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ABSTRACT Calculating the maximum transmission power of loosely coupled coils represents a crucial step
in the design of inductively coupled power transfer (ICPT) systems. However, the majority of calculations
for the maximum power transfer point (MPTP) are exclusively relevant to scenarios featuring pure sinusoidal
excitation. This paper introduces a more universally applicable solution for determining the MPTP in loosely
coupled systems subjected to arbitrary excitations. The approach takes into account the contributions of
both the fundamental waveform and all harmonics to the transmission capacity, offering a precise method
for investigating the maximum power capacity of ICPT systems under non-sinusoidal excitation. Through
simulations and experiments, it is demonstrated that the proposed method yields improved agreement with
various waveform excitations, including square/triangular waves, as well as actual chopping waves charac-
terized by large-scale ringing and overshoot. The versatility of the method extends to various inductively
coupled systems with generic excitations, encompassing non-resonant-type, direct chopper, or multi-level
inverter-driven ICPT systems. Furthermore, the method ensures greater accuracy in instances of excitation

distortion induced by nonlinear effects.

INDEX TERMS ICPT, maximum power transfer, non-sinusoidal, wireless power transmission.

I. INTRODUCTION

Inductively coupled power transfer (ICPT) stands as a
pivotal means to achieve wireless, non-contact electrical
energy transmission, particularly suitable for short-distance
power transfer that requires frictionless, explosion-proof,
moisture-proof, and waterproof capabilities. In ICPT
systems, coupled inductors are employed to convey energy
from a transmitter coil to a receiver coil, with power trans-
fer executed through an alternating magnetic field as the
medium [1]. This transmission method alleviates challenges
associated with disorderly power lines, addresses the security
limitations of conventional power supply methods, and offers
increased flexibility. ICPT finds widespread application in
various domains, including power supplies for underwa-
ter machinery [2], [3], consumer electronics [4], medical
implants [5], [6], and electric vehicles [7], [8].
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The design of the magnetic coupler in the ICPT system
holds paramount importance as it profoundly affects the
power transfer capability of the entire system, showcasing
the attributes of weakly correlated coupling [9]. This loosely
coupled nature implies that the load can only attain maxi-
mum power—specifically, the maximum power of the loosely
coupled system—when the load impedance aligns with the
leakage reactance [10].

The maximum transmission power serves as a defining
attribute for the power transmission capability of ICPT sys-
tems and constitutes a pivotal performance indicator for the
overall system. Its significance is heightened when estimating
both the power transmission capacity of ICPT systems [11]
and the switching threshold for multi-mode coupled power
transmission [12]. Resolving these issues and optimizing
subsequent power transmissions necessitates the determina-
tion of a physical interpretation of the maximum transmitted
power and the prediction of the maximum power transfer
point (MPTP). Additionally, delving into these aspects not
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only offers theoretical support for normalization technology
(the ratio of actual transmission power to maximum trans-
mission power) but also for understanding the characteristics
of the maximum power transmission. This research proves
instrumental in enhancing system performance and stability.

Sinusoidal voltages are frequently employed for excita-
tion in these studies, primarily due to their prevalent use
in magnetically coupled resonant wireless power transfer
systems [13]. Upon compensation, when the system achieves
resonance, the voltage waveform applied to the primary
coil closely approximates a sine wave. In instances of such
sinusoidal excitation, the system’s output voltage and power
can be calculated using sinusoidal steady-state theory. A dis-
tinct method for calculating the transmission capacity of the
system has been proposed [14].

However, in numerous practical application scenarios,
non-sinusoidal waves emerge as the preferred excitation
waveforms for ICPT systems. For example, in specific
industrial control fields, the shape and spectral character-
istics of non-sine waves more readily conform to actual
working conditions, thereby improving the system’s control
accuracy and response speed [15], [16], [17]. In medical
equipment, semiconductor production equipment, and vari-
ous other domains [18], [19], [20], the use of non-sinusoidal
waves for excitation allows for better adaptation to load
changes. Fine-tuned control is achievable by adjusting param-
eters such as wave frequency, amplitude, and phase, ensuring
the system’s accuracy and stability. In applications demand-
ing high-efficiency conversions, such as power electronics
and lighting [21], [22], non-sinusoidal waves prove advan-
tageous in optimizing power factors and minimizing losses,
thereby improving energy efficiency. Additionally, in sim-
ple or low-cost devices [23], [24], [25], the input voltage
waveforms of the magnetic elements and switching elements
often take the form of non-sinusoidal waves, such as square
waves and pulse width modulation waveforms. Pulse square
waves, for instance, carry higher energy than sine waves [26].
In addition, the use of a non-sinusoidal wave as the power
supply voltage results in heightened power efficiency [27].

In the aforementioned studies and applications, it is
imperative to delve into aspects such as the calculation
and tracking of maximum power. A notable example is
the investigation into the power and efficiency character-
istics of electric vehicle wireless charging systems relying
on non-sinusoidal inputs [28]. In scenarios characterized
by highly non-sinusoidal conditions, the precise deter-
mination of the power delivered to the load becomes
essential.

However, in the aforementioned circumstances, utilizing
the calculation method for the sinusoidal steady-state MPTP
from traditional theory can introduce unpredictable errors.
The potential adverse effects of these errors include over-
loading the receiver load, resulting in device damage or
compromising system stability [29], [30]. This can lead to
reduced transmission efficiency, energy wastage, or compro-
mised overall system performance [31], [32]. Furthermore,
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these effects may impact the design of components such
as couplers, causing errors in tracking and compensation
circuits [33], [34], [35], [36], [37].

Therefore, in inductively coupled wireless power transfer,
precision in calculating the maximum power that the load
can acquire at the receiver is imperative. This information
is essential for effective system design and control. In sce-
narios involving non-sinusoidal excitation, there exists a
compelling need to devise methods for accurately calculating
the maximum power attainable by the receiver’s load in ICPT
systems.

This paper introduces a methodology for determining
the MPTP in ICPT systems operating under non-sinusoidal
excitation. The approach considers the contribution of each
high-frequency harmonic to the maximum power achievable
by the load, facilitating swift and accurate determination of
the MPTP for the ICPT system.

Il. PROBLEM FORMULATION

A. MPTP IN SINUSOIDAL ICPT SYSTEM

The principal distinction between wireless power transfer
systems and traditional power supply systems lies in the
former’s loosely coupled nature. In an ICPT system, power
transfer is based on a loosely coupled structure using a pair
of coils. As a result, not all of the primary flux and sec-
ondary flux are fully coupled, inevitably resulting in leakage
inductance. In general, the load cannot receive the maximum
power provided by the system, and the system itself consumes
substantial amounts of energy to maintain the operation of the
energy transfer magnetic field. The leakage inductance in the
system’s primary and secondary load circuits is equivalent to
the series component of the voltage and inductance. Although
this inductance does not consume power, it restricts the cur-
rents in the primary excitation circuit and the secondary load
circuit, thereby limiting the maximum power that the load can
obtain. Fig. 1 shows an equivalent circuit diagram for a typical
ICPT system.

le }N]: Nz: L52
LYY YN\ }. .; LYY Y\
| |
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R, 3 3 R,
— : —

FIGURE 1. Schematic of loosely coupled structure.

In Fig. 1, Uj, and R represent the system’s supply voltage
and load resistance, respectively. N1 and N> denote the num-
ber of turns in the coils of the primary and secondary loops,
respectively. Ry and Ry are the impedances of the primary
and secondary loops, while Ls; and Ly, are the leakage
inductances in the primary and secondary loops, respec-
tively. M denotes the mutual inductance between the two
loops.
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The model is subject to the following constraint
relationships:

Ny

—M =KL

Ny

Ly =(1-K)L M
Lo =(1-K)L»

where L; and L, are the inductances of the primary and
secondary loops, respectively, and K represents the coupling
coefficient between these two loops. The primary excitation
and loop impedance can be reflected to the corresponding
secondary values, leading to the derivation of the equivalent
circuit, as shown in Fig. 2.

ZL

LYY

Usec Ry

FIGURE 2. Equivalent circuit schematic (reflected to secondary side).

As shown in Fig. 2, Ug is the primary equivalent voltage,
71, is the combined equivalent impedance reflected from the
primary side and the secondary impedance, and N denotes
the turn ratio of the secondary and primary loops. According
to Kirchhoff’s voltage law (KVL), the impedance and voltage
reflected from the primary circuit to the secondary circuit can
be expressed as:

I 7L = N?joKLg + joLg + N*KR| + R, )

Usec = NK Uiy

For ease of calculation, all resistive components, including
coil impedance, are integrated into Ry . Therefore, the induc-
tive impedance Zj ,, can be simplified as follows:

Zim = N%jwKLg + joLg 3)

The loosely coupled transformer exhibits a leakage
inductance, causing K to consistently be less than 1. The
impedance of this leakage inductance is distributed with the
load, resulting in a voltage loss in the output. Maximum
power occurs when the load and leakage inductances are
equal. Further reduction of the load resistance does not result
in increased power output. This fundamental characteristic
differs significantly from a tightly coupled system.

Under sinusoidal excitation, the MPTP load resistance
Z1m(siny and the maximum power Pom(sin) can be described
as follows:

Zim(siny = N2 (1—1(2) oL, (4a)
» B N2K*U2 (4b)
om(sin) — ) iZLm(sin)|

14598

Due to the presence of an air gap in the loosely coupled
transformer, the coupling coefficient K is less than 1, result-
ing in the existence of leakage inductance. The reactance of
this leakage inductance interacts with the load impedance,
thereby limiting the maximum output power. Maximum
power is achieved when the load impedance matches the
reactance of the leakage inductance, and further reduction of
the load resistance does not yield increased power.

It is important to note that Eq. (4) is applicable only
under sinusoidal conditions. In the non-sinusoidal case, using
Eq. (4) leads to the calculation of higher harmonics as if they
were the same as the fundamental frequency. This discrep-
ancy causes the calculated value of Zp min) to deviate from
the actual value, rendering the value of Pomsin) inaccurate.
To ensure accurate calculations under non-sinusoidal con-
ditions, it is imperative to consider the attenuation of each
harmonic component.

B. MPTP IN NON-SINUSOIDAL SYSTEM

In many practical applications, generating non-sinusoidal
excitation is more convenient, and square pulse waves
carry more energy than sinusoidal waves. Therefore, in the
aforementioned scenario, persisting with the sinusoidal
steady-state method from traditional theory would lead to a
deviation between the calculated MPTP and the actual value.
To ascertain the general characteristics of the MPTP in the
ICPT system and predict the MPTP accurately, the impact of
the leakage inductance on each frequency component of the
fundamental and higher harmonic transmission components
in the loosely coupled structure will be discussed in the
following.

A continuous non-sinusoidal waveform can be decom-
posed into multiple sinusoidal signals in a harmonic relation-
ship through an expansion based on Fourier transformation.

A non-sinusoidal excitation voltage u(t) with a period T
can be expressed as an infinite series based on the Fourier
transform rules:

u@)=a+ > [an cos (27;'”) + by sin (Z”Tm)] (5)

n=1

where the Fourier coefficients are:

1 to+T
ag = — u(t)dt
rl,

2 [totT 2 nt
an:? u(t) cos dt,n=1,2,3-..

0 T
2 [T 2mnt
bnz—/ u(t)sin( ””)dz,n=1,2,3..-
T ), T

Q)

If the sine and cosine components of the same frequency
are combined, the voltage excitation can then be expanded
into the form of a sum of the series of the fundamental and
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multiple harmonics. The Fourier series can be expressed as:

U (t) = Ao+ D Apsin(not + ¢y) (7

n=1

[Anz,/ag+bg ®

¢ = arctan(by / an)

where

Here, w is the fundamental frequency, and nw is the
n™ harmonic frequency. In Eq. (7), Ag represents the DC
component, which cannot pass through the transformer. In the
MPTP correction, however, Ag can be omitted. For each
harmonic component, the voltage obtained across Ry, is:

Ry Ry
- . 5 = USCC . 2 2
Ry + jnwly Ry + jnoN-*(1 — K#)L
©

For the nth harmonic component, the power obtained on
Ry is:

Un = Usec

_ P UgeRL a0)

P —
"TO2RL T 2[R+ n2w?N4(1 — K221

Because each frequency component is orthogonal, the total
power obtained on the load is:

o0 o0 2 2
N2K2R,
PL=> Py=> A - s
= SN [RL + 20?N4(1 — K2) L]]

(11)

Eq. (11) indicates that the MPTP is dependent on the
harmonic components. By employing the steepest gradient
descent method to conduct a one-dimensional search on the
total power Pr in the equation, we can determine the maxi-
mum power value and the load impedance value at the MPTP.

In practical scenarios, for an approximate numerical solu-
tion, considering the first m terms, the sum of the powers of
the first m terms is given by:

» i N2K?A2R;.
Lm =
i 2[R 4+ 2Nt (1 - K2) 12

12)

This method of approximate solution introduces computa-
tional errors, and the residual Ey, can be expressed as:

Em = (PL — PLm)/PLx100% (13)

The relative power truncation error of the non-sinusoidal
signal after truncating m terms is given by:

o0 oo
em = Z (aﬁ + brzl) Z (aﬁ + bﬁ) x 100%
n=m+1 n=1
(14)
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Since the input power of the signal is known, Equation (14)
can be calculated using the following formula.

1 < I
en=1-3 Z‘ (aﬁ + bﬁ) /?/0 () dix100% (15)

Due to the fact that Ey, < e, the calculation accuracy can
be determined based on Eq. (15), and m can be determined
according to the desired accuracy in Eq. (15). Subsequently,
the calculation of the maximum power is performed.

C. MPTP IN COMMON DRIVE WAVEFORMS
First, we analyze commonly used waveforms such as square
waves and triangular waves. We study the relationship
between the MPTP and the harmonic components, along with
the influence of harmonic components on the magnitude of
deviation.

For square waves, Eq. (7) can be expanded to give:

AU ( . 1. 1 .
U@it)=—— smwt+§s1n3wt+§sm5wt+...
T

(16)
Eq. (11) can be rewritten to give:
0o 2
4Uin
P = _—
oo g [(2;1 1) n}
N2K?Ry
X
2 [Rf + 2+ 1D)2?N4(1 — K2)2L12]
22772
:8NK2UinZ( 1 )22 RL22
7 n=0 2n+1" Rf +@n+1) 2 n(sin)
(17)

By expanding the equation, we find that the power that can
be obtained by the load under square wave excitation is:

» 8N2K2U2 [ RL Ll RL
Lisq) = 2 2 2 0 P2 2
T RL + ZLm(sin) 9 RL + 9ZLm(sin)
1 R
5z - .. } (18)
RL + 25ZLm(sin)

For triangular waves, Eq. (7) can be expanded to give:

U ()= 290 (Sin eor+ - sin 3ot + = sin Swr+ (19)
=— [sin — sin — sin
e N R R
Eq. (11) can then be rewritten to give:
00 2
8Uin i|
PrLar = _—
L(tr) ;[(Zn—k 1)27_[2
N2K2Ry,
X

2 [Rf +Qn+ Dre2N4(1 — K2)2L12]

227172 ©©
_ 32N’KPUG Z 1 RL
T4 = 2n+ D*R? + (2n+ 1)4zfm(sm)
(20)
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By expanding this equation, we find that the power that can
be obtained by the load under triangular wave excitation is:

2127172

32N“K Ui, Ry,
4 2 2
b4 Ry +7Z;

1 Ry,
+———7+

2 2

81 RL+81ZL

m(sin)

Pran =

m(sin)

21

According to Eq. (13), when the amplitudes of the
higher-order harmonic components are large, there will be
greater deviations in the MPTP calculated using the sinu-
soidal method. Additionally, a larger coupling coefficient K
and a smaller primary inductance L; will result in a higher
achievable maximum power. However, excessively small val-
ues of L; can increase the no-load current in the primary
circuit, posing challenges in the primary circuit design. For
the same load, a higher coupling coefficient in the loosely
coupled transformer produces a higher maximum achievable
power.

Therefore, to enhance the system’s transmission capabil-
ities, it is desirable to maximize the coupling coefficient of
the loosely coupled transformer. While maintaining a fixed
turns ratio, it is advisable to select a smaller number of turns
for the primary winding to increase the upper limit for the
maximum transmission power. It is important to note that
the specific effects may vary with parameter variations, and
further experimentation and analysis may be required.

Ill. DEMONSTRATION

In this section, numerical examples are presented using
square waves and triangular waves as excitation sources
to demonstrate the effectiveness of the proposed maxi-
mum power calculation method. In this example, the coil
impedance is ignored. The system parameters considered
here are: Uj, =28 V; L; =8 uH; and L, =800 pH.

700 T T T T
sinusoidal
600 triangle
square(N=10)
square( N=1)
500+ -
=
s
2 400 -
[
o
300 -
200 E
100 . T T T
0.01 0.1 1 10 100 1000

RL

FIGURE 3. Load impedance and corresponding power.

Fig. 3 illustrates the variation of power with load
impedance in the system when the coupling coefficient K
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is 0.8, and the frequency is 25 kHz. The simulation results
are presented for square wave excitation with N = 1, where
L1 = Ly =8 pH. It can be observed that the system exhibits
a maximum power transfer point, and compared to sine and
triangular wave excitations, the MPTP value is significantly
smaller under square wave excitation. The choice of N does
not impact the calculation results for the maximum power
transfer, but it influences the corresponding impedance value
at the maximum power point.

Following the outlined method above, a simple validation
was conducted. According to Eq. (15), to control the error
within 0.5%, at least 15 harmonics need to be considered.
This ensures that the total signal power of the first 15 terms
is greater than 99.5% of the total power. By performing a
one-dimensional search on these curves, the MPTP and the
corresponding load can be obtained. Comparisons between
the proposed method, the sinusoidal assumption, and the
simulation results are given in Tables 1-3.

TABLE 1. Comparison of MPTPs (K=0.8, square wave).

Frequency (kHz) 10 25 50 100
Simulated (w) 1325.0 52099 26505  132.62
Result  of sinusoidal 59, 636.61 31828  159.10
assumption (w)
erv‘;p"sed method 1324.9 529.95 26498 132.48
i‘;f;o . (f)’/of) traditional o151 20117 20083 19.967
b (0‘/’3 proposed 4 508 0.008 0026 0.106
TABLE 2. Comparison of MPTPs (25 kHz, square wave).
K 0.6 0.7 0.8 0.9
Simulated (w) 167.69  286.43 52999 1271.0
ie;‘in“ptio‘f (W)Sim‘s"idal 20143 34405 63661 15270
fvrv‘;p"sed method 167.68 286.41 52995  1270.8
i:t"lfo . (f)’/f) aditional 55 150 20117 20117 20.142
i‘:f;o . (023 proposed 4 506 0.007 0.008  0.016

Tables 1 and 2 show that when the excitation source is a
square wave, the relative error decreases from 20% to within
0.2%. Table 3 shows that under triangular wave excitation, the
error is also reduced from 1.2% to less than 0.1%. The above
calculation results are within the expected range of accuracy.
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TABLE 3. Comparison of MPTPs (25 kHz, triangular wave).

K 0.6 0.7 0.8 0.9

Simulated (w) 199.04 339.97 629.06 1509.0

Result of sinusoidal

. 201.13 344.05 636.61 1527.0
assumption (w)
fvrv‘;posed method 199.03 33997 62905  1510.0
Error  of  traditional
method (%) 1.050 1.200 1.199 1.193
Error  of  proposed
method (%) 0.005 0.012 0.002 0.066

In conclusion, the proposed algorithm can be effectively
utilized to calculate the maximum power transfer of cou-
pled coils under non-sinusoidal excitation conditions with a
notable improvement in the accuracy of the results, especially
in cases characterized by large harmonic components in the
input voltage.

IV. APPLICATION

In practical engineering applications, couplers exhibit
inductance/capacitance resonance. This parasitic resonance,
which cannot be accurately estimated in simulations, intro-
duces richer harmonics and may result in the presence
of distortion and overshoot waveforms. In this section,
we present a real-world application case where an actual
coupler is used to construct the experimental setup. In this
experimental scenario, the calculation method proposed here
is utilized to determine the system’s MPTP and subsequently
validate and compare the corrected results.

A. EXPERIMENTAL SETUP

The experimental setup for the testing system primarily
comprises a 28 V power supply, a chopping wave drive
circuit, a coupling structure, a rectification circuit, an oscil-
loscope, and an electronic load. The power supply provides
electrical energy to the entire system. The constant cur-
rent chopping wave drive circuit generates the excitation
signal. The coupling structure is responsible for energy
transfer. The rectification circuit then converts the received
signal into a direct current power source. The oscilloscope
facilitates current detection, while the electronic load oper-
ates in constant voltage mode to simulate a battery load.
The schematic diagram of sampling points is illustrated
in Fig. 4.

The experimental setup is depicted in Fig. 5. The power
obtained by the load after transmission through the coupler is
verified by measuring the voltage and current waveforms at
the load end.
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FIGURE 5. Experimental situation.

B. COUPLER PARAMETERS

This section describes the practical coupler, and the coupling
coefficient and inductance parameters are determined for var-
ious coupler distances. An experimental setup is constructed
using a magnetic induction coupler composed of ferrite and
copper coils, as illustrated in Fig. 6.

104*95%10 (mm)

0 50 100 (mm)

FIGURE 6. Coupler structure diagram.

A vector diagram of the magnetic induction intensity
profile of the coupler obtained through simulations using
Maxwell is shown in Fig. 7.

Fig. 7 illustrates the effective coupling region A and the
leakage inductance region B in the coupler. The coupling
coefficient, the self-inductance coefficient, and the leakage
inductance parameters for the different coupler distances are
obtained. In addition, due to changes in the coupling area, the
coupling coefficient gradually decreases. An LCR meter was
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FIGURE 7. Magnetic field intensity distribution.

TABLE 4. Key coupler parameters.

Distance (mm) 1 2 3 4 5 6

K 0.98 0.95 092 089 086 0.82
Lgr (uH) 21.01 11.73 851 683 581 513
Lsim (uH) 2030 I1.15 812 6.50 552 491
Distance (mm) 7 8 9 10 11 21
K 079 0756 072 0.69 0.66 0.40
Lgr (uH) 464 427 399 377 359 28
Lsim (uH) 447 409 382 3.61 343 276

utilized to measure the primary (secondary) self-inductance
and coupling coefficient of the coupler at different distances.
The simulation and measurement results are presented in
Table 4. The simulated values and measured values of K are
very close after rounding to two decimal places, and only the
measured values are provided here. Lgiy, denotes simulated
values, while Lgt represents measured values.

C. MPTP IN ACTUAL ICPT SYSTEM

In this section, the system’s maximum power is analyzed
using a typical sampled waveform. In the experiment, the
non-sinusoidal magnetic field excitation signal at point A in
Fig. 4 is captured, and its frequency-domain characteristics
are then analyzed using a fast Fourier transform (FFT).

Fig. 8 shows that there are differences between an ideal
square wave and the sampled square wave obtained in prac-
tical applications. The actual waveform shows ringing with
higher harmonic components.

Due to parasitic resonance, certain sub-harmonics experi-
ence increased amplitudes, while others are suppressed. As a
result, the observed maximum power deviates from the ideal
case. Subsequently, the constant current chopping circuit and
the coupler were physically constructed, and real-time mon-
itoring was performed using an oscilloscope and a current
meter to ensure the experiment’s reliability. The rectification
circuit was then added to the experimental system, and the
electronic load impedance was adjusted to simulate the load
conditions during practical applications. Finally, the output
voltage and current of the system were measured for various
impedances, and the MPTP was calculated.

For experimentally sampled waveforms without specific
analytical expressions, they can be imported into MATLAB
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FIGURE 8. (a) Sampled waveform and (b) spectrogram.

for Fourier transformation. Subsequently, Eq. (12) proposed
in this paper is employed for calculation. The maximum
power is computed by truncating the waveform at the first 10,
15, 20, and 40 harmonics, and the percentage of total power
is calculated as shown in Table 5.

TABLE 5. Harmonics and the percentage of total power.

Harmonics 10 15 20 40

Proportion (%) 96.78 99.40 99.59 99.95

The retained number of harmonics is determined based
on the required accuracy. In the case of Fig. 8(a), where
numerous harmonic components are present, the choice is
made to retain the first 20 harmonic components. As the
total power of the first 20 harmonics is already greater than
99.5%, it ensures that the computation guarantees an error
within 0.5%.

Conduct a precise one-dimensional search on the truncated
calculation results to determine the maximum power value
and its corresponding impedance. Figs. 9 and 10 compare the
maximum power and its corresponding matching impedance,
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FIGURE 10. MPTP versus distance.

as calculated using the sinusoidal calculation method and the
method proposed in this paper.

The experimental results indicate that an error occurs
between the sinusoidal method and the experimental results,
while the results from the calculation method proposed
here are closer to the experimental results. Therefore, the
method proposed in this paper should be used in practical
applications.

V. CONCLUSION
This study presents a method for calculating the maximum
power of ICPT systems under non-sinusoidal excitation. The
main advantage of this method is its suitability for arbi-
trary excitation waveforms. Moreover, the superiority of this
method becomes more pronounced as the excitation voltage
deviates further from a sinusoidal waveform, i.e., when there
is a larger harmonic component in the input voltage.
However, it is essential to acknowledge that this study
has some limitations. Firstly, the proposed method is only
applicable to scenarios without resonance compensation.
Secondly, the method proposed in the paper may need
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to consider the introduction of time-frequency analysis
when dealing with variable-frequency signals. Then, for
non-resistive or nonlinear load scenarios, the current method
may require further incorporation of equivalent impedance
techniques to more accurately simulate the response of the
system. Additionally, the modeling of transformers only
considers the case of unsaturated magnetic cores.

It is important to note that some of the experimental results
in this study are solely used for theoretical validation. In prac-
tical applications, factors such as steady-state operation, heat
dissipation, and safety should be considered to determine the
maximum transmission power of the system.

In terms of applications, this method provides valuable
insights into the design and optimization of ICPT systems
under non-sinusoidal excitation, especially in real-world sce-
narios where maximum power transfer is crucial. Future
work should consider incorporating time-frequency analy-
sis into variable-frequency signals and employing equivalent
impedance techniques to deal with non-resistive or nonlinear
loads.

Overall, despite some limitations, future research efforts
aimed at improvement and expansion can enhance its applica-
bility and provide comprehensive support for the design and
optimization of wireless power transfer systems.
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