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Load Independent Constant Current Wireless Charger
Using Hybrid Topology and Integrated
Reverse-Coupled Compensators

Armin Gheysari

Abstract—Inductive power transfer (IPT) technology is well-
suited for wireless charging of electric vehicles due to its con-
venience, inherent safety, and resilience to weather conditions.
Maintaining a constant output current across varying coupling
coefficients and load resistances is a critical feature of IPT systems.
This article proposes a dual-switch hybrid LCC-S inverter with a
novel topology featuring reverse-coupled primary and secondary
compensation coils integrated into a new dual D-quadrature-dual
D magnetic coupler. This design eliminates cross-circuit mutual
inductance and enhances system stability under mismatched con-
ditions. The proposed two-switch topology replaces the conven-
tional full-bridge inverter, eliminating ac switches in the resonance
network and the need for an active rectifier on the receiver side,
thereby reducing losses, component count, gate drive circuits, and
additional control signals. By relocating inductors from the printed
circuit board (PCB) to the magnetic couplers, the PCB size is
significantly reduced, while the obtained tolerant system eliminates
the need for complex control methods. A 1 kW prototype operating
in zero voltage switching mode has been designed and tested,
achieving output current regulation with less than 9% deviation
across varying load and coupling conditions, with system efficiency
maintained between 88% and 92% .

Index Terms—Electromagnetic coupling, inductive energy
storage, zero voltage switching (ZVS).

1. INTRODUCTION

INCE Nikola Tesla proposed the wireless power transfer

(WPT) system in 1914, technology has rapidly advanced,
particularly inductive power transfer (IPT), known for its high
efficiency in mid-range power applications [1]. IPT systems
wirelessly transmit power through an air gap between magnetic
couplers, aiming to replace plug-in charging with wireless op-
tions due to advantages like safety, reliability, and environmental
adaptability [2] and [3]. The absence of physical connections
makes IPT suitable for various applications requiring batteries
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[4], such as biomedical implants [5], electric vehicles (EVs) [6],
and household appliances [7]. An effective IPT system must
withstand varying airgap s and regulate output parameters like
voltage and current across varying load resistances [8]. This
ensures a constant output current despite changes in air gap
and power demand [9], [10]. Achieving nearly constant current
(CQC) or constant voltage (CV) charging necessitates closed-loop
control during battery charging [11]. However, increased vary-
ing airgap tolerance and load variation can hinder zero-voltage
switching (ZVS) and zero-phase angle (ZPA) conditions [12].
Current methods often incorporate controllable dc—dc converters
on the Secondary side [13], [14], [15], [16], complicating control
circuitry and affecting reliability as well as efficiency. Addi-
tionally, dc—dc converters have performance limitations across
varying output loads due to restricted duty cycle ranges [17].

To address these challenges, existing methods often rely on
complex designs, such as additional switches or hybrid topolo-
gies, which increase system complexity and cost while offering
limited tolerance to significant air gap variations [18], [19], [20],
[21]. This underscores the need for a simpler and more robust
approach.

In [6], to suppress output current oscillations caused by
coupling variations, an LCC-S hybrid topology with double
D-quadrature (DDQ) magnetic couplers, capable of misalign-
ment tolerance, was proposed for a wireless charging system
with constant output current, as illustrated in Fig. 1. However,
this article proposes several modifications to further enhance
the misalignment tolerance of the system in [6]. For better
understanding, the key innovations of this article are highlighted
as follows.

1) Proposing reverse coupling between resonance circuits in
addition to the coupling between the main magnetic pads
in order to obtain constant output current for utilizing
CC battery charging independent to load and coupling
coefficient changes.
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Fig. 2. LCC-S hybrid topology system.

2) Integration of the proposed reverse coupling with the main
magnetic pads, resulting in simplicity and reduced printed
circuit board (PCB) size.

3) Design of a novel dual D-quadrature—dual D (DDQDD)
magnetic coupler unlike to typical DDQ configuration to
guarantee misalignment tolerant in all directions.

4) Proposal of a two-switch topology providing dual reso-
nance voltages.

Initially, a reverse coupling between the coils L; and L (see
Fig. 2) was introduced in addition to the previous M3 and M 54
couplings, enhancing output current stability under mismatched
conditions. Consequently, a novel DDQDD magnetic coupler
was designed to establish three distinct couplings between the
transmitter and receiver while eliminating cross-circuit mutual
inductance. To simplify the design and reduce losses, a two-
switch topology was proposed to provide two separate voltages
for the resonance network, replacing the full-bridge inverter in
Fig. 1. Providing two separate voltages for the resonance net-
work not only simplifies the control algorithm but also enables
output current control in each loop of the hybrid structure. The
approach contains no ac switches in the resonance network or
active rectifier on the receiver side, thus reducing the number
of components. Accordingly, the proposed passive solution for
misalignment tolerant saves complex control methods and extra
switching converters. Finally, relocating the inductors from the
PCB to the magnetic couplers significantly reduces the PCB
size.

The rest of this article is organized as follows: Section II
examines the proposed LCC-S hybrid topology for maintain-
ing constant output current under varying distances and loads.
Section III discusses the designed magnetic couplers, while
Section IV presents simulation results. Section V validates the
strategy with a 1 kW experimental system. Finally, Section VI
concludes the article.

II. CIRCUIT ANALYSIS

The supplementary MOSFETs Q; and Q» are switched ON/OFF
with an equal duty cycle opposite to each other. The proposed
circuit topology in Fig. 2 includes V;, as the dc power supply, R,
as the load resistance, C', as the output filter capacitor, and w as
the system operating frequency. In order to maintain a constant
output current at different distances and enable magnetic coupler
tolerating in a certain amount of varying airgap, magnetic coils
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Fig. 3.

Equivalent fundamental wave circuit.

must be designed in such a way that only mutual inductances
between each winding in primary and the corresponding winding
in secondary side, M ;;, M o3 and M54, are considerable, while
all the rest possible mutual inductances Mgz, Mg, Mg, Mos,
M34, M16, M45, M15, Mgg, M]Q, M24 and M13 are almost zero
in a wide range of distances which is shown in Fig. 3. This will
be further explained in the magnetic design section. In order
to provide the resonance conditions for each side of the entire
circuit, all inductors and capacitors should satisfy
UJ2L101 = w2L2% =1

W2L4Cy = w?Ls 0031%4 =1. (1)

UJ2L5C5 = w2L606 =1

The coupling coefficient between two coils, K;;, is obtained
from the following:
M;;
Kij = —=— )
LiL;
where M;; is the mutual inductance between two coils
L; and L;. Equivalent output load resistant reflected to the input
side of secondary rectifier, Iy, like the one in Fig. 3 can be
calculated as follows:

8
Req = ?RL 3)

where Ry, is actual load resistance as seen in Fig. 2 In order to
simplify the analysis process, the leakage resistance of r; to r4
are neglected in this analysis as are not comparable to the load.
According to Kirchhoff’s law, the impedance matrix of hybrid
circuit, Z, can be expressed as

_le 212 0 Zl4 0 0 I.I
Zgl ZQQ Z23 0 0 0 1.2
7i— 0 Z3a Z33 Zza 0 0 I3
' Zan 0 Zuzg Zun 0 Zsg| L
0 0 0 0 Zss  se _[5
L0 0 0 Zea Zes Zos Is
_Uinl
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where

Zn = jwli 4 (jwCh) ™", Zia = —(jwCh) ', Z1a

= jwMyy
o1 = — (ijl)fl,Zgg = ijQ + (jOJCQ)il =+ (jw01)71
Zaz = — jwMag, Z33 = —jwM>3,

Zss = jwls + (jwCs) ™" + (jwCi) ™, Zsa = —(jwCa) "’
Zy1 = jwMy, Zss = —(jwCs) ", Zas = jwly
+ (jwCia) ™ + Reg
Z16 = Req, Zss = jwLs + (jwCs) ", Zsg
= — JwMsg, Zss = Req

. . . -1
Zgs = — jwMes, Zgs = jwLe + (jwCs) ™ + Reg- )
By solving (4) and (5) the currents are expressed
Uin1 M?53 S+
I =R w?(L1 La+MiaMag)
1 cd Uina Mo3
w2 M6 (L1 La+MiaMa3)
I, = Uin1
27 jwLy
_ Uin1 M23 Uinz
I3 = Req (w2L1(L1L4+M14M23) + w2M56) (6)
I, = Uin1 M3
4 Jw(LyLa+MiaMa3)
_ Uini1Ma3 Uinz
Is = Req <w2M56(L1L4+Jv114M23) + W21\4256>
_ _Uin2
Is = JwMse

According to (6), the total output current of the inverter can be
calculated as

_ Uin1 Mo
jw (L1Ly + My4Ma3)

According to (7), the output current of the circuit is independent
to the load resistance due to the absence of the term Rj in
either the numerator or denominator of the equations. Therefore,
the circuit output is in the form of CC with a slight deviation.
Equation (8) presents the output current as introduced in [6]

UM Ui
° " jwLoLs

As observed in the circuit presented in Reference [6], the
output current has a direct relationship with M2 when the
mutual inductance M, varies. Therefore, the output current
undergoes significant variations. However, in the proposed cir-
cuit, the current output (7) demonstrates a different behavior.
Due to the coupling between inductors L; and L, the term
M ,-Myg appears in the denominator. As a result, when the
mutual inductances change, this variation affects both the nu-
merator and the denominator. Consequently, the output current
in the proposed circuit exhibits less variation compared to [6]
when mutual inductances vary.

Equation (9) demonstrates that the input impedances
Zin1 and Zyy,o are purely real, lacking any imaginary compo-
nents, indicating a resistive impedance that enables the achieve-
ment of ZPA. To achieve zero voltage switching (ZVS), the input

Uin2
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Fig.4. DDQDD coils’ structure. (a) Primary and secondary pad from top view.
(b) Both pads from front view (pad size is same for both sides). (c) Assembled
pads (all simulated in cubic finite element by Maxwell). (d) 3-D printed DDQDD
pads in practice.

impedance can be made appropriately inductive by fine-tuning
the circuit’s capacitors and inductors, such as compensation
capacitors or inductances, ensuring the necessary conditions for
ZVS

7. o Uinl
inl = Uin1 M?53 T
R,, | @?(1La+MiaMay)?
q Uina2 Mo3
W2 M6 (L1 La+MiaMs3)
U.
Zin2 _ in2

R, Uinz 4 Uin1 Mog
€4 \ w2M?56 w2 M6 (L1 La+MiaMas)

)
)

For simplicity, all coil resistances are set equal to rq, which
is close to zero, allowing the output power, Py, power loss, Py,
and circuit efficiency, 7, to be derived from (10) as follows:

Pout - (I4 + 16)2Req
Pp = req (I?1 + I?o + I?5 + 1?4 + 1?5 + I%)

— out
= Butpr-

(10)

Therefore, by substituting the currents /; to /5 as shown in (6)
and Req as shown in (3), and r¢q as the equivalent resistance of
each coil in (10), The output power Py, circuit loss Py, and
converter efficiency, 7, can be calculated.

III. DESIGN OF MAGNETIC COUPLERS

The proposed magnetic couplers simulated by 3-D finite ele-
ment in Ansys-Maxwell shown in Fig. 4 includes a transmitting
and receiving coupler, each made of three windings. The aim of
the proposed method for pad designing is to meet the figure of
merit including constant output current in wider range of varying
airgap tolerance and airgaps between the primary and secondary,
which can be interpreted to variant coupling coefficient. Coils
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Fig. 5.

Wiring configuration of the (a) DD coil and (b) Q coil.

Fig. 6. (a) DD coil versus DD coil with a 90° spatial offset. (b) DD coil versus
DD coil with zero angular offset. (c) Q coil versus DD coil.

Lo, L3, L5, and Lg are implemented in form of bipolar double-
D (DD) pads with dimension of 30 cm x 30 cm, while coils
L; and L are shaped as quadrature (Q) pad with dimensions of
20 cm x 20 cm. Ferrite cores also have been mounted on the
back of the primary and secondary pads in form of square lattice
in order to conduct the linkage flux and reduce leakage flux.

A fundamental principle of magnetic coupling is first il-
lustrated based on Figs. 5 and 6, providing the basis for the
subsequent analysis of the mutual inductance values (M). Fig. 5
illustrates the winding configuration of a DD coil [see Fig. 5(a)]
and a Q coil [see Fig. 5(b)], with the current flow direction
depicted in each. In the DD coil, current flow generates an inward
magnetic field on one side and an outward field on the other side,
whereas in the Q coil, the magnetic field is oriented in a single
direction. As illustrated in Fig. 6(a), two magnetically coils with
a 90° spatial offset are presented. The magnetic field, generated
by the red DD coil, exhibits an upward direction on one side
and a downward direction on the opposite side. The blue DD
coil consists of two loops (loop 1 and loop 2). In half of loop
1, the magnetic field points upward, while in the other half,
it points downward, resulting in mutual cancellation and thus
no induced voltage in loop 1. The same phenomenon occurs
in loop 2, where opposing field directions lead to net voltage
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Fig. 7. Self-inductance curves of coils Ly to Lg in relation to the distance
between the magnetic couplers.

cancellation. Consequently, no voltage is induced in the blue DD
coil, and the coupling between the two DD coils remains zero
regardless of their separation distance. Two DD coils with zero
angular misalignment are shown in Fig. 6(b). The magnetic field
generated by the lower DD coil induces an upward-directed field
in loop 1 and a downward-directed field in loop 2 of the upper
DD coil. Since these loops are connected in series, their induced
voltages add up constructively. Thus, the coupling between two
DD coils with zero spatial offset is non-zero and varies with
the air gap between them. On the other hand, Fig. 6(c) depicts
a Q-coil positioned on top of the DD coil. The magnetic field
produced by the DD coil exhibits an upward direction in one half
of the Q-coil and a downward direction in the other half, leading
to mutual cancellation. As a result, the coupling between a DD
coil and a Q-coil remains zero, irrespective of their separation
distance.

Therefore, in Fig. 4, the coupling between Ly and Ls/Lg is
zero (M o5 = Mg = 0) due to their 90° spatial misalignment.
Similarly, Ls exhibits no coupling with Ls/Ls for the same
reason(M 35 = Mss = 0). Additionally, L; has zero coupling
with Ly, Lg, Ls, and Lg (M0 = M3 = M5 = M5 = 0).
Similarly, L, is not magnetically coupled with Ly, Ls, L5, or
Ls Mgy = Mg, = M5 = M;s = 0) because the magnetic
field generated by a DD coil induces opposing flux directions in
the two halves of the Q-coil, resulting in mutual cancellation
and effectively zero net coupling. Only three coupling pairs
remain: L;-Ly, Lo-Ls, and Ls-Lg, whose coupling coefficients
decrease as the air gap between them increases. The variation
of the self-inductances L; to Lg in terms of distance between
the primary and secondary coupler [see Fig. 4(c)] are shown
in Fig. 7. The self-inductance of each coil increases at lower
distances due to use of ferrite cores on the other side and its more
significant effect on flux conduction path. A significant reduction
in self-inductance is observed as the distance between the two
coils increases (up to approximately 60 mm), beyond which the
inductance values tend to stabilize. As explained in Section II,
in order to achieve a constant output current at different air gaps
between the magnetic couplers, only the mutual inductances
M ;, M5 and M 55 should have non-zero values, while the rest
of the mutual inductances at all distances should be equal to 0,
as illustrated in Fig. 8.

Asitcan be seen, the distance of 20 mm up to 190 mm between
primary and secondary is considered as the operation zone
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TABLE I
SYSTEM PARAMETER
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Parameter description Value
fs/kHz Operating frequency 85
L,/uH Primary-side transmitting coil 17.5
L,/uH Primary-side transmitting coil 150
Ls/uH Secondary-side transmitting coil 150
Ly/uH Secondary-side transmitting coil 17.5
Ls/uH Primary-side transmitting coil 156
Le¢/uH Secondary-side transmitting coil 156
Cy/nF Primary-side compensation capacitor 206.5
C,/nF Primary-side compensation capacitor 25
Cs/nF Secondary-side compensation capacitor 25
C,/nF Secondary-side compensation capacitor 206.5
Cs/nF Primary-side compensation capacitor 22.5
Ce/nF Secondary-side compensation capacitor 22.5
C,/uF Output filter capacitor 60
Vin/V Input DC voltage 100
RL/Q Load resistance 4-17

lo/A Output current ~8
U/ v Output voltage rate 130

and will be more investigated in the following. The maximum
effective air gap of the system is 190 mm. Below this range
(i.e., below 20 mm), the circuit is heavily inductive and goes
out of resonance, while beyond this range (i.e., above 190 mm),
the coupling decreases significantly, leading to a reduction in
the circuit’s output current. Equation (2) represents the coupling
coefficient between two windings, showing a direct relationship
with the mutual inductance between the windings and an inverse
relationship with the self-inductance of the windings. In air gap
equal to 20 mm between the magnetic couplers, the coupling
coefficient between L; and L, is Kr;r; = 0.42, while the
coupling coefficient between Ly and L3 is K1,21,3 = 0.46 as well
as K151,6 = 0.49 between L and Ls windings. Due to the direct
relationship with mutual inductance, as the mutual inductance
decreases, the coupling coefficient also decreases. Therefore,
the coupling coefficient between the windings at a distance of
190 mm is KL1L4 = 0.11, KLng =0.12 and KL5L6 =0.12.

IV. SIMULATION RESULTS

In order to validate the design concept of the proposed system,
the circuit shown in Fig. 2 has been simulated in the PSpice
software. The system parameters are given in Table I.

3.00 3.01 3.02 3.03 ) 3.02 3.03
Time (ms) Time (ms)
(@) (b)
Fig. 9. Key waveforms at the coupling coefficient of 0.1. (a) Uin1 and fin1.
(b) Uin2 and Iin2-
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Fig. 10. Key waveforms at the coupling coefficient of 0.4. (a) Uinjand [in1.-

(b) Uinz and Iin2.
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Fig. 11.  Variations of the output current with respect to the distance between
the magnetic couplers in different load resistances.

In Figs. 9 and 10, the output voltage of inverter at each
resonance circuit, U;,1 and U, 2, and resonance currents, /; and
I5, are given for a 10 2 load, with coupling coefficients from 0.1
to 0.4. A lower coupling coefficient (0.1, Fig. 9) increases the
phase difference between inverter voltages and currents, while a
higher coefficient (0.4, Fig. 10) reduces it, still achieving ZVS.
Fig. 11 shows the output current changes with distance (0-220
mm) and load resistance (4 €2 to 17 ). The output current
is approximately 8.05 A, peaking at 8.75 A and dropping to
7.35 A.

The percentage variation in output current for distances from
20 mm (KL1L4 =042,K191,3=0.46,K[ 516 = 0.49) to 190 mm
(KL1L4 = 0.1 13, KL2L3 = 0122, KL5L6 = 0121) remains
under 9% . Fig. 12 shows that across all distances, the output
current stays between 7.35 A and 8.75 A, stabilizing around
8.05 A. While the current change rate is minimal up to 140 mm,
it increases beyond 190 mm, limiting the topology’s efficient
performance.
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Accordingly, the proposed magnetic coupler is capable of
keeping regulated output current in various airgap values up
to 190 mm, which the coupling coefficient of K = 0.1 yields.
In Fig. 13, the system efficiency is presented relative to the load
resistance at two different distances, minimum and maximum
eligible amount. The highest system efficiency occurred at a
load resistance of 10 €2, reaching 93.7% at a distance of 20 mm
and 88.3% at a distance of 190 mm. Simulation results show
that converter’s efficiency of the system ranges between 81%
and 94%, with given input voltage of 100 V and different load
resistances. Unlike conventional topologies where the optimal
load varies with changes in the coupling coefficient, in this sys-
tem, the optimal load is independent of the coupling coefficient.
The optimal load remains consistently at 10 2 for both distances
of 20 mm and 190 mm.

V. EXPERIMENTAL EVALUATION

To validate the proposed circuit’s performance, a 1kW proto-
type of hybrid IPT topology was developed using DDQDD mag-
netic couplers on both the primary and secondary sides. Fig. 14
shows the primary magnetic coupler arrangement with coils Ly,
Ly, and Lj. Coil Ly is in a DD layout in the first layer, L rotated
90° in the second layer, and square-shaped L; in the third layer,
mirrored in the secondary pad. Molds with grooves for each coil
were 3D-printed to improve wiring accuracy and reduce wire
usage. The coils use Litz wire (100 strands, AWG29). Ferrite
cores are arranged in a square lattice for both the primary and
secondary couplers, which include DD coils L3 and L as well as
square coil L. Fig. 15 shows the overall implemented system.
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Fig. 14. Experimental magnetic coupler. (a) Front view of three-layer
DDQDD. (b) Ferrite network of three-layer DDQDD (back view).
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Fig.15.  Experimental setup including; (a) primary side’s circuit, (b) secondary
side’s circuit, and (c) overall view of setup including electronic and magnetic
part.

A compact PCB board on the primary side uses an affordable
STM32F103C8T6 processor for pulse generation and MOSFET
control. TLP350 gate drive ICs amplify and isolate the generated
input pulses, with a USB jack embedded to power the gate drives
and processor. Two MOSFETS serve as Q ; and QO » switches, while
MKP capacitors are used in the compensator circuits on both
sides due to their precise capacitance and robustness against
high-frequency voltage changes. The secondary side features a
compact PCB with MKP capacitors and four Schottky diodes,
along with two inexpensive 20 uF electrolytic capacitors for
output filtering. A dc power supply of 100 V/10 A powers the
circuit, with a simple heater as the dc load.
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Fig. 16. Waveforms of drain-source voltage, gate-source voltage and drain-
source current of MOSFETSs. (a) Q 7, and (b) Q2 at distance of 190 mm.
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Fig. 17. Waveforms of drain-source voltage, gate-source voltage and drain-

source current of MOSFETs. (a) Q 7, and (b) Q2 at distance of 20 mm.

Figs. 16 and 17 show the drain-source (Vpsg) and gate-source
(Vgsg) waveforms of MOSFETs Q; and Q at 190 and 20 mm.
Before Vgsq, the body diode conducts, keeping Vpsg at zero;
applying Vs achieves ZVS. Once Vs is applied, the MOSFET
turns ON, achieving soft switching (ZVS). Fig. 16(a) and (b) indi-
cates that the equivalent impedance reflected to the primary side
isinductive, as the inverter’s output current leads the correspond-
ing output voltage. Similar tests at different distances between
magnetic couplers show comparable waveforms in Fig. 17 for a
distance of 20 mm. Before applying Vssq, the body diode also
conducts, resulting in zero voltage for the switch’s drain-source.
Applying Visg achieves ZVS, and comparing Fig. 16(a) and (b)
with Fig. 17(a) and (b) reveals that reducing the air gap decreases
the phase difference between the inverter’s voltage and current
zero crossings, improving power factor from the inverter side.

Variations in output current concerning different distances
between magnetic couplers can be observed in Fig. 18. Changing
the air gap from 20 mm (where K7, = 0.42) to 190 mm
(Kr1r4 = 0.113) shows that maximum output current occurs at
D =80mmforR;, =4, at8.75 A. The minimum output current
occurs at 190 mm and aload of 17 €2, at 7.27 A, while output cur-
rent remains almost constant at 8 A with only 9% tolerance. The
small difference between experimental and simulated results is
due to dissimilar shapes of ferrite cores in simulation (3-D finite
element simulation in Maxwell) compared to actual materials
(curvy shaped ferrites). In Fig. 19, variations in the output current
of the circuit with respect to different load resistances at four
different distances between magnetic couplers are presented. Itis
observed that the output current remains within the narrow band
between 7.27 and 8.75 A for all distances, indicating a consistent
performance. Specifically, at a distance of 20 mm, the output
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Fig. 18.  Variations of the output current with respect to distances for different
loads.
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Fig. 19. Variations in the output current of the circuit versus load resistances
for different distances.
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Fig. 20.  Variations of the currents /-, I, and I with respect to distances for
output load 10 €2 without considering coupling between Ly, L.

current curve in experiment is more aligned to the simulation
result. However, as the distance increases, due to the scattering of
magnetic flux atlarger distances, discrepancy between the output
current of the simulation and experimental results becomes more
sensible, though both corresponding curves have similar trend.

Fig. 20 illustrates the variations of the RMS currents 1, /4,
and I with respect to changes in the air gap distance between the
magnetic couplers in the absence of coupling between inductors
L; and Lj. In this case, the output current varies between
12.3 A and 10.42 A. In contrast, Fig. 21 shows the RMS current
variations of 1, /5, and /7 under the same conditions, but with
coupling present between inductors L; and L. Here, the output
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TABLE II
COMPARISON WITH PREVIOUS SIMILAR WORKS

Reference Number of Coil Output | Having AS switch Output Maximum varying Output Sensitivity
S/D/L/CI/C structure | feature or active rectifier power efficiency airgap oscillation
Wang et al. [18] 8/4/2/4/6 BP CC/CV No 2 kW 92.1% 33.3% 10% 30%
Zhao et al. [19] 8/0/2/4/6 BP CcC No 3.3 kW 91.6% 10% NG NG
Chen et al. [20] 8/4/4/4/8 DD-Q CC/CV No 1 kW 93.9% 33.3% NG NG
Quetal. [21] 4/4/2/4/6 DD-Q cC No 3.5kW 93.6% 15% 5% 33%
Zou et al. [22] 10/2/0/2/2 Circular CP Yes 500 W 93% 40% NG NG
Luetal. [23] 4/4/3/2/4 Square CVor Yes 600 W 94.99% 10% 4.24%(CV) 42.4%(CV)
CcC 5.63% (CC) 56.3% (CC)
Zhao et al. [24] 4/4/1/4/5 BP Ccv Yes 3kW 93% 22% 5% 22.7%
Wang et al. [25] 4/4/0/4/5 BP CcC Yes 32kW 96.7% 20% 5% 25%
Wang et al. [26] 4/4/1/3/4 CRSP Ccv No 1 kW 88% 12.5% 4.52% 36.1%
This article 2/4/0/6/6 DDQDD CcC No 1 kW 92% 56.6% 9% 15.9%
Note: S, switch; D, diode; L, inductor; CI, coupled inductor; C, capacitor
10 — n 944 — Max =104 9B D = 20 mm, Simulation |=— D = 20 mm, Experimental
e : 96|---- D = 190 mm, Simulation|=——D = 190 mm, Experimentall
—~Q F I
I8 94
~ 92
<L [
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2}
Is 82
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Fig. 21.  Variations of the currents /7, 1, and I with respect to distances for Fig. 23. DC-DC efficiency of the system in different loads for up and down

output load 10 €2 and coupling between Ly, L.
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Fig. 22.  Variations of the output current with respect to X- and Y-axes mis-

alignment for output load 10 2.

current varies within a narrower range, from 10 to 9.4 A. As the
air gap increases, current /; decreases while current /5 increases,
and the output current /  remains almost constant. This balance
between the two currents highlights the effect of the air gap on
system performance, indicating a significant reduction in output
current fluctuations, which is consistent with the expectations
based on (7) and (8) discussed in Section II.

Similar experiments were conducted with misalignments
along the x and y-axes, as illustrated in Fig. 22. The system
demonstrated tolerance for misalignments of up to 60 mm along
the x-axis (20% of the magnetic coil size) and 160 mm along
the y-axis (53% of the magnetic coil size), with output current
variations remaining below 9% in both cases. Although the

limit value of distances (D = 20 mm and D = 190 mm).

system performs well under x- and y-axis misalignments, these
aspects are not extensively investigated in this article. Instead,
this article focuses on air gap variations caused by EVs’ different
ground clearances, aiming to address supriority of the proposed
system for wide range of air gap distances.

Fig. 23 demonstrates the dc—dc efficiency variations across
different loads at 20 and 190 mm air gaps. The circuit main-
tains 81-92% efficiency under all tested conditions. At 20mm
gap, efficiency deviations between experiments and simulations
become more noticeable due to ferrite core effects on winding
self-inductance [see Fig. 7], which disturbs proper resonance
and increases reactive current flow. Nevertheless, the maximum
efficiency difference remains within 2%, showing excellent
agreement. The system consistently achieves peak efficiency
at 10 © load resistance in both simulations and experiments,
proving a robust design without requiring coupling estimation.

The proposed WPT system outperforms nine prior studies
in Table II, delivering a simpler, more robust solution for CC
applications. With only two switches, four diodes, zero induc-
tors, six couplers, and six capacitors, it reduces components
compared to [18], [19], [20] and [22], which use 8—10 switches,
significantly increasing control complexity and switching losses.
Unlike [22], [23], [24], [25], this article avoids AS switches or
active rectifiers, which were resulting in high ac voltage stress
and control challenges, thereby reducing stability. At 1 kW, its
92% efficiency surpasses [26] (88% ), while its 56.6% airgap
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tolerance exceeds the 10% —40% of others. Output oscillation
is low at 9%, and sensitivity defined as the ratio of output
variation to airgap change is only 15.9%, outperforming all
([18]1, [19], [20], [21], [22], [23], [24], [25], [26]: 30%, NG,
NG, 33%, NG, 42.4% -56.3%, 22.7%, 25%, 36.1% ). This
inherently low oscillation simplifies closed-loop control, aim-
ing to eliminate complex methods. The DDQDD coil structure
optimizes performance without extra inductors, unlike [20] and
[23], cutting cost and interference. This design achieves an
exceptional balance of simplicity and robustness, providing a 1
kW output with high stability and minimal sensitivity, marking
a significant advancement over existing works and offering a
practical, scalable solution for next-generation IPT charger with
CC charging scenario. Due to the scalability of the proposed
hybrid topology, it can also be used at higher power levels. By
using SiC MOSFETs at higher power levels and maintaining ZVS
under all coupling mismatches through the proposed method, the
inverter can operate with low switching loss and robust perfor-
mance. The voltage and current stresses across the resonant tank
can also be mitigated through the series/parallel configuration
of resonant capacitors and the optimum design of Litz wire used
in magnetic couplers.

VI. CONCLUSION

This article introduces a new hybrid topology comprising
LCC and Series compensation network in primary and secondary
side as well as air-core inductive couplers between two side’s
compensator circuits to maintain a constant output current across
varying loads and distances. The circuit is simplified to just two
switches, reducing cost and complexity. A 1 kW experimental
setup demonstrated that varying the load from 4 to 17 €2 and the
distance between couplers from 20 mm to 190 mm results in an
output current tolerance of less than 9% . Compared to existing
hybrid IPT chargers, this system features fewer compensation
elements, fewer switches, and improved tolerance to varying
airgap from 33.3% in most relevant reference to 56.6% in this
article. Additionally, the MOSFET switches operate under ZVS
conditions, which lowers power losses and enhances efficiency.
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