4850

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

An LC Squared-Compensated Inductive Power
Transfer System With Misalignment Tolerance and
Constant-Current Output
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Abstract—Inductive power transfer enjoys the advantages of
convenience and adaptability to various application scenarios.
However, the coil misalignment normally cannot be avoided in
practical applications, which can cause a dramatic decline of the
mutual inductance and a sharp fluctuation of the output. To solve
thisissue, this article proposes an inductor—capacitor (LC) squared-
compensated topology based on three integrated and decoupled
transmitting coils. The simple series compensation is adopted on
the secondary side, forming an LC squared series topology with
a constant-current (CC) output. The receiving coil has couplings
with the first and third transmitting coils. Thus, the output is
related to the two mutual inductances, which can be optimized
for a smooth output against misalignment with a proper design of
the magnetic couplers. The mathematical model is established and
analyzed. The experimental results obtained from the prototype
reveal that the output fluctuates less than 6% from the central to
the boundary positions. Also, a CC output independent of the load
is realized. Compared with previous methods, the proposed method
is a low-cost solution to achieve misalignment tolerance.

Index Terms—Constant current (CC), inductive power transfer
(IPT), LC squared compensation, misalignment tolerance, wireless
power transfer (WPT).

I. INTRODUCTION

HE rapid increase in the market share of electric vehicles
(EVs) has led to an increasing interest in the EV charging
methods. The traditional plug-in charging method is the most
common way to charge EVs. However, it has the disadvantages
of inconvenience, intervention of human labor, and possible
electric shocks, especially in rainy or snowy weather. Inductive
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power transfer (IPT), as an emerging charging technology, can
overcome the disadvantages of the plug-in charging method [1],
[2], [3]. Compared with plug-in charging, IPT is more auto-
motive, aesthetic, and suitable for various weather conditions
[4]. Meanwhile, users can avoid touching the possibly dirty and
heavy cable, significantly improving the convenience of charg-
ing. The technology is currently used in EVs [5], autonomous
underwater vehicles [6], [7], drones [8], and railway transport
system [9], [10].

However, one of the obstacles facing the IPT system is the
misalignment between the transmitting and receiving coils [11],
[12], which is inevitable for human parking. Misalignment
will lead to a fluctuation of the mutual inductance, affecting
the output and safe operation of the system. In terms of the
offset direction, the EV position can be easily adjusted along
the front—rear direction but is challenging along the door—door
direction. Thus, the misalignment tolerance along the door—door
direction is critical.

To achieve misalignment tolerance, different approaches can
be adopted. Adding a dc—dc converter on the secondary side can
regulate the impedance for antioffset purposes, but it results in
extra components, loss, and cost. A common category is using
control strategies, such as pulse density modulation control or
pulse frequency modulation control, to regulate the transmission
power and maintain relatively stable output characteristics under
misalignment conditions [13], [14]. However, the system may
lose the soft-switching operation, and the complexity will be
increased.

A dual-channel inductance—capacitance—capacitance-series
topology and a delicate coil structure were proposed to achieve
offset tolerance performance [15]. Combining multiple wind-
ings to achieve the relative constancy of the equivalent mutual
inductance is simple and reliable. Wang et al. [16] proposed
a reconfigurable topology where two antiparallel windings are
connected in series. This results in the equivalent mutual induc-
tance being the difference between the two mutual inductances.
The adoption of the antiparallel windings can smooth the vari-
ation of coupling coefficients at different positions by reducing
the coupling coefficients at the center position and enhancing
the coupling coefficients at the boundary positions [17].

Another strategy is using hybrid and reconfigurable topolo-
gies to achieve a stable output [18]. The hybrid topology is
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characterized by the fact that the system’s equivalent mutual
inductance is a function of more than one mutual inductance. In
[19], ahybrid combination of LCC and S both on the primary and
secondary sides was proposed to smooth the output. The recon-
figurable IPT system with misalignment tolerance was proposed
in [20]. In [21], a hybrid IPT system was proposed, consisting
of paralleling S-S and LCC-LCC compensation networks on
the primary and secondary sides. A detuned S-S topology was
proposed in [22], which can maintain relatively smooth output
for a variable coupling coefficient. In addition, a reformed
LCC compensation topology was proposed in [23], which can
achieve a relatively stable output for misalignment conditions.
Reconfiguring topologies using relays is also an effective way
[24], [25]. Another purpose of using reconfigurable topology
is to achieve constant-voltage (CV) or constant-current (CC)
output. However, it is inevitable to add switching devices to
realize topology reconfiguration. New compensation networks
and magnetic coupler structures should be explored to further
improve the misalignment tolerance performance, on the condi-
tion that no extra components are introduced on the secondary
side to maintain high power density and low cost in the EV [26].

This article proposes an IPT system with secondary-side
series compensation and primary-side inductor—capacitor (LC)
squared compensation to realize misalignment tolerance and a
CC output [31]. The proposed three coils on the primary side
are integrated and decoupled from each other. A prototype is
implemented to validate the proposal. The rest of this article is
organized as follows. In Section II, the mathematical model is
built and theoretical analysis is conducted to describe the pro-
posed IPT system. The design method and decoupling principle
of the coil structures are described in detail, and specific design
flowcharts and optimization results are given. The performance
of the proposed LC squared IPT system for a variable load
and against pad misalignment is verified in Section III with the
implemented 1.3-kW prototype. Finally, Section IV concludes
this article.

II. PROPOSED IPT SYSTEM
A. LC Squared Compensation

The proposed LC squared-compensated IPT system is de-
picted in Fig. 1(a). The inverter operating at 85 kHz consists
of four power MOSFETs. Viny (U and Vrgc (Up) are the
inverter and rectifier dc (ac) voltages, respectively. Ry, is the
load resistance. L)y is the self-inductance of Coil X (1<X<4).
Cx and I x are the compensating capacitance and the coil current,
respectively. M4 (M34) is the mutual inductance between Coil
1 (3) and Coil 4. The equivalent circuit is shown in Fig. 1(b).
Rrq is the equivalent load resistance. R x is the equivalent series
resistance (ESR) of Coil X. Based on the fundamental harmonic
approximation, Uy, U, and Rgq can be expressed as follows:

Ur = 22V
Uo = %VREC

1y = T%IREC
Req = SRy

(D
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(b)

Fig. 1. Proposed LC squared-compensated IPT system for misalignment
tolerance. (a) Topology. (b) Equivalent circuit.

The system resonant angular frequency can be expressed as
follows:
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The compensation capacitors can be calculated as follows:

Cy =
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L, and C; constitute the first resonant loop. Cy, Ly, and Cy
form the second resonant loop. Ca, L3, and C3 constitute the
third resonant loop. On the secondary side, L4 and C,4 form the
fourth. At wg, based on Kirchhoff’s voltage law, the model can
be established as

Ry —1/jwoCy 0 —jwoMis| |1
—1/jOJ001 R2 —l/ijCQ 0 IQ
0 —1/jwoCs R JwoMs3y I3
—jwoMuy4 0 JwoMszy R4+ Reg| |14
Ur
0
=10 )
0

Ignoring the ESRs in (5), the currents can be obtained as

_ ReqUr
h= UJSM'EZ Cy U,
]’2 — __JwWo AZLQ 2U1
I, = Kcfisglh ©
“JSMEQQ
I, = iU
4 wo Mgqg




4852

where Mgq is the equivalent mutual inductance, defined as
Mg = M4 + Ko M3y, @)

Mrgq is the summation of M4 and M3, multiplied by a coef-
ficient K o. M14 and M54 can be designed as two monotonically
changing curves against misalignment so that their summation
canremain stable. K - offers another design degree of freedom to
keep Mg relatively stable, guaranteeing a good misalignment
tolerance performance. The value of K< can be adjusted by
controlling the ratio of C; and Cs. There is an optimal K - value
for a specific set of coil turns and dimensions. The optimal K ¢
can be selected according to the simulation results and the design
guidelines.

Define the fluctuation of Mgq as

o MEQfmax - MEQfmin

Fy =
MEQfmax + MEQfmin

x 100% ®)

where MEqQ_max is the maximum value of Mgq and Meq_min s
the minimum value. Fj; can be utilized to denote the misalign-
ment performance of the designed magnetic couplers.

From (6), 14 is independent of Rgq, indicating that the system
achieves a CC output. Also, I, is determined by Mg, which
can be designed to be stable against misalignment with proper
magnetic coupler design. Therefore, the output current can be
maintained relatively stable.

From (6), the input impedance Zy is

2772
wo MEQ

T —
IN REQ

©))
Z1N 1is resistive, indicating that zero phase angle (ZPA) can be
achieved.
The output power and the dc—dc efficiency can be expressed
as follows:

RpoU?
Po = |I|*Reg = QEQ I (10)
(w5 Mrq)
h— | 14| Req
\I, >Ry + | Io|* Ry + | Is|* R3 + | I.|* (R4 + Req)
(11)

B. Magnetic Couplers

The proposed coil structure is shown in Fig. 2. The primary-
side pad size is 390 x 400 mm, and the secondary side is 300
x 300 mm. The thickness of both ferrites is 2.5 mm. All the
windings are wounded by Litz wires with a diameter of 4.25 mm.
There are three coils on the primary side. Coil 2 is placed beneath
the ferrite plate, as it is not involved in the coupling process. Coil
11is a unipolar coil with an antiparallel winding placed above the
ferrite plate to smooth the coupling coefficient variation. The two
windings are 12 turns and 8 turns, respectively. Two eight-turn
unipolar coils arranged above Coil 1 form Coil 3. Coil 1 and Coil
3 have been specifically designed to overlap with each other to
achieve decoupling. This coil arrangement is to ensure that the
variation trends of M13 and M3, are opposite with offset so that
Mgq in (7) can maintain relatively stable. K¢ can be regulated
by adjusting the value of Ly to help obtain this target.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

Current ...

Direction o
Coil 4(Ly)

Coil 3(L3)

} Coil 1(L))

Coil 2(Ly)

Fig.2. Proposed coil structure.
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Fig. 3. Design flow for magnetic couplers and K ¢.

In order to determine the appropriate turn numbers for the
magnetic couplers, a design flow is proposed, as shown in Fig. 3.
The transmitting coil sizes are set to 390 x 400 mm. The turn
numbers of the antiparallel winding N,,t; and the decoupling
windings N4ec and N3 should be optimized. K changes with
the turn numbers and there exists a minimum value. Thus, K&
is taken into account in the flowchart.

The designed transmitting coils are shown in Fig. 4. The turn
number of the decoupling winding is 3. The coupling coefficient
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Fig. 4. Top view of the three coils on the primary side.
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between L, and L3 (k13) varying with the X-axis misalignment,
which is set as the door—door direction, with and without the
decoupling winding is shown in Fig. 5. k13 has decreased sig-
nificantly from 0.1 to less than 0.01. This means that L; and
L3 can be regarded as decoupled. The reason for decoupling L;
and L3 is that k13 will cause the input impedance to have an
imaginary part, resulting in a large reactive power and losing
the ZPA operation.
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Fig. 6 presents the coupling coefficients between Coil 2 and
the other three coils. They are maintained at O, indicating that
decoupling has been achieved.

The simulated and measured mutual inductances varying with
the X-axis and Y-axis misalignments are shown in Fig. 7. The
range of the X-axis misalignment is set at 150 mm, half the length
of the receiving coil. With the increasing X-axis misalignment,
M 4 decreases gradually and M3, behaves oppositely. The range
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(a) Output voltage and output current. (b) Efficiency and output power.

Fig. 9. Photograph of the experimental prototype.
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(a) Output voltage and output current. (b) Efficiency and output power.

of the Y-axis misalignment is set at 60 mm. With the increasing Y-
axis misalignment, M4 decreases gradually, while M3, remains
at 0.

Because M1 4 and M3, are two monotonically changing curves
with opposite directions within the misalignment range, there
would be a minimum point of Fy,. The fluctuation of Mgq, or
Fy, varying with K¢ is depicted in Fig. 8. When K¢ is equal to
1.8, Fjs is minimized. Thus, K is set to 1.8.

III. EXPERIMENTAL VALIDATION

To verify the feasibility of the LC squared-compensated IPT
system, a 1.3-kW prototype is built, as shown in Fig. 9. The
parameters of the prototype are given in Table I. The Chroma
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Fig. 12.  Calculations and experimental results of output current varying with
Ry.
TABLE I
PARAMETERS OF EXPERIMENTAL PROTOTYPE
Parameter | Value | Parameter | Value | Parameter | Value
L, (uH) 105.58 C\ (nF) 34.15 Vinv (V) 200
L, (uH) 161.68 C, (nF) 63.45 f(kHz) 85
L3 (uH) 67.34 Cs (nF) 312.3 R () 30
Ly (H) 199 Cy (nF) 17.55 - -

62150H-600 dc power supplies and the ITECH IT8906E-600-
420 are used as the dc source and the electronic load, respec-
tively. The Tektronix MSO 46 oscilloscope is used to capture
the voltage and current waveforms at the input and output ends
of the magnetic coupler.

The X-axis misalignment of the receiving coil is set from
—150 to 150 mm to evaluate the misalignment performance.
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TABLE IT
COMPARISONS WITH EXISTING METHODS
Receiver
Number of Number of Secondary-Side Door-Door Load- Rated Output
Coil Efficiency
Ref. Compensation Compensation Compensation Misalignment Independent Power Fluctuation
Length (%)
Capacitor Inductor Topology (mm) Output (kW) (%)
(mm)
[19] 5 None S and LCC 300 600 CcC 33 95.6 5
[27] 4 2 CLLLC 200 400 CcC 35 96.31 5
[28] 6 None S and LCC 70 240 CcC 0.25 94.3 5.6
[29] 4 2 LCC 180 400 CcC 3 92 1.5
[30] 6 2 S and LCC 200 400 Ccv 35 94.5 5
This
4 1 S 150 300 CcC 1.3 91.6 5
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100 T T 2000 ZPA 7ZPA
o o [ ° : o
” : OV/div bl
—- 801 11600 I v
S e g L b B
I el o = 3 Call s .
B0 e o 1200 Z i ¥ time: 10us/div i Witime: T0us/div. |
s e o N
IRttt = [ . J e '
40 o Eff:exp o Poexp 800 5 ’E ' rouf v \'// <V
- N o- X} v b SA/div vl 5A/div :
2 . [}
——FEff:cal = sreeeees Po: cal [ Voo ,'|.\
20 : 400 ;
15 20 25 30 \.
Load Resistance (Q)
(a) i3 10A/d1v 0A/div i3: 10A/div
100 T 2000 — I Ty
) () () ! ‘ -
o N I AN PN S  S S { ,,,, t
S0F {1600 ~ uo: 5 1 div ‘ up: JOV7div 0. [100V]div
- = - R H
; 5 _oes
Sl e £
B OO e et 1200 2 3
o | et = . |
N ; E SN N AT
—_,A = : g .
ol [ O Eff:exp o Po:exp 800 © (a) (b) (©)
T ——Eff: cal  seeeees Po: cal
20 400 Fig. 14.  Experimental waveforms with different Ry, and misalignment dis-
15 20 25 30 tance. (a) X = 0 mm, Y= 0 mm, and Ry, = 30 Q2. (b) X = —60 mm, ¥ = 0 mm,
Load Resistance () and Ry, = 25 Q. (¢) X= 0 mm, Y= 60 mm, and R;, = 30 Q2.
(b)
Fig. 13.  Calculations and experimental results of output power and efficiency

varying with Ry,. (a) X = 0 mm and Y= 0 mm. (b) X = 60 mm and Y= 0 mm.

The calculated and experimental results of the output voltage,
the output current, the output power, and the dc—dc efficiency
varying with the X-axis misalignment when R; = 30 (2 are
shown in Fig. 10. The measured results match well with the
calculations. The maximum and minimum values of the output
voltage are 203 V and 183 V, respectively. The system can deliver
1373 W with a dc—dc efficiency of 91.6% under the best position
of X =0 mm and 1235 W with a 92.3% dc—dc efficiency under
the position of X = 90 mm. The corresponding maximum and
minimum values of the output currents are 6.76 A and 6.13 A,
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Fig. 15. Loss breakdown. (a) X = 0 mm and R, = 30 Q. (b) X= 0 mm and
R;,=20 Q. (¢c) X= —60 mm and R;,= 25 Q. (d) X= —60 mm and R;,= 20 2.
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respectively. The fluctuation of the output current, obtained from
(8), is about 5%. The efficiency is maintained at 90%. Based on
the verifications mentioned above, it is obvious that the system
is robust to the door—door direction to achieve a stable output.

The calculated and experimental results of the output voltage,
the output current, the output power, and the dc—dc efficiency
varying with the Y-axis misalignment when R, = 30 Q are
shown in Fig. 11. The measured results match well with the
calculations. The system can deliver 1908 W under the ¥ =
60 mm.

To validate the CC output characteristic, Ry, is varied. The cal-
culated and experimental results of the output current are given
inFig. 12. The output current fluctuation is less than 2%, which is
acceptable considering the influence of measurement errors and
the ESRs. The output current remains constant with the varying
load resistance under misalignment. The dc—dc efficiency and
the output power varying with the load resistance under different
misalignment cases are depicted in Fig. 13, which demonstrates
that the efficiency remains consistent at approximately 90% for
all the cases. As the load resistance increases, the output power
also increases linearly.

The experimental waveforms of the three cases are shown in
Fig. 14. It can be seen that ZPA has been achieved.

For the proposed IPT system, the system losses mainly in-
clude the inverter losses, the compensation capacitor losses, the
transmitter coil losses, the receiver coil losses, and the rectifier
losses. Fig. 15 shows the distribution of the system losses for
four operating conditions. The largest percentage of losses is
dissipated in the IPT coils.

The comparisons between this work and existing works are
shown in Table II. The proposed system can achieve similar
misalignment tolerance performance with a smaller number of
compensation components. Also, the secondary-side compensa-
tion topology is simple with the series compensation requiring
only one compensation capacitor. However, the lack of the
misalignment tolerance in the Y-axis direction is the major dis-
advantage of the proposed system, which needs further research
and improvement.

IV. CONCLUSION

This article has proposed an IPT system with the secondary-
side series compensation and the primary-side LC squared com-
pensation to realize misalignment tolerance and a CC output.
The series compensation is adopted on the secondary side for
a compact receiver. The three coils on the primary side are
integrated and decoupled from each other, with the first and
third coils coupled with the receiving coil. The mathematical
model has been developed and the equivalent mutual inductance
has been derived. The misalignment tolerance performance and
the CC output have been analyzed. A design flow has been
provided to guarantee the misalignment tolerance performance
of the proposed IPT system. A 1.3-kW experimental prototype
has been implemented to verify the effectiveness of the proposed
IPT system. The dc—dc efficiency of 91.6% has been achieved
while delivering 1373 W to the load in a fully aligned position.
The output current fluctuation is less than 5%. The output current
at the light and rated load is 7.13 A and 6.91 A, respectively.
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The misalignment tolerance and the CC output of the proposed
LC squared-compensated IPT system have been successfully
realized.

The advantage of the proposed LC squared-compensated IPT
system is that it achieves relatively high misalignment tolerance
performance with few compensation components, especially on
the secondary side. The proposed IPT system is a low-cost
solution to achieve door—door misalignment tolerance and CC
charging.
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