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Unified Load-Independent ZPA Analysis and
Design in CC and CV Modes of Higher Order
Resonant Circuits for WPT Systems
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Abstract— This article proposes a general unified methodology
for arbitrary higher order resonant circuits. With the proposed
methodology, the equivalent circuits and the general resonant
methods of the higher order resonant circuit are presented to
realize the load-independent constant current (CC) and constant
voltage (CV) outputs at two different load-independent zero
phase angle (ZPA) frequencies. In addition, the corresponding
regularized mathematical models of the constant output current
and voltage and the purely resistive input impedances in CC
and CV output modes are derived. All compensation topologies
in both inductive and capacitive power transfer (CPT) systems
have the essence of higher order resonant circuits. It means
that the proposed methodology can be applied to investigate
the load-independent output and input characteristics of any
inductive power transfer (IPT) and CPT topologies. A 3.3-kW
LCC-series-compensated IPT system for electric vehicles (EVs)
was designed and manufactured to verify the theoretical analysis.
The system operating frequencies in both the CC output with
ZPA and the CV output with ZPA are in compliance with the
SAE J2954 standard.

Index Terms— Capacitive power transfer (CPT), constant
current/constant voltage (CC/CV) charging, electric vehicle (EV),
higher order resonant circuit, inductive power transfer (IPT),
L-section matching network, unity power factor.

I. INTRODUCTION

HE wireless power transfer (WPT) technology [1], [2]

is becoming widely used in cardiac pacemakers, mobile
phones, drones, lighting, and electric vehicles (EVs) [3]-[5].
In a wireless EV charging system, to ensure the safety, durabil-
ity, and performance of the battery, a constant current/constant
voltage (CC/CV) charging profile, regardless of the variation
of the battery state of charge (SOC), is one of the most
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essential characteristics [6]—[8]. Besides, to enhance the power
transfer capability, diminish the volt-ampere (VA) rating,
and ensure soft-switching operating condition of the primary
inverter, the zero phase angle (ZPA), namely unit power factor,
between the primary inverter output current and voltage is
necessary [8]-[10].

Usually, a downstream dc—dc converter or a variable
frequency control [11] is adopted to regulate the battery
load-independent CC or CV output characteristic. However,
the additional converter inevitably increases the component
counts and associated power losses and costs. For the variable
frequency control, the ZPA condition or slightly inductive
input impedance is difficult to be achieved over the full
range of the charging mode. To achieve load-independent
CC output with ZPA or load-independent CV output with
ZPA, an inductive power transfer (IPT) topology with a
ZPA frequency-tracking control and a back-end converter is
proposed [10]. As mentioned previously, however, the addi-
tional converter will make the power receiver system bulky
and inefficient. Additionally, instability issues due to the
frequency bifurcation phenomenon may be inevitable for the
ZPA frequency-tracking control [12].

However, the method of designing specified resonant
conditions for the compensation topologies in IPT and capac-
itive power transfer (CPT) systems is an alternative solution.
In the IPT systems, the CC output mode at a ZPA fre-
quency can be obtained for the series—series (S-S) [13]-[15],
S-CLC [16], double-sided LCL [17], [18], or double-sided
LCC [15], [19]-[21]. Moreover, the series—parallel (S-P) [14],
double-sided LCC [20], [21], and S-SP [22], [23] compen-
sation topologies can realize load-independent CV outputs
with ZPA. For these various compensation topologies, how-
ever, the analysis and design of the resonant methods are
different and irregular. So, a general and simplified method
that can systematically analyze the CC and/or CV outputs
with ZPA is necessary to be compatible with all kinds of
compensation topologies in wireless EV charging applications.
In [24] and [25], methods using the basic LC network,
T-network, and z-network are proposed to investigate the
load-independent CC and CV output characteristics of arbi-
trary topologies. However, the ZPA condition in CC or CV
mode needs further comprehensive analysis. In order to ana-
lyze the CC output with ZPA operation or the CV output with
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Fig. 1. General configurations of (a) IPT systems and (b) CPT systems.
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Fig. 2. Some widely used compensation topologies in IPT and CPT systems. (a) S-SP-compensated IPT topology [22], [23]. (b) LC C-series-compensated IPT
topology [31], [32]. (¢) Double-sided LC C-compensated IPT topology [15], [19]-[21]. (d) Double-sided LC-compensated CPT topology [27]. (e) Double-sided

LCLC-compensated CPT topology [33], [34].

ZPA operation of any compensation topologies, a graphical
approach method [26] and a family of higher order resonant
circuits [16] are proposed. But it is difficult to simultaneously
analyze the load-independent CC and CV output modes both
with ZPA of arbitrary compensation circuits.

In the CPT systems, there is a paucity of literature on the
load-independent output current and voltage and the input
ZPA characteristics. The load-independent CC and CV output
modes are analyzed and designed for the double-sided LC
compensation [27]. In [28], primary 7-CLC and secondary
T-CLC compensation topologies are proposed to achieve the
load-independent CC output mode at a ZPA frequency, while
the CV output is realized at a non-ZPA frequency. To promote
the application of CPT systems in EVs, more research about
the general method analyzing the load-independent CC and
CV output modes both with ZPA is also necessary.

To address the aforementioned issues, what we desire,
in this article, to accomplish for the dozen compensation

topologies in wireless EV charging applications are as follows:

1) a general and simplified method that analyze the
load-independent CC and CV outputs with ZPA condi-
tions of arbitrary higher order resonant circuits including
some widely used compensation topologies in both IPT
and CPT systems;

2) the regularized mathematical models that express the
load-independent output current and voltage and the
purely resistive input impedances in CC and CV charg-
ing modes.

Specifically, Section II describes the detailed equivalent cir-
cuits for an arbitrary higher order resonant circuit and derives
the mathematical models. The application of the proposed
method in the IPT system is given in Section III. In Section IV,
the analytical results are experimentally evaluated. The con-
clusions are summarized in Section V.

II. LOAD-INDEPENDENT CC AND CV OUTPUT MODES
WITH ZPA CONDITIONS OF HIGHER ORDER
RESONANT CIRCUITS

A. Fundamental of Wireless Power Transfer System

The general configurations of the IPT system [16], [29]
and CPT system [30] are shown in Fig. 1(a) and (b), respec-
tively. In the IPT system, the loosely coupled transformer
with the primary and secondary coils is modeled as its
T-model. L, and L represent the primary and secondary self-
inductances, and M is the mutual inductance. R,. is an ac
load. The capacitive coupler in the CPT system is equivalent
to its z-model [30]. In IPT and CPT systems, L. and/or
Cpc represent the primary compensation components and L
and/or Cy are the secondary compensation components. Fig. 2
shows some widely used compensation topologies in IPT and
CPT systems, for example, an LCC-series-compensated [PT
topology [31], [32] shown in Fig. 2(b). From Figs. 1 and 2,
it can be seen that all IPT and CPT systems have the essence
of higher order resonant circuits.

Fig. 3 shows a general higher order resonant circuit, where
Xs1, Xs2, ..., Xsm-1), and Xsp represent the series reac-
tances and Xpi, Xpp, ..., and Xp(m-1) represent the parallel

reactances. “j” is the unit imaginary number.

B. Basic L-Section Matching Networks

As shown in Fig. 4(a) and (b), respectively, the reversed and
normal L-section matching networks [35] are the two types
of the most basic resonant circuit. X;r and X,r are the two
reactances of the reversed L-section network, and XN and
XoN are the reactances of the normal L-section network.

The output current of the reversed L-section network (Inpr)
and the output voltage of the normal L-section network (VapN)
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Fig. 3. Arbitrary higher order resonant circuit.
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Fig. 4. (a) Reversed L-section matching network. (b) Normal L-section
matching network.

are derived as
JXor
Rac - GX1r +jX2r) + jX1R - jX2R
Rac 'jX2N

VN = . - IaB (2)
‘ Rac +jXin +jXoN

Vag (D

Lpr =

where Vap and Iap are the phasors of the input-port voltage
and current.

In addition, the input impedances of the reversed and normal
L-section matching networks are expressed as

Rac -jXor . Rac(GX 1R 4 jX2R) — XRX2R
ZiR = 5 tiXIrR= -
Rac +jXor Rac +]Xor
. . . . (3)
Zin = (Rac +JXIN)JXon  (Rac +JX1N)jXoN @
" (Rac +JXIN) +jXon  Rac + GXiN+jXon)
In (1) and (2), when
XiR+Xor =0 )
XN+ Xon = 0. (6)

Lpr and VN are independent of the load R,. and can be
simplified as

1 1 v )
5 VAB = —; AB
JX1R —JX2r
VaN = jXonIaB = —jXNIAB. (8)

IabR =

Moreover, under the conditions of (5) and (6), Zj,;r and
ZinN are, respectively, given by

—X1rRX2R
ZiR = ———o— 9
Rac +]Xor
R iIX1Nn)iX
ZiN = (Rac +jX1N)j 2N. (10)
RaC

For the higher order resonant circuit shown in Fig. 3,
the following criteria hold.

1) The parallel reactances Xp; to Xpm.2) in Fig. 3 are
modeled as the parallel connection of two reactances,
i.e., Xp;j is expressed by using Xpjc; and Xp;jcz in paral-
lel. The corresponding equivalent variables are expressed
by (11).

2) The series reactances Xs» to Xs(m-1) are equivalent to the
series connection of two reactances, i.e., Xs; is expressed
by Xsic1 and Xsicz in series, which is derived in (12)

) iXpic1iXpic2 .

Xpi= o PCNTPIC2 o o, m=2)) (1)
IR JXpic1 +jXpic2 ( )

jXsi =jXsic1+jXsic2, i€{l,2, ..., (m—1)}. (12)

Fig. 3 is modeled as cascaded connection of (m-1)-stage
reversed L-section networks (marked with the red compo-
nents) and (m-2)-stage normal L-section networks (marked
with the blue components), which is shown in Fig. 5(a).

Similarly, the higher order resonant circuit shown in Fig. 3
can also be modeled as shown in Fig. 5(b), and the corre-
sponding variables are expressed as

) JXpivijXpiva
jXpi = ————— and
jXpivi +jXpiva
iXsi = jXsivi +jXsive, ie€{l,2, ..., m—=1)}. (13)

It can be seen that the equivalent circuit shown in Fig. 5(b)
consists of (m-1)-stage reversed L-section and (m-1)-stage
normal L-section in series.

From Fig. 5(a) and (b), an arbitrary higher order resonant
circuit can be modeled as cascaded connection of one or more
stages of reversed L-section matching networks and one or
more stages of normal L-section matching networks. It means
that the two basic types of L-section matching networks can
be applied to simplify the analysis and design of the output
and input characteristics of any higher order resonant circuits.

C. General Load-Independent CC Output Mode
With Load-Independent ZPA

According to the analysis of the reversed and normal
L-section matching networks, when the sums of the two
reactances of all L-section networks in Fig. 5(a) are designed
to be equal to zero, namely,

Xs1 + Xpici

= Xpic2 + Xs2c1 = Xsoc2 + Xp2c1 = -+
= Xsic2 + Xpic1 = Xpic2 + Xs@+1)c1 = -+
= Xpm-2)c2 + Xsm-1)c1 = Xsm-1)c2 + Xpm-1)

=0 (14
and the transconductance G¢c of Fig. 5(a) can be expressed as
Lb_cc
Gee =
. VAB . .
_ JXpic2 jXpac2  jXpic2
iXs1 jXs2c2  jXsic2

~ JXpm-2)c2 1
JXsm-2)c2 J Xsm-1)c2

5)
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Fig. 5. Two different equivalent circuits of an arbitrary higher order resonant circuit. (a) Equivalent circuit for achieving the CC output with ZPA. (b) Equivalent

circuit for achieving the CV output with ZPA.

Xs1 = —Xpici =Xr_c_1(for reversed L-section No. 1)
Xpic2 = —Xs2c1 = XN_c_1(for normal L-section No. 1)
Xs2c2 = —Xpac1 = Xr 2
Xpac2 = —Xs3c1 = XN_c2
Xsico = —Xpic1 = Xr_c_i(for reversed L-section No. i)

Xpic2 = —Xs(i+1)c1=Xn_c_i(for normal L-section No. i)

Xsm-1c2 = —Xpm-1) = XR_C_(m—1)- (16)

From (15), Gcc is independent of the load. It means that
the load-independent CC output is obtained when the higher
order resonant circuit is fed by a CV supply and resonates at
the conditions of (14).

In order to simplify and express the regularity of the
load-independent CC output characteristic, we define the uni-
fied nomenclature of all the variables in Fig. 5(a) as (16)
according to (14). In (16), Xr c i and XN c_i represent the
unified reactances of the i reversed and normal L-section
networks, respectively.

Then, the load-independent G¢ce can be simplified to

Lb_cc
G pr—
€=y
_XNci Xnci o XNcm-2 1
Xrc1  Xrci  Xrc (m-2) iXrR.C_(m-1)

(m—2)
IT Xnci

_ =1
T oD

i Il Xrci
i=1

a7

Furthermore, according to (9), (10), and (16), the input
impedance of Fig. 5(a) (Zincc) is expressed as

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

2
= ke (18)
(Zc.1—jXNc 1) iXNc1 .
—JXRr C_1
Zc_ 1
where
2
Ze | = —XRco
- (Zc2—jXNc2) jJXNcC2 .
—JjXr.c2
Zco
2
Ze i = —XR ¢ (i+1)
~ 7 (Ze ey —iXN_c i) JXN Cirn)
—JXR_C_(i+1)
Z¢ _(i+1)
2
7 ) = —XR C_(m2)
-9 T (Ze ) —JXN_C_m2) JXN.Cm2)
—JXR_C_m-2)
Z¢ (m-2)
—X2
R_C_(m-1
Zc ma) = S (19)

(Rac + jXsm) — JXR_C_(m-1)

(=Xr c1+XNnc1DXrc2 (=Xrc2) - Xrci - (—Xr ci) - XrR c_m-1) - (=XR_C_m-1))
+XNnci1-(—Xnc1D)(=XrRc2+XNc2) - Xrci- (=Xr i) - Xr . m-1) - (=XR_C_(m-1))
+ -+ XNt (=Xnc ) (=Xr i+ XNci) - XR.c_m-1) - (=XR_C_m-1))
+ o+ XN (XN ) XN e (B XNed) s (= XR.c m2) + XN_c_m2) XR_C_(m—1) - (—XR_C_(m—1))
+ Xn_c_1(=Xn_c_D)XN_c2(=XNn_c2) - - Xn_ci(—=Xn_c.i) - - (=XRr_C_m-1) + X'sm)

m-2) [G-1) (m—1) m—2
= > |l (XX c) Xrex+Xnc) [] Xred |+ Xremn+Xsm)- [] (= XX i) =0
=1 | x=1 x=(i+1) i=1

(20)
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Zincc 1s expected to be purely resistive and independent
of the load, that is ZPA operation, which implies that the
imaginary part of Ziycc, Im(Zincc), is always equal to zero
for any loading conditions. In order to achieve Im(Zj,cc) = 0,
the general resonant condition is given by (20), shown at
the bottom of the previous page. In this case, the general
load-independent purely resistive input impedance (Rincc) iS
expressed by

Rincc = Re(Zincc)

2 2 2 2 2
_ XR,C,IXR,C,Z o 'XR,C,i o 'XR_C_(m—Z)XR_C_(m—l)
- 2 2 2 2
RaCXN_C_IXN_C_l e XN_C_i e XN,C,(m72)
(m—1) )
1_[1 XR_C_i 1
1=
= . 21
(m=2) RaC|GCC|2 ( )

Ryc H XI%I_C_i
i=1
So, for the higher order resonant circuit, the load-
independent CC output with the ZPA operation is achieved
under the resonant conditions of (16) and (20).

D. General Load-Independent CV Output Mode
With Load-Independent ZPA

Similarly, when the sums of the two reactances of all
L-section matching networks in Fig. 5(b) are defined as

Xs1 + Xpivi = Xpiv2 + Xsovi = Xsovo + Xpovi = - -

Xpiv2 = —Xs@+1)VI=XN_V_i (for normal L-section No. i)

Xsm-1v2 = —Xpm-1)vi = XrR_v_(m-1)

Xpm-1)v2 = —Xsm = XR_V_(m—1)- (24)

From (23), Gy is independent of the load. It means that
the load-independent CV output is realized when the higher
order resonant circuit is fed by a CV supply and resonates at
the conditions of (22).

Also, in order to simplify and express the regularity of
the load-independent CV output characteristic, we define the
unified nomenclature of all the variables in Fig. 5(b) as (24)
according to (22). In (24), Xr_v_i and Xn_v_; represent the
unified reactances of the i reversed and normal L-section
networks of Fig. 5(b), respectively.

Then, the load-independent Gey is simplified to

Gov = Vabcv _ Xnvi  XNvi XNV (@D
Vags XRr v 1 XR Vi XR_V_(m-1)
(m—1)
XN Vi
i=1
= (25)
T Xrvi

i=1
Furthermore, according to (9), (10), and (24), the input
impedance of Fig. 5(b), Zincv, is expressed as

Zincv = Re(Zincy) +j - Im(Zincv) = Rincv +j - Xincy

= Xsiv2 + Xpivi = Xpiv2 + Xsi+nyve = -+ _x2
_ R_V_1
= Xsm-1yv2+Xpm-1)vi = Xpm-1)v2+Xsm = v —iXnv1) XNV » (26)
-0 (22) 70 —jXrR v_1
and the voltage transfer ratio Gcy can be expressed as where
2
G — Vab_cv Zy | = . _XRvaz
YT Vs - (Zvo—jX~Nvo2) jXNv2 .
. . . ) 7 —JXRrR V2
JXpiv2 JXp2v2 jXp3va  JXpiv2 v_2
iXs1 jXsav2jXs3ve  jXsiva
1 XP(m— X2
... 12Rm-Dv2 (23) Zy i = . R_V_(it])
1Xsm-1v2 - (Zv7<i+1)—JXN,V7(i+1))'JXN,V7<1+1)_jXR _
Xs1 = —Xpivi =Xr_v_1(for reversed L-sectionNo. 1) Zv_(i+1) -V-(i+D)
Xpiva = —Xsavi = Xn_v_1(for normal L-sectionNo. 1)
2
Zy _ —XRV_(m-2)
-7 (Zy (2 XNV (@2) TN V_m2) ¥
Xsiva = —Xpivi = Xr_v_i(for reversed L-section No. 1) Zv_(m-2) JARV_(m-2)
(—Xr v i1+ XNv DXrv2 - (=XrRv2) - Xrvi (=Xr Vi) XRV_(m-1)  (—XR.V_m-1))
+ XN v (=XNv D)(XrRvV2+XNv2) - XrRvi (=XR.v.i) - XRV_m-1) - (=XR_V_m-1))
+ o+ XNvor XNV (S XRovi XNV - XRV_ -1 - (= XR_V_(m-1))
+ oo XN v (XN VD) XNV (XN (XR oV me2) F XNV m-2) XRV_(m—1) - (=XR_V_m-1))
m-2) [G-1 (m—1)
= > T (=R )Xeva+xav [T (= xkvs) | =0 (28)

i=1 | x=I x=(i+1)
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TABLE I
SUMMARY OF THE PROPOSED METHODOLOGY FOR AN ARBITRARY HIGHER ORDER RESONANT CIRCUIT

Features

CC output with ZPA  CV output with ZPA

An arbitrary higher-order resonant circuit
Equivalent circuits

Equivalent variable expressions

Resonant methods for achieving load-independent CC and CV outputs
General mathematical models of constant output current and voltage
Resonant methods for achieving load-independent ZPA

General mathematical models of purely resistive input impedances

Fig. 3
Fig. 5(a) Fig. 5(b)
(11) and (12) (13)
(16) (24)
17) (25)
(16) and (20) (24) and (28)
1) (29)

_x2
Zy_(m2) = - }.{_V_(m_l) .
- (Rac — JXN_V_(m-D) " JXN_V_(m-1) ix
R R_V_(m-1)
27

Zincv is expected to be purely resistive and indepen-
dent of the load, that is the ZPA operation. It means that
Im(Zipcy) is always equal to zero. The general resonant
method given by (28), shown at the bottom of the previous
page, is derived from Im(Zj,cv) = 0. In this case, the general
load-independent purely resistive input impedance Rincv is
expressed as

Rincv = Re(Zincv)

_ RaCXI%_V_lez{_V_Z T Xlzl_C_i T XIZLV,(mfl)
XI%I_V_IXI%I_V_l o 'XI%I_V_i o 'XI%I_V_(m—l)
(m—1)
Rac XIZLV,i
— i=1 _ Rac (29)
1) Gevl?
H XN,V,i

i=1

So, for the arbitrary higher order resonant circuit, the load-
independent CV output with the ZPA operation is achieved
under the resonant conditions of (24) and (28).

As aforementioned, from (17) and (25), respectively,
the load-independent CC and CV outputs are achieved when
the higher order resonant circuit is fed by a CV source
system and resonates at the conditions of (16) and (24).
Furthermore, from (21) and (29), the input impedances in CC
and CV output modes are purely resistive and independent
of the load. It means that for a CV-fed higher order resonant
circuit, the load-independent CC and CV output modes with
ZPA conditions are obtained with the proposed methodology.
Table I summarizes the proposed methodology.

III. APPLICATIONS OF THE PROPOSED
METHODOLOGY IN WPT SYSTEMS

As mentioned in Section II-A, all compensation topolo-
gies in IPT and CPT systems have essence of higher order
resonant circuits. So, according to the proposed methodology,
we can easily analyze the load-independent CC and CV output
modes with ZPA operations for any compensation topologies
in IPT and CPT systems. In this article, a CV-fed LCC-series
topology, which is shown in Fig. 2(b), is applied here in
detail to demonstrate the proposed methodology. In Fig. 2(b),

(b)

Fig. 6. Equivalent circuits of the LC C-series topology for achieving (a) CC
output with ZPA and (b) CV output with ZPA.

the primary LCC network consists of Ly, Cpp, and Cps, and
Cs represents the secondary compensation capacitor.

A. Load-Independent CC Mode With ZPA of
the LCC-Series Topology

According to the analysis in Section II-C, the LCC-series
topology shown in Fig. 2(b) should be modeled as Fig. 6(a),
which is a series-connected circuit of two-stage reversed
L-section networks, one-stage normal L-section network, and
the series-connected reactance Xgc. The detailed equivalent
expressions are derived by

1
joccCpp = ——— + - (30a)
P JXppc1  JXppc2
o +jCUCC(Lp -M) = jXpsC1 +jXpsC2 (30b)
JoccCps
jocc(Ls — M) + - = jXssC (30¢)

JoccCss

where wcc (wcc = 27 fcc) represents the resonant frequency
of Fig. 6(a).

According to (16) and (17), (31) can be derived and
used as the resonant methods of Fig. 6(a) to achieve the
load-independent CC output. In this case, the load-independent
Gcc is given by (32)
wCCLps+prC1 = prC2+XpsC1 =XpsC2+CUCCM=O (31

Libcc  jXppc2 1
Gee = = : . .
Vap  joccLps jXpsc2

(32)
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Furthermore, according to (20), the resonant condition for
achieving ZPA condition and the corresponding purely resis-
tive input impedance of Fig. 6(a) are expressed as

(Xppc1+Xppc2) Xpsc2 (wce M)

+ Xppc2 Xpsci1 (wceM+Xssc) =0 (33)
2 12 v2
e LpsX oo 1
Rincc = Re(Zincc) = P = - (34
Rac prcz Ryc |GCC |

B. Load-Independent CV Mode With ZPA of the
LCC-Series Topology

Based on the analysis in Section II-D, the LCC-series
topology should be equivalent to Fig. 6(b) to investigate
its load-independent CV output mode and ZPA condition.
Fig. 6(b) consists of two-stage reverse L-section networks
and two-stage normal L-section networks in series. From
Figs. 2(b)-6(b), the equivalent variables are expressed by the
following:

1 1

jocvCpp = ——— + - (35a)

P JXppvi  JXppv2
T A +jCUCV(Lp - M) = jXpsV1 +jXpsV2 (35b)

JwCVCpS

1 1 n 1 (350)
: = - C

JocvM  jXmvi  jXmv2
jocv(Ls — M) + - = jXssv (35d)

Jocy Css

where wcy (wcy = 27 fcy) represents the resonant frequency
of Fig. 6(b).
According to (24) and (25), when

wCVLpS + prVl = prV2 + XpsVl = XpsVZ + Xmv1

= Xmv2 + Xsv =0 (36)
the load-independent Gcy is derived as
A\ X iX
Gey = abCV _ J&ppv2 JAmv2 37)

Vas B jCUCVLpstpsV2 ’

In addition, to ensure ZPA operation in the CV mode,

the following resonant condition should be satisfied according
to (28):

(Xppv1 +Xppv2) Xpsv2 Xmv1 4+ Xppv2 Xpsvi (Xmvi +Xmv2) =0

(38)

and according to (29), the purely resistive input impedance

Rincvy is expressed as

2 2 y2
Racorgy LpSXpsV2 _ Ra

Rincv = Re(Zincv) = (39)

2 2
prVZXmVZ

IV. EVALUATIONS

The proposed analysis methodology was verified with a
3.3-kW LCC-series-compensated IPT prototype. Fig. 7 shows
the experimental setup. The air gap between the coupled coils
is set at 20 cm for practical wireless EV charging applica-
tions. The input and output dc voltages are 400 and 320 V,

\

Fig. 7. Experimental setup of the IPT system.

By (30a), calculate Cpp
By (36), calculate XWM
By (35a), calculate pr\z

By (36), calculate X,
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By (31), calculate ngCZ
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‘ By (30c) and (35d), calculate C_and L -M ‘

‘ By (31) and (33), calculate X__ ‘

|
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o |

G

No Yo O’

ref

YES

Fig. 8. Parameter design procedure of the LC C-series topology.

respectively, and the output dc current is 10.3125 A, which
conforms with the SAE J2954 standard [36]. Using the
fundamental harmonic approximation (FHA) method, the ac
transconductance gain (Gcc) and the ac voltage transfer ratio
(Gcv) are then calculated and equal to 0.0318 and 0.8,
respectively. The compensation components parameters and
the resonant frequencies in CC and CV modes (fcc and
fcv) are estimated through solving (30)—(33) and (35)—(38).
In addition, the detailed design procedure is shown in Fig. 8.
In addition, it should be pointed out that with the similar
design procedure shown in Fig. 8, the system component
parameters of arbitrary higher order resonant circuits including
any compensation topologies in WPT systems can be designed
by combining (11)-(13), (16), (17), (20), (24), (25), and (28).
Then, the designed component values are shown in Table II.
From Table II, the resonant frequencies in CC and CV modes
are 90 and 82 kHz, respectively, which are also in compliance
with SAE J2954 standard. Infineon IPW65R041CFD power
MOSFETsS are used to build the input single-phase full-bridge
inverter. Also, Infineon IDP30E65D2 diodes are adopted at the
secondary-side single-phase full-wave bridge rectifier.

Fig. 9 shows the simulation results of the LC C-series topol-
ogy versus frequency. It can be seen that the transconductance
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TABLE 11
SYSTEM PARAMETERS

Parameters Value Parameters Value
Vi 400 V Vo 320 V
I, 10.3125 A Ly 453 uH
Ly 453 pH k 0.142
Lys 120.40 pH Cpp 46.91 nF
Chs 10.11 nF Css 7.83 nF

fcc 90 kHz fov 82 kHz
— ﬁo Q

2 0.06F[—400Q

N —60Q

0051 =m0 X: 90 kHz

2 o0al = 100 Q

g0

2003

5

2 0.02

g

£ 0.01

78 8 82 8 8 8 90 92 94
Frequency (kHz)

w

N
93

()

n

Voltage transfer gain (V, /V, )

78 80 82 84 8 8 90 92 94

Frequency (kHz)
' J 4
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~
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Fig. 9. Simulation results of Gcc, Gevy, and the phase of input impedance.

is independent of the load, and the input impedance is purely
resistive at any load conditions when the topology resonates
at 90 kHz. The simulated transconductance is 0.0318, which
is equal to the designed value. So, the load-independent
CC mode with ZPA is achieved. However, the load-
independent CV mode with ZPA is obtained at 82 kHz.
The simulation results demonstrate the theoretical analysis in
Sections III-A and III-B.

The measured transient waveforms of the output volt-
age v (1) and current iy (z) of the compensation topology
and also the rectifier output dc voltage v,(f) and current
io(t) are shown in Fig. 10(a) at 90 kHz. Fig. 10(b) shows
the transient waveforms of va(2), ian(t), 0o(2), and iy(?)
at 82 kHz. From Fig. 10(a), io(f) and ip(¢) are always

v,(®) [500V/div] .

i () [20A/div]

i:(t) [20A/div]
2

T T
F<-20% of output power >~ 50% of ofitpiit power ————»<-Rated output power >

Time (2s/div)

(a)

V(0
i, ()[20A/div]

~

» B v.(0) [500V/div]

i (t) [10A/div]

B
f<— Ratéd output power —><——350% of ofitput power —><—20% of output power —»]

Time (2s/div)

(b)

Fig. 10. Transient waveforms of vap (1), iap(f), 0o (), and io(¢) in (a) CC
output mode and (b) CV output mode.

Time (4us/div)

(a)
N P P
Viaev(®)
B 400V/div} / d
Tac® 1\A
T [10A/GV) T o

VD)
[200V/div]

Time (4us/div)

(b)

Fig. 11. Experimental waveforms of vag(f), iAB(?), vab(?), and iy, (7) at
full-load power and in (a) CC output mode and (b) CV output mode.

constant at the load resistance of 6.21 (20% of full-load
power), 15.52, and 31.03 Q (full-load power). It means that
the load-independent current output is achieved. However,
from Fig. 10(b), the CVs v, () and vy (¢) are achieved at any
load conditions.

Fig. 11(a) and (b) shows the experimental waveforms of
vAB (1), iAB (1), vab(2), and iyp(¢) at 90 (CC mode) and 82 kHz
(CV mode), respectively. Fig. 12(a) and (b) shows the exper-
imental results of vap(¢), iaB(¢), vab(?), and iy, (¢) when the
system operates at 50% of full-load power and CC and CV
modes. From Figs. 11(a) and 12(a), iop(¢) is almost in phase
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Fig. 12. Experimental waveforms of vag(f), iaB(f), vab(?), and iy, (7) at
50% of full-load power and in (a) CC output mode and (b) CV output mode.
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Fig. 13.  Measured output dc current and voltage and the dc—dc efficiency
over the full range of charging process.

with vap(t). So, according to Figs. 10(a), 11(a), and 12(a),
the load-independent CC output with ZPA is achieved for the
LCC-series topology. Moreover, from Figs. 11(b) and 12(b),
iag(?) is also almost in phase with vag(t), which match well
with the analysis of (39). It means that the load-independent
CV output with ZPA is obtained at 82 kHz.

Fig. 13 shows the output dc current and voltage and aslo the
efficiency from the dc input of the inverter to the load over
the full range of the charging process. The system operates
at 90 kHz when the load resistance is continuously increased
from 5 to 31.03 Q, while the system operates at 82 kHz when
the load increases from 31.03 to 200 Q. It can be seen that
the output current value is almost constant at 90 kHz and
the load-independent CV output is achieved at 82 kHz. The
maximum fluctuation of the output charging current in the CC
mode is within 4.9%, and the maximum fluctuation of the
output charging voltage is only 3.8% in the CV mode. The
efficiencies in the CC and CV modes are 88.9% and 89.2% at
the rated load condition. Furthermore, a peak system efficiency
of 90.8% is obtained at 60 Q and 90 kHz. Fig. 14 shows the

B (nverter
s,

[ [
e,

I Transformer

ss

21.33% .
I Rectifier
Total Loss: 403.6W

10.64%

6.64%

3.84% 17.6%

4.06%

Fig. 14. Loss breakdown at full-load power at 82 kHz.

power loss breakdown based on the experimental results. The
transformer loss is up to about 144.8 W, accounting for 35.88%
of total losses. The large transformer loss is caused by the
small coupling coefficient and the large parasitic resistances
of the coupled coils.

V. CONCLUSION

This article proposed a general unified methodology for
arbitrary higher order resonant circuits to analyze the both the
load-independent CC and CV outputs with load-independent
ZPA operations. The regularized mathematical models of the
constant output current and voltage and the purely resistive
input impedances are derived to simplify the design and opti-
mization of the system parameters. The proposed method with-
out adding any control algorithm and any auxiliary circuit can
be generalized to investigate the load-independent output and
input characteristics of some widely used resonant compensa-
tion topologies in WPT systems, including, but not limited to,
LCC-series, S-SP, and double-sided LCC-compensated IPT
systems, and double-sided LC, double-sided LCLC, and
double-sided CLLC-compensated CPT systems. A design
guideline for the practical wireless EV charging application
of the LCC-series-compensated IPT system is experimentally
verified by a 3.3-kW prototype.
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