like frequency
splitting [4], [16], [17]. To mitigate efficiency reductions,
range-adaptive control techniques are employed, particularly
in scenarios of short coil-to-coil distances where impedance
mismatch is significant.

Literature reports two main compensation methods: (1)
frequency tracking approaches involve adaptive adjustment
of the input power supply frequency based on coil-to-coil
distance, constrained within the industrial, scientific, and med-
ical (ISM) band [6], [[18]], and requiring additional frequency
tracking circuits [[19]; and (2) impedance matching (IM) tech-
niques, including coupling manipulation through additional
loops between coupled coils to narrow the distance range
for effective impedance matching [[15], [[16]], and IM methods
using lossless LC circuits provide parameters through time-
consuming search-and-find techniques [1], [15]], while those
using DC-DC converters increase system losses [20].

This paper proposes a P&O-based IM method in which the
IM network parameters are extracted in a single variable step
size. This method is applicable for a wide range of coil-to-coil
distances and load power factors. The paper is organized as
follows: In section [lI} the frequency splitting phenomenon is
studied using the maximum power transfer theorem. In Section
the proposed P&O-based method is presented in detail.
Section [[V|demonstrates the experimental verification. Finally,
conclusions are drawn in Section [V]



II. FREQUENCY SPLITTING PHENOMENON
A. Two-coil WPT system circuit modeling

Fig. [T] shows the equivalent circuit of a two-coil WPT
system sharing a mutual inductance M. The transmitter and
receiver coils are modeled as inductors L; and Lo series with
their parasitic resistances [y and Rj, respectively. A high-
frequency (HF) power supply with the internal resistance R
is used to drive the transmitter coil and the output load Ry,
is assumed to be resistive here. The series capacitors C
and C5 are added to resonate with L; and Lo inductances,
respectively, at the resonant frequency f [17]. The efficiency
of the power transmitted 7 to the output load is as follows
[21]:

_ Proaa _ VZ/2Ry,
P; (Vo — Ry11)? /2Ry,
, where V1, Vi, and I; are the voltage across the output
load, the amplitude of the HF power supply’s voltage, and the

current through the transmitter coil. Also, R;, = Real(Z;,)
is the input resistance of the two-coil WPT system.
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Fig. 1. Equivalent circuit of a two-coil WPT system

B. Frequency splitting analysis based on maximum power
transfer theorem

In the strongly coupled region, where the coupling coef-
ficient k deviates from the critical-coupling coefficient k.,
the efficiency 7 decreases. In coil-to-coil distances shorter
than critical-distance d., there are two peaks in the efficiency
curve 7 at the frequencies different from the coupled-coils
natural resonant frequency f,. This phenomenon is called the
frequency splitting phenomenon [[15]], [[17].

Fig. [2] shows the abstract model of a two-coil WPT system

2m f M)?
with Z;, = M For the system parameter values in

Table [, the MATL%%B simulation results for the amplitude of
the WPT system input impedance |Z;,|, its phase, and the
efficiency 7 versus normalized frequency f/f, at the strongly
coupled region with k=0.4 are shown in Fig. 3] As seen,
the efficiency n peaks at splitting frequencies of about 111
kHz and 148kHz, which are known as odd f,qq and even
feven splitting frequencies, respectively [15]. At the splitting
frequencies, | Z;,| is very close to the source internal resistance
R, (here 1.292). Therefore, the maximum power is transferred
at these two frequencies instead of the natural resonance

frequency fs = 125kHz. In other words, as for a very short
separation distance d, the coupling between coils M is large,
|Zin| is greater than R, so the maximum available power
is not transferred at f;. Therefore, impedance matching is
required in WPT systems with variable coil-coil distances to
enable maximum wireless power transfer from the HF input
power supply to the output load.
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Fig. 3. Efficiency n versus normalized frequency f/fs for different k.

TABLE I
WPT SYSTEM PARAMETERS VALUE
Parameter Value Parameter Value

fs 125 KHz [ 15.83 nF'
Ly 101.4 pH Co 17.87 nF
Lo 15.83 nF Vs 14.28V
Ry 045 Q Rs 1.2 Q
Ra 045 Q Ry, 10 ©

III. THE PROPOSED METHOD
A. The impedance matching network design

Smith chart is a common tool for designing IM networks
[22]]. The input impedance of WPT system Z;,, can be from
different types of resistive R;,,, resistive-inductive R;,+ 7 X,
and resistive-capacitive R;,, — 7 X;,. The designed IM network
must be able to match all these types of impedances with the
impedance of HF input power supply R;.

Fig. @] shows how Z;,, is matched with R, by adding only
a parallel capacitor C'p and a series inductance L, regardless
of its type.



Fig. 4. IM network design for different types of the input impedance Z;,,: (a)
Resistive (R;y) (b) Resistive-inductive (R;y, 47 X;r ) (c) Resistive-capacitive
(Rin - .7 X in )

Zin

Fig. 5. Equivalent circuit of two-coil WPT system together with the designed
IM network

B. IM network parameters calculation

Fig. 5] shows the equivalent circuit of the two-coil WPT
system together with the designed IM network which is to
match the input impedance Z;,, with internal resistance of HF
input power supply R as Real(Z;,) = Rs.

Quality factor (@))-based design principles are used here to
calculate the IM network parameters Ly and Cp for different
types of input impedance, including Resistive (R;,, ), Resistive-
inductive (R;,+j X ), and Resistive-capacitive (R, —jX;n)-

e Resistive load

For the equivalent circuit of the two-coil WPT system
shown in Fig. [3] the quality factor @ is defined as:

2w fsLg
Q=2L —onpop @
The IM network parameters can be extracted as:
Q
Cp=—— 3
r 27rstin ( )
QR;
Ly = 4
= onf, “)

, where the quality factor () can be calculated as:

Rin
R

Q =
o Resistive-inductive load

The quality factor @, in Fig. [f] can be caculated as:

Xin
Q1= (6)

-1 (5)
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Fig. 6. Equivalent circuit of the two-coil WPT system with the IM network
after series-to-parallel transformation of R;, and jX;,

After series-to-parallel transformation of R;, and j.X,,,
the impedances R;,; and jX;,1 can be extracted as:

Rint = Rin(1+Q1?) (7)

Xin(14+Q17)
Q1

To have an RLC circuit, the parallel combination of —j.X,

and j X, in Fig. [7]must serve as a capacitive impedance

Xin1 = ®)

as:
. 1+Q,°
(*JXp)(Xm(T))
—jXpl = (Xml)H(*jXp) = 1 +1Q 2
*j Xp + Xm(izl)
)
After parallel-to-series transformation of R;,; and

—jX,1, the impedances R;,2 and X,o are extracted as:

Ripy = —mL (10)
1+ Q2
2

Xz = Xp— 22 (1D

pll +Q22
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Fig. 7. Equivalent circuit of the two-coil WPT system with the IM network
after parallel-to-series transformation of R;n1 and j.Xp1

, Where ()2 can be obtained as:

 [Rin(1+ Q1%
Q: = \/R -1

Finally, considering the maximum power transfer require-
ments as [, = Ry and X,» = X, the IM network
parameters L, and Cp are calculated as:

12)

1

Cp = 20 f X, (13)
_ Q2Rs

Ls= ol (14)

e Resistive-capacitive load
The IM network parameters L, and Cp for a resistive-
inductive load can be calculated using the same method
and the results are:

1

Cp= 15
P 3l X, (15)
Ls _ QBRS (16)
27 fs
, where the quality factor Q3 in Fig. [§]is equal to:
Rin2 + Xin2
=/———-1 17
Q3 \/ R R, (17)
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Fig. 8. Equivalent circuit of the two-coil WPT system with resistive-capacitive
input impedance R;, — j Xin

C. The P&O based method

When the operating frequency of the WPT system is low
(@ < 10), the @-based method cannot provide accurate
values. Inspired by the perturbance and observation (P&O)
algorithm, a method is presented in this paper which can
improve the power transmission efficiency of the WPT system
at the strongly coupled region.

Fig. 0] shows the maximum power available from the HF
input power supply for different pairs of the IM network
parameters L, and Cp. It can be seen that by starting from any
point with any pairs of the IM network parameters L, and Cp,
the power curve can be moved towards the maximum power
point as a result of impedance matching between Z;,, and R,
if the right Rise Direction and proper Step-Size are chosen.
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Fig. 9. Maximum power available from the HF input power supply for
different pairs of the IM network parameters Ls and Cp

Algorithm [I] shows the the proposed P&O-based algorihm.
Firstly a pair of IM network parameters L(i) and C)(7)
is chosen and the transferred power to the input impedance
P;,, (i) is calculated. Then, each IM network parameter is
changed by one step size. If at this stage the transferred power
P;, (i + 1) is increased, the rise-direction is not changed and
vice versa. The following equation is used to estimate the IM
network parameters Ly and C)p. As can be seen, the variations
in the coupling coefficient £ and its sign are included in the
step size.

X(i+1) = X(i) + (RDx * AX % (k(i + 1) — k(i) (18)

, where RD is the rise-direction, and X represents the IM
network parameters: Lg or C’p.

Algorithm 1 Proposed P&O Based Algorithm
Require: AC,, RD¢,, ALs, RDy,,
Set: Cy,(¢) and L(7)
Measure: P;,,(7)
Cp(i+1) <= Cp(i) + (RD¢, - ACy, - (k(i + 1) — k(7))
Ly(i+1) « Ly(i) + (RDy, - AL, - (k(i + 1) — k(i)
Measure: P, (i + 1)
while true do
if P, (i+ 1) < P, (i) then
RDLS < _RDLS
RDCP — —RDCp
end if
end while




IV. EXPERIMENTAL VERIFICATION

Fig. shows the IM network parameters obtained from
the proposed P&O-based algorithm for a step change in the
coupling-coefficient k. As can be seen, the obtained values
can properly track the ones calculated using eq. (3) and (4).
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Fig. 10. Simulation results: comparison between the IM network parameters
obtained using the proposed P&O-based algorithm and the calculated values
(@) Cp (b) Ls

Fig. [T1] shows the experimental set-up of the two-coil WPT
system. The HF power supply is implemented using a function
generator followed by a linear push-pull power amplifier. The
variable IM network is realized using a 7-bit binary capacitor
bank and a 7-bit binary inductor bank. In addition, two series
capacitors resonate with the coupled coils at the frequency of
the input power supply f; = 125kHz.

Fig. [T2] shows the input current waveforms at different coil-
to-coil distances d=2, 4, and 6¢cm at the resonant condition.
Fig. 12(a) shows that the input current has its maximum value
at d=4cm which is known as critical distance d.. At distances
shorter or longer than d., the input current is decreased. Fig.
12(b) shows that after applying the proposed method, the
input current is considerably improved for a wide range of
distances from “strongly-coupled” with d=2cm to “weakly-
coupled” with d=6cm.

After applying the proposed IM method, the input active
power P;, shown in Fig. [I3(a) is also increased from less
than 5 watts to around 20W. Additionally, Fig. [I3[b) shows
that the input reactive power @);,, is considerably decreased as

Fig. 11. Experimental setup of the proposed IM method
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Fig. 12. Experimental results for input current at different distances (a) before
applying the proposed method (b) after applying the proposed method

a result of the power factor correction at the input of the WPT
system.

V. CONCLUSION

In this paper, a P&O-based method with a variable step
size was introduced to enhance power transfer capability in
the strongly coupled region of a two-coil WPT system. The
IM network parameters obtained using this method accurately
track the calculated values due to the appropriate rise direction
and step size. Experimental results confirm the effectiveness of
the proposed P&O-based method in improving input current,
active input power, and PFC. Given an operating frequency of
fs=125kHz, the P&O-based method is well-suited for wireless
charging of EVs across varying coil-to-coil distances.
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