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Abstract—Wireless charging for electric vehicles (EVs) enjoys
many benefits, such as convenience, safety, and automation. One of
the major issues concerning EV wireless charging is misalignment
tolerance along the door-to-door direction of the EV. This letter
proposes a misalignment-tolerant dual-transmitter EV wireless
charging system with a reconfigurable topology. At central po-
sitions, the system can be reconfigured to the S-S (series-series)
topology where the two transmitting coils are connected in series
to feed the load. At boundary positions, the two transmitting coils
form the LCCC-S (inductor-capacitor-capacitor-capacitor-series)
topology to enhance power transfer capability and tolerate weak
couplings. In this way, not only the output power can be smoothed
with door-to-door misalignment, but also wireless charging is guar-
anteed at weak couplings. Experimental results reveal that within
the cover area of the transmitting coils, high-efficiency stable output
can be achieved.

Index Terms—Dual transmitter, misalignment tolerance,
reconfigurable, wireless charging, wireless power transfer (WPT).

I. INTRODUCTION

O DEAL with global warming and extreme weather condi-
']: tions, developing and using renewable energy is a must. The
carbon emission in the transportation field accounts for a large pro-
portion of the total carbon emission. Transportation electrification
can greatly reduce carbon emission. Electric vehicles (EVs) play
a crucial role in transportation electrification and have developed
rapidly in the recent decade [1].

One of the obstacles facing EVs is the charging issue. With
conventional conductive charging, users need to touch the dirty and
heavy charger, which is inconvenient. Also, hazards can happen
in rainy or snowy weather. Wireless power transfer (WPT) is an
emerging technology that has the advantages of automation, safety,
convenience, and feasibility to various conditions. EV wireless
charging has gained increasing attention in recent years due to these
advantages [2], [3].
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Fig. 1. Coil structure of dual-transmitter WPT system.

In EV wireless charging systems, misalignment between the
transmitting and receiving coils can happen since drivers cannot
always park the car in the exact position. There are two directions
for misalignment: front-rear direction and door-to-door direction.
Drivers can adjust the front-rear direction more easily than the door-
to-door direction. Thus, the door-to-door misalignment is more
crucial. The misalignment tolerance for the door-to-door direction
should be enhanced.

Current solutions for misalignment tolerance include magnetic
coupler design, compensation networks, power electronics con-
verters, and the control. In magnetic coupler design, a smaller
winding width was proved to enhance the capability for misalign-
ment tolerance [4]. Bipolar coils [5] and solenoid coils [6] were
optimized for misalignment tolerance. Antiparallel windings [7],
[8] were adopted. In compensation networks, hybrid compensations
[9]-[11], namely a combination of different compensations such as
series and LCC (inductor-capacitor-capacitor) compensations, can
improve misalignment tolerance. Power electronics converters and
the control were also designed to achieve this target [12]-[14].

This letter proposes a misalignment-tolerant dual-transmitter
EV wireless charging system based on reconfigurable topolo-
gies. S-S (series-series) and LCCC-S (inductor-capacitor-capacitor-
capacitor-series) topologies can be switched. In this way, high-
efficiency stable output power can be achieved with large misalign-
ment.

II. PROPOSED RECONFIGURABLE WPT SYSTEM

A. Coil Structure

To increase the door-to-door misalignment tolerance, two square
transmitting coils (Tx1 and Tx2) are placed side by side, and the
receiving coil (Rx) is placed above the transmitting coils, as shown
in Fig. 1. The charging distance is 100 mm.

With the defined current directions in Fig. 1, when Rx moves
from the left edge of Tx1 to the right edge of Tx2, the
coupling coefficients are depicted in Fig. 2, where k12 is the cou-
pling coefficient of Tx1 and Tx2, and k11r (kT2r) is the coupling
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Fig. 3.

Proposed WPT system with reconfigurable topologies.

coefficient of Tx1 (Tx2) and Rx. From Fig. 2, k112 is relatively
stable with misalignment. However, kT1r and kTor change rapidly
with misalignment and peak when fully aligned. Beyond a certain
misalignment, kT1r and kT2 become negative, indicating that the
dotted terminals have reversed their direction. The charging area
is divided into three regions: Regions I, II.1, and I1.2, as shown in
Fig. 2.

B. System Topology

The S-S topology is the most popular topology with the ad-
vantages of independent compensation from loading and coupling
conditions. However, with a constant-voltage supply, its output
power increases with the decreasing coupling coefficient. Thus, it
is not suitable when large misalignment occurs. In contrast, with
primary-side LCC compensation under a constant-voltage source,
the output power decreases with the decreasing coupling coefficient.
Thus, the primary-side LCC compensation is suitable when larger
misalignment occurs.

This letter proposes a reconfigurable WPT system that can switch
between the S-S and LCCC-S topologies, as shown in Fig. 3. S-Sy
are the inverter switches and D1-D4 are the rectifier diode. Vinvy
(VrEc) is the inverter (rectifier) dc voltage. L1, Lro, and Ly are
the inductances of Tx1, Tx2, and Ly, respectively, with I11, IT2,
and Iy as the respective coil current. Cy, Cra, Cr, and Cg are the
compensating capacitances. Mt1r, M12or, and Mr1o are mutual
inductances. Ry, is the load resistance. A relay is added between Cr
and the negative dc bus for reconfiguring purposes.

The system works at the resonant angular frequency w

1 1
YT VLRC CpC CpCrz M
e \/LT CFF+C?;1 \/LT2 CFZ‘(:{;

Ct1, L11, and Cr constitute a resonant loop. Cta, L12, and Cr
form the second resonant loop. Lg and Cr form the third.

III. WORKING MODES AND MODELING

A. Mode I: S-S Topology

At Region I as shown in Fig. 2, Rx couples with Tx1 and Tx2.
In this condition, Tx1 and Tx2 are connected in series, forming an
S-S topology with a dual-transmitter structure, as shown in Fig. 4.
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Fig. 4. Mode I: Opening relay to form S-S topology with a dual-transmitter
structure.
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Fig. 5. Equivalent circuit of S-S topology in Mode I.

The relay is open at this mode. The equivalent circuit of Mode I is
given in Fig. 5. Tx1 and Tx2 are decoupled by using one equivalent
series inductance 2M12. Please note that M1 is negative. Rtq,
Rt2, and Ry are the equivalent resistance of Tx1, Tx2, and Rx,
respectively. Ur is the fundamental component of the inverter ac
voltage. Rgq is the equivalent ac load resistance.

Employing first harmonic approximation yields

2v/2 8

Ur = —Vinv, Req = — RL. (2)
7[' s

Based on Kirchhoff’s Voltage Law (KVL) and ignoring Rtq,
Rrs, and Ry, we have

jwLTy + + jwLrs
Ur = ( ]wCTl ) It

+JTCT2 +j2wMr12

<jWMT1R ) )
. R
) +JOJMT2.R
(jwMriR + jwMror) I'T1
+ (jwln + by + Reo) In = 0
Combining (1) and (3), the input impedance Z;y is
2 2
w? (M- + M- .
T = (Mr1r T2R) 2 @
Rrq
in which X is the reactance defined as follows:
1 1
T wCFer T2 = o w [ M2 (5)

Please note that M2 is negative. By designing X larger than
0, Zin can be inductive so that zero voltage switching (ZVS) can
be realized.
The output voltage, output power, and coil-to-coil efficiency can
be calculated as follows:
Vinv

Vrec = 3 f - ©®
74 w2 (Mrir+Mr2or) 4X7
64 RZ w?(Mrip+Mrag)?
V2
Pour = o : 7
74 w2(Mrig+Mrar)® + 4Ry X @
64 Ry w2(Mrir+Mr2r)”
Pout
- ®)

Pou + (RTl + RTQ) 1%1 + RRI}2{
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Fig. 6. Mode II: Closing relay to form LCCC-S topology. (a) Tx2 as power
transmission coil. (b) Tx1 as power transmission coil.
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Fig. 7. Equivalent circuits of LCCC-S topology in Mode II. (a) Tx2 as power
transmission coil. (b) Tx1 as power transmission coil.

From (6) we can see that the two terms under the square root
sign have opposite changing directions with (MT1r+MT2Rr): one
is proportional, and the other is in reverse proportion. Thus, by
designing the system around the peak point, which is the extremum
value, the variation of Vg g with (M1r+Mor ) can be smoothed.
The condition to achieve the peak point is

R :ﬁWQ(MT1R+MT2R)2 ©)
L= 6 X1

B. Mode II: LCCC-S Topology

At Region II.2 when Rx is above Tx2, Tx2 acts as the power
transmission coil, and Tx1 acts as the compensating inductor. In
this condition, S3 is constantly on and S4 is constantly off, forming
the LCCC compensation, as shown in Fig. 6(a). At Region I1.2 when
Rx is above Tx1, Tx1 acts as the power transmission coil and Tx2
acts as the compensating inductor. In this condition, S; is constantly
on and Sy is constantly off, also forming the LCCC compensation,
as shown in Fig. 6(b). The equivalent circuits of Fig. 6 are depicted
in Fig. 7. Up1 (Ur2) is the output voltage of the phases S; and So
(S3 and S,). They can be expressed as follows:

V2
Uty =Ur2 = 7VINV' (10)

Take Fig. 7(a) as an example. Based on KVL and ignoring Ry,
R, and Rg, we have

1
J ijF) Ity
+jwMTirIR + (W%F —jwMTm) Itz
_(: 1 1
0= (JWLTQ + wom T ijF) Its

—jwMror IR +

Ur = (jWLTl + s +

an

jwlcF —jwMle) It
0= (ijR + ﬁ + REQ) Ir
+jiwMrirIT1 — jwMTorIT2
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Fig. 8. Photograph of experimental prototype.
TABLE I
PARAMETERS OF EXPERIMENTAL PROTOTYPE
Vinv 300V ya 85 kHz R 300
Cri, Crp | 22.61 nF Cr 91.82 nF Cr 18.28 nF
Lt 194 4H Lt 194 uH L 193 uH
0.4 0.4
v
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Fig. 9. Simulated and measured coupling coefficients. (a) X = 0.
(b) X = 50 mm.

Combining (1) and (11), the input impedance Zjy is
X1 (ReXT — j2wMT1RWMT2R)

(wMraor)?
From Fig. 2, we can see that k11 and kpor (Mp1r and MpoR)
are of opposite signs, namely one is positive, and the other is
negative. Therefore, Zyx is inductive, able to achieve ZVS.
In this case when Tx2 acts as the power transmission coil, the
output voltage, output power, and coil-to-coil efficiency are

ZIN =

12)

1%

VRec = = (13)

4 (wMpir)® n 4X2

4 R? (UJMTQR)2
_ Vidy

Pour = 2+ @Mon) 1R X2 (14)

4 RL (WMTQR)Z

P,

0= (15)

Poy + RTII%l + RT2I%2 + RRII% .

Due to symmetry, with Tx1 as the power transmission coil, the
expressions can be obtained by switching M1 and MTor. The use
of the LCCC-S topology is to enhance the power transfer capability
at the boundary positions (Regions II.1 and I1.2).

When Rx locates at the central positions (Region I), the system is
reconfigured to the S-S topology; at the boundary positions (Regions
II.1 and I1.2), the system is reconfigured to the LCCC-S topology.
In this way, the high-efficiency stable output can be achieved.

IV. EXPERIMENTAL VALIDATION

Based on the proposed WPT system, a prototype is built as
shown in Fig. 8. The parameters of the prototype are tabulated
in Table I. The initial point is defined as given in Fig. 1. Two X
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Fig. 11.  Loss breakdown. (a) Mode I when X = 0 and Y = 100 mm. (b) Mode
II when X = 50 mm and Y = 250 mm.

misalignment cases are studied, namely X = 0 and X = 50 mm.
Y changes from —300 mm to 300 mm. The simulated and measured
coupling coefficients are given in Fig. 9. The measured results match
well with the simulations.

The experimental results of the output voltage, the output power,
and the dc—dc efficiency varying with the ¥ misalignment under two
X misalignment cases are shown in Fig. 10. A total tolerance of 500
mm Y misalignment and 100 mm X misalignment can be realized
with stable output and high efficiency by using the proposed method.

The loss breakdown of two cases is depicted in Fig. 11. The
experimental waveforms are depicted in Fig. 12.

V. CONCLUSION

This letter has proposed a misalignment-tolerant dual-transmitter
EV wireless charging system with reconfigurable topologies. At
central positions, the two transmitting coils can be connected in
series to form the S-S topology. At boundary positions, the two
transmitting coils can be reconfigured to form the LCCC-S topol-
ogy, with one transmitting coil as the power transmission coil and
the other as the compensating inductor. In this way, not only the
output power can be smoothed with high efficiency, but also wireless
charging is guaranteed at weak couplings. A total tolerance of 500
mm door-to-door misalignment and 100 mm front-rear misalign-
ment can be realized with stable output and high efficiency by using
the proposed method.

Fig. 12.
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Experimental waveforms. (a) Mode I when X = 0 and ¥ = 100 mm.

(b) Mode IT when X = 50 mm and Y = 250 mm.
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