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Enhanced Modeling of Wireless Power Transfer System With Battery Load

Xiaosheng Wang
Liping Mo

Abstract—This article presents an enhanced mathematical
model for the wireless power transfer (WPT) system with a battery
load and uncontrolled rectifier at the receiver side. The WPT system
is decomposed into two subcircuits using the superposition theo-
rem. By calculating the phase difference between the fundamental
wave of the inverter output voltage and that of the rectifier input
voltage, various electrical parameters including voltage, current,
power, efficiency, and input impedance angle are derived. In addi-
tion, the effect of rectifier parasitic capacitance is also considered.
To demonstrate its precision, the proposed model is compared
with the constant-resistance and variable-resistance load models
using numerical simulation software (SIMULINK) as a reliable
reference. Finally, simulation and experiments are carried out to
validate the theoretical analysis.

Index Terms—Battery load, mathematical model, uncontrolled
rectifier, wireless power transfer (WPT).

I. INTRODUCTION

CCURATELY modeling wireless power transfer (WPT)
A systems, obtaining the power characteristics, and the oper-
ational status of the system is the basis of mathematical analysis
[1]. Currently, the most common approach involves directly
representing the uncontrolled rectifier and battery as a parallel
combination of capacitance and resistance (static load model)
and utilizing fundamental harmonic analysis (FHA) [2]. To
improve the accuracy of the FHA method, it is suggested that
the current harmonics of the rectifier need to be considered,
which will induce a phase difference between the fundamental
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components of the input voltage and input current of the rectifier
[31, [4]. In [5], the multiple harmonics analysis (MHA) method
is utilized when analyzing the variable frequency asymmetrical
pulsewidth modulation, which resulted in better accuracy for
judging zero-voltage switching (ZVS). However, these mod-
eling methods are based on a static load model, where the
resistance value does not change with the operating frequency
and output voltage of the inverter.

The battery can be seen as a voltage source with the voltage
varying with battery capacity. The WPT systems commonly use
controlling the inverter’s output voltage and switching frequency
[2], [6]. These variations can affect the power received by the bat-
tery. Therefore, when using a resistance model to equivalent the
battery load, the resistance value should vary with the operating
frequency and the output voltage of the inverter. Thus, the static
load model is inaccurate. The authors in [1] and [3] explained in
detail the shortcomings of the static load model and presented
an FHA model based on variable resistance load. The equivalent
resistance was adjusted according to the voltage gain of the sys-
tem and the actual output power. In addition, the phase difference
between the input current and voltage of the rectifier caused by
current harmonics was considered in [3]. An equivalent model
consisting of a series resistance and inductance instead of the
traditional constant resistance and variable resistance equivalent
loads were used to achieve satisfactory precision. However,
obtaining the equivalent resistance and inductance involves solv-
ing a quadratic equation. Although the authors used MATLAB’s
root function, solving this equation with a microcontroller would
require a complex analytical solution or an additional numerical
solution algorithm. Furthermore, the coefficients of this equation
depend on the voltage ratio and operating frequency, necessitat-
ing the rerunning of the calculation for the equivalent resistance
and inductance when the system’s operating frequency or phase
shift angle changes.

In addition, some researchers used the time-domain analysis
method to model the WPT system [7], [8]. However, this method
decomposes the system into various states and solves differential
equations for each state to obtain time-domain expressions of
voltage and current. The coefficients of the expressions are deter-
mined based on boundary conditions at state transition moments.
Nevertheless, these results are calculated by computing the
differential equation without considering the system’s parasitic
resistances, resulting in substantial errors when the operating
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Fig. 1. Typical structure and equivalent circuit of the SS-compensated WPT
system with uncontrolled rectifier and battery load (represented by a voltage
source).

Fig. 2. Decomposition of the WPT system. (a) Subcircuit (short circuit in the
receiver). (b) Subcircuit (short circuit in the transmitter).

frequency is far from the resonant frequency. Furthermore, this
method requires extensive computational effort and is not a
time-efficient method for obtaining frequency responses [3], [9].

This article proposes an enhanced modeling approach that of-
fers high accuracy and does not require equation solving, making
the modeling process simple and intuitive. The key innovation
lies in not regarding the battery as a passive component but
instead utilizing the superposition theorem to decompose the
WPT systems into two subcircuits. Besides, the influence of
the rectifier’s parasitic capacitance is considered. By accurately
determining the phase difference between the fundamental com-
ponent of the inverter’s output voltage and the rectifier’s input
voltage, various electrical parameters can be derived, including
voltage, current, power, efficiency, and input impedance angle. It
has potential application value in the control and optimization,
parameter design for the WPT systems. Especially for some
specific requirements, such as high power and misalignment
tolerance, the WPT system may need to operate at zero-phase
angle frequency points [10], [11].

II. PROPOSED MATHEMATICAL MODEL FOR BATTERY LOADS

A. Mathematical Modeling Without Considering Parasitic
Parameters

Fig. 1 presents the typical circuit of the series—series (SS)
WPT systems, where up and ug represent the voltages between
both sides of the resonant tank. ug can be regarded as a square
wave with a frequency equal to switching frequency f; when
discontinuous conduction mode (DCM) is not considered. Input
voltage and battery voltage are V;, and V,, respectively. The
coil self-inductance and resonant capacitance are L; and C; for
the transmitter and receiver, respectively. The currents flowing
through them are represented as i; and iy, respectively. M
represents the mutual inductance. R; and R, are the parasitic
ac equivalent resistance, including the winding resistance and
turn-ON resistance of the switches.
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Fig. 3. Voltage and current waveform for the decomposition. (Vin, = Vout,
w1 =wg = 85kHz, L1 = Ly = 107 pH, and wgs = 95 kHz).

Based on the superposition theorem, when the up is applied,
the ug should be short-circuited. Similarly, when the ug is
applied, the up should be short-circuited. The circuit of Fig. 1
can be decomposed into the two subcircuits shown in Fig. 2. The
currents i; and iy can be represented by

i1 =111 + l12
. ) . 1
{12 = 121 + 122. )

Based on the KVL, the mathematic model of Fig. 2(a) can be

expressed by

{UP = (B1+jX1) Iy +]wsM121 ?)
0= (R + jX2) In1 + jwsMIh.
Similarly, for the subcircuit in Fig. 2(b), the equation is
{Q_ (Fa +jX1)jlg+stszg 3)
Us = (Ra + jX2) Io + jwsM 12

where X1, X5 (X; = wsLi-1/wsC;, ws = 27rfb) are the reactance of
the dual side of the resonant tank. Up and Us are the phasors of
the fundamental component of up and ug, respectively. ug can
be expressed by

ug (t) = sin(nwgt)  (4)

XN: 4(V, + 2Vy) sin(nr/2)

nmw

where V4 is the threshold voltage of the rectifier’s diodes.
According to (2) and (3), the input impedance, Zi,p, and Zins,
and transfer impedance z,,, and z,s can be obtained as

U M?w2 Ry Ro—X1 XoHi(Ry Xo+Re X
Zlnp_ZmPZQOmP_iP - B 312_;)(2( 1 X R X3 )

Up __ RiXotRo X3 M?2w24+R; Ro—X X2 .
Zp = Zup L Pup = T Mo, T Mo,
Y =T/ _ &z M?2w?4+Ry Ro—X1 Xot+i(R1 Xo+R2 X1)
ins ins &~ ¥Pins = s R1+@2XI2
Ry Xo+Ro X M=wi+R1 Ro— X1X2
2es = Zus L Pus = ! 16[%2 L+ Muws

(5)
Considering that the output power is minimal for the DCM
of the uncontrolled rectifier, the mode is ignored in this article.
Therefore, the ug is a square wave with a 50% duty cycle. Based
on the decomposition in Fig. 2, if the phase difference between
the fundamental voltages of up and ug can be determined, then
i1 and i, and many electrical parameters, including power and
efficiency, can be further derived by applying the superposition
theorem.
In Fig. 3, the decomposition of i3 is presented, where w; and
wo are the resonant frequencies of the transmitter and receiver,
respectively. Since the receiver is an uncontrolled rectifier, the
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Fig.4.  Amplitude—frequency and phase—frequency characteristics of zinp and
Z¢rp With different k. (a) Zinp. (b) Ztrp.

zero-crossing points of ug and iy coincide when no parasitic
capacitance is considered. Hence, at the zero-crossing moments
of ug, the instantaneous values of is; and i are opposite. Due
to the current harmonics, the FHA method has some errors
when determining the instantaneous value (/52,) of iso at the
zero-crossing moments of ug. Since the time domain analysis
method [7], [8] can only solve differential equations without par-
asitic resistances R and Ry and has a significant error when the
switching frequency deviates from the resonant frequency, /2,
is suggested to be directly solved by using the multiharmonic
analysis [5] given by

Lo — iv: 4(V;, + 2V4) sin(nm/2) sin(—pins (nws))
22— e N Zins (nws)

(6)
where 19 for N is enough. Only odd multiple harmonics of the
fundamental frequency need to be considered. Fig. 4 presents
the amplitude—frequency and phase—frequency characteristics
of zinp and z¢yp, where coupling coefficient k is

k= M/\/L1Ls. ™

According to the amplitude—frequency characteristics shown
in Fig. 4, since the coupling coefficient of the WPT systems is
usually small, the S-S compensated coupler has a very strong
filtering effect on the harmonics with frequency greater than
3f; (ug contains harmonic components that are multiples of the
fundamental frequency). io; can be regarded as a sine waveform.
Therefore, the phase difference 6, between the fundamental
components of -i1 and ug is

®)

where I21,, and Upy, are the fundamental wave amplitudes of
io1 and up, respectively. Further, the phase difference between
the fundamental component of up and ug can be deduced as

sin 01 = Ioza/Ioim = Zuploza/Upm

0 =7 — pup — 1. €))

Fig. 5 shows the voltage and current phasor diagrams of the
system at two switching frequencies. There is a phase difference
between US and I. 2, which shows that the traditional equivalent
resistance model has some errors [3]. When I, and Up are
the root-mean-square values, ignoring the power transferred by
the higher harmonics, the output power and input power can be
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Fig. 5. Voltage and current phasor diagrams of the system. (a) Vi, = Vo, L
=Ly = 107 pH, and fs = 95 kHz. (b) Vi = Vo, L1 = Ly = 107 pH, and fs =
100 kHz.

Constant resistance Ry .
800 — Variable resistance _ Constant resisance
700k — [\ Proposed model (> ——  Variable resistance
< -== |\ Simulation 250 — Proposed model
Z600f IS 2 -==  Simulation
2 s00F X 3
< 50
< 400r 3
S
gmo— | £
200F 2%
100f ) -
d s -100,
065 70 75 80 8 90 95 100 105 110 ! 65 70 75 80 8 90 95 100 105 110
Switching Frequency £, (kHz) Switching Frequency /; (k)
(@) (b)
Fig. 6. Curve of output power and input impedance angle versus switching

frequency. (a) Output power. (b) Input impedance angle. (Vi, = Vo, = 100V,

fi =85.3kHz, f, = 84.8 kHz, Ly = Ly = 107 uH, and k = 0.3).

obtained by the FHA method

V2 22V, Up
POLI = - 2 ins) T T 5 c 0 10
' 7T2Zins COS((P ) 7TZtrp COS(C)O P * ) ( )
U2 22V, Up
P = 2 co8(inp) + ———— cos(pys — 0)). an
Zom (¢inp) T (¢ )

Accurate calculation of input impedance angle between Up
and I, facilitate the analysis and implementation of ZVS. Based
on the decomposition in Fig. 2, the output current Iof the
inverter can be represented by

: : . U U.
h=hi+hs=—+—. (12)
Zinp Zirp
Then, the input impedance angle can be calculated by
Im([; e’
(in = arctan m(.ile_) (13)
Re(I;e1?)

When the switching frequency deviates far from the resonant
frequency, the DCM of the rectifier will occur, and the waveform
of ug will not be a square wave, affecting the calculation accuracy
of 6, and further affecting the accuracy of the output power and
input impedance angle. At this time, the power and the input
impedance angle calculated by (10) and (13) will have an error,
and the power may even be negative. Since the output power
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of the system is very low at DCM, the adjustable switching
frequency range will not deviate too much from the resonant
frequency in practical applications. Therefore, when a negative
output power is detected, Py, can be set to 0, and the ;, can be
directly set to -90° (ws > w;) and 90° (ws < w;). The currents
i1(t) and i>(t) can also be derived by

11 =111 + 212

o ZN ( Upm_n sin(nwst+o, +n60—@inp (nws))
- n=1 Zinp (nws )

+ Usm_n sin(nwst—pys (nws))
Z!rs(nws)

19 = 121 + 222

o ZN ( Upm_n sin(nwst+o, +n0—pu (nws))
- n=1 Znp (nws)

+ Usm n sin(nwst—pins (nws))
Zins (nws)

(14)

where Uy, 1s the amplitude of nth harmonic component, o,
is the phase angle of the nth harmonic for u;, and o is 0.

To verify the correctness of the mathematical model shown
in (8)—(14), Fig. 6 shows the curves of output power and input
impedance angles versus switching frequencies. Compared with
the correct reference of numerical simulation, the constant resis-
tance model has obvious errors. The variable resistance model
still has some errors because of the phase difference between the
fundamental component of ug and i» caused by the harmonics.
The proposed mathematical model has high accuracy and agrees
well with the simulation results except when the output power
is very low under DCM mode.

B. Further Corrections Considering Parasitic Parameters

Although the above proposed mathematic model is complete
for the ideal WPT system, which can be seen as a simpler model
based on the improvement of [3], the parasitic capacitance of
diodes Cq as well as the total stray capacitance Cgiray in the
rectifier should be considered because the actual current value
of iy (I.,) is slightly above zero but not zero at the zero-crossing
point of u;. Consequently, the #; and 6 in (8) and (9) should be
modified. When ug rises from -V, to 0 during Az, where At is
the rising time, it should be

0.51,At = V,, (Cq + Cray) - (15)
The relationship between I, and Ioy, is approximately
I, ~i'5(t = 0)At = welon Al (16)

1., can be approximately expressed by

I, = WsIQmAt = \/ZVO(Od + O@tray)wsIQm- (17)

The I5,, can be calculated by (14) using the 6, before modifi-
cation without considering the parasitic capacitance. Therefore,
the calculation of /., can be regarded as the result of an iteration
with the iteration number of 1. Consequently, (8) should be
modified to

Icz) /I2lm = Ztrp (122a - Icz) /UPm~ (18)

And then the 6 will be updated based on (9). Similarly,
input power, output power, and input impedance angle should
also be updated when the parasitic capacitance of diodes is

sin91 = (Igga —
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TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS OF THE WPT SYSTEM

Parameter Symbol Value
Switching Frequency 1 65-110 kHz
Resonant Frequency of the transmitter fi 85.32 kHz
Resonant Frequency of the receiver f 84.85 kHz
Self-inductance of the primary-side coil Ly 107 uH
Self-inductance of the secondary-side coil L, 107 uH
Coupling coefficient k 0.302, 0.491
AC resistance of the primary side R, 027Q
AC resistance of the secondary side R, 02Q
Parasitic capacitance of the reveiver CatCoay 125 pF

2. Rectifier
4. Receiving coil

i 1. Inverter
: 3. Transmitting coil
i 5. Resonant capacitor C|
: 6. Resonant capacitor C;
: 7. Controller
. Electronic load

8. Oscilloscope
10. DC source

Fig. 7.

Experimental prototype.

considered. It is worth mentioning that although the parasitic
capacitance of diodes should be considered, the effect of the
parasitic capacitance of the inverter’s MOSFETs can be ignored.
The inverter and the rectifier can be considered in a leader—
follower relationship. Hence, the phase difference 6 between the
fundamental component of up and ug has almost nothing to do
with the parasitic capacitance of MOSFETs. Considering the dead
time is very small, its effect on the amplitude of up can also be
ignored. Besides, the line parasitic inductance and the parasitic
capacitance of MOSFETS can cause high-frequency voltage spikes
of up [12]. Considering the filtering characteristics of the SS
coupler, the voltage spike with high frequency can hardly affect
the i;. Consequently, the effect of the parasitic capacitance of
MOSFETs can be ignored.

III. SIMULATION AND EXPERIMENTAL VERIFICATION

Table I presents the parameters of the simulation and exper-
iment. The MOSFETs in the inverter are C3M0065100K, and
the diodes of the rectifier are MBRB10H100. The resonant
frequencies are around 85.32 and 84.85 kHz, measured by
Bode 100 at the primary and secondary sides, respectively. The
experimental prototype is shown in Fig. 7. To verify the accuracy
of the proposed modeling method, several cases, including the
static resistance load model, variable resistance load model, and
the proposed model, are compared with the results of numerical
simulation and experiment.

Fig. 8 presents the effect of the parasitic capacitance of diodes
and MOSFETSs on the output power using Simulink simulation. In
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Fig.8.  Output power versus switching frequency with and without considering

the parasitic capacitance of diodes and MOSFETs (k = 0.302). (a) Parasitic
capacitance MOSFETS (Cqs = 500 pF). (b) Parasitic capacitance diodes (Cq =
125 pF).
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Fig. 9. Curve of output power versus switching frequency for the experiment
and other models (k = 0.302).

TABLE I
PHASE DIFFERENCES OF Up AND Us FOR DIFFERENT FREQUENCIES

. Phase Simulation Experiment Va‘riable Proposed
differences resistance Model
76 kHz 155.2° 156.1° 153.7° 155.9°
80 kHz 119.0° 119.1° 117.7° 120.3°
84 kHz 97.4° 97.5° 96.2° 98.4°
88 kHz 79.6° 81.9° 78.2° 80.2°
92 kHz 62.6° 62.7° 61.5° 62.6°
96 kHz 44.1° 44.4° 44.0° 44.5°

Fig. 8(a), the two plots are almost overlapping, which presents
the effect of the parasitic capacitance of the MOSFETs can be
ignored. However, in Fig. 8(b), there is an obvious difference
between the two curves if the parasitic capacitance of diodes is
compared.

Fig. 9 presents the experiment results of output power ver-
sus switching frequency. Since the parasitic capacitance of the
rectifier will affect the phase difference between the up and ug,
the output power curve has some changes compared with Fig. 6.
Compared with the variable resistance model (752 W for the left
peak), the proposed model (689 W) shows better consistency
with simulation (682 W) and experimental results (675 W).

Due to the current harmonics of i1, the input impedance angle
is not easily measured experimentally. Table II tabulates the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024
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Fig. 10. Voltage and current waveform for the (a) 78 and (b) 92 kHz (k =
0.302).
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Fig. 11.  Curve of output power versus switching frequency. (Vin, =80V, V,

=100V, and k = 0.302).

phase differences of up and ug for different frequencies. Fig. 10
presents the voltage and current waveforms at frequencies 78 and
92 kHz. The phase differences of up and ug are also marked.
For the 78 kHz, the phase differences are 134.1°, 134.2°, 132.2°,
and 134.6° for the simulation, experiment, variable resistance
model, and proposed model, respectively. For the 92 kHz, the
phase differences are 62.6°, 62.7°, 61.5°, and 62.6° for the
simulation, experiment, variable resistance model, and proposed
model, respectively.

Fig. 11 presents the simulation and experimental results for
the case when the input voltage Vi, decreases to 80 V. The two
power peaks are no longer obvious, but the power difference
between the variable resistance model and the proposed model
from frequency 77 to 97 kHz is significant. The proposed model
can better fit the simulation and experimental results compared
with the variable resistance model.

Fig. 12 presents the voltage and current waveforms with k =
0.491. With the increase of the coupling coefficient, there will
be more current harmonics in i», making the phase difference
between the fundamental components of ug and iy larger [3],
which means that the variable resistance model based on the
FHA method has a larger error for the strong coupling case.
Zoom in on the voltage and current waveform when the diode
is turned ON. It can be observed that when the voltage crosses
zero, the iy is slightly greater than 0, which is caused by the Cq4
and Cgray .

For the strong coupling case, the plots of the output power
versus switching frequency are presented in Fig. 13. The variable
resistance model has a larger error compared to the proposed
model. The experimental results are in good agreement with the
proposed model and simulation results.
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TABLE III
COMPARISON WITH EXISTING METHODS
Model Feature Complexity Accuracy
Variant Represent the receiver as . .
[1] . . . medium medium
resistance load varying resistance
Constant Keep the load a constant
[2] ) . low low
resistance load resistance
Variant Represent the receiver as
[3] resistance varying resistance and high high
+inductance load  inductance in series
[5] MHA Keep the lpad a constant medium low
resistance
7] TDA Solve dlfferentlal high high
equations
This  Voltage source Solve the phase difference medium hich
article load between up and ug g

Table IIT compares the proposed method with the existing
literature. In [2], the relationship between output power and
frequency is analyzed based on the constant resistance load,
resulting in much error. In [1], the variant resistance load based
on the FHA method is presented, which has better accuracy
than the constant resistance load. However, with the increase
of the coupling coefficient, the error will increase due to the
current harmonics. In [3], the receiver is represented by varying
resistance and inductance in series, which has good accuracy
for the battery load. However, the calculation is complex and is
not direct. In [5], MHA is used to analyze a WPT system with
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constant resistance load, but accuracy is low for battery load. In
[7], the TDA method is presented to analyze the WPT system by
solving differential equations. However, the calculation process
is very complicated and it is difficult to solve the WPT system
when considering the ac equivalent resistance of the receiver
and transmitter. For the proposed analysis method, it has good
accuracy no matter weak-coupling or strong-coupling cases, and
is easy to understand and calculate.

IV. CONCLUSION

This article presents an enhanced modeling method for the
WPT system with an uncontrolled rectifier and battery load.
The traditional constant resistance model and variable resistance
model have some errors. Without a complex numerical solution
of the quadratic equation, the modeling method first calculates
the phase difference between up and ug, and then deduces the
power, input impedance angle, and current expressions. The
proposed model has better coincidence with simulation and
experimental results. Besides, the effect of the parasitic capac-
itance of the uncontrolled rectifier is discussed and considered
to further regulate the model.
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