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Abstract: This paper analyzed the four series-parallel (SP) compensation topologies to achieve
constant current (CC) and voltage (CV) output characteristics and zero phase angle (ZPA) input
conditions with fewer compensation components in the capacitive power transfer (CPT) system. There
are three main contributions. Firstly, the universal methodology of SP compensation topologies was
constructed to achieve CC, CV output, and ZPA conditions. Secondly, four specific SP compensation
topologies were investigated and summarized, including double-sided LC, double-sided CL, CL-LC,
and LC—CL topologies. Their input-output characteristics are provided, and system efficiency is
analyzed. Thirdly, the CL—LC and LC—CL topologies were proposed to realize ZPA conditions
under CC and CV output without any external regulating circuit. A CV output LC—CL experiment
prototype was implemented to validate the theoretical analysis.

Keywords: capacitive power transfer (CPT); compensation topology; zero phase angle; constant
voltage/current output

1. Introduction

Wireless power transfer (WPT) technology utilizing different energy carriers to transfer
electric power without physical contact has been a research hotspot recently due to its
advantages of flexibility and safety [1-4]. Inductive power transfer (IPT) and capacitive
power transfer (CPT) technologies are two main effective methods among WPT systems to
deliver power wirelessly [5]. IPT system using high—frequency magnetic fields to transfer
power has been employed in miscellaneous applications, such as biomedical implants [6,7],
wireless charging for consumer electronics (CE) [8], electric vehicles (EVs) [9-12], and
unmanned aerial vehicles (UAVs) [13,14]. As a result of the high—frequency magnetic
fields generated around the coupler structure in the IPT system, undesirable eddy current
loss would be induced in the metallic conductors shown around the IPT system [15]. In
addition, the IPT system usually adopts a coupler structure consisting of the expensive
Litz wire and ferrite core, increasing the system’s costs and weight [16,17]. Unlike IPT
technology, a CPT system using electrical fields as an energy carrier has the advantages of
low eddy current loss, lightweight, and good tolerance to metal disturbance [18]. Therefore,
the CPT system is more suitable for metal environmental and lightweight applications.

A CPT system usually consists of a power electronic converter, coupler structure,
and compensation topologies [19]. The converter (high-frequency inverter and rectifier)
supplies the AC signal to compensation topologies. It converts the alternating current to
DC load. The coupler structure realizes the wireless power transfer by generating high-
frequency electric fields between the transmitting and receiving plates. A capacitive coupler
structure would induce significant reactive power in the CPT system, degrading the power
transfer capability [20-22]. Therefore, the compensation topologies play an essential role in
eliminating the reactive power induced by the capacitive coupler [23-26]. For most charging
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applications, the output characteristics of constant current (CC) and constant voltage (CV)
are significant targets to extend battery life and ensure stable charging, which can also
be achieved by appropriate selections of compensation topologies [27]. Furthermore, the
parameters design of the compensation circuit can not only adjust the output voltage and
current gain but also optimize the system efficiency [28].

Currently, the research on compensation topologies in the CPT system can be divided
into basic compensated circuits and high-order compensated circuits [29-40]. The basic
compensated circuits are composed of series (S) compensation, parallel (P) compensation,
and series-parallel (SP) compensation, as shown in Figure 1. As the coupled capacitances
of the coupler structure in the CPT system are usually the pF-level, the compensation
inductors in the series compensated circuit would be large and heavy [29]. In addition,
the structure of the parallel compensated circuit limited the port voltage on coupler plates,
which imposed restrictions on transfer power [30]. Hence, the SP compensation and high-
order compensation topologies are preferred by researchers [33-39]. Lu et al. proposed
double-sided LCLC [29], double-sided CLLC [34], and double-sided LCL compensation
topologies [30] to reduce the resonant inductance and increase the port voltage on the
plates. At the same time, the plenty of external compensation components increased the
system’s complexity. They made the CPT system lose its advantages of lightness. Then,
as one of the SP compensation topologies, the double-sided LC compensation circuit was
proposed to achieve CC and CV output with only four external compensation components
(half the number of double-sided LCCL topologies). However, when the parameters of
double-sided LC are designed to achieve CV output, the zero phase angle (ZPA) condition
between the input driving current and driving voltage cannot be realized, which would
degrade the power transfer capability.
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Figure 1. Compensation topologies in the CPT system. (a) Series compensation. (b) Parallel compen-
sation. (c) Series-Parallel compensation. (d) High-order compensation.

This paper analyzed the four SP compensation topologies to achieve CC and CV
output characteristics and ZPA input conditions with fewer compensation components in
the CPT system. There are three main contributions. Firstly, the universal methodology of
SP compensation topologies was constructed to achieve CC, CV output, and ZPA conditions.
Secondly, four specific SP compensation topologies were investigated and summarized,
including double-sided LC, double-sided CL, CL—LC, and LC—CL topologies. Their input-
output characteristics are provided, and system efficiency is analyzed. Thirdly, the CL—LC
and LC—CL topologies were proposed to realize ZPA conditions under CC and CV output
without any external regulating circuit. A CV output LC—CL experiment prototype was
implemented to validate the theoretical analysis.
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2. Modeling of SP—Based CPT Topology
2.1. The Capacitive Coupler Structure

The most widely used coupler structure in the CPT system is shown in Figure 2, which
is formed by two pairs of metal plates (P1, P2, P3, P4) stacked by each other with no contact.
The distance d between P1 and P3 or P2 and P4 is the so—called transmission distance.
Coupling capacitors Cij (i,j = 1, 2, 3, 4) are formed between plates Piand Pj (i,j =1, 2, 3, 4),
which can be calculated as expressed in Equation (1):

&S
"~ 4mtkd

)

where ¢, represents the relative dielectric constant, S is the coupling area of coupler plates,
and k represents the electrostatic constant. Therefore, Figure 3a shows the full-capacitor
model of the four-plate capacitive structure and the equivalent induced current source
model is shown in Figure 3b. The relationships of port voltage V1, V, and current Iy, I; are
expressed as follows.
{ Il = ]wcl V1 - ]C(JCMV2 (2)
12 = jCUC2V2 — ijMV1

7 i//ﬁ 7

Figure 2. Classic four-plate capacitive coupler structure.

ja)CMV2 ja)CMV1 ‘12

(b)

Figure 3. The modeling of capacitive coupler structure. (a) Full-capacitor model. (b) Induced current

source model.

According to Equation (2), the simplified 7m-type and T-type models of the four-plate
structure are presented in Figure 4, where the capacitance value satisfied the expressions
shown in Equations (3) and (4):

— _C13C—C14Cp3

CM - C13+C%3C+C14C+()ji4c o)

_ 131+C14)(Co3+Cps

G =Ci+ (glsigmf(gmigm) ®)
— AM13T23) 14T -24)

Co=Cast C13+Cra+Cp3+Co4

C, = Ce1Cer+Ce1CM+CerCum

@
Cp = Ce1CortCoCm+Colum (4)

. — cﬂcgﬁc%fwagsz
M
where C,1 = C; — Cpy, Cpp = Co — Cpy. This paper only introduced the classical four-plate
capacitive structure due to space constraints. Other structures are not included, such as
six—plates, matrixed plates, etc.
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@) (b)
Figure 4. Simplified coupler structure. (a) -type model. (b) T-type model.

2.2. The SP Compensation Topologies

The SP compensation topology in the CPT system is shown in Figure 5, where Uy
represents the output AC voltage of the high-frequency inverter, and Zj, is the input
impedance of the rectifier. It should be mentioned that Z; is resistive when the parasitic
impedances of the rectifier are neglected, and the load can be considered as resistance. Zg;
and Zg, represent the series compensation elements of the primary and secondary sides,
respectively. The paralleled compensation elements of the primary and secondary sides are
named Zp; and Zp;.

B Zs| IEI Zs .
Iy ~ Tour
Un Zpi [] []ZPZ Zi| | Uour
- = ~
S — | —
Primary side Secondary side

Figure 5. The SP compensation topology in the CPT system.

When Uy is designed to be constant, the input source is considered a constant voltage
source. The equivalent circuit is shown in Figure 6 by substituting the 7-type model
of the coupler structure into the SP compensation topology CPT system. Z'py and Z'p;
are composed of the self —capacitance (C; — Cp) and Zpg as well as (C, — Cpy) and Zpy,
respectively, which satisfy the expressions as follows.

Z
Zip = 2
P Zp1jw(C —Cm)+1 (5)
2y = oo
sz]w(szCM)+1

Figure 6. The SP compensation topology with the 7-type model of coupler structure.
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According to Kirchhoff’s law, the SP circuit can be expressed as

Un Zun Zip 0 IiN
0 | = |Zn Zyn Zo3|-|Icm (6)
0 0 Zszp Z33| llour

where Z1y = Zs1 + Z'p1, Z1o = —Z'p1, Zo1 = —Z'p1, Zop = Z'p1 + Z'p2 + Zem, Zo3 = —Z'pa,
Zsp = —Z'py, Z33 =Z'py + Zsp + Z.. The output voltage Upyr and output current Ioyr can
be calculated according to Equation (6), which can be written as

UiNZ1pZ237),

U = -
out (Zpy+Zsy+21) (23~ Z11Z0)+Z11 23, @)
Iour = — UINZ1pZ03
(Zpy+Zsa+Z1)(23)~ZnZm)+ 21123,

To achieve CC output characteristics, the following conditions need to be satisfied.

722, —Z11Z»n =0

8
=>Z'm+Zs1//(Zem+2Z'pp) =0 ®)

Then, the input impedance Zjy and the output current Ipyt can be derived as

ZiN = Il

23, — 70733 9)
I _ UiNnZyp
our Z11223

The condition to achieve CV output characteristics is expressed as follows
(Zbp + Zs2) (23 = Zu1Zm) + Z11 235 = 0 (10)

The following condition Equation (11) can be obtained to achieve CV output by
simplifying Equation (10). /
Zs1+2Z'p1 =0
11
{ZSZ+Z/P2:0 an

The input impedance Zjy and the output voltage Upyr can also be calculated as
_ 73373,
ZIN - Z11+ ZZ 7Z22233 (12)

u V4
u _ UinZ1pZps
our 72, —ZnZn

When the inverter’s output current is constant, the CC or CV output condition can
also be derived according to the above theory. The compensation parameters to achieve CC
output should satisfy the following equation:

Zp=0=Zp+Zcm+Z'pr =0 (13)
The current gain can be calculated as

_ %
Zo3

Iour

Iin

G = (14)

!/
_ ‘ Z'p
Z'py

Then, the input impedance Zpy can be derived as

Zin = Zn + GiZ33 (15)
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The condition to achieve CV output characteristics with a constant current input
source can be deduced based on the reciprocity of CC output with a constant voltage input
source, which is presented as follows.

72— (Zs3— Z1)Zn =0

16
=>Z';+Zs2// (Zem+2Z'p1) =0 (16)

Similarly, the output voltage Upyr and the input impedance Zjy can be derived as

_ Z'p1(Zsy+2Z'pp)
Hour =" "7, = 1IN (17)
_ _Z'(Zsr+7Z'py) Z'p(Zem+2Z'm)
ZiN = Z1Zy tZs1+ Zy

To explicitly demonstrate the output characteristics of SP compensation topologies, we
have concluded the above theories in Table 1. Table 1 shows the conditions for realizing CC
output or CV output of the CPT system based on the SP compensation network when the
input source is a constant current source or a constant voltage source, and the expression
of system current or voltage gain under corresponding conditions. The following section
will analyze the specific SP-based compensation topology. As most application scenarios
adopted the voltage—driven inverter, and the circuit characteristics of SP compensation
with constant current input are similar to that of constant voltage input, the circuit analysis
of the constant current input source is not included in this paper.

Table 1. Comparison of SP-based compensation topologies.

Constant Voltage Input Constant Current Input
Zsi Zem Zs, Zs) Zem Zs
— +
Iy lour
Z'n Zrm 7| |Uour
2 _ _
Condition / Zip —Z11Zpn =0 / / Zp =0 /
cC =Z'm+Zs1//(Zcm+2Z'p) =0 =Zp+Zcm+Z'pp=0
. _ unz I z' Z
Output Output Gain lour = 7,7, Cr=|0" = |\7m | = | 25
2
Input Impedance ZIN = ZZZ%Z;ZE ZIN =211 + G%Z33
Condition Zs1 + Z;Pl =0 Z§3 —(Z33 —Z1)Z2 =0
v Zsr+Z'pp =0 = Z'pa+Zsa/ /[ (Zem +Z'p1) =0
: UinZ12Z, Z'm (Zsry+Z'
Output Output Gain Uour = Z%f\izllzlzzzaz Uour = 4171(25'2; L
7 72 12 ’ 1 /
Input Impedance ZiN =21+ ﬁ ZiN = _% +Zg1 + %ﬂszm)

3. Circuit Analysis of Specific SP Topology
3.1. Double-Sided LC Compensation Topology

Figure 7 shows the double-sided LC compensation topology with the m-type model
of capacitive coupler structure, where Lg1 and Lg; are the series compensation inductors
and Cpj and Cp; are the paralleled compensation capacitors. Generally, large capacitance
Cp1 and Cp; are paralleled on the coupler structure to eliminate the impact of variation of
Ce1 and C,;. To achieve CC output characteristics, the derivation in Equation (8) can be
rewritten as
po +Cum

WLs1 = G G e e
p1Cpr T Cpm + Cprlm

(18)
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where C'py = Cpy + Ce1, C'pp = Cps + Cen. Then, the output current can be calculated as

ch,Ch Cch,.C ch,C
o P p2tCpiCm +Cpy Mg

Iour = —Jj Cr (19)

Capacitive Coupler

Figure 7. Double-sided LC compensation topology with 7-type coupler model.

The input impedance Zpy of double-sided LC compensation with CC output character-
istics can be calculated through Equation (9), and the condition to achieve ZPA operation is
derived as
CE’l +Cum

w2L52 = A1 7 7
Cp1Cpy + CpCy + CpyCimt

(20)

Similarly, the condition to achieve CV output characteristics can be derived through
Equation (10), which is expressed as

2 _ 1

w"Lgy = Cp1+Cea

WLy — 1 (21)
52 = TptCa

The voltage gain of double-sided LC compensation topology is presented as follows.

Cp1 +Ca

Gy = —
v Cpy + Ce2

(22)

The input impedance Zpy of double-sided LC compensation with CV output charac-
teristics can also be calculated as
_ 1
G2 /Z1, — jwCihy (Chy/Cr + Chy /Chy + 1)

ZIN (23)

As the result of C'p1 /Cpr + C'p1/C'py + 1> 0, there is always an imaginary part in Zy,
which means the ZPA operation cannot be achieved with CV output characteristics.

3.2. Double-Sided CL Compensation Topology

The double-sided CL compensation topology is presented in Figure 8, where compen-
sation inductors Lp; and Lp; are paralleled on the coupler structure, and compensation
capacitors Cg1 and Cs, are series with the coupler structure. Z'p1 and Z'p;, are composed of
Lpy and C,q, Lpy and C,; in parallel, respectively. Zg; and Zg, represent the capacitive reac-
tance of Cs1 and Cgy. To achieve CC output characteristics, the derivation in Equation (8)
can be rewritten as

2 — CeZ
{ w'Lpr = C51Ce2+CéCe2+Ce1C1\A+Ce2CM (24)

2 _ el
W Ly = o e, 70, Gl
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lour

—J

Uour

Capacitive Coupler

Figure 8. Double-sided CL compensation topology with 7-type coupler model.

When the compensation elements satisfy the expression in Equation (24), the output
current can be calculated as

. Cq1C
lour = —]w%um (25)
el

Then the input impedance Zyy can be deduced as

1
jw(CotCp— =)+ 27

(JJZLchSZ LPZ

ZIN = (26)

where the expression C, and C, is shown in Equation (4). ZPA operation condition of
double-sided CL compensation topology can be achieved when the reactive part of Zpy is
eliminated. Hence the following equation is derived from Equation (24).

_ G
Cc+cb

Cs2 (27)

Same with the previous analysis, to achieve CV output characteristics, the compensa-
tion elements should satisfy the condition as

2 — Cez
{ szpl T C51Cn+CaCen+Ca Cpm+Ce2Cu (28)
— el
w Lpy = Cs1Ce1+Ce1Cen+Cr1 Cpm+Ce2C

The voltage gain Gy is given by

Cs1Ce2
Gy = 2>~ 29
"7 CaaCa )
The input impedance Zpy with CV output characteristics is deduced by
—1/w?C3
ZIN = o2 151 e (30)
1+ (G) (1 - chgzzL) _]wcg

where C, is expressed in Equation (4), as C, is not equal to zero, the input impedance
consists of the real and imaginary parts. Therefore, the ZPA cannot be realized under the
CV mode of double-sided CL compensation topology.

3.3. CL—LC Compensation Topology

The CL—LC compensation topology with 7-type coupler model is presented in
Figure 9, Cs1, and Lg, represent the series compensation capacitor on the primary side and
the inductor on the secondary side, respectively. Lp; and Cp; are the compensation induc-
tor and capacitor paralleled in the primary and secondary ports of the coupler structure,
respectively. To simplify the analysis, the 7-type coupler model is transferred to the T-type
circuit, as shown in Figure 10.
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Capacitive Coupler

Figure 9. CL—LC compensation topology with 7-type coupler model.

Figure 10. CL—LC compensation topology with T-type coupler model.

As shown in Figure 10, the impedances corresponding with Figure 5 are circled by a
red box. Then, the Z11, Z13, Z3; of Figure 10 can be rewritten as

Zy = ](41%51 + jwLpy
Zip = _{WLpl : (31)
Ly = @G + jwcl + jwLpy

The values of C’';, C'y, and C'. are given by

Ce1 C})2+C91 C]\/H’CE;ZCM
7

C =
! P2 /!
Cl; — C(‘1CP2+CL’1CM+CP2CM . (32)

el
Cl — Ce1Chy+Ce1 Crt+ChyCmt
c Cum

where C'py = Cep + Cpy. Therefore, the CC mode of CL—LC compensation topology is
derived as . -
(g + ey

2
w'lpr = 4 1
atatca

(33)

The expression of Equation (33) can be simplified as Z;py = (Z¢, + Z¢1,)/ / Zcs1, where
Zip1 = jwLpy, Zer, = jwCla, Zere = jwC'e, Zcsy = jwCsy. The output current Ioyr under CC
output characteristics is given by

!/

. C
Ioyr = —jw(1+ C*f)UIN (34)
a

The condition to achieve ZPA of CL—LC topology with CC output can be deduced by

1 1 c'c
2[ av-c
= - -, 1
w~Lpp C;’J Cé CL/Z Cé (

C,Ce
(Ch +CL)Cs1

) (35)
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Then the input impedance Zy is expressed by

CaCe

- St 36
Z1Cs1(C, +CY) (36)

ZIN

According to Equation (10), the condition to achieve CV output characteristics of
CL—LC topology is calculated as

) S e (37)
w-Lgy = Cg + Cé
The voltage gain Gy is given by
Cs1
Gy = —=~ 38
V=G (38)
The input impedance Zpy is given by
Ziy = w*C?13,7; (39)

It can be concluded from Equations (36) and (39) that the ZPA operation condition
can be achieved under arbitrary resistance value of Z; in CC or CV mode of CL-LC
compensation topology.

3.4. LC—CL Compensation Topology

The LC—~CL compensation topology with the 7-type equivalent circuit of the capacitive
coupler structure is shown in Figure 11. Lg; and Cg; represent the series compensation
inductor and capacitor, respectively. Cp; and Lp, represent the paralleled compensation
capacitor and inductor, respectively. Similar to the analysis of CL—LC topology, the LC—CL
compensation topology with a T-type coupler model is shown in Figure 12, where C',, C'y,
and C'. is given by

C/ _ C;)1C32+C191CM+C62CM
a— Ce2
Chy Con+Chy Crp+Ce2C
Cz’, — ImCeat P1§)1M+ 2tM (40)
C/ o C;,]C52+C§,1CM+C82CM
c— Cm
Lg) L C 1:4 -------- ; Co
i 11 T2
+ : +
VY e ' our
C S, s [ -t
Un PIE : E -:': Lry Zi| |Uour
e LY X EX (]
Cpi| ] Ca Co |
p— [} —
e (]

Capacitive Coupler

Figure 11. LC—CL compensation topology with 7-type coupler model.

Figure 12. LC—CL compensation topology with T-type coupler model.
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The condition to achieve CC output, as shown in Equation (8) can be rewritten as

23, — (251 + Zc;) (ch +Za + ZLPZ) =0 (41)
By solving Equation (41), the compensation elements to realize CC output can be
derived as ) .
w LSl = red
’ 42
{ w> Lpy = C%’; (42)
Then the output current Ioyr is deduced by
Ui
I = 43
our =J (43)
The input impedance Zpy under CC output condition is calculated as
1
ZIN = (44)

. C!
(WG} 71+ jlwC)(1 = &) +wCl]

It can be seen that the input impedance consists of an imaginary and a real part.
Therefore, the following expression can be derived to achieve ZPA operation with CC
output characteristics.

C/
wCp(1— Cf;’z) +wC. =0

2 (45)
= CSZ - m
According to Equation (10), the CV output condition can be deduced as
w2L51 = % -+ %
o7 1 ‘ (46)
w Lp2 = Csy
Then the voltage gain Gy is derived as
C/
Gy = == (47)
' Cs

When the compensation inductor Lp; satisfies (48), the ZPA operation can be achieved,
and the input impedance ZPA is given in Equation (48).

2 1,1
wlpy =&+ &
P=a T

Ne

(48)

ZIN = Wé%z

The comparison of each SP-based CPT compensation topology has been listed in
Tables 2 and 3, which show output characteristics, ZPA condition, and compensation
conditions to achieve CC or CV output, respectively. To sum up, it can be concluded that
all four basic SP compensation topologies can realize the CC and CV output characteristics
through properly designing compensation parameters. However, the double-sided LC and
double-sided CL topologies cannot realize the ZPA condition when designed to achieve CV
output. On the contrary, the CL—LC and LC—CL topologies can achieve ZPA conditions
on both the CC output and CV output. Therefore, the following analysis concentrates on
the CL—LC and LC—CL topologies due to their advantages of good input characteristics.
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Table 2. Comparison of SP-based compensation topologies to achieve CC output.

Compensation Topologies CC Output
P polog Conditions Output Current
LX]
W?Ley = Chy+Cm I — . ChiChy+Ch Cu+ChyCu u
51 = T} CrCpiCu+ChyCut our = —jw Cu IN

Capacitive Coupler

ZPA can be achieved with the condition:

Where
1 = Cp1 4+ Ce1,Chy = Cpa + Ce2

Double-sided LC compensation topology w?Lgy = TCiCh CA:A+C}32CM
e PG 2 Co
1 il =1— + szpl T Cs1Ca+C, Cezicel Cm+Ce2Cuym
: : lour — el _ . CsC
J.C CZJ.; oo WLy = T Gt Cat Iour = —jw=E2UnN
: el @2 = m Zr our Co1Co+C1 Cp+CaaC
! : C, = CaCatCaCut+Calum
; : . . e L
-|- T _ ZPA can be ac}Cueved V\él}%th the condition:  Where _ CuCo +C%€M 4 CC
OO — M
Capacitive Coupler 52 Cc+GCp
. . ZIN = Ly
Double-sided CL compensation topology CoZL

Capacitive Coupler

CL—LC compensation topology

(Zr+e)ee

2 __ G Cl’Cs

w LP1 - LQJ',LC‘FL

C, ' CL ' Cs1

ZPA can be achieved yvjth the con</:li’;ion:

c

2 1,1 _ Gc .
wlsy =g+~ gre(+ eroie)

all

— Cﬂ C
ZIN = zcq(cren

. c
Iour = —jw(1+ & )UiN
/' CaChyt CCri+ChyCut
= (

P2

Where § C] = Ca C5’2+C%CM +ChoCm
el

C/ _ Cel C§32+C31 CM +C};2 CM
c Cm

and C/pz = Cp2 + CeZ

Capacitive Coupler

LC—CL compensation topology

w2L51 =
a)szz =

O‘H:QQ‘)—‘

=

ZPA can be achieved wi’zch the condition:

C
C2 = iy
ZIN = —r
IN= we)?z,

u
Iour = j 1>

1 Cp1Cer+ChiCu+CeaCu
C, =

Cu2
_ Cfvl CeZ+C;31 CM+C£ZCM
- 7

Where ¢ C/
b Chy
Cl = Ch1Ce2+Cp Cr+Ce2Cumt
c = Cu
and C/pl = Cp1 + Cel

Table 3. Comparison of SP-based compensation topologies to achieve CV output.

Compensation Topologies

CV Output

Capacitive Coupler

Double-sided LC compensation topology

ZPA cannot be achieved

_ 1
ZIN= GZ/Z1—jwChy (Chy /Cr+Chy /Cpyt1)

Conditions Voltage Gain
Ls,
+
lour 2 _ 1
L - @ Ls1 = CP11+C81 Cp1+Ca
— Cr2 Z| |Uour WZLSZ = htCa Gy = — Cr2+Ce2
Where

C'p1=Cp1 +Ce1, C'pa = Cpp + Cep

Capacitive Coupler

Double-sided CL compensation topology

2 _ Ce
w’Lpr = Cs1C2+Ce1Cer +C1 Cp+Ce2Cy

(4]2 L — Ccl
P2 Cs1Ce1+Ce1Ce2+C1 Cpi+Ce2Cy

ZPA cannot be achieved
—1/w?C%;
Ce2 2 _ 1 _ . Cc
1+(Cel) a wzcgzzL) Juc2

ZiN =

— Cs1Ce
Gv = Cs2Ca1
Where
C, = C81C¢'2+C¢2_:CM+CL’2CM
Cp= C[’]CL’2+C€&8M+CL’2CM
C. — CuCatCyly+CaCy
c Cu
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Table 3. Cont.

Compensation Topologies CV Output
P polog Conditions Voltage Gain
Cs C
i Gv =&
2 -1 _ 1, 1 Wh
Iy w Lp; = = = + ere
™ T TG ! — CaChy+CuCur+ChCu
Un stzzﬁJr*, a Ch,
b ‘ 1 _ CaChy+CaCu+CpCum
C
— b — Ca
c Ce1 Chy+ Ce1 Cat+ChyCit
Capacitive Coupler 7PA can be aghieved ;nd C/ B CCM e
CL—-LC compensation topology Zin = w*Cl L%1ZL P2 ==p2 T =2
Ls T C 1:/1““““5 Cs Gy = .
: 1 +—] + 27 1 41 V= Ty
: " 1 Tour wls1 = ¢+ Where
: k WLpy = A ! — CaChy+CeiCu+ChyCu
: =3 Lr Z| |Uour 2 ? Cra
: c c ; Cl = Ca1Cpy+Ca Cu+CpyCum
! < [ _ ZPA can be achieved with the condition: b

Ce1
C = Ce1Chy+Ce1 Cyi+CpyCmt
c

Cum

2 _ 1 1
wlp=g+g )
ande2=Cp2 +C32

Capacitive Coupler

. ZIN = 5577
LC—CL compensation topology wiC’L3,

4. Efficiency Analysis of SP-Based CPT Topology

The circuit simplified models of passive components with parasitic resistance are
presented in Table 4 [39], where rcs and 115 are the series resistance, rcp and r;p are the
paralleled resistance, Qc and Qy, represent the quality factor of compensation capacitors
and inductors, respectively. To simplify the efficiency calculation, the circuit model of
parasitic resistance should be appropriately adopted according to the specified compensa-
tion topology. Figure 13 shows the four basic SP compensation topologies considering the
parasitic resistance of passive components. The system efficiency of double-sided LC and
double-sided CL compensation topology can be expressed as

icle = [lour|*Z1 , ,
\lourPZr+TourPrisa+ N Prosi+ ‘,‘?P‘l |Y‘22P|2 49

Nerer = lour "2 2 7 @
lour[*Zr+|lour|*res2+| v *resi+ ‘,‘zlp‘l + \r‘£2P|2

Table 4. Circuit Models Of Capacitor And Inductor With Parasitic Resistance.

Capacitor Inductor
C L
C L
Circuit model T~ — s —
rep rLp
Parasitic resistance res =1/(wC - Q) rep = Qc/(wC) rs = (wL)/Qr rp =wL - QL

The system efficiency of CL—LC and LC—CL topology can be expressed as

2
| _ llour|ZL1
Merre = 2 2 2 2 vy |?
llour|"Zr+|Iour| rrs2+ Nl "resi+ P [ Tripi+ 5
cp2 (50)
7l — lour|*ZL ;
LccL v

2 2 2 2
Hour|"Zr+[Tour|“res2+ 1| rLsi+ | ILp2 [ ripa+ 7o
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Figure 13. SP-based CPT topology considering the parasitic resistance. (a) Double-sided LC compen-
sation, (b) double-sided CL compensation, (¢) CL—LC compensation, (d) LC—CL compensation.

The system efficiency of four SP-based compensation topologies can be derived from
Equations (49) and (50). Taking the LCCL compensation topology as an example, its
AC—AC efficiency is calculated as

1

wC wC 1 G? G Cpy QL+Q
1+ ZL(ché + QLSZ) + TL(WC’:QL + CY%QC + WCSLZQLéC)

Micer = (51)

where Gy is equal to C./Csp, and C',, C'; are expressed in (40). As shown in Equation (51),
when the quality factor and impedance of passive elements are fixed, the efficiency of LCCL
topology is decided by the load resistance Z; and system operation frequency w. Hence,
the maximum system efficiency can be derived as

1
;7|LCCL_max = 2 2 (52)
142 (“JCPI + wCsz)( Gy + GyCp + 2+Qc )
QcGh Qu NwCQr ' c2Q. ' wCsQ1Qc

The optimum load resistance to achieve the maximum system efficiency is calculated
as follows.

( Gy Gy Cri + QL+Qc )
7 wCQr ' 20 | wCsQ1Qc 53
L= (&Cpy +WC52) (53)
QcG? QL

Figure 14 illustrates the system efficiency curves against the variations of load resis-
tance for four SP compensation topologies. The output voltages of the four topologies are
designed to be the same. The voltage gains of CLLC and LCCL are 0.2 and 5, respectively.
It can be seen that the system efficiency of CLLC topology is the highest among the load
variations, which is due to the CLLC topology in CV mode equivalent to the buck converter,
leading to the smallest loop current under the same power level. Each compensation
topology has an optimum load resistance to achieve the highest system efficiency. The
optimum load resistance can be adjusted according to the application requirements.

1.0
ﬁ?’ o) > ‘97)(10093)
0.8,0.92 R 0.
N N
8 | ‘ |
) |
b= | ! |
. — LCCL
% 0.6 — CLLC
> — Double-sided LC
——  Double-sided CL
o | i
04 | |
10" 10° 10' 10°

Normal Load Resistance

Figure 14. System efficiency versus load resistance variations.
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5. Experimental Verification
5.1. Experimental Prototype

To verify the proposed theory, an experimental prototype of the CPT system with LCCL
compensation topology is built up, as shown in Figure 15. The coupler structure consists
of four 300 mm x 300 mm aluminum plates. The transfer distance is set to 5 mm. The
switching devices of the full —bridge inverter adopted C2M0160120D MOSFETS, and the
MSC020SDA120B—ND diodes were used in the full-bridge rectifier. In order to eliminate
the undesirable magnetic loss of ferrite in the traditional inductor, the compensation
inductors in the experiment adopted the air—core inductor constructed by PVC tubes
wounding with Litz wire. To reduce the size of inductors, the switching frequency of
MOSEFETS was set to 1 MHz. The system parameters are listed in Table 5.

/S ms

Inverter

Figure 15. Experimental prototype of CPT system with LCCL compensation topology.

Table 5. Experimental Parameters.

Symbol Value
Uy/V 20
Rp/Q) 100

f/MHz 1
Cum/pF 114.8
Cp1/nF 1
Cso/pF 202.1

Ls1/uH 25.28

Lpp/uH 125.3

5.2. Experimental Results

When the voltage gain of the LCCL compensation CPT system is designed to 5, the ex-
perimental AC waveforms of U, Iy, Upyr, and oyt are shown in Figure 16. The value of
Ui, Iiv, Uour, and oyt is 18.7 'V, 449 A, 90.8 V, and 0.89 A, respectively. The phase differ-
ence between the input voltage and the input current is close to zero degrees, and it can be
concluded that the ZPA operation of LCCL topology to achieve CV output is achieved with-
out an extra compensation circuit. As the parasitic resistances of compensation components
exist, the measured voltage gain with 100 () load resistance is 4.52.

FE1IMHz, Ri=100Q, V3:=20V
Un rvs=18.7V  in rms™4,49A

‘. -.,_,.—__\rf‘.l‘l i h.l h.;_j_;«':'.!r M‘.- .,E_-;w.’.*-r ‘ 1
i F*
»‘z'} W TPt Pt
OUT OuT
UOUTfRMS:90~8V [(,)UTiRMS:0-89A

Figure 16. Experimental waveforms of Uy, Iy, Uoyr, and Ioyr-
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To verify the constant output voltage characteristics, the output voltage gains are
measured with load resistance changing from 100 () to 20 (). The measured results and
simulated results are illustrated in Figure 17. The simulated results are conducted in
MATLAB/SIMULINK models. When the load resistance increases to 5 times itself, the
voltage gain changes from 4.54 to 4.90 in simulation models. While in practice, due to
the impact of the parasitic resistance of passive components, the voltage gain increased
from 3.95 (79 V) to 4.54 (90.8 V), spaces missing, and the rate of voltage change reached
12.9%. The voltage drop can be reduced in practical applications by adopting compensation
elements with more minor resistance and more accurate passive components.

5.0 1 |
1 -0 -0 =
- _-4?86 488 4.89 490

449 454

-

4.68

476

o ;
481 483

444

e
n

4.54

4.?28

43 -
o

i.lz N — O~
402 2 ©
3.95 L ‘
n/
5;" -0 GVﬁcxp

—=0= Gvim

A
[=]
O,

Voltage Gain (Gy)

35 :
20 40 60 80 100
Load Resistance (Q2)

Figure 17. The output voltage against the load resistance variations.

Figure 18 shows the measured system efficiency and output power with changing
load resistance. As the output voltage is independent of load resistance, the output power
decreased from 334 W to 78 W with load resistance changed from 20 () to 100 Q). Since the
losses of the inverter, rectifier, and capacitive coupler are not considered in the calculation
of system theoretical efficiency, the system experimental efficiency is obviously lower than
the system theoretical efficiency. The system efficiency increased with the increasing load
resistance, which is consistent with theoretical analysis. Therefore, the double-sided LC
compensation CPT system preferred the heavy load situation. The maximum system
efficiency when load resistance changes from 20 () to 100 () can reach 89% and the system
efficiency can be lifted further by using compensation elements with high—quality factors.

1.0 1 800
* % 89%) -
5 0.8 * * 3 600 %
8 * ‘ 5
o
5 Obg 61% * exp e 400 2
g 334W o exp_Pour o
‘i fo) — cal_yica %
@ 04 o : 200 ©
3 o lo) 78W
| © 0 o o 0
0.2 I I I 0
20 40 60 80 100
Load Resistance (Q)

Figure 18. Measured efficiency and output power.

6. Conclusions

This paper analyzed the SP compensation topologies in the CPT system to achieve
CC/CV output characteristics and ZPA input conditions. The T/I1 circuit models of the
coupler structure were adopted to simplify the regular SP compensation circuit, and the
input—-output characteristics of four specific SP compensation topologies were derived,
respectively. Under CC output conditions, four specific topologies can achieve ZPA input
property. In contrast, only CLLC and LCCL topologies can realize the ZPA input when
designed to achieve CV output. The system efficiency calculation methodologies were
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given and analyzed. The experimental verification was carried out, and the ZPA condition
and load —independent output characteristics were verified.
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