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AbstractÐThis paper develops an inductive power transfer
(IPT) system with stable output power based on a Class E/EF
inverter. Load-independent design of Class E/EF inverter has
recently attracted widespread interest. However, applying this
design to IPT systems has proven challenging when the coupling
coefficient is weak. To solve this issue, this paper uses an
expanded impedance model and substitutes the secondary side’s
perfect resonance with a detuned design. Therefore, the system
can maintain stable output even under a low coupling coefficient.
A 400 kHz experimental prototype validates these findings. The
experimental results indicate that the output power fluctuation
remains within 15% as the coupling coefficient varies from 0.04
to 0.07. The peak power efficiency achieving 91%.

Index TermsÐClass E/EF inverter, Stable output, extended
impedance method

I. INTRODUCTION

In recent years, inductive wireless power transfer technology

has conquered various fields and demonstrated its versatility

and applicability across diverse sectors. Unlike conventional

charging methods that offer robust wired connections and

generally reliable power transfer [1]±[19], inductive power

transfer (IPT) systems are inherently sensitive to coupling,

which means that any variations in the coupling coefficient

between the transmitter and the receiver can cause significant

fluctuation in the output power. The power fluctuation can

impact the efficiency and stability of the power transfer

process. Consequently, the establishment of an IPT system that

is robust against coupling variations, capable of maintaining

consistent and reliable power transfer despite changes in

coupling conditions, is crucial for advancing inductive power

transfer technology and ensuring its widespread adoption and

success in various applications [20]±[27].

The single switch Class E / EF inverter has attracted

widespread application across various industries and appli-

cations due to its exceptional cost-effectiveness and high

operational efficiency [28]±[31]. However, the intrinsic load

sensitivity of resonant converters poses significant challenges

when feeding wireless power transfer systems. Consequently,

a load-independent design of the class E / EF inverter seems to

constitute a promising solution to overcome the challenge [32].

However, the implementation of a load-independent Class E
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/ EF inverter is restricted by a minimum resistance require-

ment [32]. This means that the inverter must be connected to

a load with a resistance that is above a certain threshold to

ensure stable and efficient operation. When deployed within

an IPT system, based on the reflected impedance model, there

is an inherent lower bound on the coupling coefficient that

must be met to maintain stable power. Given that the majority

of IPT systems operate under weak coupling, this seemingly

optimal scheme harbors substantial limitations.

This study comprehensively analyses and solves the criti-

cal failure of load-independent design in Class E/EF driven

IPT systems when they are operating under weak coupling

conditions. In response, we propose an innovative solution by

substituting the ideal resonance on the secondary side with a

detuned design. This detuned design incorporates an expanded

impedance model [33], [34] to further explore the potential.

This paper found that when the reflection impedance shifts

from resistive to capacitive, it can effectively counteract the

destabilizing effects of weak coupling. Moreover, this paper

further elucidate theoretically why an inductive nature is more

favorable for stable output in IPT systems.

II. TOPOLOGY OF CLASS-E/EF INVERTER BASED IPT

SYSTEM

Fig 1(a) depicts the topology of a basic IPT system driven

by a Class E inverter. Vdc is the input voltage. S is the switch,

whose duty cycle is D and frequency is fs. The TX coil’s self

inductance Ltx would resonate with C0 at frequency fs with

additional reactance X . Please note that Ltx will resonate with

C0 directly, which is different from a traditional resonate tank.

In contrast to the traditional Class E inverter, L1 serves as a

resonant inductor in place of a choke. The resonance frequency

between L1 and C1 could be normalized with respect to ws;

a frequency factor q is then defined as

X = ωsLtx − 1/(ωsC0), (1)

q = 1/
(

ωs

√

L1C1

)

. (2)

Meanwhile, Fig. 1(b) illustrates the topology of the IPT

system driven by the Class EF inverter, where the input

inductor Lf serves as an RF choke. C1 is a shunt capacitor

that absorbs the switch junction capacitance. At fs, L0 and
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C0 resonate with the additional reactance X0. The shunt tank

L2 and C2 would resonate at f2, which can be described as

X0 = ωsLtx − 1/(ωs, C0) (3)

f2 = 1/
(

2π
√

L2C2

)

. (4)

(a)

(b)

Fig. 1: Circuit model. (a) Basic IPT system driven by class

EF inverter. (b) Basic IPT system driven by class E inverter.

III. DESIGN METHODOLOGY

A. Load-independent Class-E inverter

When the quality factor Q is high, the output current i0 and

voltage across the switch vds can obtained as follows with β
and p as given:

io(ωt) = Im sin(ωt+ ϕ) (5)

νDS(ωt)

Vin
=

Im
ωC1Vin

∫ ωt

2πD

iC1
(τ)

Im
dτ = q2pβ(ωt) (6)

β(ωt) =

∫ ωt

2πD

iC1
(ωt)

Im
dωt, p =

ωL1Im
Vin

(7)

The switch voltage is filtered by the total impedance of jX
and Zr. Consequently, upon applying the Fourier transform to

vds, its sine and cosine components are respectively applied

to the resistive and reactive parts of the entire branch, i.e.,

νZr

Vin
=

1

π

∫ 2π

2πD

νds(ωt)

Vin
sin(ωt+ ϕ)dωt

=
q2p

π

∫ 2π

2πD

β(ωt) sin(ωt+ ϕ) dωt =
q2p

π
ψ1,

(8)

νjX
Vin

=
1

π

∫ 2π

2πD

νds(ωt)

Vin
cos(ωt+ ϕ)dωt

=
q2p

π

∫ 2π

2πD

β(ωt) cos(ωt+ ϕ)dωt =
q2p

π
ψ2.

(9)

There are two design objectives: Constant ZVS and constant

output, which can be derived as

∂

∂p

(

q2p

π
ψ1

)

=
q2

π

∂pψ1

∂p
= 0 over range of p, (10)

β(2π) = 0 over D
p
. (11)

Therefore, the design variable can be obtained as

νjX
Vin

=
q2p

π
ψ2(q, p, ϕ,D) =

imX

Vin
= p

X

ωL1
, (12)

X(q, ϕ,D)

ωL1
=
q2

π
ψ2(q, ϕ,D) (13)

The solution of above equation is q=1.2915,
X(q,φ,D)

ωL1

=
0.2663.

B. Load-independent Class-EF inverter

Beginning with the series L2 C2 network, its current can

obtained as

iL2

Iin
(ωt) = A2 cos (q2ωt) +B2, (14)

sin (q2ωt)−
q22p

q22 − 1
sin(ωt+ ϕ) +

1

k + 1
, (15)

k =
C1

C2
, q2 =

1

ω

√

C1 + C2

L2C1C2
= q1

√

k + 1

k
, (16)

p =
C2

C1 + C2

Im
Iin

=
1

k + 1

Im
Iin
, (17)

where k, q2, p can be obtained from (16) and (17).

Meanwhile, the current flow into C1 and the drain voltage

follow

iC1

Iin
(ωt) = 1− p(k + 1) sin(ωt+ ϕ)−

iL2

Iin
(ωt), (18)

νds(ωt)

Vin
= 2π

β(ωt)

α
, (19)

β(ωt) =

∫ ωt

2πD

iC1

Iin
(τ)dτ, (20)

α =

∫ 2π

2πD

β(ωt)dωt. (21)

Similar to the Class-E design, the Fourier transform yields

νZr

Vin
=

2

α

∫ 2π

2πD

β(ωt) sin(ωt+ ϕ)dωt =
2

α
ψ1,

νjX
Vin

=
2

α

∫ 2π

2πD

β(ωt) cos(ωt+ ϕ)dωt =
2

α
ψ2.

(22)



There are also two design objectives: Constant ZVS and

constant output power per

∂

∂p

(

p
ψ1(p)

α(p)

)

= 0 over Dp, (23)

β(2π) = 0 over D
p
. (24)

Therefore, the design variable can be obtained as

1

ωRLC1
=
πp2(k + 1)2

α(p)
, (25)

ωXC1 =
1

πp(k + 1)
ψ2

(

q1, k, ϕ,D
)

, (26)

Im = 2
ψ1(p)

α(p)

Vin
R
. (27)

The solution of above equation is q=1.3,
X(q,φ,D)

ωL1

= 0.3533.

C. Detuned Compensation Design

As mentioned before, this design has the minimum

coupling-variation requirement. In scenarios with low coupling

coefficients, the detuned secondary design allows for the full

release of design variables.

1) Expanded impedance model: To employ the expanded

impedance model, the initial step involves representing cir-

cuit elements through their respective impedance matrices.

Define the critical harmonic order range as [−N,N ], where

harmonics outside this range are disregarded. It is crucial to

set this range to optimize computational efficiency without

compromising design accuracy. Consequently, all impedance

expressions form square matrices of dimension (2N + 1).
Notably, resistors, inductors, and capacitors are represented

by diagonal matrices.

The matrix form of a resistor follows

ZR =

























R · · · 0 · · · 0
...

. . .
. . .

. . .
...

0
. . . R

. . . 0
...
...

. . .
. . .

. . .
...

0 · · · 0 · · · R

























, (28)

the matrix form of inductors equivalently

ZL =



















−jNωL · · · 0 · · · 0
...

. . .
. . .

. . .
...

0
. . . 0

. . . 0
...

. . .
. . .

. . .
...

0 · · · 0 · · · jNωL



















. (29)

The matrix form of capacitors follows

ZC =



















−jNωC · · · 0 · · · 0
...

. . .
. . .

. . .
...

0
. . . 0

. . . 0
...

. . .
. . .

. . .
...

0 · · · 0 · · · jNωC



















−1

. (30)

The transistor is modeled as a resistance that varies with

time, featuring a significant OFF-state resistance Roff and a

minor ON-state resistance Ron. This applies to all harmonic

orders p within the range [−N,N ].

RS,p =

{

ROND +ROFF(1−D), p = 0

RON −ROFF
sin(pπD)

pπ
e−jpπD, p ̸= 0

. (31)

Note that D is the duty cycle of the driving signal. The

impedance expression of the active switch is

ZS =



















RS,0 · · · RS,−N · · · RS,−2N

...
. . .

. . .
. . .

...

RS,N

. . . RS,0
. . . RS,−N

...
. . .

. . .
. . .

...

RS,2N · · · RS,N · · · RS,0



















. (32)

The dc input voltage can be expressed as

Vin =
[

0 · · · 0 Vin 0 · · · 0
]T
. (33)

Besides simulating the steady-state waveforms, the supplied

power and load power at steady state can also be derived as

P̄in =
1

T

∫

T

|VDC(t)i0(t)| dt

=

+∞
∑

k=−∞

VDC,kI0,k

= V
T
DCYClass−EVDC,

P̄out = V
T
CYload VC.

(34)

2) Analysis Results: As depicted in Fig. 2, this work uses

an expanded impedance model. For the specific topology,

determined values, and given range of k, we can calculate

the power drop ratio β, and by select minimum β, can get the

candidate points, which are listed in TABLE I.

TABLE I: Parameters and constraint condtions of design.

Parameters Value Parameters Value

L1 10 µH Vin 30 V
Ltx 140 µH Lrx 50 µH
RL 12.5 Ω C0 1.15 nF
C1 9.49 nF Crx 3.3 nF
Qtx 350 Qrx 251

The selected design point reveals an inductive characteristic

on the secondary side. This occurs because an inductive sec-

ondary side results in a capacitive impedance when reflected to



Fig. 2: Design flow chat

the primary side. Within a load-independent design framework,

even in scenarios where low coupling leads to performance

degradation, the voltage at the switching node remains rel-

atively constant. Consequently, if the reflected impedance to

the primary side is capacitive, it can compensate for a portion

of the transmitter coil’s impedance and secure a larger share

of the voltage, thereby facilitating the maintenance of a stable

output.

IV. SIMULATION RESULTS

The point selection model does not account for the effects

of parasitic resistances and the nonlinear junction capacitance.

Therefore, additional validation through simulation is neces-

sary 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 with a

Spice model with the GaN transistor GS66508B.

Fig. 3 illustrates the relationship between output power and

varying k. It demonstrates that for k < 0.05, P0 increases with

k, whereas for k > 0.05, P0 decreases with k. In this context,

β is 20%.

Fig. 4 presents the waveform of the voltage across the

switch vds. It can be observed that under this design, ZVS

only holds true for certain coupling coefficients. However,

this does not necessarily imply an ineffective design, as

the core objective of this paper is to achieve stable output,

and constant ZVS is not the primary design goal. On the

other hand, the implementation of ZVS aims to achieve high

efficiency. Section V describes the experimental verification to

demonstrate that this design, even with partial loss of ZVS,

can still maintain high efficiency.

Fig. 3: k-dependent power under proposed design.

Fig. 4: vds under different k.

V. EXPERIMENTAL RESULTS

An experimental IPT system, designed as previously de-

scribed, is depicted in Fig. 7. Both the TX and RX coils

are crafted from Litz wire, with specifications of 0.1 mm by

150 strands and a diameter of 1.7 mm. All system parame-

ters are detailed in Table I. The circuit uses high-precision,

high-quality-factor NP0/C0G ceramic capacitors. The system

employs a GaN-based transistor (GS66508B). It is important

to note that a constant switch junction capacitance of 200 pF

is taken into account and is to be incorporated into C1. Fig.

5 demonstrates an experimental IPT system.

Fig. 5 graphs typical waveforms for different coupling

conditions. It furthermore displays the measured output power

and efficiency. The power fluctuation rate β is 15% which

successfully aligning with the predictions made by the model-

based design. It can also be observed that as the coupling

coefficient increases, the efficiency gradually improves. Al-

though partial ZVS is lost, an efficiency above 85% is still

maintained, which verifies the feasibility of the design.

VI. CONCLUSIONS

This work solves the shortcomings of load-independent

Class E/EF designs when subjected to low coupling variations.

A detuned design on the secondary side can liberate global

variables. Analysis with an expanded impedance model iden-

tifies the optimal design points. Experimental results indicate

that under low coupling conditions, the power fluctuation rate



Fig. 5: Waveform at different k: vg (5V/div), vds (50V/div), i0 (2A/div). (a) k = 0.04. (b) k = 0.05. (c) k = 0.07.

Fig. 6: Experimental setup.

Fig. 7: Output power and efficiency.

remains at 15%, with efficiency maintained within the range

of 86±91% as the coupling coefficient k varies from 0.04 to

0.07.
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