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Abstract— Wireless power transfer (WPT) systems’ efficiency
is significantly impacted by non-monotonic variations in the
coupling coefficient. For very short distances or strong-coupling
cases, the WPT efficiency is minimal at the natural resonant
frequency, with two peaks around this frequency, known as
the frequency splitting phenomenon. On the other hand, WPT
capability decreases for long distances or weak coupling cases.
Therefore, adaptive matching is required for WPT systems with
varying distances, like wireless charging systems for electric
vehicles (EVs). This paper first presents a detailed analysis of the
frequency splitting phenomenon by studying the root locations
of the WPT system’s transfer function. Then, a real-time fixed-
frequency adaptive impedance matching (IM) method is pro-
posed, in which the amplitude and phase of the input impedance
is estimated using the average active power, the average reactive
power, and the amplitude of input voltage. Unlike traditional
search-and-find techniques, the proposed method calculates the
optimal IM network parameters only in a single iteration, which
improves the convergent speed. A scaled-down 20-Watt prototype
controlled by the TMSF2812 is fabricated and used to validate
the effectiveness of the proposed method over a wide range of
coil-to-coil distances.

Index Terms— Wireless power transfer (WPT), inductively-
coupled power transfer (IPT), frequency splitting, impedance
matching, frequency tracking, electric vehicles (EVs).

I. INTRODUCTION
IRELESS power transfer (WPT) has attracted a great
deal of attention in recent years due to advantages such
as convenience, safety, and reliability [1].

WPT has expanded to a wide variety of applications, includ-
ing medical implants (pacemakers, retinal prosthesis, cochlear
implants, etc.) [2], [3], [4], portable consumer electron-
ics (laptops, cell phones, personal digital assistants (PDAs),
etc.) [5], and wireless charging of electric vehicles [6], [7],
among others.
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In terms of coil-to-coil distance, At the critical-coupling
region [8], the input impedance of the WPT system is
almost matched with the impedance of the input power sup-
ply [1], [9], [10]. Outside the critical-coupling region, a larger
coil-to-coil distance degrades the power delivery due to the
lower coupling factor (in the weakly-coupled region) [11].
Also, when the coil-to-coil distance decreases below the criti-
cal distance, the coupling factor becomes large and results in
an unexpected reduction of the efficiency of power transmitted
nwpr due to the frequency splitting phenomenon (in the
strongly-coupled region) [8], [12], [13], [14].

To compensate for nw pr reduction, a range-adaptive con-
trol technique can be employed, especially for the short coil-
to-coil distance cases, where a large impedance mismatch
occurs. Two main compensation methods are reported in the
literature: (i) frequency tracking approaches in which the input
power supply frequency is adjusted adaptively to the coil-
to-coil distance [12], [13], [15], [16], [17], [18], [19], and
(i) impedance matching (IM) techniques, such as coupling
manipulation [8], [10], [11], lossless IM-networks [1], [2], [9],
and IM ability of DC/DC converters [20]. In [15], the reference
value for the WPT system input voltage against coupling
variations was achieved by tracking split frequencies in the
strongly coupled region using a Voltage Controlled Oscilla-
tor (VCO). To track the maximum power transmitted point,
manual and automatic frequency control of the input power
supply were employed in [13] and [19], respectively. Another
automated frequency control technique was introduced in [16],
which monitored nw pr using out-band wireless communica-
tion and adjusted the frequency of the input power supply
using a Phase-Locked Loop (PLL) to achieve nwpr goal
higher than 70%. In addition, a power-level tracking method
adaptive to output power feedback was put forward [21].
It was claimed in [18] that by applying the frequency tracking
method, the maximum power could be transmitted just in
the strongly coupled region, and beyond this region, there
is a drastic decrease of nwpr, so a modified frequency
tracking method with a complex load matched was introduced
to achieve a stable nwp7r beyond this region. To maximize
nwpT, an enhanced control algorithm (eCAP) was presented,
which tracked the desired operating frequency of the primary
power amplifier [17]. However, one drawback of frequency
tracking methods can be the considerable reduction of nwpr
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outside of the strongly coupled region [18]. They may also
call for additional frequency tracking circuits [16], [21], [22].
Impedance matching using coupling manipulation is com-
monly implemented by adding extra looped coils between cou-
pled coils [10], [23]. Authors in [11] presented an optimally
designed antiparallel structure containing forward and reverse
coils at the transmitter side for uniform nwpr according to
coil-to-coil distance; the problem with coupling manipulation
methods is that the input impedance cannot be matched at a
wide range of coil-to-coil distances. By analyzing a buck-boost
converter in discontinuous conduction mode (DCM), authors
in [20] concluded that the input resistance of this converter
is independent of the output load and the input voltage of
the converter, so a constant nwpr over an extremely wide
load range can be achieved. However, they had not verified
their method against coupling variations. To maximize nwpr
at constant output voltage against coupling and load variations,
duty cycles (D) of two DC/DC converters inserted at the
transmitter and receiver sides had been adjusted by applying a
maximum nw p7 point tracking (MEPT) control scheme [22].
However, adding DC/DC converters would increase the losses
of the WPT system. In addition, the Zero-Phase-Difference
Capacitance Control (ZPDCC) method, targeting a zero phase
difference between the input voltage and current signals, has
been presented in [24], which uses compensating capacitors
as variable capacitors.
In the previously presented impedance matching meth-
ods using lossless LC-circuits, the IM networks have been
designed for a specific type of input impedance [10]. On the
other hand, their optimum IM network parameters had been
obtained using time-consuming search-and-find techniques
such as Binary Search Algorithm [1] and Genetic Algorithm
(GA) [2]. This paper proposes a real-time adaptive impedance
matching method in which, firstly, the amplitude and phase
of the WPT system’s input impedance are obtained using the
magnitude of the input voltage of the WPT system and the
average valus of active and reactive powers. Then, the value
of the IM-network parameters is calculated. This method is
applicable to a wide range of coil-to-coil distances (ranging
from strongly coupled region to weakly coupled region) and
load power factors.
The paper is organized as follows: in section II, the fun-
damental equations of power transfer for a two-coil WPT
system are derived, and the WPT system operation in different
coil-to-coil distance ranges is investigated. Moreover, a new
analysis of the frequency splitting phenomenon is presented in
this section. To extract the values of IM network parameters,
section III presents an estimation of the amplitude and phase
of the WPT system input impedance. Section IV verifies the
proposed method using simulations and experiments. Finally,
conclusions are drawn in section VI.
All in all, the main contributions of this manuscript can be
divided into two parts:
« In-depth analysis of the frequency splitting phenomenon
(an engineering insight into the phenomenon)

o An adaptive IM method (a single-iteration method for
maximizing wireless power transfer efficiency at the
resonant frequency)
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Fig. 1. WPT system equivalent-circuit.

II. WPT SYSTEM OVERVIEW
A. Circuit Modelling

Fig. 1 shows the equivalent circuit of a WPT system with
two coils which share a mutual inductance (dependent on
the geometry of the coils and the distance between them).
The transmitter coil (Tx-coil) is modelled as an inductor
Ly series with its parasitic resistance R; being driven by
a high frequency (HF) power supply having finite internal
resistance R;. The receiver coil (Rx-coil) is defined similarly,
where R is the load resistance [25]. It must be mentioned that
since the operating frequency has minor variations (less than
1%), it is assumed in this paper that the operating frequency
is constant. Therefore, First Harmonic Approximation (FHA)
and time-domain analyses yield almost the same result [26].

The governing equations are [8], [10]:

[VS] _ [Z} +R, josM ] [11} 0

0 josM Z>+ Rp ||

[zl = R+ joyL1 + 1/(jwsCr) °
Zy =Ry + jogLy + 1/(jwsCr)

ws =21 fs 3)

k=M/JLLs, O0< k< 1, )

where w; and V; represent the operating frequency and the
root mean square (RMS) of the input voltage, respectively. k
represents the coupling coefficient. If the two resonating coils
are adjusted at the same frequency, energy can be effectively
exchanged with greater efficiency; hence, the resonant series
capacitors C; and C; are chosen to compensate Lj and
L» inductances, respectively, at w; as follows:

Ci=1/0’L) ; C; =1/0’L, (5)

By extracting the currents flowing through the coupled-coils
in (6), the voltage gain Vi /V; is calculated as (7) [27]:

(Z2 +Ry)
(Z1+ Ro)(Z2 + Rp) + (05 M) ©)
I — —josM v
2T (Zi+ R)(Za + RL) + (M)
‘ VL _ a)SMRL (7)
Vs (Z1 + Ry)(Zr + Rp) + (CUSM)Z
The wireless power transfer efficiency nwpr is:
wpy — FLood _ |VLI*/2RL ®
Pin (Vs = Ry1D*/2Rin’

where R;, is the input resistance of the WPT system.
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Fig. 2. Simulation results: |V /Vy| for different frequencies and coupling
coefficients k.
TABLE I
SYSTEM PARAMETERS VALUE
Parameter Value Parameter Value

fs 125 kHz Ch 15.83 nF

Ly 101.4 pH Ca 17.87 nF

Lo 90.7 uH Vs 14.28V

Ry 045 Q Rs 12 Q

Ry 0.45 Q Ry, 10 ©2

B. WPT System Operation in Different Distance Ranges

In WPT systems, the critical-coupling distance between
these coils is the longest distance in which the maximum
power can be transferred at the natural resonant frequency of
the coupled coils [8]. Considering the two-coil WPT system
(in Fig. 1) and solving the equation 9|Vr/Vy|/dk = O at the
natural resonant frequency of the coupled-coils f;, the critical-
coupling k. is [13]:

1 Ri(R R
Ky = 1(Ry+ Rp) ©)
2, LiL,

If the coupling-coefficient k deviates from k., the efficiency
nwpr decreases. In coil-to-coil distances shorter than critical-
distance d., there are two peaks in the nwpr function
occurring in the frequencies different from the coupled coils’
natural resonant frequency f;, due to the frequency splitting
phenomenon [8], [12], [13], [15]. Also, at the distances beyond
d., the coupling-coefficient and thus nwpr decrease. For the
system parameter values in Table I, Fig. 2 shows |V / V| for
a range of frequencies and coupling coefficients. This figure
clearly shows how the frequency splitting phenomenon hap-
pens when coupling-coefficient £ is increasing. As k decreases,
two splitting frequencies (peaks) approach each other toward
the resonant frequency f;. WPT systems with k larger or
smaller than k. are known as “strongly-coupled”or “weakly-
coupled”, respectively.

The input impedance of the two-coil WPT system Z;, in
Fig. 1 is obtained as follows:

(wyM)?
Z>+ Ry
Based on the maximum power transfer theorem, to reach the

maximum wireless transmitted power as (12), the following
condition must be held:

Zin =721+ = Rin(ws) + jXin(wy) (10)

Rin(a)s) =Ry ; Xin(ws) =0 (11)
v, V2
2 2 3

Pinmax) = Rinl;, = Rin( R + RS) =7 1?,-,, (12)

R 1/sCy

Fig. 3.  Equivalent circuit of WPT system for steady-state analysis.
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Fig. 4. Root locations versus coupling-coefficient k variation.

C. Detailed Analysis of the Frequency Splitting Phenomenon

General state-space representation is used to extract the
transfer function in the two-coil WPT system with the equiv-
alent circuit shown in Fig. 3:

X(t) = Ax(t) + Bu(t), 13)

where x(t) = [x1,x2,x3,x4] = [vci, ve2,in1,ir2] is the
space vector, and the input vector u(z) is equal to vs(t) =
VsSin(wst).

The state equations are:

(Ri+ Ry)xz3+x1 + Lix3+Mxy =u
(R> 4+ Rp)xa 4+ x0 4+ Loxs + Mx3 =0
x3=C1x1; x4 = Cox

(14)

The system transfer function G(s) = Vi (s)/Vs(s) from the
input voltage vs(#) to the output voltage (load voltage) vy (¢)
is found as below:
MRps*
s*M? + (s2Ly + sR} + 1/C1)(s’La + sR, + 1/Cy)’
(15)

G(s) =

where s = jw, R{ = R1 + Ry, and R, = Ry + Ry..
At short transfer distance (large M), the denominator has

4 roots as:
s12 =01 £ jo

. (16)
534 =0 = jan

Fig. 4 shows these roots as functions of the coupling coeffi-
cient k. As seen, while increasing k, the imaginary parts of
these roots are separating from each other, resulting in the
separation of two splitting frequencies, f,gq and feyen. When
k decreases, two splitting frequencies merge to the resonant
frequency of the coupled coils f;.
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Fig. 6. Two-coil WPT system at weakly-coupled region.

On the other hand, when M is small, the denominator of
G (s) in (17) has only two roots, the natural resonant frequency
of the coupled coils.

MR.s?
(s2L1 + SR/l +1/Cy)(s%Ly + SR/2 +1/Cr)
To clarify more, the peak and frequency separations are plotted

as functions of k in Fig. 5, where Aw and H(jw) are as
follows:

G(s) =

A7)

(18)
19)

Aw = Wodd — Weven
H(jow) = (|H(jwoda)| + [H(j@even)]) /2

1) More Insight Into the Frequency Splitting Phenomenon:
(1) At Weakley-coupled region (k < kerisical), large transfer
distances between the coupled coils, or small k, as seen in
Fig. 6, only a small part of the alternating magnetic flux ¢ (¢)
generated by the current at the transmitter coil i1 (¢) interlinks
the receiver coil. The voltage induced on the receiver side
is proportional to ij(#) and has the same frequency as the
transmitter side. However, since the interlink between the
receiver and transmitter coils is weak, the receiver current
does not induce a significant voltage in the transmitter coil.
Therefore, the transmitter current is not affected, and the
transmitter side can be modelled regardless of the receiver side.
Thus, the load power Py has no effect on the impedance seen
from the input source Z;, and the transmitter stays at resonant
condition in wg = 1/+/L1C1 = 1/4/L>C;. Therefore, in this
case, both transmitter and receiver operate at the resonant
condition at wg, and there is little impedance mismatching
at the transmitter and receiver sides.

(i) At Strongly-coupled region (k > kcriticar) oOr short
transfer distances between the coupled coils, i1(f) generates
an alternating magnetic flux ¢ (), and a significant part of this
flux interlinks the receiver coil (see Fig. 7), which induces a
voltage across the receiving coil, leading to a current i>(¢) in
the receiver coil. In this case, the receiver current produces a
significantly induced voltage at the transmitter coil, affecting
the resonant frequency of the transmitter and receiver coils.
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Fig. 7.

Two-coil WPT system at strongly-coupled region.

In this case, the reflected impedance from the receiver side
Zyer to the transmitter side is significant, which shifts the
resonant frequencies at both sides from w;. Therefore, there is
an impedance mismatch at the input (or the output) of the WPT
system, and a local minimum has been observed in power
transmission characteristics at the resonant frequency ws.

III. THE PROPOSED IM METHOD

As discussed before, decreasing the coil-to-coil distance
increases coupling-coefficient k and impedance mismatch.
This paper proposes a method that matches the input
impedance of the WPT system Z;, with the internal resistance
of the HF power supply R, for wide ranges of distances
and all types of load power factors. To determine optimal
IM network parameters (Lg, Cp), the input impedance Z;,
should be estimated in each time instance. This impedance is
a function of mutual inductance between the coupled coils M,
load impedance Ry, and the HF power supply frequency f.
The estimation of the input impedance Z;, needs voltage and
current phasors at the WPT system’s input. However, since
WPT systems’ operating frequencies range from hundreds of
kHz up to several MHz, the phasor estimation of voltage and
current needs very high sampling rates, which is practically
difficult. This paper estimates Z;, based on processing analog
signals of active power P;,, reactive power Q;,, and the
amplitude of WPT system input voltage |V, |.

A. Real-Time Calculation of The WPT System Input
Impedance Based on Active and Reactive Power

As mentioned in Section II, it is assumed that voltage
and current signals are sinusoidal. As shown in Fig. 8, the
instantaneous active power can be calculated as:

Din(t) = Vi (t) * ijn () (20)

The instantaneous power p;,(¢) has an average (dc) component
P;, (t) and an ac component with frequency of 2 f. The average
power P;,(t) is extracted using a low-pass filter (LP F):

1 t
Py (1) £ ?/ Tpm(t)d(t) =LPF{pin()} (2D
—

An analogue multiplier and L P F with a cut of frequency of
2 f/10 are used in practice. The instantaneous reactive power
qin(t) can be expressed as:

Gin(t) = Vin(t = T/4) 5 iin(1),

which needs a phase shifter. Therefore, Q;,(f) can be calcu-
lated as:

(22)

1 t
0n(n® - / Gin () d() = LPF{gin(®))  (23)
t—T
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Fig. 8. Extracting diagram for: Pj;,, Q;,, and |Vj,|.
Finally, magnitude of the input voltage of the WPT system
can be obtained as:

|Vinl = max{vin(t")}, t—-T <t <1, (24)

this voltage magnitude can be obtained using a peak detector,
which contains a diode, smoothing RC and an LPF. Now,
to calculate Z;,, the following equations are used:

V'l * |V |2
Si =V, I* =V ( ”) = (25)
m mmtin mn Zl'n Zl*n
Vinl? Vinl?
Zn1=:| inl” | Vinl 26)

S;kn B Pin _jQin
The amplitude and phase of the WPT system input impedance
Zi, are as (27) and (28), respectively. As seen, this impedance
can be calculated using only the average value of active power

P;,, reactive power Q;,, and magnitude of the input voltage
of the WPT system |V;,|.

| Vin|?
|Zin| = % (27)
V Pin + Qin
[Z;, = arctan (Qm) (28)
Pin

B. Impedance Matching Network Design

Fig. 9 illustrates that the resistive impedance of R;, can
be conveniently matched to the resistive impedance R; by
adding a shunt capacitor C,, and a series inductance Ly,
resulting in motion along with constant-conductance and
constant-resistance circles, respectively, both in a clockwise
direction. However, when dealing with the practical design
and implementation of an IM network for IPT systems,
there are some issues to consider; the input impedance of
IPT system Z;, can be from different types of impedance
(resistive R;j, resistive-inductive R;, + jXin, and resistive-
capacitive R;, — jXin), and the designed IM network should
be capable of matching all these types of impedance with the
impedance of power supply. As can be seen, resistive-inductive
and resistive-capacitive impedances can be matched with Ry
using the same IM network, with different C,, and Ly values;
therefore, the designed IM network can be used for any input
impedance.

C. Calculating IM Network Parameters

Fig. 10 shows the equivalent circuit of the two-coil
WPT system together with the designed L-matching network,

+1.0

@ Rint)Xin
©ORi

ORu—iXin

Fig. 9. IM network designed for: (2) resistive-inductive, (3) resistive, and
(4) resistive-capacitive input impedance.

L-matching network

| Z=— : Input Impedance

E |

| | [

Vs | ' |
| — : Zin |

: : | GwtiBi) :

- —————= ™~ ___ [

Fig. 10. Equivalent circuit of WPT system with the designed L-matching

network.

located between the Tx-coil and HF power supply. This
network is used to match the input impedance Z;, = (Gi, +
jBin)~! with the internal resistance of HF power supply Rj.
The impedance Z in Fig. 10 can be calculated as:

z_1_ Gin y Bin + ;Cp
Y G2 + (Bin+@;Cp)r " G2+ (Bin + 05Cp)?

(29)

To match the impedance Z with Ry + jwgLg, the following
condition must be held:

Z = (Rs + jwsLs)*: (30)
which results in:
2
cp=— (| Gr=RGin g,
Wy R;
(31)
1 B, + w; Cp
Ly = — 5 5
Ws Gin + (Bin + w5Cp)

In this paper, it is assumed that effective series resistances
(ESRs) of Ly and Cp are negligible. Otherwise, their impact
must be considered in modifying Ry and Z;,.

IV. VERIFICATION

A. Simulation Study

Simulation results in Fig. 11 illustrate that the proposed
IM network increases nwpr (in (8)), especially in the
strongly-coupled region with k = 0.3, it is improved from
less than 60% to about 97% at the natural resonant frequency
fs. In addition, after applying the proposed IM method, nw pr
is higher than that of odd or even splitting frequencies.
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for different coupling coefficients k.

B. Experimental Study

Fig. 12 shows the experimental setup of the implemented
WPT system consisting of: an HF power supply, IM net-
work, control circuit, two planar spiral coils, compensating
capacitors, and a 102 resistance load. The HF power supply
is implemented on a PCB using a signal generator (GW
INSTEK: GFG-8020H) and a 20Watt linear push-pull power
amplifier (using NPN and PNP transistors of TIP35C and
TIP36C, respectively), with the output resistance of 1.2€2.
The variable IM network is realized on a PCB using an 8-bit
binary capacitor and inductor banks. Both banks are controlled
through relay switches (HJR-78F) [1]. The capacitors and
the inductors range from 10-1280 nF and 0.1-12.8 uH,
respectively. The required Ly and C, are can be made as
follows:

Cp=0Cyp {a020+a121 +a222+...+a727}
ap,ap,az,...,a7:0,1
Ly = Lo {bo2 + 512" + 5222+ ...+ by2"}
bo, b1, by, ...,b7:0,1

(32)

Using the above 8-bit capacitor-switches a; and inductor-
switches b; arrays is common for creating IM network parame-
ters [28]. By choosing the binary values of “0” or “1” for these
switches, a capacitor within 10nF to 2550n F and an inductor
within 0.1uH to 25.5uH is available (256 different values
for each one), which can be used for various distances/loads.
It must be mentioned that the relay-switches are affected
by large switching times, and it is suggested to use power
MOSFETS. However, the relays have been used in this work
as the easiest way to implement and test the proposed IM
method.

The IM network is only at the transmitter side between the
HF power supply and the Tx-coil, which, as an advantage,
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TABLE I
DETAILED PHYSICAL DIMENSIONS OF THE TWO LITZ-WIRING COILS

Parameter Value
Inner diameter 8cm
Outer diameter Tx:19cm and Rx:17cm
Diameter of each wire® do = Imm
Diameter of each wire strand d1 = 0.2mm
Number of strands n n=(da/d1)? =224 =2x12
Gap between turns 0.5mm

Number of turns

Np, =20 and Np, = 18

For maximum current of 6 A

avoids wireless communications between transmitter and
receiver sides [22].

To reduce losses associated with the skin and proxim-
ity effects at high frequencies, the coils are made by Litz
wiring, and their detailed physical dimensions are presented
in Table II.

Also, two ceramic capacitors, serving as compensating
capacitors, are connected in series with the coupled coils
to make them resonate at the frequency of interest f.
The schematic diagram of the experimental WPT system is
depicted in Fig. 13. To obtain the peak (maximum) of input
voltage value |V;,|, first, after measuring the instantaneous
value v;,(t) via a resistive divider, the peak value of this
signal is measured using an analogue peak detector (pd),
consisting of a fast-recovery diode (1N5819) and a capacitor.
Then, an analogue low pass filter (LPF) is employed to
remove its ripples. The current at the input of the Tx-coil
ijn(t) is measured by using a current transducer (LA 55-P).
To calculate p;,(t), first, v;,(t) and i;,(z) are multiplied
to each other using an analog multiplier (AD633JN). Then,
the average value of active power Pj, is extracted using an
analogue low-pass filter (LPF). Then, the same procedure as
that used for extracting P;, is employed to extract the average
value of reactive power Q;,, with the only difference that the
inputs of the analogue multiplier are i;,(t) and v;,(t — T /4).
To produce a (—m/2) phase shift in v;,(t) as vi,(t — T/4),
an analog circuit containing op-amps (LF353N) and RC filters
is employed. Finally, the analog signals P;,, Q;,, and |Vi,|
are given to the ADC of the DSP (TMS320F2812).

Table III shows the procedure of obtaining optimal IM
network parameters Cp, and L using a DSP; the DSP first
calculates the input impedance Z;, (using (27) and (28)), then,
depending on the load type, obtains IM network parameters
(using (31)). Then, appropriate ON/OFF commands are sent
to the relay switches. Finally, it is checked whether Z;,
approaches R; or not (i.e., | Z;, — Rs| < ¢€). So, this algorithm
can be repeated to adapt to new load and distance conditions.
In other words, if the coil-to-coil distance d or the output load
Ry are changed, (and so |Z;,| is changed), the IM network
will be provided with new Cpoprimar and Lsoprimal-

Using the proposed method, some calculations like peak
detecting, multiplying, filtering, and so on are performed in
analogue, so the processor with a lower sample rate like AVR
can also be used.

By experiments, the coil-to-coil distance d = 4cm is found
as the critical-distance d., for f; = 125kHz. To evaluate the
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Experimental setup of the proposed IM method.
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Fig. 13. Schematic diagram of the proposed method.

TABLE III
OBTAINING IM NETWORK PARAMETERS USING DSP

Inputs: R , €
Monitor: P;,, Qin, and |V;,|
Calculate: Z;,, Using (27) and (28)
Obtain IM network parameters Cp and Ls:
if Qin > 0 (Resistive-inductive)
Calculate: C, and Ls using (31) with B;, <0
else if Q;, < 0 (Resistive-capacitive)
Calculate: C, and Ls using (31) with B;, >0
else if Q;,, == 0 (Resistive)
Calculate: C), and Ls using (31) with B;, =0
end if
Set: Cp and L
Calculate: Z;,, Using (27) and (28)
if || Zin| — Rol < &
Cpoptimal = Cp
Lsoptimal = Ls
else if ||Z;n| — Rs| > €
Return to Monitor: P;,,, Qin, and |Viy,|
end if

effectiveness of the proposed method, the current and voltage
signals are measured in the strongly coupled region with a
coil-to-coil distance of d = 2cm.

Fig. 14 illustrates that the adaptive IM method increases the
current amplitude and decreases the current-voltage displace-
ment angle ¢, to near zero.

—
Power Transfer

LF353N
10O

Tl

Analog

Multiplier 1 LFE I

Analog

Multiplier s.occa.- =28

Iin®

Tin®

12 16 20

8
Lius)

Fig. 14.  Experimental results for power factor correction at d = 2cm.
(a) without impedance matching. (b) with impedance matching.

Fig. 15 shows the experimental results for the efficiency
nwpr when the frequency is swept from 100kHz to 150kHs
at coil-coil distances from lcm to 6cm. This figure shows how
the proposed IM method can increase the efficiency nwper,
especially at the natural resonant frequency of the coupled
coils.

As mentioned before, the available Ly and Cp from the
IM network range from 0.1uH to 25.5 puH and 10xF to
2550nF, respectively. Fig. 16 illustrates simulation results for
required Ly and Cp when Ry is swept from 0.001€2 to 10k€2,
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Fig. 15. Experimental results of ny p7 for different frequencies and coil-coil
distances: (a) before applying the proposed IM method (b) after applying the
proposed IM method.
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Fig. 16. Cp and Ly pairs corresponding to R; ranging from 0.001€2 to

10k2 at k = 0.3 (d = 2cm).
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Fig. 17. Output power Py, for Cp and L pairs (corresponding to Ry, ranging
from 0.001€2 to 10kR2 at k = 0.3 (d = 2cm)).

at d = 2cm (using eq. (31)). Fig. 17 also shows corresponding
variations in Pp. As seen, using the current IM network
parameters, it is possible to match the input impedances for
Ry more than 0.1 (or the output power Py less than around
15Watt). In other words, the available Ly causes limitation in
the output power, whereas the available Cp does not cause
any limitation.

C. Square-Wave Excitation

The source voltage vs(¢) for a square-wave excitation and
the input current i;, (#) are shown in Fig. 18. As seen, although
vs(¢) is a square-wave signal having odd harmonics, i;,(t)
is almost sinusoidal as a result of capacitors and inductors

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS
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Fig. 18. Simulation results for input source voltage vy (¢) and i;;,(¢) atk = 0.3
(The adaptive IM circuit is switched-on from r=20pus).
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Fast fourier transformation (FFT) of the source voltage vg(f) at

FFT of the input current Iin(t)
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Fig. 20. Fast fourier transformation (FFT) of the input current i;,(¢), with
and without applying the proposed IM method at k = 0.3.

employed in the WPT system and IM network. Also, after
applying the impedance matching (IM) method, the input
current i, (¢) amplitude is increased.

The Fast Fourier Transformation (FFT) for the source
voltage vs(¢) and the input current i;,(¢t) (with and without
applying the IM method) are shown in Fig. 19 and 20,
respectively. As can be seen, compared to voltage harmonics,
current harmonics are very negligible. Indeed, harmonics of
the square-wave voltage decreases by order of harmonics 1/ A.
Current harmonics are also decreasing in the same way or even
faster. Therefore, the transferred power (which is a multiplica-
tion of voltage and current) of each harmonic %, decreases by
1/ h? or even faster. Thus, almost all the power is transferred
in fundamental harmonic (here is 125kHz). Therefore, almost
all the power is transferred via the fundamental harmonic, for
both operating states of with and without applying the IM
method.
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Fig. 21. Simulation results for output power Py : (a) square-wave excitation 381 CT NO 2 SS Both 6.78MHz
(b) sine-wave excitation (The adaptive IM circuit is switched-on from ¢=10s). 1391 CT NO 2,3,.N SS Symmetrical 13.3MHz
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The increase of power transferred as a result of square-
wave excitation: The power transferred to the output load
for square-wave and sine-wave excitations is depicted in
Fig. 21(a) and (b), respectively. As seen, when applying a
square-wave excitation, the amount of power transferred to the
output load Py, is increased. The reason is that the amplitude
of the first harmonic of a square-wave signal is 4/m times
larger than the amplitude of the square-wave voltage. As an
advantage, applying square-wave excitation results in 16/72
(= 1.62) times larger amount of transferred power to the
output load (32-Watt for square-wave excitation compared to
19.7-Watt for sine-wave excitation.)

V. COMPARISON AND DISCUSSION
A. Frequency Splitting Analysis

Firstly, the frequency splitting analysis presented in litera-
ture are compared by that of this paper, in terms the following
aspects, and the results are presented in Table IV.

1) Analysis Method Basis: To analyze frequency splitting
phenomenon, most papers have employed either coupled mode
theory (CMT), or circuit theory (CT). The CMT-based method
is a physical approach that investigates the energy exchange
process between two resonators [29]. However, it is only
applicable to coupled-coils with high-quality (high-Q) factors
or large coupling distances. Rather, the CT method utilized
in this paper is based on the mutual inductance model with
less complexity and computation [29]. Since it results in more
accurate transient analysis, it is widely adopted.

2) Engineering Insight: Although expressions for frequency
splitting were provided in several recent publications, this
phenomenon still calls for more detailed physical analysis.
In fact, only the mathematical descriptions on frequency
splitting phenomenon were provided and from there, splitting
characteristics and frequencies were extracted. There were no
complete discussions on how/why the splitting phenomenon
has appeared in the strongly-coupled region. Therefore, this
paper provided an in-depth analysis of this phenomenon.

3) Resonant Topology: Based on series/parallel (S/P) com-
pensation topologies in transmitter/receiver sides, there exist
four WPT system types of SS, PP, PS, and SP. It has been men-
tioned that only SS and SP types show frequency splitting [30].
As the resonant frequency in the SS type is independent of the

paper

load and the coupling coefficient [29], this type is widely used
in the WPT systems, and several pieces of research have been
carried out to analyze and suppress the frequency splitting.

B. IM Method

Here, the proposed IM method is compared with other
methods in terms of efficiency, cost, converging speed, etc.
The results are presented in Table V.

As discussed earlier, the maximum transferred-power hap-
pens at the resonant-frequency fs; which is a function of
circuit resonant-elements (L1, Ly, C1, and C;) and coupling-
factor k or coil-to-coil distance. Thus, changing coil-to-coil
distance causes an impedance mismatch at WPT systems’
input, especially in the strongly-coupled region. To overcome
this mismatch, there are two main methods presented in the
literature.

The first method group is called frequency-tracking (FT),
in which the frequency of input power supply is adaptively
adjusted to the coil-to-coil distance by applying a feedback
control [13], [16], and [30]. This causes the WPT system to
operate at one of the splitting frequencies (foq4 OF feven)s
which may result in local maximum transferred power point
(instead of global one) [13], [30]. Besides, Fig. 22 shows a
significant decrease of efficiency n outside of the strongly-
coupled region, which is another drawback of the FI-based
method [18]. Further, FT-based methods may need additional
circuits for wireless data transfer between the receiver and
transmitter sides [16].

The second method group (known as IM method) changes
the resonant frequency f; of the coupled-coils to match
with the power source frequency. This group includes coupling
manipulation [11], [32], [40], [41], lossless LC circuits (IM
networks) [1], [2], [9], [10], [23], [24], [42], [43], [44], and
adaptive DC/DC converters [20], [45].

Coupling manipulation IM methods, such as non-identical
resonant coil (NIRC) structure [40], anti-parallel resonant
loops [11], and mixed electric and magnetic couplings [32] can
inhibit the coupling coefficient from dramatic distance-related
variations in the strongly-coupled region, without extra com-
plex circuits. However, their robustness against coupling
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TABLE V
COMPARISON BETWEEN DIFFERENT ADAPTIVE AUTOMATIC IM METHODS USING LOSSLESS LC CIRCUITS FOR
MAXIMIZING WIRELESSLY TRANSMITTED POWER
Ref. Description Number n Complexity | Conversion| Cost fs
of speed
iterations

[1] Automatic IM using L-matching circuit minimizing power | Multiple ~ 85% | High Medium High 13.56
reflection MHz

[2] Real-time active IM using a variable circuit topology, including | Multiple - Medium Medium Low 13.56
discrete passive and p-i-n diodes, designed by genetic algorithm MHz
(GA)

[9] Switchable capacitor array circuit at transmitter side compensat- | Multiple ~ 89% | High Medium Medium | 370
ing for variation of coupling coefficient and minimizing power kHz
reflection

[10] Range-adaptive IM using alternative multiple loops reducing | Multiple 92% High Medium Medium | 13.56
input impedance variation MHz

[23] Two-side adaptive IM strategy using multi-loop coils of various | Multiple 81.8% High Medium High 13.56
combinations minimizing power reflection MHz

[24] Automatically adjusting series resonant capacitors to keep the | Multiple 49% High Low High 13.56
voltage-current phase difference zero MHz

[42] Adaptive IM network reliant on a novel capacitor matrix dealing | Multiple 88% High Medium Medium | 13.56
with frequency mismatch MHz

[43] Adaptive two-side IM network using self-tuned L-matching | Multiple 85.4% High Medium High 17.1
circuit maximizing n MHz

[44] Real-time range-adaptive multi-loop IM using a machine learning | Multiple ~90% | High Medium High 13.56
technique relient on neural networks reducing input impedance MHz
variation

This An adaptive IM method obtaining optimal IM network pa- | Single ~90% | High High High 125

paper rameters in single step by estimating input voltage amplitude kHz
Vin, active P;, and reactive power Q;,

10F 7(%)
90
- 08
£ ool _ _ 70
il —=— simultaneous matching
% —e—frequency tracking
§ 0.4
5 50
3
= 0.2 Without uniform 14
o0 . . ; : : - 30 ——— Measurement |
00 02 04 06 08 10 12 14 16 S, LA
distance (m)
Fig. 22.  Comparison of the power transfer efficiency using IM-based and 1040 20 120 160 200
frequency tracking-based methods [18]. D(mm)

variation may not be guaranteed in practice. Besides, as shown
in Fig. 23, a uniform M profile may reduce the mutual
inductance in the weakly-coupled region, which negatively
affects the power transfer performance [32].

Although adaptive DC/DC converters eliminate the need for
bulky IM circuits, they may impose additional power losses
(i.e., switching and ohmic losses) [24].

Adaptive IM-based method, using IM networks holds the
resonant-frequency constant. In this method, the WPT system
is capable of adapting itself to any variation in coil-to-coil
distance. This method, among all the mentioned methods,
appears to be the most promising, because not only is it robust
against coupling variation (due to its real-time impedance
matching) but also is capable of delivering the global max-
imum transmitted power at any coil-to-coil distance.

Experimental results show that the proposed adaptive IM
method improves the efficiency from less than 60% to around
90%, in the strongly-coupled region, at 125kHz. This method
obtains the optimal IM network parameters in a single step,

Fig. 23.
profile [32].

Efficiency with and without uniform mutual inductance M

whereas the other IM based methods use search-and-find
techniques. These techniques switch several inductors and
capacitors by iterations before converging to the optimal
values. Therefore, the proposed IM method outperforms others
in terms of conversion speed. High conversion speed makes the
proposed method a promising solution for the application with
rapid variation in coupling distance, such as wireless charging
of moving electric vehicles.

VI. CONCLUSION

This paper investigates the effect of coupling variations
on a two-coil WPT system performance. In the strongly-
coupled region, a large impedance-mismatch happens at the
input of the WPT system. An adaptive real-time impedance
matching method is proposed and verified by simulations and
experiments to reduce this mismatch. The proposed method
estimates the amplitude and phase of the input impedance.
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This estimation is based on the magnitude of the WPT system
input voltage and the average value of active power P;, and
reactive power Q;,. Then, the parameters of the IM network
are obtained by a straightforward calculation. The proposed
method obtains optimal IM network parameters in one step,
whereas traditional IM-based methods obtain these parameters
through search-and-find techniques. The experimental results
verify the effectiveness of the proposed method.
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