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Abstract—The output characteristics and the transfer efficien-
cies of inductive power transfer (IPT) systems are affected by (but
not limited to) the variation of parameters such as, variable load,
misalignment between the primary and secondary coils, and reso-
nance frequency detuning. This paper first analyzes the resonant
conditions of all voltage-fed compensation topologies in IPT sys-
tems to achieve the load-independent voltage transfer character-
istic at load-independent zero phase angle frequency. With these
conditions, the parameters sensitivity to the key performance fac-
tors of the S-SP, LCC-S, LCC-P, and double-sided LCC compen-
sated IPT systems are systematically investigated when considering
the losses in coils and compensation networks. Comparisons of the
quantitative sensitivity analysis and experimental results for all
IPT systems are made in terms of the voltage transfer ratio and
efficiency. These analyses can provide guidance for the selection of
superior compensation networks to minimize the additional con-
verter effort and simplify the control algorithm of closed-loop IPT
systems.

Index Terms—Compensation topology, constant voltage, Induc-
tive Power Transfer (IPT), parametric uncertainty, sensitivity, Zero
Phase Angle (ZPA).

I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology [1], [2] us-
I ing magnetic coupling can transfer power from several mil-
liwatts to hundreds of kilowatts with transfer distances from
a few millimeters to several meters. The IPT technology has
gained its wide acceptance across a range of applications such
as electronic devices, wearable/implantable electronics, home
appliances, and electric vehicles (EVs).

In IPT applications, several compensation networks in both
primary (transmitter) and secondary (receiver) sides have been
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proposed and are usually used to achieve and/or improve the
following one or more characteristics:

1) Near Zero Input Reactive Power: 1t is desirable for the
primary inverter in IPT system to have Zero Phase An-
gle (ZPA) operating condition between the inverter output
voltage and current. In such case, there is no reactive
power circulating in the loop, which can minimize the
Volt-Ampere (VA) rating of the power supply, increase the
transfer power to the load, and make it easy to ensure Zero
Voltage Switching (ZVS) [3], [4]. For example, ZPA oper-
ation is achieved for the series-series (S-S) compensation
topology when the primary and secondary compensation
capacitors are used to resonant with the self-inductances
of the primary and secondary coils respectively [5].
Constant Current and/or Constant Voltage Output: A con-
stant charging current for LED (Light Emitting Diode)
application and a charging profile with constant cur-
rent/constant voltage for EV and electric bicycle charger,
regardless of the value of the load resistance, are the most
important characteristics for IPT system. Among the ap-
proaches for achieving load-independent current output
and/or load-independent voltage output, the method of de-
signing special tuning conditions for compensation topol-
ogy [4], [6] has the advantages of higher efficiency and
lower cost compared with a back-end DC/DC converter
[7] and is free from frequency bifurcation phenomenon
and wireless data communication link between secondary
and primary sides for the variable frequency control
method [8]. The load-independent current output feature
has been analyzed for the S-S [4], [9]-[12], series-parallel
(S-P) [12], LCC-parallel (LCC-P) [4], and double-sided
LCC [4], [6], [13], [14] compensation topologies by de-
signing special tuning methods. And the load-independent
voltage transfer characteristic is investigated for the S-S
[4], [9], [15], [16], S-P [5], [16], S-SP [4], [17], LCC-
series (LCC-S) [4], S-CLC [18], and double-sided LCC
topologies [13], [14]. In [19], a general method that mod-
els a resonant circuit as gyrators in series is proposed.
This method can be used to analyze the load-independent
current output or voltage output characteristic of any com-
pensation topologies in IPT system. Further, under the
condition of achieving load-independent current output
characteristic, input ZPA operations are analyzed for S-S
[4], [5], [9], [12] and double-sided LCC [6], [13] topolo-
gies. And the ZPA operating conditions are also achieved
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for the S-P [5], S-SP [4], S-CLC [18], and double-
sided LCC [13] topologies in constant voltage output
mode.

3) High and Steady Efficiency: The Zero Voltage Switching
(ZVS) operating condition can improve the efficiency of
the H-bridge inverter using MOSFETSs in primary side
[6], [9], [20]. In addition, as stated before, ZPA oper-
ation can minimize the VA rating of the power supply
and increase the transfer power to the load. So it should
make a trade-off between the input phase angle as small
as possible and the ZVS operating condition during the
process of the entire charging profile. In [6] and [21], the
ZPA operations are analyzed for the double-sided LCC
and S-LCC compensation topologies respectively. Fur-
thermore, under the condition of achieving ZPA, ZVS
operations are achieved by slightly changing the value of
a certain compensation capacitor. Additionally, designing
an appropriate compensation topology is also an effective
method to obtain high efficiency. The higher and stable
efficiency can be achieved for the double-sided LCC com-
pensation topology compared with S-S topology [22]. In
[23], series-parallel resonant can achieve higher efficiency
over the full range of coupling and loading compared with
series resonant.

4) Less Sensitivity to the Variable Parameters: The capaci-
tance value of the compensation capacitor may be changed
with the different operational time and environment [24],
[25]. And the capacitor will suffer from the inevitable
manufacturing tolerance. On the other hand, the self-
inductances of the primary and secondary coils and mu-
tual inductance between the two coils will change along
with the misalignment [26], [27]. So, the natural reso-
nant frequency of the resonant tank circuit will change
along with the variable capacitance and/or variable in-
ductance. Besides, the coupling coefficient will be varied
with the relative position between the primary and sec-
ondary coils, and the battery load resistance also changes
along with the battery charging profile. These inevitable
variations of the frequency, coupling, and load may have
negative effect on the voltage and current transfer char-
acteristics and efficiency of the IPT system. Therefore, a
superior compensation network with less sensitivity to the
variable parameters is necessary. In [24], the sensitivity of
the output power and efficiency to parameter variations of
the compensation components in the double-sided LCC
compensated IPT system are analyzed. The output cur-
rent characteristics for the P-S, primary parallel/series and
secondary series (PS-S), double-sided LCL, and LCC-P
compensation topologies to the variations of coupling and
load are analyzed [10]. In [10], it is concluded that the
PS-S topology is the least output current fluctuation over
wide range of coupling and load variations.

For an open-loop IPT system, what we desire to accomplish is
not only minimize the output voltage and/or current fluctuation,
but also achieve higher and steady efficiency under taking into
account the variations of the input voltage, resonant frequency,
coupling, and load. In this case, a closed-loop IPT systems
with minimizing the additional converter effort and simplifying
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the control algorithm can easily be designed over the entire
range of charging profile. So it is necessary to systematically
investigate the parametric uncertainty to the key performance
factors and compare the robust of the different compensation
topologies.

This paper mainly focuses on the comprehensive evaluation of
the voltage-fed S-S, S-P, S-SP, LCC-S, LCC-P, and double-sided
LCC compensation topologies in IPT system. When the para-
sitic resistances of the compensation components are neglected,
all compensation networks are modeled as cascade combina-
tions of multistages T-circuit to investigate the load-independent
voltage transfer characteristics and load-independent ZPA op-
erating conditions. Under these conditions, the influences of the
variations of the coupling, load, and frequency on the output
voltage and transfer efficiency are analyzed when the coils and
compensation networks have the parasitic resistances. Finally,
prototypes of 3-kW S-SP, LCC-S, LCC-P, and double-sided
LCC compensated IPT systems are implemented to verify the
sensitivity analyses.

The remainder of the paper is organized as follows.
Section II investigates the equivalent circuits and resonant con-
ditions of the S-S, S-P, S-SP, LCC-S, LCC-P, and double-sided
LCC compensation topologies for achieving load-independent
voltage outputs with ZPA conditions. Based on the analysis in
Section II, the system parameters are designed in Section III,
additionally, the sensitivity of the variations of the coupling,
load, and frequency on the output voltage and efficiency for
all IPT systems are investigated when the resonant components
of the system have parasitic resistances. Section IV presents
the experimental results of 3-kW IPT systems, followed by the
conclusion in Section V.

II. LOAD-INDEPENDENT VOLTAGE TRANSFER
CHARACTERISTIC WITH LOAD-INDEPENDENT ZPA

A general IPT system is shown in Fig. 1, which is composed
of a full-bridge inverter, a high-order resonant tank network,
a rectifier with capacitor (or inductor) filter, and the load. The
resonant tank is composed of compensation networks in both
primary and secondary sides and a loosely coupled transformer
(LCT). L, (and/or C}) and Ly (and/or Cs) represent the com-
pensation inductors (capacitors) in primary and secondary sides
respectively. L5 and Lg are the self-inductances of the primary
and secondary coils, and M is the mutual inductance between
the two coils. Vg and I, represent the phasor forms of the
input voltage and current of the resonant tank and V,;, and
I.,, are its output voltage and current. The equivalent circuits
referred to the primary side for some widely-used voltage-fed
compensation topologies (S-S, S-P, S-SP, LCC-S, LCC-P, and
double-sided LCC) are shown in Fig. 2(a) to 2(f). It should be
pointed out that the parallel-parallel (P-P), the parallel-series
(P-S), and the PS-S compensation topologies are not analyzed
in this paper because the voltage of the primary parallel com-
pensation capacitor rises to source voltage immediately when
the voltage polarity changes, causing instant large current and
impairing capacitor lifespan. As shown in Fig. 2, a frequency-
domain equivalent circuit is adopted and only the fundamental
component is considered here for simplicity, and the LCT is
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Fig. 2. Equivalent circuits referred to primary side of the (a) S-S, (b) S-P, (c) S-SP, (d) LCC-S, (e) LCC-P, and (f) double-sided LCC topologies. The unified

nomenclature of the compensation elements are presented. Cy,s, (the first subscript

€,

FTaR )

p” represents primary side, the “s” represents series connection, and subscript

2" represents the different topologies) is the series compensation capacitor at the primary side. And Lgg, represents the series compensation inductor at the

secondary side.

modeled as its T-model. The first-order RMS value of the input
voltage can be expressed as Vap = 2V2Vye /7 and the equiv-
alent ac resistance for the rectifier with capacitor (or inductor)
output filter is given by R,. = 8Ry /7> (or R,. = m>Ry/8)
[28]. The rectifier with inductor filter should be selected for the
S-P, S-SP, and LCC-P topologies. However, the S-S, LCC-S,
and double-sided LCC topologies apply the rectifier with ca-
pacitor filter. Ly,;, and L, are the leakage inductance of the
primary and secondary coils, and L,, represents magnetizing
inductance. Here and in the later section, the apostrophe sym-
bol “’” indicates the corresponding variables of the secondary
side converted to primary side. In addition, the unified nomen-
clature of the compensation components is presented in here.
Cps, (the first subscript “p” represents primary side, the sub-
script “s” represents series connection, and the last subscript
“x” represents the different topologies) is the series compensa-
tion capacitors at the primary side for a certain compensation
topology. And Ly, represents the series compensation induc-
tor at secondary side. For example, Cp,,pr.cc in Fig. 2(f) is
the parallel connected compensation capacitor in primary side
of the double-sided LCC compensation topology. In addition,

‘v and I - represent the output voltage and current of the

different compensation topologies.

A. Load-Independent Voltage Transfer Ratio

In this paper, we focus on the sensitivity of the output volt-
ages for all voltage-fed compensation topologies in IPT system
to the variable parameters. In [14], a general modeling method
for an arbitrary high-order resonant network is proposed, in
which the resonant network is modeled as multiple T-circuits
in series to analyze its load-independent voltage transfer char-
acteristic. We can see that all compensation topologies shown
in Fig. 2 are inherently high-order resonant networks. So the
proposed method in [14] can be applied to analyze the load-
independent voltage transfer characteristics of all compensation
topologies. Among all compensation topologies, the double-
sided LCC compensation topology shown in Fig. 2(f) has the
highest degree of freedom. Thus, it is taken as an example to
analyze the load-independent voltage transfer characteristic in
detail. The analyses of other compensation topologies will be
followed.
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Equivalent T-circuit of the double-sided LCC topology to obtain

For constructing resonant T-circuit to analyze the load-
independent voltage transfer characteristic, the series-connected
capacitor and inductor branches of the double-sided LCC com-
pensation topology shown in Fig. 2(f), i.e., Cpsprcc and Ly,
are expressed by using Le,pLcc and Cepprec. In addition, LY
and C! e are equivalent to C! 1o and L. yp . Then,
the double-sided LCC compensation topology can be equivalent
to Fig. 3, which is composed of three-stage T-circuit in series.
The equivalent variables are expressed as

1 1
2 2
—wprccLeppLee + 5—— = —wiprcclpL +
CYepDLCC CYpsDLCC
1
2 l _ 2 !
—wprccLespLee T = = —wpreeLg + = (1)
esDLCC ssDLCC

where wpi,cc represents the resonant angular frequency of the
double-sided LCC resonant tank.

According to the analysis of achieving load-independent volt-
age transfer characteristic for the T-circuit in [14], the reso-
nant conditions of the equivalent T-circuit of the double-sided
LCC compensation topology to achieve load-independent volt-
age transfer ratio are expressed as

Lpspree + Lepprcc 1

L Ceppree + Clpred

2
WpLcc =
LpsDLCC LepDLCC C(ppDLCC

/ /
espLee T Lisprec

2)

L ésDLCC L ;sDLCC CépDLCC
And, the corresponding load-independent voltage transfer ra-

tio Gprcc (Gprcc is the ratio of the output voltage V7, b1 -
to the input voltage V5 ) is calculated by

!
V'apLec
VB

_ (_ Lepprcc > <_ CeppLec > (_ L prec > 3)
LPsDLCC CésDLCC L,esDLCC

Goprcc =
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The constant V/ ,; « can be achieved when the double-
sided LCC compensation topology is driven by a constant volt-
age supply. And V!, 1 ¢ lags Vg by 180 degrees.

Similarly, the S-S and LCC-S compensation topologies can
be equivalent to one or more T-circuit in series, which are shown
in Fig. 4(a) and 4(d). The S-P, S-SP, and LCC-P compensation
topologies are equivalent to cascade connections of one or more
T-circuit with a parallel capacitor, which are shown in Fig. 4(c),
4(b), and 4(e), respectively. Here, it should be noted that the
output parallel capacitor does not affect the output voltage. So,
we only need to analyze the voltage transfer characteristics of
the equivalent T-circuits of all compensation topologies.

From Fig. 4, the equivalent variables, resonant conditions for
achieving load-independent voltage transfer characteristic, and
corresponding mathematical models of the load-independent
voltage transfer ratio of the S-S, S-P, S-SP, LCC-S and LCC-P
compensation topologies can be presented in Table I. From the
last column of Table I, it can be seen that the voltage transfer ra-
tios of all compensation topologies (Ggs, Gsp, Gssp, Grcocss
and Gpccp) are independent of the load. And the output volt-
ages of the S-P, S-SP, and LCC-S topologies (Vabsp, Vabssp,
and V,1,ccg) are in phase with the input voltage (VA ), how-
ever, V,pss and V,pccp lag Vap by 180 degrees. In addition,
the voltage gain of the S-P topology (Ggp) is equal to the recip-
rocal of the coupling coefficient, that is Ggp = 1/k. So the S-P
compensation network can be applied to achieve high voltage
output application owing to the fact of low coupling coefficient
in IPT system.

B. Load-Independent ZPA Operating Condition in CV Mode

The ZPA operating condition between the input voltage and
current of the resonant tank can minimize the reactive current
and ensure ZVS for the MOSFET-based inverter. So, under the
conditions of achieving load-independent voltage transfer char-
acteristics, load-independent input ZPA operations of the S-S,
S-P, S-SP, LCC-S, LCC-P, and double-sided LCC topologies are
analyzed in this section. Here, the double-sided LCC topology
is also analyzed in detail.

From Fig. 3, the input impedance of the double-sided LCC
topology Ziyprcc is given by (4) shown at the bottom of this
page. In (4), the ““||” represents “parallel circuits” sign. The
ZPA condition is achieved when the imaginary component of
the input impedance Im (Zi,pLcc) equals zero. In this case, the
resonant condition for achieving load-independent ZPA is given
by (5) shown at the bottom of next page. Under the condi-
tions of (5), the purely resistive input impedance Ri,pr.cc is

tL)

. 1
+ jwprecL esproc + =

ZinpLCC = <((R/ac + jwprecL'sspLec)

}ijLCCClspDLCC

el ) ijDLCCLIH
JwpLccUiesDLCC

Y= E— +ijLchepDLcc>
JjwprccCeppLec

= Re (ZinpLce) + J - Im (ZinpLec)

JjwprccCpppLoc

+ jwprcc LpspLec

“
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Fig. 4. Equivalent T-circuit of (a) S-S, (b) S-P, (c) S-SP, (d) LCC-S, and (e) LCC-P topologies.

TABLE I
RESONANT CONDITIONS OF S-S, S-P, S-SP, LCC-S AND LCC-P TOPOLOGIES FOR ACHIEVING LOAD-INDEPENDENT VOLTAGE TRANSFER CHARACTERISTICS AND
CORRESPONDING MATHEMATICAL MODELS OF LOAD-INDEPENDENT VOLTAGE TRANSFER RATIO

Vaba
Equivalent Variables Resonant condition Voltage gain G, = —abr
Vas
1 2o L
= w2 L,
Cepss ssTp Chpsss 5 1 Cepss
S-S 1 1 Wss = T A T AT Gss = ————
= Wil + —— L (Cepss + Clygs) Cesss
C’ osss C'gss8
1 : 1 : L+ L' Ly + L' 1
S-P = 7W§PLDL -+ wép = 71: Ggsp = Zm TR sL 2
Cepsp Chpssp CepsPLm L’ <1, L, k
1 I T
e Rl —
Cepssp s Cpsssp 2 L + L' csssp L + L' csssp
Ssp 2 2 “SSP T L /st Copss Gssp = —— ——
—wigp L esssp = —wggpL'sL + ——— m L esSSP CepsSsP m
c ssSSP
—w20esL b —wloesk
LeesepLeos LccspL B Lpsnccs + LepLccs
epLCCS Wiccs =
1 Lypsnccs LeprccsCppLecs . .
- Leprocs CepLccs
LCC-S Cootoos 1 Gices = (— T el
S = sLCCsS sLCCS
1 ) , L (Ceprccs + C'esnccs) i “
— = Wi el s, + ——m—
C'esLecs rees C'sLees
Lpsnccp + LepLecp
—wicep LepLocp + rep —wicep Lyl wicep = I3 . i3 pc ,
LCC-P epLCCP psLCCP/ epLccpCppLccp Greer = (— Leprccp , Lim + L's1,
v _ LIm+Lus Lpsucop L
CpsLccp L L'1sCepp
given by calculated, which are tabulated in Table II. It can be observed
} : , 5 that the input impedance of all compensation topologies are ex-
2 .
RipLce = Re (Zinprec) = Rye (LpsorecCisprecLesprec) pressed regularly as R',./|G.|" (the voltage transfer ratio G,
in - in - 2 . . .. - .
(LepprecCepprec Ligprcc) has been derived in Table I). Additionally, it should be pointed
R out that there is no ZPA condition for the S-S compensation
- ac . . .
=— (6) topology in load-independent voltage output mode. This calcu-
|GpLcc] lated result is in compliance with the analysis in [9], [15]. So,

Similarly, the load-independent input ZPA operating condi-
tions for the S-P, S-SP, LCC-S, and LCC-P topologies are also

the S-S topology is not listed in Table IT and will not be analyzed
in the next section.

Im (Zinprec) =0 —

’ ' i o i / 2 i 2
Lepprec Lesprec CepprecCespLec (Ceppree + Cegpree) = Leppree Lprec CspprecCeppree + Lespree LpsprecCppprecC'esprec

(&)
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TABLE II
LOAD-INDEPENDENT INPUT ZPA OPERATIONS IN CV MODES OF THE S-P, S-SP, LCC-S, AND LCC-P TOPOLOGIES

Resonant conditions for achieving load-independent ZPA

Input impedance Zi,

S-p (Lm + L;L)2Cs/'pSP = LIUL;LCCPSP
S-SP (Lm 4 Ligssp) Clpssp = LmLigssp Cepssp Rac
IG.|?
LCC-S LpstcesCppreesClacos = LeprecsCeprecsClaroos + LechcsC;Z,chcs
LCC-P L. L LpsuccpCeprocp + (L, + Lm)2chLCCPC;DLCCP = (L2 + (L, + Lm) Leproce ) Lpsocp Cpproce
TABLE III
SYSTEM SPECIFICATION AND PARAMETERS
Parameters Value
Operating frequency 85 kHz
Input DC voltage (Vqc) 200 V
Voltage transfer ratio 1.5
Output power 3-kW
Self-inductance in primary side (Ls) 120 pH
Loosely Coupled Transformer  Self-inductance in secondary side (Lgg) 120 pH
Rated coupling coefficient (ko) 0.2
Compensation capacitor in primary side Cpsssp 33.71 nF
S-Sp Series compensation capacitor in secondary side Cssssp 41.74 nF
Parallel compensation capacitor in secondary side Cgpssp 97.39 nF
Compensation inductance in primary side Lpspccs 40.58 pH
LCC-S Parallel compensation capacitor in primary side Cp,p1,ccs 219.12 nF
Series compensation capacitor in primary side Cps1,cCs 33.71 nF
Series compensation capacitor in secondary side Cssr,ccs 20.00 nF
Compensation inductance in primary side Ljs1,ccp 151.92 uH
LCC-P Parallel compensation capacitor in primary side C,pr,ccp 100.00 nF
Series compensation capacitor in primary side Cpsr,ccp 50.36 nF
Parallel compensation capacitor in secondary side Cspr,ccp 42.55 nF

Compensation inductances in primary and secondary sides Lpspr.cc, LsspLcc
Parallel compensation capacitors in primary and secondary sides C,,pr.cc, CsppLcc
Series compensation capacitors in primary and secondary sides Cprspr.cc, CsspLcc

Double-sided LCC

28.82 uH, 54.66 uH
157.46 nF, 120.79 nF
50 nF, 50 nF

III. QUANTITATIVE SENSITIVITY ANALYSES OF PARAMETRIC
UNCERTAINTY IN IPT SYSTEMS

According to the analysis in the last section, both the load-
independent output voltages and load-independent ZPA opera-
tions for the S-P, S-SP, LCC-S, LCC-P, and double-sided LCC
compensation networks are achieved when ignoring the ESR
(Equivalent Series Resistance) of the compensation compo-
nents. However, the variation of the load resistance has negative
effect on the output voltage and input impedance when consid-
ering the ESRs. Furthermore, these features are also affected by
the variations of the frequency and misalignment between the
primary and secondary coils. This section first designs the sys-
tem parameters of all topologies that achieve load-independent
voltage output and load-independent ZPA operation simultane-
ously based on Section II. Then, the parameters sensitivity to
the key performance factors when considering the ESRs will be
analyzed.

A. Parameters Design

The self-inductances of the primary and secondary coils for
all topologies are designed to be equal to 120 ©H and the cou-

pling factor of the transformer without misalignment is 0.2. The
system operating frequency is 85 kHz. The input DC voltage is
equal to 200 V. And the rated voltage transfer ratio is designed
to 1.5 to achieve output voltage of 300 V, which can be used
to charge the EVs or the automated guided vehicles (AGVs).
Then according to the analyses in Section II-A and II-B, the
system specifications of the S-SP, LCC-S, LCC-P, and double-
sided LCC compensated IPT systems are designed and tabulated
in Table III. For the S-P compensation topology, however, the
voltage transfer ratio is always equal to the reciprocal of the
coupling coefficient (Gsp = 1/k) from Table I. The designed
coupling coefficient is 0.2. It means Ggsp is equal to 5. For the
consistency of the study, so, the S-P topology will not be ana-
lyzed in the later section. However, it should be pointed out that
the S-P compensation topology can be applied to achieve high
output voltage owing to the small coupling coefficient in IPT
systems.

Substituting the designed parameters into (3), (6), Table I,
and Table II, the voltage transfer ratio and the phase angle of
the input impedance [6;,, = %" tan *1?‘3( ] for the S-SP,
LCC-S, LCC-P, and double- s1ded LCC topologles with different
loading conditions can be plotted, which are shown in Fig. 5(a),
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frequency when the ESRs of the compensation components are neglected.
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included.

Double-sided LCC compensation topology with resonant circuit losses

5(b), 5(c), and 5(d). It can be seen that load-independent volt-
age transfer ratio of 1.5 and load-independent ZPA operation
are achieved for all compensation topologies when the IPT sys-
tem operates at 85 kHz, which match well with the theoretical
analysis.

B. Quantitative Sensitivity Analysis

Based on the designed parameters for the loosely cou-
pled transformer and all compensation networks, the key
performance factors versus the variation of the parameters are
analyzed when considering the ESRs both of the inductors and
capacitors. The double-sided LCC compensation topology is
also taken as an example to analyze the sensitivity in detail,
which is shown in Fig. 6. RLpsDLCC, RCppDLCC, RCpSDLCC7
Ryps, Riss, Ressproc, Respprec, and Rpgprec are the
ESRs of the corresponding passive components. The input
impedance (Zi,pr.cc), the phasor form of the currents on pri-
mary and secondary coils (I, and I), the voltage transfer ratio
(GpLcc), and the transfer efficiency 7)pp cc are calculated in (7),
(9), (10), (11), and (12), respectively. In addition, the analyses
for the S-SP, LCC-S, and LCC-P topologies are similar to that
of the double-sided LCC topology and are therefore omitted.
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. wprcc LgsprLec
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QL
1 Dr

ZSZ = -

(jwprLccCspprec)  (wpLeeCsppree)

) wpLccLss
Z = jwprccLss + (worceLss)

Quer
1 Dr
(JwpLccCssprec)  (wpreeCsspree)
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1 Dr
(JwpLccCpspree) — (wpLeeCpsprec)
1 Dr

ZpZ = 7=

(JwoLccCppprec)  (wpLeeCpppLee)

) wprcc LpspLec
Zp1 = jwprLecLpspree + Q—ps (8)

L

in (8), Q1. and Q1 ¢ represent the quality factors of the compen-
sation inductor and coil respectively, and Dy is the dissipation
factor of the compensation capacitor.

Van
I — Vas _ Vg — Zinprcc <Pl ©)
P Ziprce Zy
v A% Vap — 7207
Vap — AB Zpl _ AB B ZinpLee P Zp3
I — ZinpLCC ZinpLCC Z
’ JwpLccM
(10)
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Voltage transfer ratio of the S-SP, LCC-S, LCC-P, and double-sided LCC topologies versus (a) loading condition at 85 kHz and the coupling coefficient

of 0.2, (b) normalized frequency at the load of 30 €2 and the coupling of 0.2, and (c) coupling coefficient at 85 kHz and the load of 30 (2.

VabpLce
Gice = | —aPLee
DLCC Vg
LZs + jw M1
s3 T JWDLCC p (Zsz + Zsl) +1L.Zg
_ Zs (11
Vs
PoupLcc
_ (12)
fIbLce Pouprcc + PlosspLce

in (12), the output power Py, tpr,cc and power loss PosspLcc
are expressed by (13) and (14), shown at the bottom of this page.

2
VabDLCC

Ry (13

P, outDLCC —

In this paper, we consider the variations of the coupling,
load, and frequency depending on the practical IPT application.
The coupling coefficient k£ of the transformer is usually
changed from 0.1 to 0.3 [29]. The equivalent ac resistance R,
is roughly changed from 10 to 200 €2 [6] when the battery
charging power was between 5% to 100% power. And the
frequency ranges from 81.38-90 kHz according to the SAE
J2954. The measured quality factor of the compensation
inductors (Q)r,) without ferrite and aluminum shielding is
approximately 500, however, that of the primary and secondary
coils with PC40 ferrite core and aluminum shielding (QrcT)
is about 200. Then the corresponding parasitic resistances of
the compensation inductors can be calculated by Ry, = wL/Q,
as well as that of the primary and secondary coils. In addition,
double sided metallized polypropylene film capacitors with

a dissipation factor (Dp) of 1.5%o are chosen. So, the ESR
of the compensation capacitor can be given by Rc = Dp/
(wC).

The voltage transfer ratio comparisons between S-SP, LCC-S,
LCC-P, and double-sided LCC topologies in respect to the load,
normalized frequency (the ratio of resonant frequency to oper-
ating frequency), and coupling factor are shown in Fig. 7(a),
7(b), and 7(c) respectively. Overall, the voltage transfer ratio
of the double-sided LCC topology is the least sensitive to the
variation of the load, frequency, and coupling, and followed by
the S-SP topology. It means that the double-sided LCC topol-
ogy are more suitable for achieving constant output voltage with
independent of variation of all possible parameters in a closed-
loop IPT system with a back-end DC/DC converter. Because
higher efficiency, lower cost, and simple control algorithm can
be achieved for a DC/DC converter with narrow output volt-
age range. In addition, the closer voltage transfer ratios of all
topologies are to the ideal value (G, = 1.5) at light loads from
Fig. 7(a).

The simulated AC-AC efficiencies of the S-SP, LCC-S, LCC-
P, and double-sided LCC compensation topologies are shown in
Fig. 8. It can be seen that the efficiency of the S-SP compensa-
tion network is almost superior over a wide range of load (except
at the very light load condition) and over the entire of coupling
and frequency. In addition, from Fig. 8(c), the larger the cou-
pling coefficient is, the higher the efficiencies for all topologies
are achieved. The light load efficiency is a very important fig-
ure of merit (FoM) in wireless EV (electric vehicle) charging
application. As is seen in Fig. 8(a), the LCC-P architecture has
higher and steady light-load performance.

Vas

2

Povprce = ( Vas > % wpLee Lpsprcc Vas — 7257 Dk P (WDLCC Lyps Dk )
ossDL -
ZinpLCC QL Zy wpLccCppbLec QuLer wpLccCpsbLec
2 (wDLCCLss Dk ) ( LZs + jwpLece M1, ) : Dr
S +
Qrer wpLccCsspLec Zs wprLccCppbLec
N (Is (Zs + Zg3) + jwpLce M1, > ? wpree Lssprce (14)
Zs QL
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Fig. 9. (a) Loosely coupled transformer and (b) experiment prototype of the
S-SP compensated IPT system.

IV. EXPERIMENTAL EVALUATION

To verify the theoretical analysis, 3-kW S-SP, LCC-S, LCC-P,
and double-sided LCC compensated IPT prototypes are imple-
mented. In which, unipolar coils with the shape of square are
used for both primary and secondary sides. The air gap between
the primary and secondary coils is approximately 80 mm. And
the designed geometric parameters of the coils are shown in
Fig. 9(a). The photograph of the S-SP compensated IPT system
is shown in Fig. 9(b). The LCC-S, LCC-P, and double-sided
LCC prototypes are similar to that of the S-SP compensated IPT
system and are therefore omitted. Here, it should be pointed out
that the capacitors bank are obtained by connecting combina-

of 0.2, and (c) coupling coefficient at 85 kHz and the load of 30 2.

tions of multiple capacitors in series and parallel, which will
make the difference between the equivalent theoretical value
shown in Table III and the experimental value less than 0.5 nF
and increase the equivalent value of permissible voltage of the
capacitor group. In addition, the primary side power MOSFETSs
are IPW65R041CFD. And the antiparallel diode of the MOS-
FET and secondary side diode of the rectifier use IDP30E65D2.

The experimental waveforms of the S-SP, LCC-S, LCC-P,
and double-sided LCC compensated IPT systems are shown
in Fig. 10(a), 10(b), 10(c), and 10(d), respectively. It can be
seen that the output voltage of the S-SP and LCC-S topolo-
gies, vapssp (t) and vaprcces(t), are nearly in phase with the
input voltage, however, the v,n,ccp () and vapproc(t) ap-
proximately lag the input voltage by 180 degrees, which match
well with the analysis of (3) and Table I. In addition, the input
currents of all topologies are almost in phase with the corre-
sponding input voltages. It means that near ZPA conditions for
all topologies are achieved. The little phase differences between
the input current and voltage for all topologies are caused by the
ESRs of the compensation components and harmonics of the
input current. Last but not least, the output currents are in phase
with the output voltages due to the diode rectifier action.

Fig. 11 shows the measured ac voltage transfer ratios of the
S-SP, LCC-S, LCC-P, and double-sided LCC compensated IPT
systems. The higher voltage transfer ratio can be obtained at
light loading condition for all topologies. And for the double-
sided LCC and S-SP topologies, the voltage transfer ratios are
less sensitive to changes in loads. The experimental results are
consistent with the analytical results shown in Fig. 7(a).

Figs. 12 and 13 show the measured DC-DC efficiency of
the S-SP, LCC-S, LCC-P, and double-sided LCC compensated
IPT systems versus coupling and load respectively. It can be
seen that the efficiency of the S-SP topology (nssp) is the least
sensitive to the change in coupling factor compared with that
of other systems. The larger the value of the load resistance,
the higher the efficiency the LCC-P compensated IPT system
(MLccp) can be achieved. Additional, when the IPT systems
operate at a coupling coefficient of 0.2 and a load resistance of
30 Q, 7MsspP, MLCCS» and nLcces and DLCcC are 91.8%, 78.6%,
72.6%, and 88.1%, respectively.
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V. CONCLUSION

In this paper, the sensitivity of the inevitable variation of the
parameters to the voltage transfer ratio and transfer efficiency
for all voltage-fed compensation topologies in IPT systems are
investigated. The theoretical analyses and experimental results
of the 3-kW S-S, S-P, S-SP, LCC-S, LCC-P, and double-sided
LCC compensated IPT systems show that:

1y

2)

All voltage-fed compensation topologies in IPT system
can be designed to achieve the load-independent voltage
transfer ratio.

For the S-P resonant topology, the load-independent
voltage transfer ratio is always equal to the reciprocal of
the coupling coefficient. It means the S-P compensation
topology can be applied to get high output voltage owing
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to the low coupling coefficient in wireless charging
system.

Load-independent ZPA operation in CV mode can be
achieved for the S-P, S-SP, LCC-S, LCC-P, and double-
sided LCC compensation topologies, except the S-S topol-
ogy. And the input impedance for all analyzed topologies
are expressed as R',./|G. |2 (G, represents the voltage
transfer ratio of different compensation topologies).
When considering the ESRs, the following conclusions
can be made based on the parameter sensitivity analy-
sis: (a) The double-sided LCC is the most robust topol-
ogy to obtain approximate constant voltage output and
have the minimum voltage error between the experimen-
tal results and the designed value compared with other
topologies. So double-sided LCC topology can be used
to achieve constant voltage output in a closed-loop IPT
system to minimize the power converter and control algo-
rithm efforts. (b) The efficiency of the S-SP compensated
IPT system is the least sensitive to changes over a wide
load range and the full coupling coefficient range. (c) The
larger the load resistance is, the higher the efficiency of
the LCC-P compensated IPT system is achieved. (d) The
efficiency increases as the coupling coefficient increases
for all topologies.
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