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Outputs and Input Zero Phase Angle of
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Yiming Zhang™, Member, IEEE, Haoran Wang~, Member, IEEE, and Chunting Chris Mi*“, Fellow, IEEE

Abstract—1In both normal and fast wireless electric vehicle
charging systems, constant current/constant voltage (CC/CV)
charging profile, regardless of the variation of the battery
state of charge, is one of the most essential characteristics to
ensure the battery performance and reliability. The input zero
phase angle (ZPA) is able to minimize the system volt-ampere
rating, enhance the power transfer capability, and make it
easy to achieve soft-switching operation over the full range of
battery charging profile. Therefore, the load-independent CC and
CV output characteristics with ZPA conditions are necessary
for wireless charging systems. However, the existing methods
that can achieve these functions either add power switches or
need a large number of compensation components, which make
the system inefficient, uneconomical, and bulky. In this paper,
a unified resonant tuning configuration with minimum passive
component counts is proposed to achieve CC and CV outputs
at two ZPA operating frequencies. According to the proposed
configuration, all the possible inductive power transfer (IPT)
and capacitive power transfer (CPT) topologies are analogized.
With these topologies, both CC and CV outputs with ZPA are
achieved using a minimum number of compensation components
and no additional power switches. Among all the simplest IPT
topologies, a primary Series-secondary Series and Parallel (S-SP)
compensation topology is illustrated to demonstrate the analysis.

Index Terms— Capacitive power transfer (CPT), constant cur-
rent (CC), constant voltage (CV), inductive power transfer (IPT),
zero phase angle (ZPA), zero voltage switching (ZVS).

I. INTRODUCTION

i-ION battery is expected to grow fast in various
Lenergy storage applications such as, but not limited
to, implantable pacemaker, cell phones, laptops, automated
guided vehicles (AGVs) and electric vehicles (EVs) due to the
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advantages of its high specific energy, energy density, and high
cycle lifetime. The wireless power transfer (WPT) technology
[1], [2] using magnetic or electric field coupling, namely the
inductive power transfer (IPT) or capacitive power transfer
(CPT), provides a promising solution for both normal and fast
charging [3], [4] of EV Li-ion batteries. Over the full range
of the Li-on battery charge, the battery pack equivalent load
resistance, which defined as the ratio of the charging voltage
to the charging current, may be roughly from a few ohms to
several hundred ohms [5]. With such a wide load range, a load-
independent constant current/constant voltage (CC/CV) charg-
ing profile [5]-[9] is desirable to ensure safety, durability, and
performance of the battery. On the other hand, the zero phase
angle (ZPA) between the input voltage and current, namely
unit power factor, can minimize the apparent power required
and enhance the power transfer capability [8]-[11]. Further-
more, based on ZPA, a zero voltage switching (ZVS) condition
for the primary MOSFET-based inverter can be easily achieved
to improve the system efficiency by slightly changing the value
of a compensation component [9], [12], [13] or the operating
frequency [8], [14], or utilizing phase-shift control [15]. So,
both CC and CV output characteristics with input ZPA are
necessary for wireless battery charging systems.

A front- or back-end DC/DC converter is usually used to
realize CC and CV output characteristics in WPT systems
[11], [16], meanwhile, a variable frequency control method
is applied to achieve ZPA [17]. However, the additional
DC/DC converter will undoubtedly increase the system cost
and decrease the power density and the efficiency of the
system. In addition, instability issue is inevitable for the
variable frequency control [18]. In order to avoid the above
drawbacks, designing specified resonant conditions for the res-
onant compensation topology in the WPT system are currently
effective solutions to achieve CC and/or CV outputs with
ZPA conditions. The load-independent output and/or input
characteristics of some widely-used compensation topologies
in both IPT and CPT systems are summarized in Tab. I
[12]-[14], [19]-[38]. From Tab. I, one can conclude that

1) Among all these compensation topologies, only the

double-sided LCC topology in the IPT system has been

designed to achieve CC and CV outputs at two different
ZPA frequencies [8], [9].
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TABLE I
LITERATURE REVIEW ON COMPENSATION TOPOLOGIES AND THEIR LOAD-INDEPENDENT OUTPUT AND/OR INPUT CHARACTERISTICS

Systems Topologies CC mode CV mode ZPA in CC mode  ZPA in CV mode
S-S [14], [19]-[27] [14], [23], [24], [27]-[29] [19]-[26] No
S-P [14], [19], [21] [14], [21], [28], [30] Not yet [21], [30]
P-S No [14], [21] No [21]
P-P [14], [21] No [21] No
IPT S-SP [27] (23], [27], [30]-(33] Not yet [23], [30]-(33]
S-CLC [34] Not yet [34] Not yet
S-LCC Not yet [13] Not yet [13]
LCC-S [27] [11], [23], [27], [30] Not yet [11], [30]
LCC-p [22], [23], [25] Not yet [22], [25] Not yet
Double-sided LCL [25], [35] Not yet [25], [35] Not yet
Double-sided LCC  [8], [9], [12], [23], [27] [8], [91, [27], [30] [8], 9], [12] [8], [91, [30]
Double-sided LCL [36] Not yet [36] Not yet
CPT CLC(II)-CLC(T) [37] [37] [37] Not yet
Double-sided LC [38] [38] Not yet Not yet

2) Hybrid topologies [21], [39], [40] that combine different
compensation topologies, for example, combining S-S
and P-S [21], can achieve CC/CV charging with ZPA
conditions.

However, the exiting efforts still have the following

challenges:

1) In the hybrid compensation topologies, additional power
semiconductor devices are needed, which increase the
system cost and power loss, and decrease the system
reliability.

Although there is no need for additional power semi-
conductor devices for the double-sided LCC topology,
the six additional compensation components in the
double-sided LCC compensation topology, especially
the primary and secondary compensation inductors,
result in a large system volume, weight, and cost and
will limit its applications where space and weight are
constrained.

There is currently no literature on CC and CV outputs
with ZPA conditions for CPT topology. So, if the CPT
system is expected to be applied to charge Li-on bat-
teries, more research about its load-independent output
and input characteristics are necessary.

To address the aforementioned issues, we study the simplest
topologies in IPT and CPT systems that can achieve both
CC and CV outputs with ZPA using the least number of
components. Specifically,

1) A fact is revealed that a resonant tuning configuration
that just consists of four lumped passive components
is the simplest resonant tank circuit to achieve CC
and CV outputs with ZPA. It means that an arbitrary
resonant tank circuit composed of four or more lumped
components can be designed to realize CC and CV
outputs at two different ZPA frequencies.

According to the proposed simplest resonant tank circuit,
all the possible IPT and CPT topologies are analogized,
which implies that as few compensation components as

2)

3)

2)

Reversed L-section

(b)

Normal L-section

(a)

Fig. 1. (a) A normal L-section matching network and (b) a reversed L-section
matching network.

possible are needed in IPT and CPT systems to achieve
CC and CV outputs with ZPA. Compared with hybrid
topologies, there is no need of some bidirectional power
switches for these topologies. Besides, it can improve
volumetric and gravimetric power densities and decrease
the cost of the system because fewer compensation
components are needed compared with the double-sided
LCC topology.

Among all the simplest IPT systems, an S-SP topology
is chosen as an example to demonstrate the feasibility
and validity of the analysis.

3)

II. NORMAL AND REVERSED L-SECTION
MATCHING NETWORKS

The normal and reversed L-section matching networks,
shown in Fig. 1(a) and 1(b) respectively, consisting of only
two lumped components: a parallel reactance and a series
reactance, are the two types of the most basic resonant circuit
[41], [42]. In Fig. 1(a) and 1(b), XN and Xon are the
reactances of the normal L-section, X;r and X,r are the
reactances of the reversed L-section, and R,  represents an
ac load resistance. The output voltage of the normal L-section
(VabN) and the output current of the reversed L-section (IypRr)
are expressed as

Rac 'jXZN
VN = : - IaB (1a)
‘ Rac + (GX1N +jXoN)
JXor
LR = Vap (1b)

Rac - GX1r +jX2r) + jX1R - jXoR
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A method of analyzing the load-independent output characteristics of an arbitrary resonant tank circuit. (a) A higher-order resonant circuit, (b) the

equivalent circuit of Fig. 2(a) in CC mode, and (c) the equivalent circuit of Fig. 2(a) in CV mode.

where, Iap and Vap are the phasor forms of the input current
and voltage.

In (1a) and (1b), Vapn and Ipr are independent of R, when
XN+ Xon = 0 and X r + Xor = 0 respectively, which are
simplified as

Vabn = jXonIaB (2a)
1
Lor = ——VaB (2b)
IX1R

The input impedances of the normal and reversed L-section
matching networks are, respectively, given by

(Rac +jX1N)jX2N (Rac +jX1N)jX2N

Zi N = - - = - - (321)
" (Rac +jX1N) +jXon  Rac + (XN +jX2N)
Rac -jXoR . Rac X1Rr +jX2r) — X1RX2R
Zig = ———— +]XIr = -
Rac +jXor Rac +jXor

(3b)

Under the conditions of XiN+Xon = 0 and Xr+Xor =0,
respectively, Zinn and Zjsr are derived as

(Rac +jX1N) jXoN

ZiN = 4
inN Ruc (4a)
—XIRX2R
ZiR = 5———o— (4b)
Rac +]X2r

As aforementioned, a voltage-fed reversed L-section match-
ing network has the output characteristic of a current source.
The normal L-section driven by a current source can achieve
CV output. Following this logic, a higher-order resonant
circuit can be divided into cascaded connections of multiple
normal and reversed L-section matching networks to sim-
plify the analysis of its CC and CV output characteristics.
The analysis method is shown in Fig. 2. Compared with
this method, the conventional LC resonance model, namely
Thevenin-Norton equivalencies, just can be applied to analyze
CC or CV output of a resonant circuit. In the following
sections, the method shown in Fig. 2 is adopted to discover
the simplest resonant circuit that can achieve both CC and CV
outputs at two ZPA operating frequencies.

No. | No. 1
(b)
(a) A T-circuit and (b) the equivalent circuit of the T-circuit in CV

Fig. 3.
output.

III. LOAD-INDEPENDENT CC AND CV
OuTPUTS WITH ZPA CONDITIONS

A. T- and 7 -Circuits

A T- or z-circuit is composed when a reactance is added in
the normal or reversed L-section matching network. Fig. 3(a)
shows a voltage-fed T-circuit, where, X1, XoT, and X3T are
the passive components, and Va1 and Iyt are the phasor
forms of the output voltage and current respectively.

According to Fig. 2, the T-circuit can be described as a
series connected matching network of a reversed L-section
(consisting of X1 and X»T) and the series reactance X3r.
According to the analysis of the previous section, the reversed
L-section matching network can achieve CC output. And, X31
does not affect the output current. So, CC output characteristic
of the T-circuit can be obtained when X 1 + Xo1 = 0. And
the load-independent output current is expressed as

1 IabT 1
Lbr = ——VasB == )
¢ iXir Vap  jXiT
where, Gtcc represents the transconductance of the T-circuit.
With the condition of X1+ Xo1 = 0, the input impedance
of the T-circuit (ZiyT) is derived as
—XiT- Xor
ZinT = . . (6)
Rac +3Xor +jX37
From (6), Zi,r is purely resistive and independent of R,
when Xor + X317 = 0. It means that the load-independent

(Or Grce =
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TABLE 11
ANALYSIS OF THE LOAD-INDEPENDENT OUTPUT AND INPUT CHARACTERISTICS OF THE 7 -CIUCUIT

A current-fed nt-circuit

Equivalent circuits

Normal L-section
No. 1

z ™

Reversed L-section |
No. 1 ;

For achieving constant current output

Equivalent variables
Conditions for achieving load-independent output

Mathematical models of load-independent outputs

Conditions for achieving load-independent ZPA

Input impedance

Xor = Xorc1 + Xonc2
Xir + Xorc1 = Xorc2 + X3zc1 =0
Libr = (X1x/Xorc2) IaB

No
Xix +Xor =0
Ve = jX1x1aB

No X1z +Xoxr =0
Xor + X3 =0
No Zing = 1/(RLX17rX27r) = 1/(Rac |G3rCV|)

ZPA condition is achieved. And the purely resistive input
impedance Zj,r is given by

Zur — —Xit-Xor _ Xit-Xit _ 1 |VaB :
" Rac Rac Rac IabT
1
= — @)
Rac |Grccl?

To analyze the load-independent voltage output character-
istic of the T-circuit, it is considered as a back-to-back con-
nected circuit of a reversed and a normal L-section matching
networks according to Fig. 2, which is shown in Fig. 3(b).
In such case, Xor is split into two reactances Xory; and
Xorv2 in parallel [Xor = (X2rviXorv2) /(Xotvi + Xo1v2),
here X,1vi + XoTv2 # 0]. Then, according to the analysis
of the reversed and normal L-section matching networks,
CV output characteristic for Fig. 3(b) can be achieved when
X1+ Xorvi = Xorv2 + X3t = 0. And the constant output
voltage Vbt is given by

i X2TV2
! - VaB (Or Grev =
X1

\% X
Vior — abT _ 2TV2) ®)

VaB XiT

where, Gtcy represents the voltage transfer ratio of the T-
circuit.

Under the condition of X1 + X21vi = XoTv2 + X371 =0,
the input impedance is derived as

—Rac X11X27V1
Ry (jX2rv1 +jX21v2) — XoTv2 X537

In (9), there does not exist a resonant condition to make
ZinT purely resistive because Xotvi + XoTv2 # 0. It means
that the T-circuit cannot achieve ZPA input in CV mode.

From the analysis above, one can make a conclusion that
CC and CV outputs can be achieved for the T-circuit. However,
the load-independent ZPA condition is only achieved in CC
mode. In IPT systems, the S-S topology is essentially a
T-circuit [22], [23], [30]. According to the analysis of the

©)

Zint =

T-circuit, therefore, the S-S can achieve CC output at a ZPA
frequency, but CV mode operates at non-ZPA frequency. These
results are in compliance with the analysis in [23], [24].

The analysis of the x -circuit is similar to that of the T-circuit
and shown in Tab. II in detail. The x -circuit can be described
as a back-to-back connected circuit of a normal and a reversed
L-section matching networks, as shown in the second row and
the second column of Tab. II. Also, according to the analysis
of the L-section matching networks, the z-circuit can achieve
CC output. However, there does not exist a resonant condition
for the m-circuit to obtain the load-independent ZPA in CC
mode.

The CV output characteristic and the input impedance in
CV mode of the z-circuit are analyzed in the last column
of Tab. II. The x-circuit is treated as series connection of a
normal L-section and the parallel reactance X3,. It can be
seen that the load-independent output voltage and the ZPA
condition are realized for the z -circuit.

So, for the T- and =z-circuits, both CC and CV outputs
can be realized. However, ZPA operating condition is only
achieved for the T-circuit in CC mode or the 7 -circuit in CV
mode. It means that the T- and z -circuits are not the simplest
resonant tuning configuration to achieve CC and CV outputs
both with ZPA conditions.

B. The Simplest Resonant Tuning Configuration

Based on the T- or 7 -circuit, a lumped component is added.
Then an equivalent circuit shown in Fig. 4(a) is obtained.
X1, X2, X3, and X4 represent the reactances.

According to Fig. 2, Fig. 4(a) is equivalent to Fig. 4(b) to
analyze its CC output characteristic and input ZPA condition.
Fig. 4(b) is actually a series connected circuit of two-stage
reversed L-section matching networks and a normal L-section
matching network. The corresponding equivalent variables are
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Fig. 4. (a) The simplest resonant tuning configuration that can be designed
to achieve both CC and CV outputs with ZPA conditions, (b) the equivalent
circuit of (a) to achieve CC output with ZPA, and (c) the equivalent circuit
of (a) to achieve CV output with ZPA.

derived as
_ Xoc1 X0
27 Xac1 + X202
According to the analysis of the reversed and normal
L-section matching networks, when the equivalent variables
in Fig. 4(b) satisfy the following resonant conditions:

X1+ Xoc1 = Xoc2 + X3c1 = X320 + X4 =0

and X3 = X3c1 + X3c2 (10)

(1)

the load-independent output current I, cc (or transconduc-
tance Gcc) can be achieved, which is derived as
Lab_cc
Vas
= JRe) (g
1A3C2

Furthermore, according to (4a) and (4b), the input
impedance Zijncc of the equivalent circuit shown in Fig. 4(b)
is expressed by (13), which is shown at the bottom of this
page.

In (13), when

Xoc2X3c1 + (Xac1 + Xo2c2) X3c2 =0

1.
L cc = —jXo2 Vag (or Gee =
1X1

X3

(14)

the imaginary part of Zincc [Im(Zincc)] equals zero. It means
that the input impedance is purely resistive. And the purely
resistive input impedance is expressed as,

1 X1 Xoc1X3c2X4 1

Rac Rac |Gecl?
(15)

R; = Re (Z; =
inCC (Zincc) Xoca Xac

So, ZPA condition is achieved for the equivalent circuit
shown in Fig. 4(a) under the conditions of (11) and (14).

Similarly, in order to analyze the CV output characteristic
at a ZPA frequency, Fig. 4(a) is modeled as Fig. 4(c), which is
essentially a series connected circuit of a reversed L-section
matching network and a normal L-section matching network
with the parallel impedance X4. The equivalent variable is
expressed as,

)= XoviXovo
Xovi + Xova

The parallel reactance X4 does not affect the output voltage,
so we only need to analyze the voltage transfer characteristic
of the series connected network of the reversed and normal
L-section matching networks. According to the analysis of
the reversed and normal L-section matching networks in
Section II, the resonant condition of the equivalent circuit
shown in Fig. 4(c) to achieve CV output is expressed by (17).
And the corresponding mathematical model of the constant
output voltage Vyp,_cv (or voltage transfer ratio Gey) is given
by (18).

(16)

X1+ Xovi = Xov2 +X3=0 (17
. 1
Va_cv = jXov2—-VaB
1X1
\% iX
x (or Gey = ab_CV :J 2V2) (18)

Vas X1

Then, under the condition of (17), the input impedance
Zincv of the equivalent circuit shown in Fig. 4(c) is expressed
by (19), which is shown at the bottom of this page.

In (19), when
(Xavi + Xov2) X4 + Xov2 X3 =0 (20)

the imaginary part of Ziycy [Im(Zincv)] equals zero. It means
that the purely resistive input impedance is achieved and

Zincc = Re (Zince) +j - Im (Zince)

Rac X1 X4 X201 X301 X202 X302

" (RacX3c1X202) + (X4 (Xac2 X3c1 + (Xact + X2c2) X3c2))?

X1 Xac1X302X3 (X2c2X3c1 + (Xact + Xoc2) X3c2)

+j 5 5 (13)
(RacX3c1X202)” + (X4 (X2c2X301 + (Xoc1 + X202) X3c2))
Zincv = Re (Zincv) +j - Im (Zincv)
_ Rac X1 Xov1 X2v2 X3 X3
 (X2v2X3X2)? 4 (Rae (Xavi + Xav2) X4 + X2v2X3))?
R2. X1 Xovi X4 (Xavi + Xov2) X4 + Xov2X3) (19)

+]
(X2v2X3X4)? + (Rac (Xav1 + X2v2) X4 + Xov2X3))?
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TABLE III
SUMMARY OF THE ANALYSIS OF THE SIMPLEST RESONANT TUNING CONFIGURATION
The simplest resonant tuning configuration Fig. 4(a)
CC mode with ZPA  CV mode with ZPA
Equivalent circuits Fig. 4(b) Fig. 4(c)
Equivalent variables (10) (16)
Conditions to achieve load-independent outputs (11) (17)
Mathematica models of the constant output current and voltage (12) (18)
Conditions to achive load-independent ZPA conditions (11) and (14) (17) and (20)
Purely resistive input impedances (15) 21
""""""" (Ls — M) and Xgs 1pT, and Xgp pr correspond to Xy, X»,
X3, and X4, respectively. For Fig. 5(b), the capacitive coupler
in the CPT system is equivalent to its z-model [36], [43],
here, Cj, and Cqy are the self-capacitances, and Cyp is the
mutual capacitance. Xps, cpT, Xpp, cPT, and Xsp, cpr represent
the compensation components in the CPT system. Also, com-
paring Fig. 5(b) with Fig. 4(a), Xps, cpr, the parallel-connected
branch Xpp cpr and Cin, Cwm, and the parallel-connected
branch Coyt and Xgp, cpr correspond to X1, X2, X3, and Xy,
L andlor respectively.
R As shown in Fig. 5(a), Xps, 1t and X pr may be induc-
""" | tive, capacitive, or a short circuit (ckt.), and Xgp, tpr is also
® either inductive or capacitive. So, there are multiple possible
Fig. 5. All the possible compensation topologies in (a) IPT and (b) CPT compensation topologies that achieve both CC and CV out-

systems according to Fig. 4(a).

expressed as,

X1Xov1 Rac
Rincv = Re(Zincv) = Rac XovaX3 |GCV|2

So, the load-independent ZPA condition is achieved for the
equivalent circuit shown in Fig. 4(a) under the conditions
of (17) and (20).

As aforementioned, the equivalent circuit shown in Fig. 4(a)
is the simplest resonant tuning configuration that utilize the
minimum number of passive components to achieve CC and
CV outputs with ZPA conditions. And a conclusion about the
analysis can be made and shown in Tab. III.

21

IV. APPLICATIONS OF THE PROPOSED SIMPLEST
CONFIGURATION IN IPT AND CPT SYSTEMS

According to Fig. 4(a), all the possible compensation
topologies in IPT and CPT systems can be analogized, which
are shown in Fig. 5(a) and 5(b), respectively. In Fig. 5(a),
the loosely coupled transformer consisting of the primary and
secondary coils in the IPT system is modeled as its T-model
[14], [22]. Lp and Lg represent the self-inductances of the
primary and secondary coils, and M is the mutual inductance
between the two coils. The magnetic coupling coefficient k
is then determined as k = M//LpLs. Xps 1pT, Xss, 1PT
and Xgp pr are the additional compensation components.
Comparing Fig. 5(a) with Fig. 4(a), the series-connected
branch X 1pr and (Lp — M), M, the series-connected branch

puts with ZPA conditions. Among all possible compensation
topologies in IPT system, an example shown in Fig. 6(a)
is illustrated. The reason for choosing capacitors (Cps, 1pT,
Css, 1p1, and Cgp 1pr) instead of inductors in both the primary
and secondary sides is to further improve the system power
density and decrease the system loss. Actually, Fig. 6(a) shows
an S-SP compensated IPT system. According to the analysis in
Section III-B, the equivalent circuits of the S-SP compensation
topology that achieve CC output with ZPA and CV output with
ZPA are shown in Fig. 6(b) and 6(c) respectively. The detailed
analysis are presented in Tab. IV and Tab. V respectively.

V. EVALUATIONS

To verify the above analysis, simulations and experiments
are conducted on a 3.3-kW S-SP compensated IPT charging
system, as shown in Fig. 7(a). According to Tabs. IV and V,
the system design process is shown in Fig. 8, and the cal-
culated parameters are shown in Tab. VI. It can be seen
that the designed resonant frequencies for achieving CC
output with ZPA and CV output with ZPA are 81.50 kHz
and 90.00 kHz, respectively, which are in compliance with
SAE J2954 Standard [44]. Based on the system parameters
tabulated in Tab. VI, the implemented experimental setup
is shown in Fig. 7(b). Symmetrical square-shaped unipolar
coils are used for both the primary and the secondary sides.
The number of turns and the measured quality factors of
the primary and secondary coils are 24 and approximately
500 respectively. And the air gap between the two coils is
about 20 cm. EPCOS / TDK B32642B series film capac-
itors are selected for Cps 1pT, Css,1pT, and Cgp rpr. In the
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Fig. 6.

~ .‘(),‘ IAB ’(ﬂﬂj‘ IahﬁCV
ssC s + C,,,v Ly +
p— p— R
maC Vs L., Cy Cap IPT Vab,cv *©
— 5

(b) ©

(a) An example of the simplest IPT compensation topologies: a S-SP compensation topology, (b) the equivalent circuit of the S-SP topology to

achieve CC output with ZPA, and (c) the equivalent circuit of the S-SP topology to achieve CV output with ZPA.

TABLE IV
ANALYSIS OF THE S-SP COMPENSATION TOPOLOGY TO ACHIEVE CC OUTPUT WITH ZPA

CC mode with ZPA

Equivalent circuits Fig. 6(b)
1 1 L - L
= +ijC(Lpr),%:M,and
Equivalent variables JWeeTpsC - JWectpsIPT m11C m2c¢ (22)
——— +jwec Lssc = jwee(Ls — M) + ———
JWCCCSSC J"JCCCSS,IPT
-, .. . 1 1
Conditions for achieving load-independent CC output i + jwee Lmic = jwee Lmac + - = jwee Lgsc + - =0 (23
chcCpsC jweeCssc ]chcsp,IPT
jweeCpsc * jwee L I jwee Lmac C,
Mathematical models of output current Lip.cc = JCCF’SC¢VM (or Gee = L€ _ Jes m2C psc) (24)
Jwee Lssc Vas Lgc
. . 1 . 1
.~ +JchLmlC = JchLmZC + 5 = _]chLSSC + 5 = 0
Conditions to achieve ZPA jweeCpsc jweeCssc jweeCop 1T @5)
. . R . 1
(chchlC +chch2C)chcLssC +jweelmpc——— =0
]wcccssC
LssC Csp IPT 1
Purely resistive input impedance Re (Zince) = : = (26)
Y P P " Racwc%;LmchmZCCpsCCssC Rac |G"CC|2
TABLE V
ANALYSIS OF THE S-SP COMPENSATION TOPOLOGY TO ACHIEVE CV OUTPUT WITH ZPA
CV mode with ZPA
Equivalent circuits Fig. 6(c)
1 . . 1 .
- = - + jwev(Lp — M), jwey Ly || ———=— = jwev M, and
Equivalent variables JwevCpsv - jwevCpsrpr JwevCrmy @7
jwchssV = jwcv(LS - M) +
jwevCs 1T
Conditions for achieving load-independent CV output ——— tjwevLmy = - +jwevLssy = 0 (28)
chvCpsV jwevCy
. . Vawcv  Cpsv
Mathematical models of output voltage Vab_cv = jweyCpsv - Vag (or Goy = —— = 29)
cvlmV VAB C’mV
. 1 .
s + jwev Ly = ——— + jwey Ly = 0
JUvaCpsV JWevlmv
Conditions to achieve ZPA 1 1 (30)
jwev Ly + - ) - jwevLssy = 0
( o JUvaCmV chcCsp,IPT chvaV v
Rac Lssy C, R,
Purely resistive input impedance Re (Zincy) = —o VMY “ G
LmVCpsV |GCV|

experimental prototype, the capacitor bank is designed by
connecting combinations of multiple standard capacitors in
series and parallel, which can make the difference between
the experimental value and the theoretical value less than
0.2 nF and increase the withstand voltage of the capacitor
bank. Silicon Carbide (SiC) MOSFETs C2M0080120D are
used to implement the input single phase full-bridge inverter.
Also, SiC diodes IDW30G65C are adopted at the secondary
side single phase full-wave bridge rectifier. The diode rectifier
with LC filter is used to rectify the AC output current of the
S-SP compensation topology before connecting to the battery.

The rectifier output LC filter is designed to be 680 xH and
220 nF. A Chroma 62100H programmable DC power supply
is used to drive the IPT system. Also, a Chroma DC Electronic
Load 63210 is used to emulate the battery.

Fig. 9 shows the simulation results of the transconductance,
voltage transfer ratio, and input phase angle of the S-SP
compensation topology versus frequency at different load con-
ditions. It can be seen that the load-independent transconduc-
tance of 0.04845 and the load-independent ZPA are achieved
at 81.5 kHz simultaneously. Additionally, the load-independent
CV output with ZPA is realized at 90.0 kHz.
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TABLE VI
PARAMETERS OF THE S-SP COMPENSATED IPT SYSTEM

Parameters Value (Unit) Parameters Value (Unit)
Lp 288.00 uH Chs1pT 12.17 nF
Lsg 288.00 nH Cl1pT 13.25 nF
k 0.14 Cipipr 60.00 nF
fee 81.50 kHz fev 90.00 kHz

When the S-SP compensated IPT prototype operates at
81.5 kHz and 90.0 kHz, respectively, the measured waveforms
of the input voltage vap(f), input current ipg(f), output
DC voltage v,(f), and output DC current iy(f) are shown
in Fig. 10(a) and 10(b). From Fig. 10(a) and 10(b), the input
currents are nearly in phase with the input voltage, which mean
that ZPA conditions are achieved in both CC and CV modes
and verify the theoretic analysis and simulation results shown
in Fig. 9.

(a) The S-SP compensated IPT system and (b) the experiment setup.
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Fig. 9. Simulated transconductance, voltage transfer ratio, and phase angle
of the input impedance of the S-SP compensation topology.
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Fig. 10. Waveforms of vag (), iaB (), vo(?), and i (7) when the IPT system
operates at (a) 81.5 kHz and (b) 90.0 kHz.

Under the condition of ZPA operation, the method that
slightly changes the value of a compensation component [9],
[12], [13] or the system operating frequency [8], [14] has
been proposed to ensure ZVS for the primary MOSFET-based
inverter to reduce its switching loss. In this paper, the method
of changing the operating frequency is adopted. Specifically,
the operating frequency is changed from 81.5 kHz to 83 kHz
in CC mode. In CV mode, 88 kHz is adopted. In this case,
however, the voltage and current transfer characteristics will
depend on the variation of the load from Fig. 9. In addition,
the output characteristics are inevitably affected by the com-
ponents parasitic resistance [8], [9] and some uncertain fac-
tors [30], for example, the manufacturing tolerance. Thereby,
a feedback control is necessary to achieve constant output
current in CC mode and constant output voltage in CV mode.
Many feedback control methods have been proposed, for
example, regulating the input voltage, changing the operating
frequency [8], and using the fix frequency duty cycle control
for the inverter [9]. In this paper, the method of slightly regu-
lating Vy is adopted because it does not affect the ZVS over
the full range of charging profile. The measured i,(¢) and v, (¢)
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TABLE VII
COMPARISON OF THE PUBLICATIONS FOR CC OUTPUT WITH ZPA AND CV OUTPUT WITH ZPA

Reference Pout fec and fev nce and ey Icc and Vey Limitation
= 81.5 kH = 93. Icc = 1222 A
This paper 33 kW foc =815 kHz nee = 93.6%  Icc
fev =90.0 kHz nev = 94.1% Vey =270 V
= 92.5% Icc=1A
211 I15W  fec=foy =200kHz € i ce
nev =93.7%  Vey=15V
Hybrid topology [391 192W  foc = fov = 500 kHz e = 92.8% fe=24A Additional power semiconductor devices
ncy = 92.4% Vey =96 V
= 89.5% Icc=3A
[40] 216 W  fec = fov = 500 kHz '€ ‘ ce
ncv = 91.9% VCV =72V
= kH: =96.1 Icc = 15.7T A
8] 664w fCC— 76981 kl-i rex = 32 1(:;0 vCC = 452g \%
Double-sided LCC topology fev =19. z Nicy = 292.1% cv = Low power density
[9] 24 W fCC = 206.6 kHz nce = 93.7% ICC =1A
fcv = 259.9 kHz ncv = 91.8% VCV =24V
IS T U T T T T — 280 - (0 [250V/div] - " V(0 [250V/div] "
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2 CC mode / \ s /;jm 10A/div 1,40 [10A/div] |t
T‘&c 91 /. \ 240 \; V() [100V/div] <
E " \ g 2 V(1) [100V/div] 1,(0) [10A/div]
%ﬂ- 67 /'/ \E‘ k220 é o Time Qusidivy 1.0 [10A/div] < Time (us/div)
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(<] o 3
34 / N F200 :
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e 1) . )
15 18 21 40 60 80 100 120 140 Fig. 13.  Waveforms of vag(?), iag(2), vo(f), and io(¢) in (a) CC and
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Fig. 11. Measured output current and voltage of the S-SP compensated IPT
system versus the load resistance.
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Fig. 12.  Waveforms of vag(?), iag(?), vo(?), and io(¢) in (a) CC and
(b) mode at 3.3-kW output power.

are shown in Fig. 11. The system operates at 83.0 kHz when
the load resistance is continuously changed from 15 Q to 22 Q
(full load), while the system operates at 88 kHz when the load
varies from 22 Q to 140 Q. It can be seen that CC/CV charging
profile is achieved. Furthermore, Figs. 12(a) and 12(b) show
the measured waveforms of vag(?), iaB(f), vo(t) and iy(t)
at 3.3-kW output power in CC and CV charging modes
respectively. Fig. 13 shows the measured vap(?), iaB(%), 0o(?),
and iy(¢) at 1.65-kW output power. From Figs. 12 and 13,
the input currents slightly lag the input voltage in both CC and
CV modes, which means that the ZVS operations are achieved.

Figs. 14(a) and 14(b) shows the measured efficiencies,
ncce and #cy, of the S-SP compensated IPT system from
the DC input of the inverter to the load at 3.3-kW output
power. The peak efficiencies in CC and CV mode are shown

(b) mode at half power.

o Pk o Nl Mo
PP oo prn T

—— wRERE o e e e ol B i
Udc3 321.02 v Ude3 [ 24992 v
Ide3 11.047 A DC Input Idc3 14.457 A DC Input
P3 3.546 kw P3 3.613 kw
Udct 27032 v Udct 27084 v
Idct 12.229 A DC Output Idct 12202 A DC Output
P1 3.306 kw P1 3.305 kw
Eff 93.231 4 Efficiency Eff 91.484 Efficiency
Udc2 0.002 v Udc2 0.002 v
(@ (b)

Fig. 14. Screen capture of the IPT system efficiency measurement in (a) CC
and (b) CV modes at 3.3-kW output power.
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Eff 93546 % Efficiency Eff 94.071 Efficiency
Udc2 0.002 v Udc2 0.002 v

(2) (b)
Fig. 15. Screen capture of the peak efficiency measurement in (a) CC and

(b) CV modes.

in Figs. 15(a) and 15(b). In CC mode, the efficiency at
full power and the peak efficiency are up to 93.2% and
93.6%, respectively. Besides, the peak efficiency in CV mode
is 94.1%.

The performances of the proposed IPT system in this paper
are compared with the previous works, as given in Tab VIIL
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The designed IPT system can achieve CC output with ZPA
and CV output with ZPA using the minimum number of
compensation components and has competitive efficiencies
in both CC and CV modes. Furthermore, the uneconomical
power semiconductor devices for switching topologies and the
compensation inductors that take up large volume, weight, and
loss are omitted.

VI. CONCLUSION

In order to improve the power density and efficiency and
reduce the cost of the wireless battery charging system, in this
paper, the simplest resonant circuit configuration with minimal
passive component counts is proposed to realize CC and
CV outputs at two different ZPA frequencies. According to
the proposed configuration, all the possible IPT and CPT
topologies are derived. The main benefit for these IPT and CPT
topologies is that CC and CV outputs with ZPA operations
can be achieved by using the minimum number of additional
compensation components. A 3.3-kW S-SP compensated IPT
system is analyzed and implemented to verify CC and CV
outputs at ZPA frequencies. In addition, a design method is
proposed for the S-SP topology to make the system operating
frequencies in both CC and CV modes meet the standard
requirements of SAE J2954.
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