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Abstract—This paper compares the characteristics of the series—
series and double-sided Inductor-Capacitor-Capacitor (LCC)
compensation topologies for electric vehicle (EV) wireless chargers.
Both the well-tuned and mistuned topologies for the two compen-
sation methods are analyzed in detail. The mistuning considered
here is mainly caused by the variations of the relative position
between the primary and secondary sides. The output power
displacements caused by mistuning are compared for both com-
pensation topologies, as well as the impacts of the load variations
on the performances of the mistuned topologies. The voltage and
current stresses on components are also studied. The comparative
result shows that the double-sided LCC compensation topology is
less sensitive to mistuning. A double-sided LCC-compensated EV
wireless charger system with up to 7.7-kW output power is built to
verify the analysis results. A peak efficiency of 96 % from dc power
source to battery load is achieved.

Index Terms—Compensation topology, electric vehicle (EV),
inductive power transfer, mistuning, wireless charger.

I. INTRODUCTION

W IRELESS charging is gaining recognition as a preferred
charging method for electric vehicles (EVs) [1]-[6]
due to its advantages of convenience, safety, reliability, and
weather-proof features. There are three types of wireless charg-
ing for EVs or plug-in hybrid EVs (PHEVs): static wireless
charging, in which parked cars are charged; semidynamic
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Fig. 1. Typical EV wireless charging system conceptual diagram.

charging, in which decelerating cars before traffic signals are
charged or cars are charged opportunistically; and dynamic
charging, in which normally running vehicles are charged
[5], [7], [8]. A typical EV/PHEV wireless charging system is
shown in Fig. 1. It consists of an ac/dc converter with power
factor correction, a high-frequency dc/ac converter, primary
and secondary coils with compensation circuits, and a rectifier
or a power regulator with a filter [9]. Distinguishing from
traditional conductive chargers (usually plug-in), the wireless
charger takes advantage of the alternating magnetic field within
a large gap to transfer power instead of physical connection or
aregular transformer.

There are many research fields in wireless power transfer
(WPT), such as compensation network and circuit analyses
[10]-[12], coil design techniques for large gap and misalign-
ment tolerance [8], [13], [14], optimization for high efficiency
[15]-[17], control methods [18]-[20], foreign object detection,
and safety issues. Among them, the compensation method is
essential because of its functions of adjusting resonant fre-
quency, minimizing the volt-ampere rating of power supply,
improving coupling and power transfer capability, and achiev-
ing high efficiency [9], [12], [21]. It is well known that four
basic compensation topologies, namely, series—series (SS), SP,
PS, and PP, are widely adopted for EV applications. They are
named by the way the compensated capacitors are connected to
the primary and secondary coils. The first S or P represents the
capacitor in series or parallel with the primary coil, and the sec-
ond S or P stands for the capacitor in series or parallel with the
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secondary coil [12]. A comprehensive analysis of these basic
topologies can be found in [6], [11], and [22]. Among these four
topologies, only the SS compensation topology, which was an-
alyzed in detail in [15], has the characteristics that the resonant
frequency is independent of the coupling coefficient and load.
This feature is essential for EV/PHEV application, particularly
for semidynamic and dynamic charging. Because the coupling
coefficient varies along with the change in the relative position
between primary and secondary coils regardless of how good
a driver’s parking or driving skills are, the load also changes
along with the battery charging time.

Many other novel compensation topologies were proposed as
well; however, not all of them have the same characteristics as
SS compensation topologies do. In [23], an inductor/capacitor/
inductor (LCL) resonant circuit for the primary side was applied
for WPT. However, the resonant frequency changes with varia-
tions of the coupling coefficient and load condition, and it did
not present the method to design these three parameters. In [24]
and [25], the LCL and capacitor/inductor/capacitor/inductor
(CLCL) networks are applied in both primary and secondary
sides, respectively. The resonant frequency is independent of
the coupling coefficient and load condition. However, these two
papers just focused on model and control, and the inductances
of the additional inductors are equal to or larger than the
inductances of the main coils in these topologies. A double-
sided LCC compensation topology, whose additional inductors
are smaller than the inductances of the main coils, was analyzed
in [21]. It has similar characteristics with the double-sided LCL
or CLCL topologies. In that paper, comprehensive characteris-
tics had been presented, and the zero voltage switching (ZVS)
condition had been realized. The last three compensation topolo-
gies have similar characteristics as SS compensation topologies;
however, a clear comparison of SS compensation topologies
with these topologies is not presented.

To reduce the reluctance, ferromagnetic material is usually
used to concentrate the flux lines in practice [26]. As a result,
the self-inductances of the primary and secondary coils slightly
change when the relative position of the primary and secondary
sides changes [26], [27]. Moreover, both inductors and capac-
itors always have tolerances during manufacturing. These will
lead to the mistuning of the wireless charger resonant network.

In this paper, it mainly presents the comparison between the
SS and the double-side LCC compensation topologies, in terms
not only of the well-tuned system but of the mistuned system
as well. The output power displacement factor (PDF) is defined
as one criterion to quantify the impact of the mistuning. The
voltage and current stresses on series capacitors and coils are
studied. The impact of the mistuning when the load varies is
also analyzed. All of the components are considered as ideal un-
less explicitly stated. The diodes of the rectifier at the secondary
side are operated at continuous mode under most operating
conditions, and only the fundamental harmonic is considered.

This paper is organized as follows. The analysis and basic
characteristics of well-tuned and mistuned SS compensation
topologies are presented in Section II. The model and basic
characteristics of well-tuned and mistuned double-sided LCC
compensation topologies are analyzed in Section III. The com-
parison between these two topologies is mainly conducted in
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Fig. 2. SS compensation topology and modeling. (a) SS compensation topol-
ogy. (b) Dependent voltage equivalent circuit model.

Section IV. The experimental results of a prototype of the
double-sided LCC-compensated wireless charger are presented
in Section V. Finally, the conclusions are drawn in Section V1.

II. CHARACTERISTICS OF THE SERIES—SERIES
COMPENSATION TOPOLOGY

A. Basic Characteristics of the SS Compensation Topology

The SS compensation topology is shown in Fig. 2(a). For
the dependent voltage equivalent circuit model in Fig. 2(b), the
compensation capacitors (C7 and C5) are elaborately selected
to resonate with the self-inductances (L; and Ls) in the primary
and secondary sides, respectively. Thus

1
“ @ W
Cr = (@2 Ls) 2)

where wy is the resonant frequency that is only related to the
self-inductance and compensated capacitance.

In practice, the battery will be connected with nodes a and b
through a rectifier and a filter. The battery to be charged
is similar to a passive voltage source. Voltage U,, between
nodes a and b is the equivalent battery voltage and in phase
with current I, if the diodes of the rectifier are working at
continuous mode, and only fundamental harmonic is considered
in a circuit system consisting of entirely ideal components.
By Kirchhoff’s laws and with input voltage U 4 5 taken as the
reference, the following equations can be readily observed:

Uab Uab
I, = = £0° 3
VT 5woM T woM )
Uap Uag
joJ()M (JJ()M ( )

It is generally known, and can be also found in (4), that
the root mean square (RMS) value of the output current I is
independent of the output voltage if the input voltage, mutual
inductance, and other circuit parameters stay the same. The
SS-compensated wireless charger is a constant current source
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and can be controlled by the input voltage in practice. The
output current I, which is in phase with output voltage Uy,
is 90° ahead of input voltage U 4 5. Similar characteristics can
be found for input current I, which is independent of the RMS
value of input voltage U 4 but is in phase with it.

Based on the previous assumptions and analysis, for the SS-
compensated wireless charger system with ideal components,
there is no reactive power in the system, and the power factor
PF is unity. The output and input real power can be obtained as

N 1
Pout_tuned = ]Din_tuned = Re (UABll) = wO—MUABUab 5)

where I refers to the complex conjugate of I;.

It is important to note that the input current, output current,
and power are inversely proportional to the mutual inductance.
Generally, the mutual inductance will reduce when the primary
and secondary coils are misaligned. The more they are mis-
aligned, the smaller the mutual inductance is. For EV/PHEV
applications, it can be known literally from (3)—(5) that the
input current, output current, and power will be very large if the
car is charged when it is stopped away from the central position.
Moreover, to keep the same output power, the input current
should be larger with a smaller mutual inductance, which will
lead to a reduction in efficiency. Therefore, position detection
is very important for the SS-compensated wireless charger to
ensure the mutual inductance M within a certain scope.

B. Basic Characteristics of the Mistuned SS
Compensation Topology

The variation in the primary or secondary inductance AL; is
defined by

AL,L' = Lz — L'LO (6)

where ¢ = 1 stands for the primary side, ¢ = 2 stands for the
secondary side, L; is the actual inductance at current position,
and Lo is the nominal inductance when the primary and
secondary sides are perfectly aligned.

For the SS-compensated resonant tank, the variation of ca-
pacitance AC}; can be equivalent to the variation of inductance
on the same side AL/, assuming that the operating frequency is
the nominal resonant frequency wg. Thus

AC;

ALl = ———— .

(N

Hence, it is reasonable to only consider the variations of the
inductances in this analysis.

The equivalent circuit of a wireless charger resonant tank
with mistuned series-compensated primary and secondary sides
is shown in Fig. 3.

Based on Kirchhoff’s laws, the following equations can be
obtained:

1

I, = U, — —2
' jwo (M = AL ALy /M) < b

1

I,

" jwo (M — AL ALy /M) (U“”' M
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Fig. 3. Mistuned SS compensation topology equivalent circuit model.

By comparing (8) and (9) with (3) and (4), respectively, we
can find that if the considered variations of the self-inductances
are caused by the misalignment, the mutual inductance will al-
ways be involved and coupled with them. To clearly express the
mistune effect, the term §;(6; = AL;/M) is introduced here.
It is the ratio of the variation of self-inductance over mutual
inductance. As the assumptions have been set in Section II-A,
output voltage Uy, is in phase with output current Iy, and input
voltage U 4 p is taken as the reference. Referring to U4, ¢ is
defined as the phase of output voltage Uy, and « is the phase
of input current I;. Then, (8) and (9) can be rewritten as

1 sinp | Ugp
I, = Z 10
L 0102 |cosa| woM @ (10)
I — Ising| Uap (11

o 1-— 5152 (JJ()M v

The output and input real power of the mistuned system can
be expressed as

%
Poutfmistuned - ]Dinfmistuned = Re (UABll)

1 |sin ¢
= UapUppy——— 12
oong JABVa 5 (12)
where ¢ and « are determined by
ALy Ugp

= . =46-G 13
COSP =3 T, G 13)

~G%,61 +6
tana = Vo1t 02 (14)

Gv/1- G0

where Gy = Uyy,/U ap is the voltage gain, and the power factor
PF is given as

G2 (1—G2.6?)
PF = = - L
cosa \/G?V + 02 —2G2016,

It is obvious that phase ¢ only depends on §; and Gy ; «, and
the power factor only relates to 1, 62 and G'yy. The RMS values
of the current and power relate to 1, 02 and Gy, as well apart
from the main factor M.

Compared with the perfectly tuned resonant tank analyzed in
Section II-A, it is different in both the amplitudes and phases
of input current and output current (phase difference for output
voltage) for the mistuned system, as the ratio of the variation of
the inductances over mutual inductance (d;) is a critical factor,

5)
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and it is not the only cause of the difference. The difference is
also determined by the voltage gain (Gy ), which determines
the phase angle ¢ and « together with 4;.

Generally, the variation of the self-inductance AL; caused
by the misalignment is negative if the nominal self-inductance
L;o is defined on the condition of the primary and secondary
sides with perfect alignment. Hence, it is easy to determine that
90° < ¢ < 180° in (13). For an SS system with symmetrical
primary and secondary sides, AL; and A L, are quite small and
very close. It is reasonable to assume that AL; = ALs. Hence,
the following conclusions can be obtained from (14) and (15) if
the symmetrical SS system is operated at the nominal resonant
frequency wg when there is a misalignment.

1) f Gy =1 (Uaw, = Uag), then a = 0° (the input current
I, and input voltage U 4 g are in phase), the power factor
PF =1.

If Gy > 1 (Ugy > Ugap), then 0° < o < 90° (the input
current I; is o degrees ahead of the input voltage U 45),
the power factor PF' = cos a.

IfGy < 1(Uawp < Uap), then —90° < « < 0° (the input
current I lags the input voltage U 4 by « degrees), the
power factor PF' = cos a.

2)

3)

For the third point, it makes a contribution to ZVS realiza-
tion. To realize ZVS turn-on for a metal-oxide—semiconductor
field-effect transistor (MOSFET), the MOSFET body diode
should conduct before the MOSFET does. This requires the
parasitic capacitor to be discharged before the current be-
comes positive [28]. For a full-bridge inverter, it requires that
the current lags the voltage to realize ZVS switching for all
MOSFETs [21]. Hence, for an SS system with symmetri-
cal primary and secondary sides, the condition, i.e., Gy < 1
(Uab < Uap), contributes to MOSFETs ZVS realizing when
the misalignment happens, although it leads to additional reac-
tive power in the system.

III. CHARACTERISTICS OF THE DOUBLE-SIDED
LCC COMPENSATION TOPOLOGY

A. Basic Characteristics of the Double-Sided LCC
Compensation Topology

The double-sided LCC compensation topology (as shown in
Fig. 4) has been extensively researched in recent years. This
topology has an additional series inductor and an additional
parallel capacitor for both primary and secondary sides com-
pared with the SS compensation topology. Here, a symmetrical
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topology is considered. The basic characteristics can be referred
to [21]. The following equations can be readily obtained:

1 1
wo = =
\/Lfl-Cfl \/LfQ'CfQ
1
— - (16)
VL= Lp)-Cr /(Lo = Ly2) - Co
Uab MUab
P - 20° (17)
Lo JwoLgiLga  woLl gLy
U U
I =—28 _ ZAB /g (18)
JwoLypr  woLyr
Uab Uab
I, = . = £0° (19)
? JjwoLyga  woLya
MUAB MUAB
I = = / —90° (20)
Ly JwoLgiLga  wol gLy
Pout_tuned = ]Din_tuned = Re (UABI*Lfl)
M .U, 21
oLl ABUap (2D

where I ;; refers to the complex conjugate of I, 1.

It is obvious that the resonant frequency is only related to
inductances and capacitances, independent of coupling and the
load condition. The input current Iy s is in phase with input
voltage U 4 g, and its amplitude is related to output voltage Uygp;
the output current Iy so is determined by input voltage Usp
if the relative position of the primary and secondary sides is
known. The current on the primary coil [; is also determined
by input voltage U p, which is irrelevant to the load and is
essential for multisecondary applications. Differently from the
SS compensation topology, the transferred power, input current,
and output current are proportional to mutual inductance M.

Generally, the maximum power transfer capability of the un-
compensated secondary coil is limited. Different compensation
methods can achieve different maximum transferred power lev-
els. Apart from the input and output voltages, mutual inductance
M and resonant frequency wy are the two determining factors.
However, the mutual inductance usually is limited due to the
limited coil sizes, gap distance, possible misalignment, and effi-
ciency requirement. The resonant frequency is also restricted by
current power electronics technology and some standards (e.g.,
SAE-J2954). For the double-sided LCC compensation topology,
L1 or L9 can be used as another design consideration to design
a wireless charger system with proper power and efficiency.

B. Basic Characteristics of the Mistuned Double-Sided LCC
Compensation Topology

The equivalent circuit of the mistuned double-sided LCC
compensation topology is shown in Fig. 5. Based on the same
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assumptions of the mistuned SS compensation and Kirchhoft’s
laws, the following equations can be obtained:

M ALy

1 = — ab — U
L JwoL p1Lgo ’ jwoLil AB
MU, i
__MUs |sing) 22)
woLp1Lyo | cosa
AB Uab
I; =- = Z —90° 23
' jwoLy1  woLyr @3)
U, Ua o
L=——% —_29% /90°4¢p  (24)
JwoLyfa  woLyo
M Lo
Info=————Uup+—F7"U,
Lz JwoL g1 Lo AB jwoL?Q ’
MUap | .
=———"—|sinp|/ (25)
woLflLﬂ' plZp

*
Poutfmistuned - -Pinfmistuned = Re (UABILfl)

UapUsgplsin o (26)

o woLf1 Lfg
where ¢ is the phase of output voltage Uy, and « is the phase
of input current I ¢1. They can be obtained by the following
equations:

L1 ALy Ugy
= ————= =—mys-02-G
COs ¢ Lfg M UAB my 2 1%
51 - m?(SQG%,

m;Gy /1 — m363G%

It is easy to determine that —180° < ¢ < —90° if the varia-
tion of the self-inductance is negative.

27)

tana = (28)

IV. COMPARISON BETWEEN THE DOUBLE-SIDED
LCC AND SERIES—SERIES COMPENSATION TOPOLOGIES

The given analysis has already shown some similarities and
differences between the double-sided LCC and SS compensa-
tion topologies in the basic characteristics of not only the two
well-tuned topologies but the two mistuned topologies as well.

For similarities, there are two main points. One is that the
resonant frequencies are independent of the coupling and load
condition for both compensation topologies. The other point
is that both topologies are current sources; the output currents
are irrelevant to the load condition (output voltage) and only
dependent on the input voltage, resonant frequency, and mutual
inductance.

However, the differences are more significant. First, the
SS compensation topology needs fewer components than
the double-sided LCC compensation topology. This is one
of the advantages of the SS compensation topology. Second,
the output power of the SS compensation topology increases
with the decrease in the mutual inductance. This requires the
SS-compensated wireless charger to be equipped with position
detection technology or maximum output power limit protec-
tion for safety concerns. However, this is not necessary for
the double-sided LCC-compensated wireless charger because
of the characteristics that the transferred power decreases with
the decreasing of the mutual inductance. The maximum trans-
ferred power will be achieved when the primary and sec-
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ondary sides are well aligned. Third, the output power of the
SS-compensated wireless charger will be determined when the
resonant frequency, coil structure, and misalignment tolerance
are given. However, in the double-sided LCC-compensated
wireless charger system, the additional inductances Ly; and
Lo can work as extra parameters to adjust the output power.
Fourth, the current on the primary coil of the double-sided
LCC-compensated wireless charger is also constant and only
determined by the input voltage. This is important for a multi-
receiver wireless charger system. Some of the characteristics of
both topologies are listed in Table 1.

However, it cannot be easily identified which topology is
better. To compare these two topologies, more aspects should
be considered, such as the output power displacement (PD),
voltage and current stresses on components, and efficiency.

A. Output PDF
The output PDF is defined as

Poutfmistuned - Poutftuned

PDF =

Pout_tuned (29)
where Pout_tuned 1S the output power of the well-tuned wireless
charging system, and Pyt _mistuned 1S the output power of the
mistuned wireless charging system. The output PDF shows how
much output power the mistuned topology deviates from the
well-tuned topology. As previously mentioned, the characteris-
tics of the mistuned system are affected by the variations of the
self-inductances coupled with the change in mutual inductance
if there is a misalignment. Hence, here, we also use the term d;
to represent the inductance change factor (self-inductance and
mutual inductance) caused by the misalignment. The output
PDF will be expressed by d;. For the SS compensation topology,
we obtain

1— G2 - (Ak)? V=G 8
PDFgg — v (M) - Gy Py

1 _ AL]\l/['AzLQ 1 _ 6162

sin ¢
1 —0162

= ~1. (30)

For the double-sided LCC compensation topology, we obtain

212 AL, ? / 2,12 52
PDFLCC: 1—mfGV 7 — 1= l—mfGV(52—1

€19

=|sing| — 1.

Here, the critical output PDF C PD F'is defined when m =1,
01 = 99, and Gy = 1. It is obvious that

1 1
CPDFgg =—— —1lor ——— — 1 32
55 st o] or 0 (32)
CPDFpcc =|sing| —lory/1-62—1.  (33)

Obviously, CPDFgg is positive, and CPDFcc is neg-
ative. The absolute value of the critical output power of the
SS compensation topology CPDFsg is larger than that of
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TABLE 1

COMPARISON BETWEEN THE SS AND DOUBLE-SIDED LCC COMPENSATION TOPOLOGIES

Items SS Compensation Topology LCC Compensation Topology
1 M
_ ———U,,U
Punliluned (UOM UABUuh a)(,L/,L/z ABY ab
[sinp| 1 ) M
) . . U sing|-——— U U,
Poulimumned 1— 5152 a)”M AB™ ab | (/7| (001‘/11‘/1 AB™ ab
AL#0 90°< ¢ <<180° -180°<< ¢ <-90°
) AL#0, AL,=0 90°< ¢ <<180° -90°
AL=0, AL,#0 90° -180°<< ¢ <-90°
cosg 0,-G, -m,-G, -0,
o Uar=Uys 0° 0°
Uu>Uls 0°<a<<90° -90°<<a<0°
AL\=AL,
(AL=ALy) Uu<Usis -90°<<g<0° 0°<a<<90°
AL<0 . _GE(Sl +0, 51 7mfG552
ano T —_—
G, 1-G257 m ,G,,m
2 2 o2 22 2202
PF (cosa) G? (1 -GoY) zm ,ZG,, (1z - m/Gz,,éj ) ‘
G} +6; -2G5,6, m, Gy + 6, —2m;G,6,5,
sing@ .
[k S S —1
PDF 4., lsin¢|
1
CPDF (m=1, ALi=AL»,G,~1) e R T Ising|—1or y1-57 —1
0.25 ‘ ‘ ‘ ‘ B. Stresses on the Components
—-&- PDF ¢ when G =0.8
--©- PDF, . when G,~0.8 ; It is difficult to compare the stresses on the components
027 _a CPDF i (PDF ¢, when G,=1) 7 i and efficiency if the variations of mutual inductance and self-
—6— CPDF, . (PDF . when G,=1) & inductances are considered at the same time. Here, only the
2 . . . . . . . .
0.15H PDF ¢ when G =1.2 ,." mutual inductance is taken into consideration since it is the
g PDF, .. when G,=1.2 '/,(' main factor that impacts the output power. It is easy to know thE'lt
A o1l the voltage and current stresses over L and Lo are the same if
’ the SS and double-sided LCC-compensated wireless charging
systems are designed to transfer the same amount of power
0.05¢ only at the aligned position. On the other hand, the voltage
stresses over C7 and C of the double-sided LCC-compensated
(G ‘ ‘ ‘ system are smaller, only (L; — Ly;)/L; times of those of the
0.1 02 5] 03 0.4 05 SS-compensated system if Gy = 1. Obviously, the efficiency
i

Fig. 6. Output PDF for the SS and double-sided LCC compensation topology
at different loads (different voltage gains G'y/).

the LCC compensation topology CPDFrcc. The former is
1/|sin | times of the latter. As shown in Fig. 6, the output
PDF of the double-sided LCC compensation topology is less
than that of the SS compensation topology when Gy <= 1.
The situation reverses when Gy > 1. The battery-charging
process usually consists of a constant-current charging stage
and a constant-voltage charging stage. The battery voltage will
increase with time during the constant-current stage. During
this stage, the input voltage is usually larger than the battery
voltage. After the battery voltage reaches its maximum, it will
go to the constant-voltage stage, and the charging current will
drop with time. Hence, Gy, <=1 is preferred if the constant-
current stage is the main stage of the battery-charging process.
The double-sided LCC compensation topology is better than
the SS compensation topology from this point of view.

of the SS-compensated system is higher than that of the double-
sided LCC-compensated system since additional components
L1, Lo, Cy1, and Cyo are used.

A better idea is to compare them based on the premise that
the two systems are designed to transfer certain power within a
certain misalignment scope. Hence, the SS-compensated WPT
is designed to transfer nominal power at the perfectly aligned
position, whereas the double-sided LCC-compensated WPT is
designed at the maximum misaligned position. Assuming that
Ly = Lyo for a symmetrical system, My, is the maximum
mutual inductance when the coils are aligned, and M,, is
the minimum mutual inductance when the system is at its
maximum misaligned position. Hence, from (5) and (21), the
following equation can be obtained:

Ly = Ly = /My M,. (34)

By changing the input voltage, the transferred power is con-
trolled to stay at the rated value while misalignment exists. The
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relationship between input voltage U4 g and mutual inductance
M is illustrated by the following equations:

SS M

USE =5 Uasm (35)
m
M
Ukge = —M” UaBm (36)

where U375 is the input RMS voltage of the SS-compensated
system, U455 is the input RMS voltage of the double-sided
LCC-compensated system, and U4 p,, is the maximum input
RMS voltage.

It is obvious that, while transferring the rated power, the volt-
ages and currents on the components of the secondary side are
the same when the mutual inductance changes. The difference
is just on the primary side. The RMS value of the current on C
and L; of the SS and double-sided LCC-compensated systems
can be obtained from (3), (18), and (36). Thus

Uap Po M
ISS = @ = _m 37
! wM UABm M ( )
Ichc _ Uzﬁgc _ UABm, % (38)

oJLfl WLfl M

where 179 is the RMS current on the coil L; of the SS-
compensated system, I£¢ is the RMS current on the coil L,
of the double-sided LCC-compensated system, and Py is the
rated power.

It is easy to get the RMS voltage on capacitor C; for both the
SS and double-sided LCC compensation topologies, as follows:

Iy Po M,

USS 2y, —uwlL Mm 39
Cy M ab w 1UABm M ( )
Li—Ly M,
Uélcc = UABmlTlflﬁl (40)
Ug;g _ Liv/M,,M, Uw @)
Uéfc (Ll Y MTYLMTL) Mn UABm,

where U57 and UL are the RMS voltages on the capacitor
C of the SS and double-sided LCC compensation topologies,
respectively. It is obvious that voltage stresses on C; of the SS
and double-sided LCC compensation topologies relate to the
coil structure, maximum misalignment, and the ratio of U, and
U ABm. In fact, the voltage stress on C7 of the SS compensation
topology is higher than that of the double-sided LCC compen-
sation topology at the rated power since the maximum input
voltage U 4o g, is close to the output voltage U,y,.

C. Efficiency Comparison

Four more components, namely, L1, Ly, Cr1, and Cfa,
are used in the double-sided LCC compensation topology com-
pared with the SS compensation topology. Due to the equivalent
series resistance of the capacitors, copper loss and core loss of
the inductors, and dissipative loss [29], these resonant inductors
and capacitors in the main power paths will lower the efficiency
if the input voltage and load are the same as the SS compen-
sation topology. However, the situation will be different if the
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Fig. 7. Comparison of the simulated efficiency between the SS and double-
sided compensation topologies at rated power from dc to dc.

wireless charging systems are operated at the rated power with
different misalignment levels. As previously mentioned, the
SS-compensated WPT is designed to transfer nominal power
when the mutual inductance is at maximum, whereas the double-
sided LCC-compensated WPT is designed when the mutual
inductance is at minimum. The output power is regulated by
controlling the input voltage. When the mutual inductance is at
maximum, the input voltage of the SS compensation topology
will be higher than that of the double-sided LCC compensation
topology according to (35) and (36). Then, the current of the
SS compensation topology will be lower if transferring the
nominal power. Hence, the efficiency of the SS compensation
topology is higher when the mutual inductance is at maximum.
On the other hand, the efficiency of the double-sided LCC
compensation topology is higher when the mutual inductance
is at minimum.

Fig. 7 gives the simulated efficiency comparison between
these topologies at the rated power from dc source to dc battery
load. The efficiency of the double-sided LCC compensation
topology is higher and steady, although it is lower than that
of the SS compensation topology at higher mutual inductance
values. The reason that the double-sided LCC compensation
topology has a steady efficiency is that the loss on the com-
pensation network increases while the loss on the primary coil
decreases when the mutual inductance increases.

V. EXPERIMENTAL RESULTS

The coil structure designed in [13] is adopted. The coil is
600 mm x 800 mm and was built using Litz wire (AWG38 —
800 strands). The ferrite bars are built from small ferrite pieces
(TDK PC40). Other details of the coil can be found in the
experimental setup (see Fig. 11). Fig. 8 shows the measured coil
parameters. §; varies from —0.16 to 0. However, when consid-
ering the machining error, this value will be out of this range.

Assuming that the input square-wave voltage is 425 V, the
battery voltage is from 300 to 450 V. The WPT system is
always operated at the resonant frequency. According to (5),
the minimum output power of the SS-compensated wireless
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TABLE 11
SPECIFICATION AND PARAMETERS OF THE SS AND DOUBLE-SIDED
LCC-COMPENSATED WIRELESS CHARGER SYSTEM

Symbol Spec/Parameter LCC SS
Uyp RMS value of input voltage <=383V
Uy RMS value of output voltage 270V~405V
f Resonant frequency 79kHz
P Designed power ~2.6kW
M Mutual inductance 53uH~119uH
L Nominal self-inductances 360uH
L The AC resistance of the Main ~500mQ

coil

C, Primary series capacitor 14.46nF 11.27nF
G Secondary series capacitor 15.5nFP 10.6nF®
Lg Additional inductors 79.4pH /

-a 1
w TeaCkbmentte g
G Parallel capacitors 51.12nF /

4j=1, 2 stands for the primary and secondary respectively.
bc,is adjusted to achieve ZVS.

charger can be determined; it is only 2.6 kW, which is the rated
power. To compare these two topologies at the same power
level, the additional inductances Ly and Ly, are designed to
be 79.4 uH. The designed parameters are listed in Table II.

Fig. 9 shows that the calculated output PDFs of the double-
sided LCC and SS compensation topologies change with |J;|
for different battery voltages at the same output power, i.e.,
2.6 kW. It is obvious that PDF;c¢ slightly changes when
both |d;| and battery voltage Uy, change. PDFLc¢ is always
negative, and the absolute value of PDF o is less than 0.01.
However, PDFgg has a relative significant variation (even from
positive to negative) when |d;| or battery voltage Uy, increases
after |9;| > 0.05. Hence, in this respect, the double-sided LCC
compensation topology is also better than the SS compensation
topology.

Simulation models of these two systems are built in LTspice
mainly using the parameters in Table II. The calculated and
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Fig. 9. Calculated output PDFs of the SS and double-sided LCC compensa-
tion topologies at different loads (different battery voltages) when the output
power is 2.6 kW.
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Fig. 10. Comparison of voltage and current stresses on components for the SS
and double-sided LCC compensation topologies. (a) Voltage on primary series
capacitor C. (b) Current on primary main coil L.

simulated voltage on C; and current of L; for both topologies
are shown in Fig. 10. The calculated results are using the equa-
tions in Section IV and labeled as “Calculated (x),” whereas
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Electronic Load
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Fig. 11. Experimental setup for the double-sided LCC-compensated wireless
charger system (from dc source to dc load). (a) Entire system setup. (b) Details
of the coil and controller.

TABLE II1
SPECIFICATION AND PARAMETERS OF THE DOUBLE-SIDED
LCC-COMPENSATED WIRELESS CHARGER SYSTEM

Symbol Spec/Parameter Value®

U; Input DC voltage <=425V

U, Output battery voltage 300 V~450 V

f Resonant frequency 79 kHz
Nominal gap 200 mm
Coil dimension 600x800mm

M Mutual inductance 53 uH ~119 pH

Li? Nominal self-inductances 360 uH

7 The AC resistance of the main coil ~500mQ

AL? Variations of self-inductances 0~8 uH®

C Primary series capacitor 14 nF

G, Secondary series capacitor 15.1 nF

Li* Additional inductors 67 uH

rf The AC resistance of the additional 50 mQ
inductors

Cﬁa Parallel capacitors 60.6 nF

P Designed power ~8kW

#j=1, 2 stands for the primary and secondary respectively.

the simulated results are labeled as “Simulated (x).” It can be
seen that the LCC compensation topology is better than the SS
compensation topology.

According to the given comparison and analysis, we can see
that the power transfer capability of the double-sided LCC com-
pensation topology is better than that of the SS compensation
topology. The voltage and current stresses of the double-sided
LCC compensation topology are lower than those of the SS
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Fig. 12. Output power factor of the double-sided LCC-compensated wireless
charger at different variations of the self-inductances and loads when an
additional positive capacitance AC? is considered.

topology when charging the same battery at the rated power.
Due to time and funding constraints, we only built the double-
sided LCC compensation topology for a high-power wireless
charging system. The wireless charger system experimental
setup is shown in Fig. 11. The parameters are listed in Table III.
The design method can be found in [21]. The variation of the
secondary series capacitance ACy (positive) can be equivalent
to the variation of the secondary main coil self-inductance ALY,
(AL, =21 pH) as addressed by (7). It is obvious that §; = 0,
0, >0,a/ = —10°, ¢’ = —100°, and PDF} ., = —0.02 when
the primary and secondary sides are aligned. Fig. 12 shows
that PDFcc changes with |§1| when the additional ACy
is considered. The output power is less than 5% lower than
the designed power. The high-order harmonics are not taken
into consideration in the given analysis. This will result in an
additional error.

The waveforms of the primary and secondary sides at dif-
ferent misalignments are shown in Fig. 13. The maximum
efficiency of the designed WPT system is 96% from dc power
source to load. When the primary and secondary coils are
aligned, the maximum efficiency is 96% at 7.7-kW maximum
output power. At a 350-mm misaligned position, the maximum
power is 3.7 kW, which is the rated power and will not be
achieved by the SS compensation topology using the same
coil structure. Fig. 14 shows the efficiencies of different rated
power values with different misalignment tolerance levels. The
efficiency drops with the decrease in the rated output power,
whereas the efficiency of the misaligned system is higher than
that of the aligned system at the same lower rated power. The
output power is regulated by controlling the input voltage in
this work. For low rated power, the input voltage of the system
at the aligned position is lower than that of the system at the
misaligned position to keep the same rated power. However,
the system is designed to have the highest efficiency at the
maximum input voltage at the aligned position. Hence, the
efficiency will be lower if the system transfers lower power at
the aligned position.
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VI. CONCLUSION

In this paper, the double-sided LCC and SS compensation
topologies for EV wireless chargers have been analyzed and
compared in terms of well-tuned and mistuned conditions. The
electrical characteristics of these two topologies are affected
by the variations of self-inductances and mutual inductance
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(AL; and M), and they are coupled together (6; = AL;/M)
when the primary and secondary coils are misaligned. The
output PDF was proposed to determine the impacts of the
load variations when mistuning exists. The theoretical analysis
proved that the double-sided LCC compensation topology is
less sensitive to the variations of self-inductances caused by the
change in the relative position of the primary and secondary
coils. The voltage and current stresses on the series capacitors
and main coils of the double-sided LCC compensation topology
are smaller than those of the SS compensation topology. The
efficiency of the double-sided LCC compensation topology is
higher and steady, although it is lower than that of the SS
compensation topology at higher mutual inductance values.
Due to time and funding constraints, we were only able to build
one 7.7-kW EV wireless charger prototype that is based on the
double-sided LCC topology for experimental validation. The
experiment has shown consistent results with the analysis.
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