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Abstract—This article is devoted to improving the coupling
insensitivity of inductive power transfer (IPT) systems. Unlike
previous studies that focused on establishing a stable source
on theprimaryside (e.g., througha full-bridge inverter), this arti-
cle leverages the load-sensitive characteristics of a single-
switch resonant inverter to achieve amore stable systemunder
varying coupling conditions. In addition, instead of designing
the inverter and compensated coupler in a decoupled manner,
thewhole system is viewedas anultrahigh-order resonant con-
verter. Through simplification, the existing analytical inverter
model is modified to fully explore the design potential for
coupling-independent zero voltage switching and high robust-
ness under parameter variations. The modified model also fills
the gap in the holisticmodeling of single switch IPT systems. In
the experiment, a 60 W prototype is designed, when the
coupling coefficient varies from 0.085 to 0.17, the output power
maintains a fluctuation of 12%, with peak efficiency reaching
89.12%.

Index Terms—Coupling insensitivity, detuned compensa-
tion, inductive power transfer (IPT).

I. INTRODUCTION

IN recent years, wireless inductive power transfer (IPT) has
garnered widespread attention due to its ability to overcome

the limitations of physical connections, offering a promising solu-
tion for future charging technologies. IPT systems with low to
medium power ratings (below 100 W) are widely used in various
applications such as smartphones, capsule robots, wearable devi-
ces, implantable biosensors and unmanned aerial vehicle (UAV)
[1], [2], [3], [4], [5]. Unlike traditional charging that relies on
wired connections, the greatest limitation of IPT lies in its cou-
pling sensitivity. Especially in UAVs, the coupling coefficient
often changes due to variations in coil position and environmental
corrosion. This hinders its broader application. To effectively

exploit the potential of IPT, it is crucial to design a system that
is less sensitive to coupling variations [6], [7], [8], [9], [10],
[11], [12].

There are several steady-state parameters that rely heavily on
coupling, such as output power, voltage, and efficiency. To
address various objectives, common methods include the design
of passive networks or the control of active circuits. For exam-
ple, active control can be utilized for stable output power. Pas-
sive approaches, on the other hand, involve the design of
couplers, compensation networks, inverters, and rectifiers,
which are often preferred because of their simplicity. Unlike tra-
ditional systems, modern strategies apply detuning techniques to
the compensation network [6], [7], [8], [9]. This allows the net
reactance of each resonant branch to offer increased design free-
dom, thereby reducing coupling or load sensitivity. Intuitively,
when the primary side employs a load-independent inverter, it is
more likely to maintain stable output on the secondary side
under varying coupling conditions. Therefore, existing research
has predominantly focused on designing the inverter as a stable
voltage or current source (e.g., a full-bridge inverter and current
source Class-E inverter), with an emphasis on the design of the
compensation network. The primary side and secondary side of
the system are treated as separate components, each optimized
and designed independently. This approach fails to fully exploit
the design freedoms of a complete IPT system.

Unlike bridge inverters, whose square output voltage is inde-
pendent of load and can be seen as a voltage source. Traditional
single-switch resonant inverters require specific resonant
designs and are shown to be strongly load-sensitive. This article
deviates from the traditional design philosophy. Instead of pur-
suing the establishment of a stable voltage source on the primary
side, a detuned resonant inverter with detuned compensation is
employed to achieve stable output on the secondary side under
coupling variations. This article uses the simplest Class E
inverter and series-series compensated coupler as examples to
illustrate the design mechanism. An analytical time-domain
model is also introduced to develop a coupling-insensitive out-
put power system. Note that first, previous Class-E-based IPT
systems have focused on configuring the Class-E as a constant
voltage or current source (similar to a full-bridge inverter), the
models often analyze the primary and secondary sides sepa-
rately. Second, the previous Class-E analysis model only suit for
resistive load [13], [14], [15]. In the proposed model, the
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Class-E based IPT system is first viewed as an ultrahigh-order
inverter with a reactive load. The proposed design also avoids
parameter variation issues caused by components and nonlin-
ear transistors, thereby dramatically improving system robust-
ness. This design approach can be extended to achieve other
coupling-insensitive features.

II. COUPLING INSENSITIVE DESIGN

A. Analytical Model

Fig. 1(a) depicts the topology of a basic IPT system. Vin is the
input voltage. S is the switch, whose duty cycle isD and frequency
is fs. The self-inductance Ltx of the transmitter (TX) coil resonates
withC0 at frequency fs, exhibiting an additional reactanceX

X ¼ xsLtx − 1=ðxsC0Þ: (1)

In contrast to the traditional Class E inverter, L1 is utilized as a
resonant inductor in place of a choke. The resonance frequency
between L1 and C1 could be normalized with respect to xs, and
a frequency factor q is then defined as follows:

q¼ 1=ðxs

ffiffiffiffiffiffiffiffiffiffi
L1C1

p
Þ: (2)

When the self-inductance of the receiver (RX) coil, Lrx, is not
fully compensated by the capacitance Crx, the resultant net reac-
tance, in conjunction with the load resistance RL, is reflected to
the TX side via the mutual inductanceMð¼kLtxLrxÞ. For ease of
understanding, Fig. 1(b) illustrates the reflected impedance
model of the IPT system, where Zr is derived as follows:

Zr ¼ Rr þ jXr ¼ w2
s k

2LtxLrx

RL þ j wsLrx − 1
wsCrx

� � : (3)

In Fig. 1(b), iin, io, and is denote the input current, output cur-
rent, and the current through the switch S, respectively. vds rep-
resents the voltage across the switch. Provided that the quality
factor of the output resonant tank is sufficiently high, the output

current will exhibit a sinusoidal waveform, i.e.,

ioðwstÞ ¼ Im sin ðwstþ/Þ: (4)

The amplitude of the output current is represented by Im, and /
denotes the initial phase shift relative to the gate signal.

The time-domain analysis of this inverter has been detailed in
[15] and [16]. Through the intermediate variables q, p, and /,
the voltage across the switch is derived as follows:

vdsðwstÞ
Vin

¼ H1 cos ðqwstÞ þH2 sin ðqwstÞ þ 1

−
q2p

1 − q2
cos ðwst þ /Þ (5)

where

p¼wsL1Im=Vin

H1 ¼−ðcos qpþ qp sinqpÞ
−

qp
1− q2

½q cos/ cosqp− ð1− 2q2Þ sin/ sinqp�
H2 ¼ðqp cosqp− sinqpÞ

−
qp

1− q2
½q cos/ sinqpþ ð1− 2q2Þ sin/ cosqp�:

8>>>>>>>>><
>>>>>>>>>:

(6)

The aforementioned model was initially employed for the
design of a resonant inverter to achieve zero-voltage-switching
(ZVS) and zero-derivative-switching (ZVDS) operation.
These objectives establish two equality constraints that subse-
quently inform the parameter design process. In addition to the
original design variables, such as L1, C1, and C0, the compen-
sation on the receiver side, and Crx, is also introduced as a
design parameter.

To ensure high efficiency, ZVS, is maintained by fulfilling
the necessary conditions vdsð2pÞ ¼ 0. Incorporating this con-
straint into (5) correlates p, q, and / in a single equation, as (7).
ZVDS was not set as a mandatory condition to be taken into
account, which provides greater design freedom

P¼ fðq,/Þ

¼ ð1− q2Þðqp sinqp− cosqpþ 1Þ
q2 cos/ cosqpþ ðq− 2q3Þ sin/ sinqpþ q2 cos/

: (7)

It is worth noting that if the ZVDS constraint is incorporated,
fðÞ could potentially be solved [15], [16]. So, ZVDS was not set
as a mandatory condition to be taken into account, which pro-
vides greater design freedom.

In Fig. 1(b), the switch voltage vds is filtered by the total
impedance of jX and Zr. Consequently, upon applying the Fou-
rier transform to vds, its sine and cosine components are,

(a)

(b)

Fig. 1. Circuit model. (a) Original model. (b) Simplified model.

TABLE I
PARAMETERS AND CONSTRAINT CONDITIONS OF DESIGN

Parameters Value Parameters Value

L1 15 lH Vin 75 V
Ltx 140 lH Lrx 50 lH
RL 12.5 X C0 1.3 nF
C1 4.9 nF Crx 3.012 nF
Qtx 350 Qrx 251
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respectively, applied to the resistive and reactive parts of the
entire branch, i.e.,

Xr þX
Rr

¼
1
p

Ð 2p
0 vdsðwstÞ cos ðwstþ/Þ

1
p

Ð 2p
0 vdsðwstÞ sin ðwstþ/Þ

: (8)

Since the previous formulas were all based on / as an interme-
diate variable, we now need to express / explicitly. By
substituting (3), (5), and (7) into (8) yields an implicit expres-
sion of /

/¼ cðq, k,L1,Ltx,Lrx,Crx,RL,XÞ: (9)

Note that q, k, L1, Ltx, Lrx, Crx, RL, and X represent all the circuit
parameters.

Using the two implicit functions fðÞ and cðÞ, the average
input current Iin is derived as follows:

Iin ¼ 1
2p

ð2p
0
iinðwstÞdwst ¼ Im

2p
p2

2p
þ 2cos/− p sin/

� �

¼ Vinfðq, cÞ
2pwsL1

p2

2fðq, cÞ þ 2cos c− p sin c

� �
: (10)

Since there are no energy-consuming components in the entire
network except for the load. Po ¼ Pin ¼ VinIin, the output power
is derived as follows:

Po ¼ V2
infðq, cÞ
2pwsL1

p2

2fðq, cÞ þ 2cos c− p sinc

� �
: (11)

B. Parameter Design

To better evaluate the performance of the system, it is crucial
to adopt an objective and reasonable evaluation criterion. Here,
we employ a universal standard for measuring power fluctua-
tions [6]. When k varies within the range ½kmin,kmax�, the corre-
sponding output power would fluctuate within the bounds
½Pmin,Pmax�. Define

b¼ ðPmax −PminÞ=Pmax (12)

k¼ kmax=kmin: (13)

The system should be designed to minimize b within a
specified k.

Due to the complexity and implicit nature of the aforemen-
tioned models, numerical methods are required to assess the
parameter design. Although q, k, L1, Ltx, Lrx, Crx, RL, and X all
influence the final performance, typically q, Crx, and X are
selected as the design variables while the inductive components
are held constant. It should be noted that a change in q and X
implies a corresponding change in C1 and C0, respectively. An
example system is constructed based on the parameters listed in
Table I. The frequency fs is 400 kHz.

The derived model could computes all state variables from a
given set of values of q, Crx, and X. Subsequently, the power
fluctuation rate b can be evaluated under various design varia-
bles. When q is set to 1.4, Fig. 2(b) illustrates the viable design
points for different values of Crx and X, with the color indicating
b. Note that design points with b> 20% are excluded. A valley
region is evident, and point A is selected from this region.

A high-order resonant converter must consider the resonance
of the L1&C1, Ltx&Co, and Lrx&Crx branches. If the design
objectives are highly dependent on perfect resonance, the sys-
tem becomes too sensitive and difficult to maintain optimal
operation in practice. The proposed system, however, does not
need to achieve ideal resonance, significantly enhancing its
robustness. For instance, taking into account potential variances
in C0 and Crx, Point A in Fig. 2(b) is located in a valley region
and remains stable even with a 5% variation in capacitance. Tra-
ditional inverters also face challenges due to nonlinear junction
capacitance, which is represented by C1. This study selected a
transistor with a 200 pF capacitance at the target voltage level.
When C1 varies by 300 pF, q ranges from 1.35 to 1.45, yet
Fig. 2(a) and (c) indicates that a low b is still achievable.

The point selection model does not account for the effects of
ESR and the nonlinear junction capacitance. Therefore, additional

(a) (b) (c)

Fig. 2. Design candidate points. (a) q¼ 1.35. (b) q¼ 1.4. (c) q¼ 1.45.

Fig. 3. k-Dependent power under proposed design.
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validation through simulation is necessary to confirm the model’s
effectiveness. Using the parameters of Table I, the quality factors
of the inductive components are taken into consideration, and the
switch is modeled using a Spice model. Fig. 3 illustrates the rela-
tionship between output power and varying k. Showing the
dynamic results of the system. It demonstrates that for k values
less than 0.12, Po increases with k, whereas for k < 0:12, Po

decreases with k. In this context, b is 12%.Meanwhile, in practical
applications, the capacitance may vary with the dynamic operation
of the system. In the experiments, both C0 and Crx are altered
within a certain range, and the fluctuation rate of the output power
remained around 12%.

Fig. 4 presents the waveform of the voltage across the switch vds
and efficiency curves. Fig. 4(a) illustrates the coupling-independent
ZVSoperation. The switch voltage stress ismaintained below330V.
As depicted in Fig. 4(b), the efficiency progressively increases with
k, reaching a peak efficiency of up to 93.6%.

III. EXPERIMENTAL VERIFICATION

An experimental IPT system, designed as previously described,
is depicted in Fig. 5. Both the TX and RX coils are crafted from
Litz wire, with specifications of 0.1 mm by 150 strands and a diam-
eter of 1.7 mm. All system parameters are detailed in Table I. In
alignment with design point A, the capacitors C1, C0, and Crx are
selected to be 4.9, 1.3, and 3.01 nF, respectively. High-precision,
high-quality factor NP0/C0G ceramic capacitors are utilized. The
system employs a GaN-based transistor (GS66508B). The isolated

voltage probe (Tek TIVH08) and a high bandwidth current probe is
used to measure the ac output and help calculate the power. The
experiment is based on a transformermodel and employs an imped-
ance analyzer to measure the coupling coefficient k between two
coils. By continuously adjusting the height, k between the two coils
is altered.

It is important to note that a constant switch junction capaci-
tance of 200 pF is taken into account and is to be incorporated
into C1.

Fig. 6 displays the measured output power and efficiency. The
power fluctuation rate b is 12%, successfully aligning with the
predictions made by the model-based design. In addition, the sys-
tem efficiency augments with k, achieving a peak value of
89.12%. The typical waveforms for different coupling conditions

(a) (b)

Fig. 4. Simulation results. (a) vds at different k. (b) Efficiency.

Fig. 5. Experimental setup.

Fig. 6. Output power and efficiency.

(a) (b) (c)

Fig. 7. Waveform at different k: vg (2.5 V/div), vds (100 V/div), vo (20 V/div).
(a) k¼ 0.085. (b) k¼ 0.13. (c) k¼ 0.17.

TABLE II
COMPARISON WITH PRIOR WORKS

Systems k k Pmax b Efficiency Switch

SS [9] 0.08–0.2 2.5 69 W 20% 66%–75% 4
LCC-S [7] 0.125–0.25 2 400 W 20% 88%–92% 4

X-type þ S [8] 0.14–0.28 2 96 W 20% 83.5%–87.5% 4
Detuned SS [6] 0.07–0.15 2 163 W 20% 80.5%–93.5% 4
S/SP Wang
et al. [17] 0.14–0.285 2 60 W 31% 81.55%–91.67% 2

S/T [18] 0.211–0.355 1.7 300 W 20% 86.8%–94.7% 4
S/SP Yao
et al. [19] 0.1288–0.1733 1.3 200 W 6% 94.1% 4

PS/S [20] 0.2–0.6 3 63 W 67% 84.68% 4
LCL/LCL [20] 0.2–0.6 3 52 W 91% 88.6% 4
This article 0.085–0.17 2 60 W 12% 84.53%–89.12% 1
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are also provided in Fig. 7. The inverter maintains ZVS and a sta-
ble output power throughout these conditions.

Table II presents a comparative analysis of the results in this
article with previous works. The comparison encompasses vari-
ous aspects, including topology, coupling range, k, power level,
b, efficiency, and the number of switches used. With a specified
k value of 2, the proposed system is capable of attaining the low-
est b among the compared systems. In previous papers, bridge
inverters were commonly employed, where coupling-insensitive
power delivery was primarily achieved through the use of a
detuned resonant tank. This paper demonstrates that a detuned
resonant inverter, when integrated with a detuned tank, can fur-
ther diminish the system’s sensitivity to coupling variations
with high robustness.

The operational ambient temperature range for the UAV
spans from −40� C to 50� C. Experimental measurements dem-
onstrate that the proposed system can withstand ambient tem-
peratures up to 53� C, primarily determined by the temperature
characteristics of the capacitors and transistors employed.

IV. CONCLUSION

This article explores the IPT system for the coupling-insensitive
output power. A high-order system is constructed by integrating a
resonant inverter with a tank. Contrary to the traditional approach of
designing each component in isolation, all potential resonant ele-
ments are harnessed collectively to achieve high efficiency and a
stable output. The existing model for an inverter has been modified
to align with practical requirements. The model-based parameter
design facilitates a swift assessment of the design region and system
sensitivity. In the prototype system, as k fluctuates between 0.085
and 0.17, the power degradation rate is consistently maintained at
12%, with the peak efficiency reaching 89.12%. This approach
effectively utilizes the load-sensitive of Class-E inverters within IPT
systems, offering a significant level of efficiency and stability
throughout the range of coupling variations.
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