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Interoperability Study of Electric Vehicle Wireless Charging System Based on
LCC-S Compensation Using Two Decoupled Unipolar Transmitting Coils

Bo Cheng ", Jingchen Song, Zhaoyong Mao

and Yiming Zhang

Abstract—This letter presents a novel wireless power transfer
(WPT) system for electric vehicles (EVs) that addresses interop-
erability issues among different coil types. The proposed solution
utilizes two mutually decoupled unipolar transmitting coils with
an inductor-capacitor-capacitor series compensation topology. By
regulating the switching sequence of a dual-phase inverter, the
current directions in the transmitting coils can be reconfigured to
ensure compatibility with both unipolar and bipolar receiving coils.
Additionally, a mode-switching strategy based on the proposed coil
design enhances the robustness of the system against misalignment
within its operational range. Experimental results validate the
interoperability for unipolar and bipolar coils and demonstrate
misalignment tolerance performance along specific directions.

Index Terms—Decoupled transmitting coils, inductor-capacitor-
capacitor series (LCC-S), interoperability, wireless power transfer
(WPT).

I. INTRODUCTION

ITH the rapid development of electric vehicles (EVs),
wireless power transmission (WPT) has gained favor in
academia and industry due to its reliability, safety, convenience,
and automation in power transmission [1], [2], [3]. In a typical
EV WPT system, the ground components and on-board com-
ponents have different models and versions, achieving energy
interconnection through information interaction and control [4],
[5]. The interoperability of wireless charging systems can be
categorized into three key categories: interoperability of com-
munication systems, interoperability of compensation networks,
and interoperability of magnetic couplers [6], [7].
To achieve coil interoperability, EV WPT systems can in-
corporate various coil types, such as unipolar, bipolar, and
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Fig. 1.

Proposed topology.

quadrupolar coils [8], [9], [10]. Among them, unipolar coils and
bipolar coils are the most used coil configurations. However,
power transmission is hindered by the mutual decoupling be-
tween different coils. Solving coil interoperability is essential for
ensuring compatibility across manufacturers and promoting the
widespread commercialization of WPT technology Achieving
coil interoperability is crucial for the widespread commercial-
ization of WPT technology [11], [12].

Extensive research has been conducted globally to address
coil interoperability. Technical advancements have improved
universal coil interoperability; for instance, an adaptive position
adjustment scheme was proposed in [13] to achieve interop-
erability between unipolar and bipolar coils, but it requires
continuous searching for the maximum dc input current to
locate the optimal transmitter position. Other approaches include
stacked unipolar and bipolar coils with switched main trans-
mission coils [14], [15], and a nonoverlapping scheme using
three decoupled unipolar coils that alters current direction to
solve interoperability [16]. While these methods avoid specific
installation requirements, they often involve large coil sizes.
A vector synthesis strategy with multiple decoupled coils was
proposed in [17] to effectively address multicoil interoperability,
but it demands complex design and control strategies. Existing
solutions face challenges such as high production costs and
practical implementation difficulties.

To be compatible with both unipolar and bipolar coils, this
letter proposes an LCC-S compensated WPT system for EVs
based on two unipolar coils. The two transmitting coils are
mutually decoupled. By adjusting the conduction sequence of
the system, the transmitting current directions are reconfigured
to achieve interoperability. Additionally, a mode-switching con-
trol strategy is introduced to mitigate efficiency reduction under
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Fig. 3. Mutual inductance variation with misalignment in Mode I. (a) Along

X-axis. (b) Along Y-axis.

misalignment conditions. The voltage threshold is determined
from measured mutual inductance; when the output voltage
falls to this threshold, the system adjusts the current direction
to maintain positive coupling, thereby enhancing transmission
efficiency.

II. TOPOLOGY AND MODELING

The topology of the proposed system is shown in Fig. 1. Vinv
and Vgrpc denote the dc voltages of the inverter and rectifier,
respectively. Lyy and Ly are series compensation inductors,
with currents fl and jg flowing through them. Cr; and Cgo
are parallel compensation capacitors. Lt and Lo represent the
self-inductances of the two transmitting coils, compensated in
series by Ct1 and Cto. The corresponding coil currents are le
and I T2.Onthereceiving side, Ly and Cr are the self-inductance
and compensation capacitor of the receiving coil, with current
Ix. MR and Mrgo are the mutual inductances between the
transmitting coils and the receiving coil, while M5 is the mutual
inductance between L1 and Lps. Ry, is the load resistance.

The system operates at the resonant angular frequency w

1 1 1
Y VIRCr  VIriCri  VLyaCro
1 1
- - G)!
VL11(Cr1//C11)  \/Lt2 (Cra2//Cr2)

A. Mode I: Unipolar Coil As Receiving Coil

When the receiving coil is unipolar, the system operates in
Mode I. The equivalent circuit is shown in Fig. 2. Uy and U,
represent the fundamental components of ac input voltages in the
inverter, while U denotes the ac output voltage of the rectifier.
Ryq is the equivalent ac load resistance. Ry, Rr2, R1, RT2, and
Rp are the equivalent series resistances (ESRs). These quantities
can be expressed as

V2 2V/2

U=U;= 7VENVaUR = 7VREC @)
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8 wlL
Riq = —5 Ry, Rx = TX 3)

where Lx and Rx represent the inductance and ESR of any
branch, respectively, and Q represents the quality factor.

When the system operates at its resonant frequency, based on
Kirchhoff’s Voltage Law (KVL), one can get

Ui = Rpil1 + jwLpilT1

Us = Ryals + jwLpalts

—jwLpil1 = Rrilri + jwMrriiw @
—jwLpals = Rrolte + jwMrralR

Ir (Req + Rr) + jwMrriIT1 + jwMrralTs = 0.

I r can be solved as

22 w? Mg L U
j o i=1 w2 L&+ Rri Ry (5)
R= I R 2 W MZ.Rp
EQ + R + Ei:l w2L2 +RpRn

Therefore, the output voltage and output power can be ex-
pressed as

w? Mrg; LgiUs
2\f7TRL Zz 1 wZL2+RpRr, ©)
SRy, + m2Rp + 72 Y2, LM
LT TR T T i=1 w2L2+ Ry Ry

VRec =

2
2 w= Mry; Lgi Us
8 Ry (Zl*l UJ2L2+RFiRTi)
2
2 2 w? My R
(8R1 +72Rn + 72 07, Spttulie )

(N

V 2
REC
Pour = =

Ry,

Given that Q typically ranges between 300 and 400, indicating
that ESRs are far smaller than the inductive impedance and can
be neglected. When the proposed system is fully symmetric, it
satisfies U1 = Uy = U, Lpy = Lpy = Lp, and L1 = L1o = L.
Under these conditions, (5), (6), and (7) can be simplified as

(Mrr1 + Mrr2) U

In = 8

R ReoLr ®)

Vase = (MrRr1 +2]I\/4:R2) Vinv )
(Mrry + MTR2)2V112\IV

P = . 10

out ARy L2 (10)

As shown in (9), the output voltage is proportional to the
sum of the mutual inductances. When misalignment occurs,
the mutual inductances vary accordingly. Within the XY-plane
from —150 to 150 mm, the sum of the mutual inductances
remains consistently greater than zero, as shown in Fig. 3. By
adjusting the conduction sequence of switches, L1 and Lo
produce magnetic fields in the same direction, enabling energy
transfer to the unipolar receiving coil. Furthermore, the mutual
inductance between the two transmitting coils remains close to
zero, indicating strong decoupling.
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The calculation of system efficiency must account for the
ESRs, and is therefore derived as

Pour
Eff = 50— 1n
Pour + Y I#Rx
where I represent the current of any branch.
Combining the above equations yields
Eff =
1
wm? (M’%R1+M%R2)2 8RLL
1+8RLQ Lr+ Lg +W7T2Q(JWT;1'EMTR2)2
(12)

Misalignment along the Y-axis leads to a sharp reduction in
transmission efficiency, because one of the mutual inductances
turns negative, reducing their combined value. As indicated
by the third term in the denominator of (12), converting this
negative contribution to positive will improve system efficiency.
By introducing voltage feedback to monitor the output voltage,
the system can automatically switch from Mode I to Mode 1I,
effectively increasing transmission efficiency.

B. Mode II: Bipolar Coil As Receiving Coil

When the receiving coil is bipolar, the system operates in
Mode II. The equivalent circuit is shown in Fig. 4. Based on
KVL, one can get

Ui = Rp1I1 + jwLpiIT1

Us = Rpalo + jwLpalto

—jwLpi1l1 = Rriimi + joMrriIr

—jwLpals = Rraito — jwMrralr

Ir (Rpq + Rr) + jwMrriiT1 — jwMrralTe =0

(13)
In this mode, U; = —Us,. I can be solved as
—1)*w? Mrp; Ly U;
) E2= ( :})  MriLal;
in =1 2L+ Ry Ry (14)

- 2 w2MZ.Rm
Req + R + Zi:l WZLgi"l‘}l%FiRTi

Therefore, the output voltage and output power can be ex-
pressed as

2 w? Mrg; Lg U
2\/§7TRL Zi:l w2 LE+ Ryi Rri
w2 M?

5 2 2 _w?MpyRe
8Ry, + mRr + 72> ., w2L2+Re Ry

VReC = (15)
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When the proposed system is fully symmetric, (14), (15), and
(16) can be further simplified as

(MrRr1 + MrR2) U

Ig = 17
R REQLF ( )
Vi c ( TR1 TR2) INV (18)
M- + M- 2[/ 2
P ( TR1 T§2) INV ) (19)

As indicated in (18), the output voltage is proportional to the
sum of the mutual inductances. These values vary with misalign-
ment, as depicted in Fig. 5. By adjusting the conduction sequence
of the inverter, L1 and L9 produce opposing magnetic fields,
which enables efficient energy transfer to the bipolar receiving
coil. The two transmitting coils in this mode are also decoupled.

The efficiency expression for Mode II is the same as for
Mode 1. As the misalignment along the Y-axis increases, the
sum of the mutual inductances approaches zero, impeding power
transfer. The control strategy similar to that in Mode I can be
applied: converting the negative mutual inductance to positive
enhances system efficiency. When the output voltage falls below
a threshold, the system automatically switches from Mode II
back to Mode I, thereby effectively improving transmission
efficiency.

III. MAGNETIC DESIGN

To achieve compatibility with both unipolar and bipolar re-
ceiving coils, the transmitting coil assembly comprises two inde-
pendent unipolar coils, as shown in Fig. 6. Although multicoil
configurations typically produce cross-coupling, the proposed
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Fig. 9. Experimental prototype.

design employs decoupled coils positioned concentrically to
mitigate interference. Specifically, the decoupling coil for L1
cancels the magnetic flux generated by Lt; in Lts, and vice
versa, thereby effectively eliminating mutual interference. As
shown in Figs. 3 and 5, the cross mutual inductance Mo re-
mains close to zero across the XY-plane from —150 to 150 mm,
demonstrating excellent decoupling performance throughout the
entire operating range.

When a unipolar or bipolar receiving coil is used, the system
operates in Mode I or Mode II, respectively. Figs. 7 and 8
illustrate the current directions in the proposed coil under both
modes Here, @11, ®19, and P represent the magnetic flux
directions produced by the transmitting coils and the receiving
coil. To achieve efficient energy transfer, both transmitting coils
must remain positively coupled with the receiving coil.

When Y-axis misalignment exceeds 90 mm, one transmit-
ting coil becomes negatively coupled with the receiving coil,
weakening the coupling and reducing energy transfer efficiency.
As shown in (12), the higher sum of mutual inductances leads
to improved transmission efficiency. To address this issue, this
letter proposes a mode-switching control strategy. The out-
put voltage decreases to a threshold as the misalignment in-
creases. At this point, by adjusting the direction of the transmit-
ting current, the system ensures that the transmitting coil and
both types of receiving coils remain positively coupled across
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PARAMETERS OF EXPERIMENTAL PROTOTYPE
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Fig. 10.  Output voltage and efficiency in Mode I. (a) Proposed (X-axis). (b)

Proposed (Y-axis). (c) Traditional (X-axis). (d) Traditional (Y-axis).

the misalignment range, thereby maintaining efficient energy
transfer.

The voltage threshold is designed based on measured mutual
inductance. Different magnetic couplers exhibit distinct trends
in mutual inductance variation. A practical method involves
measuring the curves of mutual inductance sum and difference.
The misalignment position at which these two curves intersect
is defined as the mode switching point. Due to the monotonic
correlation between output voltage and misalignment, the output
voltage at this point is used as the voltage threshold for mode
switching.

IV. EXPERIMENTAL VALIDATION

An experimental prototype was constructed to validate the
proposed system, as shown in Fig. 9. The experimental param-
eters are summarized in Table I. The transmitting and receiving
coils both measure 300 mm x 300 mm, with a charging distance
of 100 mm. Each transmitting coil has 10 turns, while the reverse
winding consists of 2 turns.

Experimental results are presented in Figs. 10(a) and (b) and
11(a) and (b). The test range covers a plane from —150 to 150
mm in both the X-axis and Y-axis. The calculated results are
closely aligned with the experimental ones, confirming the accu-
racy of the theoretical model. To further assess the performance
of the proposed system, comparative experiments are carried out
under identical conditions using traditional unipolar and bipolar
coils with equivalent dimensions and number of turns. These
results are provided in Figs. 10(c) and (d) and 11(c) and (d).

Under perfect alignment, both modes achieve compara-
ble output power and efficiency exceeding 90%, matching
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TABLE II

. Efficiency range . . Control Compatibility ~ Decoupling
Scheme Power Density (W/cm3) (>80%) (mm) Coil Complexity Complexity Coil Type Method
Unipolar Mode: 0.12 );:Z::: {:528’528}
X-axis.' [—160, 160] Medium (Decoupled Medium (Dual- Unipolar, Reverse
[12] Bipolar Mode: 0.12 S ’ Mutually Spliced DD Bipolar and S
Y-axis: [—120,120] . Channel Control) Winding
" Coil, 300x400 mm) Quadrupolar
Quadrupolar Mode: 0.12 A-axis: [-40.40]
T Y-axis: [—40,40]
. . X-axis: [-100,150] .
Unipolar Mode: 0.07 Y-axis: [—-150,150] Medium (Three Medium (Three- Unipolar and
(1] X-axis: [-50,200] Decoupled Unipolar Inverter Control) Bipolar B
Bipolar Mode: 0.10 o : Coils, 390400 mm) P
Y-axis: [-50,50]
Unipolar Mode: 0.30 X—a)qs: [=150,150] High (Multiple Self- ‘ _ Unipolar,
. ) X-axis: [-150,150] - High (Real-time - Reverse
[17] Bipolar Mode: 0.22 i, Decoupled Coils, . Bipolar and S
Y-axis: [—60,60] 300x300 mm) Vector Synthesis) Quadrupolar Winding
Quadrupolar Mode: 0.07 Y-axis: [—60,60] P
. X X-axis: [-120,120]
Unipolar Mode: 0.14 Y-axis: [-150,150] Low (TW(.) Low (Single Unipolar and Reverse
Proposed Xeaxis: [—150,150]  ecoupled Unipolar Inverter) Bipolar Windin
Bipolar Mode: 0.14 Caxis: [=150,150] Coils, 300x300 mm) verte po 2
Y-axis: [—60,60]
The bold values are used to indicate the parameters of the system proposed.
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traditional systems. However, as misalignment increases, tradi-
tional system efficiency declines sharply. The proposed system
addresses this by switching modes when the output voltage
reaches a threshold, altering the transmitting current direction
to enhance coupling and maintain efficiency. This approach
ensures interoperability and superior misalignment tolerance
compared to traditional systems.

The system waveforms are shown in Figs. 12 and 13. The
waveforms show that the current is negative during the voltage
rise edge, and the current phase lags behind the voltage, proving

in aresonant state. The proposed topology maintains ZVS across
the entire misalignment range, effectively reducing switching
losses.

A summary of existing and proposed solutions is presented
in Table II. The proposed system demonstrates superior perfor-
mance across multiple metrics. In terms of power density, the
proposed system achieves 0.14 W/cm? in both modes, exceeding
most existing schemes. For system efficiency exceeding 80%,
the effective misalignment range is —90 to 90 mm along the
X-axis and —150 to 150 mm along the Y-axis for the unipolar
receiving coil, and —150 to 150 mm on the X-axis and —60 to
60 mm on the Y-axis for the bipolar receiving coil. This result
confirms that the proposed system maintains efficient energy
transfer even under large misalignment conditions.

Besides, the proposed system features low coil complexity
and control complexity. The proposed coil configuration em-
ploys only two decoupled unipolar coils, offering a simple and
efficient structure; the control system requires only a single
inverter, significantly reducing volume and cost. Furthermore,
the system is compatible with both unipolar and bipolar coil,
achieving a balance of efficiency and simplicity in both structure
and control strategy.

In conclusion, the proposed system minimizes both coil and
control complexity, while still achieving high power density and
a broad efficiency range. These attributes make it particularly
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well suited for applications that demand high system integration
and simplified control.

V. CONCLUSION

This letter proposes a WPT system for EVs based on two
decoupled unipolar transmitting coils. The proposed novel de-
coupling method enables power transmission to different types
of receiving coils. The transmitting side employs a dual LCC
topology, adjusting the transmitting current direction in by al-
tering the conduction sequence of the inverter to accommodate
both unipolar and bipolar receiving coils. Experimental results
validate the interoperability of the proposed wireless charging
system. Additionally, an innovative mode-switching control
strategy maintains high-efficiency output under misalignment
conditions. Compared to existing solutions, the proposed system
offers higher power density and efficiency, providing a promis-
ing solution for applications requiring high system integration
and simplified control.
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