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A Double-Sided LC-Compensation Circuit for
Loosely Coupled Capacitive Power Transfer

Fei Lu ', Student Member, IEEE, Hua Zhang

Abstract—This paper proposes a double-sided LC-compensation
circuit for a loosely coupled, long-distance capacitive power trans-
fer (CPT) system. A CPT system usually contains two pairs of
metal plates as the capacitive coupler. An LC-compensation circuit
resonates with the coupler to generate high voltages, and corre-
sponding electric fields, to transfer power. When the compensation
circuit is used on both the primary and secondary sides, it results in
a double-sided LC-compensated CPT system. The working prin-
ciple and frequency properties of the CPT system are analyzed.
The results show a similarity with the series—series-compensated
inductive power transfer system, which has both constant-voltage
(CV) and constant-current (CC) working modes. LC-compensation
is also compared with LCLC-compensation in terms of power, fre-
quency properties, and output efficiency. A 150-W double-sided
LC-compensated CPT prototype is designed and implemented to
demonstrate a loosely coupled CPT system with 2.16% coupling
coefficient. For both CC and CV working modes, the experimen-
tal results achieve dc—dc efficiencies higher than 70% across an
air-gap distance of 180 mm with a switching frequency of 1.5 MHz.

Index Terms—Capacitive power transfer (CPT), double-sided
LC compensation, frequency property.

1. INTRODUCTION

APACITIVE power transfer (CPT) technologyutilizes

multiple metal plates to transfer power without direct
metal-to-metal contact via alternating electric fields [1], [2].
Since electric fields can experience metal objects without gen-
erating significant power losses, CPT can be used in areas
where inductive power transfer (IPT) technology [3], [4] is not
convenient.

Manuscript received November 21, 2016; revised January 17, 2017; accepted
February 22, 2017. Date of publication February 24, 2017; date of current ver-
sion November 2,2017. This work was supported in part by the U.S. Department
of Energy Graduate Automotive Technology Education Grant, in part by the
San Diego State University, and in part by the University of Michigan-Ann
Arbor. Recommended for publication by Associate Editor O. Trescases.

F. Lu is with the Electrical Engineering and Computer Science Department,
University of Michigan, Ann Arbor, MI 48109 USA, and also with the De-
partment of Electrical and Computer Engineering, San Diego State University,
San Diego, CA 92182 USA (e-mail: feilu@umich.edu).

H. Zhang is with the Department of Electrical and Computer Engineering,
San Diego State University, San Diego, CA 92182 USA, and also with the
School of Automation, Northwestern Polytechnical University, Xi’an 710072,
China (e-mail: hzhang @mail.sdsu.edu).

H. Hofmann is with the Electrical Engineering and Computer Science
Department, University of Michigan, Ann Arbor, MI 48109 USA (e-mail:
hofmann@umich.edu).

C. C. Mi is with the Department of Electrical and Computer Engineering, San
Diego State University, San Diego, CA 92182 USA (e-mail: cmi@sdsu.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2674688

, Student Member, IEEE, Heath Hofmann, Senior Member, IEEE,
and Chunting Chris Mi

, Fellow, IEEE

CPT technology has been widely used in short-distance appli-
cations, varying from mW to kW levels, including biomedical
devices [5], [6], integrated circuits [7], LED drivers [8], and
the excitation of a rotor field winding in synchronous machines
[9]. The transfer distance is usually within the millimeter range,
which results in a coupling capacitance of up to tens of nano-
farad. When dielectric material is inserted between the coupler
plates, the coupling capacitance is significantly increased [10],
[11]. This has been used in a CPT system which charges an
electric vehicle via the front bumper [12]. The advantage of
short-distance CPT systems is that the electric field flux is con-
fined between the metal plates, and the fringing effect of the
electric fields is reduced. Therefore, the electric fields emitted
to the nearby environment are limited, and it can be safely used
in close proximity to living things.

Long-distance CPT technology, where the transfer distance
can reach hundreds of millimeters, has not been well studied.
It can be used in electric vehicle charging applications, where
the vehicle is charged by a transmitter located underneath the
vehicle. It can also be readily extended to dynamic charging,
where the vehicle receives power while it is moving [13]. The
wheels of the vehicle can also help to enhance the capacitive
coupling, as the rubber tires can work as a dielectric material to
increase the coupling capacitance [14].

The coupling capacitance in a long-distance CPT system is
usually in the pF range, which requires either high frequency
or high voltage for high power. The switching frequency can
be tens to hundreds of MHz [15], [16]. The class-E converter
is a good candidate to realize a high-frequency CPT system
[17], [18]. However, the power of high-frequency converters is
usually lower than the kW level, which limits the power of CPT
systems.

Increasing the voltage across the coupling plates can increase
system power levels. A straightforward method is to use a step-
up a transformer with a large turn ratio to boost the voltage
on the plates [19]. An LCL network at the front end can also
increase the voltage [20]. However, both of these topologies
require a large series inductor to directly resonate with the
small capacitor. To reduce the resonant inductance, large exter-
nal capacitors are connected in parallel with the plates, which
results in the LCLC [21]-[23] and CLLC [24]-compensation
circuits. The voltage on the plates can then increase to the kilo-
volt level, and these CPT systems have been shown to achieve
2.4 kKW power transfer across an air-gap distance of 150 mm
with a de—dc efficiency of 90.8% [21]. However, in this case
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Fig. 1. Structure and dimensions of capacitive coupler.

TABLE I
PARAMETER DESCRIPTION OF THE CAPACITIVE COUPLER

Parameter Description Parameter Description

l Primary plate length ly secondary plate length
ls1 Primary plate separation Lo secondary plate separation
d Primary—secondary gap t, plate thickness

there are eight external components, which increase the system
complexity.

A double-sided LC-compensation circuit topology is pro-
posed in this paper to realize loosely coupled, long-distance
CPT [25]. Compared to LCLC compensation, the number of ex-
ternal components is reduced. This circuit topology is derived
from a series compensation circuit presented in [26]-[28], where
two external inductors are connected to a capacitive coupler to
create a resonance. In [26], there is no external capacitance
connected to the capacitive coupler. As a result, the coupling
coefficient is relatively high, and it is not a loosely coupled CPT
system. Although the efficiency of the resonant tank reaches
83.6%, the system total dc—dc efficiency could be much lower
due to power losses in the high-frequency (27.12 MHz) power
amplifier. In this paper, an LC-compensated CPT system is ex-
cited by a full-bridge inverter, which is much easier to realize in
practice. The frequency properties of the LC-compensated res-
onant circuit are studied to determine the relationship between
the system power and circuit parameters. A loosely coupled
CPT system with 2.16% coupling coefficient is designed and
implemented based on the circuit analysis. Experimental re-
sults validate the proposed circuit topology. Finally, the LC- and
LCLC-compensation circuits are compared in terms of power,
frequency properties, and output efficiency.

II. A DOUBLE-SIDED LC-COMPENSATED CPT SYSTEM
A. Capacitive Coupler

The capacitive coupler contains four metal plates, as shown
in Fig. 1. Plates P, and P, are placed at the primary side as
a power transmitter, while plates P; and P, are placed at the
secondary side as a power receiver [21]. The dimensions of the
plates are defined in Table I.

The circuit model of the capacitive coupler is shown in Fig. 2.
There are capacitive couplings between every two plates, which
results in six coupling capacitors. It is further simplified as a
two-port model, in which C,; and Cj,» are the internal self-
capacitances and C'y; is the equivalent mutual capacitance [22].
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Fig. 2. Circuit model of capacitive coupler. (a) Full-capacitor model.
(b) Equivalent two-port model.
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Fig. 3. Circuit topology of a double-sided LC-compensated CPT system.

B. Circuit Topology of LC Compensation

Using the designed capacitive coupler, the circuit topology of
a double-sided LC-compensated CPT system is shown in Fig. 3.
External capacitors Cyy1 and Coyo are connected in parallel with
the coupler to increase the equivalent self-capacitance. Inductors
L1 and L, resonate with the capacitor to produce high voltages.
A full-bridge inverter is used to supply the ac excitation, and a
full-bridge rectifier provides dc current to the load.

Using the two-port model in Fig. 2 to replace the capacitive
coupler, an equivalent circuit model of the LC-compensated
CPT system is shown in Fig. 4. The two voltage-dependent
current sources represent the capacitive coupling between the
primary and secondary. The equivalent self-capacitances are
expressed as Cp = Ciy1 + Coxy and Cy = Cipg + Coyo, and
the capacitive coupling coefficient is k¢ = Cy //C - Cs.

III. WORKING PRINCIPLE OF DOUBLE-SIDED
LC-COMPENSATED CPT SYSTEM

A. Output Properties

The fundamental harmonics approximation (FHA) method
is used to analyze the circuit working principle, as shown in
Fig. 5. The square-wave excitation provided by the full-bridge
inverter is approximated by a pure sinusoidal input, and so high-
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Fig. 5. FHA of LC-compensated CPT system.

TABLE II
ADMITTANCES OF THE CIRCUIT COMPONENTS

Parameter Expression Parameter Expression

1 1
Vi WLy Y vy
Yeu JwCy Yoo JwCs
Yy JjwCi + ﬁ Y JjwCo + ﬁ
Yu JjwCuy Yre 2

Ry

order harmonics are neglected. An equivalent load resistor ac
Ry is used to represent the output resistor R,, whose value is
RL = RO X 8 / ™ 2.

Instead of impedances, admittances are used in the analysis,
which are defined in Table II.

The KCL equations of Fig. 5 indicate that

Yii- Vi =Ver)+ Yy - Vea=Ver - 11
Yio - (Va=Veoo)+ Yy - Vo1 =Vea - Yo )
Yio - (Vo —Voo) = =Ygy - Va.

According to these equations, the voltage gain G, between
the input and output voltage is determined to be
a _ Y1 Yo -Yu
"V T (NYa—Y3)/Ri+Yi2 - (MY Y3 —Y1 Y1)
2)
Since a resistive load is used on the output side, the transcon-
ductance G; is further expressed as
G‘:I_R: Y1 Yo - Yy
oV NMYa-Y)4Ye - MY =Y —Y1Yia) - R
3)
The expressions (2) and (3) show that the output voltage V5
and current I relate to the admittances of the passive compo-
nents and the load resistance R . These two expressions will be
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used to analyze the system frequency properties, which result
in constant-voltage (CV) and constant-current (CC) working
modes.

B. CV Working Mode

According to (2), the CV condition is determined by taking
dG, /dRy = 0, which results in

V1Y, — Yy =0. )

By defining the self-resonant frequencies as
1 1

wy = ; wWo = (5)
varxe V' Ly - Cy
the CV frequencies can be expressed as follows:
(@2 +0d) F /(02 —wd)? +4- K2 - whed
= . (6
Wol,2 2.(1_]%) (6)
The magnitude of GG, at these frequencies is therefore
Vs %2;1,2 — w3 w? Ch
Coloorie = |y | =V 2rmr 2 Ve @
Vi Wyle — WP W Cy

If the self-resonant frequencies at the primary and secondary
sides are designed to be the same (i.e., wy = w; = wy), then the
CV frequencies are simplified as follows:

1
Wyl = —F———= "W
V1+ ko 8)
1 .
Wy2 = wo

V1—ke '
The magnitude of the voltage gain G, at these frequencies is
further simplified as

o4 ©)

W=Wy1,2 ’V‘l CZ

When the self-capacitances C; and Cy are equal, the magni-
tude of the input and output voltage are therefore also equal.

|Gl

C. CC Working Mode

Using (3), the CC frequency is determined by taking
dG;/dR;, = 0, which results in

V1Y — Yy = V1Y, = 0. (10)

Similar to the CV analysis, the CC frequency is given by

(11)

w1
2
V1=K
and the transconductance G; at this frequency is as follows:

Gl 7]_]?7 —jw(»C]\[(].—k%v)
tNw=w, — Vl - k% .
In CC mode, the output current can be increased by decreas-
ing k. However, it needs to be emphasized that the minimum
ke is limited by the voltage and current ratings of the circuit
components, and the system efficiency decreases with decreas-
ing kc.

We =

12)
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TABLE III
OUTPUT VOLTAGE, CURRENT, AND POWER OF THE LC-COMPENSATED CPT
SYSTEM, WHEN w( = wi = wo

Conditions L= @, o, - @,
Parameters " 1+k,. N
.C
v il il 2 -k
14 - C
[T ‘R—“ g—; 7l - - k)
L
B = V2|1 b W {L‘CM a kz):|2 R
out .= - S(1—ké ‘R,
R, G, k2
TABLE IV

SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS OF A DOUBLE-SIDED
LC-COMPENSATED CPT SYSTEM

Parameter ~ Design value Parameter Design value
Vin 0-64 V Ry 20-40 Q2

1 (1) 300 mm Is1(ls2) 150 mm
d 180 mm Cint (Cin?) 9.8 pF
Cu 2.8 pF Cex1 (Cexa) 120 pF
ko 2.16% Cy (Cy) 129.8 pF
fo 1.5 MHz Ly (L9) 86.8 uH

When wy = w; = we, the output voltage, current, and power
of the LC-compensated CPT system at the CV and CC frequen-
cies are expressed as in Table III.

IV. DESIGN OF A LOOSELY COUPLED CPT SYSTEMS

A. Circuit Parameters

A loosely coupled CPT system is designed in this section.
To simplify the process, the capacitive coupler is designed to
be symmetric, and the dimensions are determined as [; = [y =
300 mm, lg; = lgo = 150 mm, d = 180 mm, and ¢, = 2 mm.
Finite element analysis by Maxwell is further used to simulate
the coupling capacitances between the plates. As shown in [22],
the equivalent capacitances in Fig. 2(b) are calculated to be
Cinl = Cing =938 pF and C]\,[ =238 pF.

According to the resonance relationships in (5) and admit-
tances in Table III, the circuit parameters of the CPT system are
designed as shown in Table IV. The parameters are symmetric
from the primary to secondary side. The range of the input dc
voltage is 0—64 V, and the output load resistance varies between
20 and 45 Q. The resonant frequency fy (fo = wy/27) is set
to 1.5 MHz. The external capacitors Ceyx; and Cixo are both
120 pF, which results in a coupling coefficient of 2.16%.

B. Frequency Properties

According to the analysis in Section III, the frequency prop-
erties of the designed loosely coupled LC-compensated CPT
system are shown in Fig. 6. When the load resistance R, varies,
Fig. 6(a) shows that there are two CV frequencies, w,; and w2,
and Fig. 6(b) shows that there is a CC frequency w,. It also
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Fig. 6. Frequency properties of a loosely coupled double-sided LC-
compensated CPT system with 2.16% coupling coeffcient. (a) Magnitude of
voltage gain G, . (b) Magnitude of transonductance G;. (c) Phase angle 6 of

G, and G;.

shows that the CV gain is 1.0, and the CC frequency is between
the two CV frequencies.

Fig. 6(c) shows the phase angle of G, and G; at different
load conditions. The input ac voltage V] is set as a reference.
It is seen that the phases at the three special frequencies are
Olw=wy1)=0° Ow=w.)=-90° and O(w=wy)=
—180°. Fig. 6 shows that the frequency properties of the
double-sided LC-compensated CPT system are similar to the
frequency properties of the series—series (SS) compensated IPT
system [29].

C. Electric Field Emission

Using the circuit parameters in Table IV, the circuit perfor-
mance is simulated using LTspice in the CC working condition.
The rms value of the voltages across the circuit components and
between the metal plates are shown in Table V.

It shows that the rms value of voltage between P; and P; is as
high as 2.51 kV, and the voltage between P, and P; is 1.73 kV.
Since the breakdown voltage of air is about 3 kV/mm and the
distance between the plates is large sufficiently, there is no con-
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TABLE V
RMS VALUES OF THE VOLTAGES OF CIRCUIT COMPONENTS AND PLATES IN
THE CC CONDITION

Parameter ~ Voltage  Parameter ~ Voltage
Vi 2.50kV VLo 2.50 kV
Vpi_p2 251kV  Vpiz_py 2.51kV
Vei-r3 1.73kV  Vpa_py 1.73kV

E(V/m)

6.55e+003

. 1.06c+004
9.55¢+003
8.55¢+003
7.55¢+003
5.55¢+003
| 4.55¢+003
3.55¢+003
| 2.55¢+003
1.55¢+003
5.50c+002

0 500

1000 (mm)

Fig. 7.  Electric fields emission around the capacitive coupler.

cern with arcing in this system. As the coupling capacitance is
only 2.8 pF and the the coupling coefficient is only 2.16%, the
compensation circuit is necessary in order to increase the plate
voltages to kilovolt to achieve sufficient power transfer. Using
the voltages in Table V, Maxwell is used to simulate the electric
field emission around the capacitive coupler shown in Fig. 7.

Fig. 7 shows that the electric field strength between plates
P, and P; is about 9.6 kV/m, and the maximum field strength
close to the plates is about 10.6 kV/m. The IEEE C95.1 standard
[30] requires that the electric field strength should be lower than
550 V/m at 1.5 MHz for human safety consideration. Therefore,
Fig. 7 shows that the safe area being about 350 mm away from
the coupler in this system.

In this CPT system, if the electric field strength between P;
and P; were limited below the safety requirement, the plate
voltages Vpi_p3 and Vpy_py would be reduced from 1.73 to
0.1 kV. The plate votlages Vp;_ps and Vps_p, would then be
limited to 0.14 kV. According to [31], the maximum achievable
power is estimated as

Phax = wc.CyVp1-p2Vps—ps = 0.51W. (13)

In a practical application, the electric fields between P, and
P; have to be much larger than the safety limitation to transfer
sufficient power. Therefore, a living object detection system
should be used to protect human and animal safety, which is
similar to the protection mechanism required in an IPT system.
In future research, the shielding of leakage electric fields will
also be studied to reduce the electric field emissions and hence
increase the safety of the CPT system.
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Fig. 8.

Prototype of a double-sided LC-compensated CPT system.

V. EXPERIMENTS
A. Experimental Prototype

With all the circuit parameters provided in Table IV, an ex-
perimental prototype of the LC-compensated CPT system is
implemented as shown in Fig. 8. Four aluminum plates form
the capacitive coupler and are placed on a fixture made from
wood. The plate length is 300 mm, and the air-gap distance is
180 mm to realize a loosely coupled CPT system. The external
parallel-connected capacitors Cey and Ciyo are high-frequency
thin-film capacitors. The inductors L; and Ly have an air core
and are made with AWG 46 Litz-wire, thereby reducing both
the skin-effect loss and magnetic loss. These inductors resonate
with the capacitances to generate high voltages on the plates
and transfer power. Since the switching frequency is 1.5 MHz,
silicon carbide (SiC) mosfets are used in the input inverter, and
SiC diodes are used in the output rectifier. A dc supply is con-
nected to the inverter as the power source, and an electronic dc
load is connected to the rectifier as the output. The load is set
to resistive mode for both the CV and CC working conditions.
The measurement of efficiency is from the dc source to the dc
load.

B. CC Mode Experiment

Using the designed prototype, experiments are conducted for
both CC and CV working modes. The CC mode is investigated
first. In this case, the inductor Lo is tuned to 86.1 pH in order
to achieve CC operation at 1.5 MHz and realize soft switch-
ing of the mosfets. The microcontroller TMS320F28335 from
Texas Instruments is used to generate the pulse width modu-
lation (PWM) signals for the input inverter. The switching fre-
quency is set to be 1.5 MHz, and the dead time for the full-bridge
inverter is approximately 80 ns. Experimental results of the CC
mode are shown in Fig. 9 for a load resistance R, = 33.1()
(R =26.80Q).

Fig. 9(a) shows the input and output waveforms of the CC
working mode. The input current I, is slightly lagging the
input voltage V) to achieve soft switching of the MOSFETs. It
also shows that the output voltage V5 is lagging the input voltage
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Fig. 9. Experimental results of the CC working mode, when Ry = 33.19Q.
(a) Input and output waveforms. (b) Power and efficiency.

V} by about 160 ns. Since the switching frequency is 1.5 MHz,
and the corresponding period is about 666.6 ns, this agrees with
Fig. 6(c), which shows the output voltage V> should lag the
input voltage V; by 90°. The driver signal Vg, of a mosfet
is also provided in Fig. 9(a). Although there is some noise in
the gate drive voltage, the noise magnitude is lower than the
threshold voltage of the MOSFET, which is acceptable for driving
the devices.

Fig. 9(b) shows the system measurements. When the input dc
voltage is 59.5 V, the output load resistance is tuned to 33 €2 to
achieve an output voltage of 61 V. In this case, the input power is
159.3 W, and the output power is 112.4 W, resulting in a power
loss of 46.9 W and a de—dc efficiency of 70.6%.

The power loss distribution among the circuit components is
shown in Fig. 10. The power loss in the compensation inductors,
capacitors, MOSFETs, and diodes can be calculated by their in-
ner resistances from the datasheets and measurements [4]. The
remaining losses are assumed to be in the plates. Fig. 10 shows
that the compensation capacitors C'; and C dissipate approx-
imately 40% of the power loss. In future designs, better film
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Fig. 10. Power loss distribution among circuit components in CC condition.

capacitors with a lower dissipation factor can be used to reduce
the system loss and improve its efficiency.

C. CV Mode Experiment

The ePWM module of TMS320F28335 is used to generate
PWM signals. Since the CPU speed is 150 MHz, the frequency
resolution of the PWM signal is 30 kHz at 1.5 MHz. According
to Fig. 6, the bandwidth of the system is very small, and it
is therefore difficult to achieve the CV mode by tuning the
switching frequency. Therefore, both the inductors L, and Lo
are tuned to 88.5 uH to achieve CV operation at 1.5 MHz. The
experimental results of the CV working mode are shown in
Fig. 11 for a load resistance R, = 44Q (R, = 35.7Q).

Once again, the input current I is slightly lagging the input
voltage V; to achieve soft switching of the MOSFETs. The output
current I is in phase with the output voltage V5 at the rectifier
side. It is also seen that the output voltage V5 is lagging the input
voltage V by about 330 ns, which agrees with the analysis in
Fig. 6 that V5 is lagging V; by 180° at the CV frequency w,s.

Fig. 11(b) shows the system measurements. When the input
voltage is 64.1 V, the output load resistance is tuned to 44 2 to
achieve an output voltage of 69.3 V. In this case, the input power
is 146.2 W, and the output power is 109.3 W, resulting in a dc—dc
efficiency of 74.8%. Because the CV mode has higher voltages
and lower currents than the CC mode, the system efficiency is
higher.

VI. DISCUSSION: COMPARISON BETWEEN LC AND LCLC
COMPENSATION

A. Output Power Property

The LC-, LCLC- [21], and CLLC-compensation [24] topolo-
gies can achieve significant CPT. Compared to LCLC compensa-
tion, the CLLC compensation can slightly reduce the size of the
compensation inductors L; and Ls, but the system efficiency
property is almost the same. Therefore, in this paper, LCLC
compensation is used as a comparison to LC compensation, and
the circuit topology is shown in Fig. 12.
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Fig. 12.

In CC mode, the output power of LC- and LCLC-compensated
[21] systems is expressed as

1
Pre=w. - Cy -5 V1 Vo

kC
Ci1Cro
C1Cy

In the LC-compensated CPT system, as long as the mutual
capacitance C'y; is fixed, the output power is determined by the
coupling coefficient k¢ . Increasing power requires decreasing
ke, which reduces the system efficiency, as will be shown in
the sequel. In an LCLC-compensated CPT system, the output
power can be regulated by adjusting the ratio between C'y1 C'y2

(14)

Prore =we-Cyy - W - Vs,
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TABLE VI
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS OF A DOUBLE-SIDED
LCLC-COMPENSATED CPT SYSTEM

Parameter Design value Parameter Design value
Vin 0-64 V Ry 20—40 Q2
11 (12) 300 mm ls1(ls2) 150 mm
d 180 mm Cinl (Cin2> 9.8 pF
Cn 2.8 pF Cex1 (ch2 ) 46 pF
ke 5.0% C1 (Cy) 55.8 pF
Cfl (Cf2) 2.72 nF Lf1 (sz) 4.14#1‘[
fo 1.5 MHz Ly (Ls) 196.0 nH

and C' C. This provides the flexibility to design the capacitive
coupler to achieve a relatively large coupling coefficient k¢,
which results in a better system efficiency.

B. Frequency Property

As seen in Fig. 6, the working bandwidth of the LC-
compensated CPT system is narrow, and the system power drops
quickly when the switching frequency moves away from the
resonance frequency. As a comparison, an LCLC-compensated
CPT system is designed to transfer the same power using the
same capacitive coupler, except that the coupling coefficient is
higher at 5%. The circuit parameters are designed according to
[21], as shown in Table VI.

The frequency properties of the LCLC-compensated CPT sys-
tem are shown in Fig. 13. Since the coupling coefficient k¢
is larger than the LC-compensated CPT system, the operating
bandwidth is significantly increased. The magnitudes of |G; | and
|G, | are therefore less sensitive to variations in the switching
frequency. It is also seen that a CC mode exists at the resonant
frequency, and the phase angle of G, and G; is 90° leading V.

C. System Efficiency
The efficiency of the LC-compensated CPT network (i.e. not
including inverter and rectifier losses) is expressed as
nLc
_ It - Ry
N IIQBL -Rp +I%2 -Rpo +I(%2 - Reo +I%1 - Rea Jr[%l -Rpy
15)

where Ryo, Rcoo, Ro1, and Ry are the parasitic resistances of
the passive components, and gy, Ir9, Ic2, Ic1, and I are
the currents flowing through these components. The efficiency
can be rewritten as

nLc =
1
2 2 2 2
1+ Irns |, Rro Ico | . Reo Ici | . Rea Ipy |, R
Iry Ry Irr Ry Irr Ry Irr Rp
(16)

The magnitudes of the current ratios can be approximated
using the FHA. At the CC frequency, the efficiency can be
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Fig. 13.  Frequency property of a double-sided LCLC-compensated CPT sys-
tem with 5% coupling coefficient. (a) Magnitude of voltage gain G, . (b) Mag-
nitude of transonductance G;. (c) Phase angle 6 of G, and G;.
expressed as follows:
1
2 1 1
Yooe tamee T (1 + kzcm?) o

where 1 and ) are the quality factors of the primary and
secondary resonant circuits, given as follows:

a7

nLc =

Ry = Ry + Rei1, Ry = Rpo + Reo
Q1 =1/(wCiRy),Q =1/(wC5Ry)
OZ:RQ/RL.

(18)
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Fig. 14.  Theoretical maximum achievable efficiency of a double-sided LC-

compensated CPT network.

It can be further shown that the load resistance that maximizes
efficiency is given by

Ry =\/1+k.Q:1Q2- Ry

and the resulting efficiency is expressed as
1

19)

NLC max =

]'+k?,2

Q1Q> +

2 1
VEZQ1Qs <1+1‘7?'Q'Q2)'
(20)
To simplify analysis, the quality factor is assumed to be equal
for the primary and secondary (i.e., @ = @1 = ()2). The maxi-
mum efficiency is then further simplified as

1

2 2 1
L+ o + i/ (1+ g ) -

The theoretical maximum achievable efficiency of the LC-
compensated CPT network is shown in Fig. 14 as a function
of quality factor and coupling coefficient. It is seen that the
efficiency increases with the increasing quality factor Q and
coupling coefficient ko . It is similar to the efficiency of the
SS-compensated IPT system [31] shown in (22) and (23) at the
bottom of this page.

Fig. 12 is used to analyze the efficiency of the LCLC-
compensated CPT network, expressed as (22). The efficiency
is further rewritten as (23).

NLC max = (21)

Uinesnel

Iz, - Ry

I, R+ 17, Repo+ 18y - Ropa+ 13y - Rpo + 13y - Roa + 12 - Rov + 17, - Ry + Iy - Repy + 17 4y - Rop

nLcrLc

(22)

1

2
Rpo
Ry

2
Reyo
Ry

2
Rpso
Ry

Iy
IrL

Ipyo
IrL

Iy
Irr

Ipyo
Irr

1+ +

+

2
Rco
R

2
Ry
Ry

(23)

2
Rey
Rp

2
Rpa
Ry

2
Rca
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IrL
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Similarly, the magnitudes of the current ratios in the denom-
inator can be derived using fundamental harmonics analysis.
At the CC frequency [23], the efficiency can be simplified and
expressed as

NnLcrLc
B 1
o 1 Q> 1.2 1B Qi 1.2
I+ Zoanm (QT’“C +5l> + (Q,}Q ke +ﬂ?) a
(24)
where

Riyy =Rpp + Roj1, Rps = Rppo + Rogo

Q1 =1/(wCr1Rp1), Qp2 = 1/(wCi2 Ry2)

Ry = Rp1 + Re1 + Repi,Ro = Rpo + Roo + Royo
Q1 =1/(wC1Ry),Q2 = 1/(wC2Ry)
a=Ry/Rp,y=C1/Cy

p1 =C1/C1, B2 = Cy/Cys.

(25)

The efficiency is maximized when the load resistance is
Ry — YB3V Q1 Q> Vb + k2Q2/Q 1
k VB + kg Q1/Qra

resulting in the following efficiency:

“Ry  (26)

NLCLC, max
1

2 Q>
N TS \/(1 T

k‘, Q /le

To simplify the analysis, the circuit is assumed to be symmet-
ric, which results in Q71 = Q2 and Q1 = Q. In this system,
Q1 represents the quality factor of a resonant circuit including
Ly and Cyq, and @ represents the quality factor of a resonant
circuit including Ly, C, and Cy;. The inductors Ly and L
can be designed to have air core in order to achieve a high qual-
ity factor. Also, the same film capacitors can be used to build
Cy1 and C. Therefore, it can be assumed that Q= @1 to
simplify the efficiency analysis. Further assumptions are shown
as follows:

{Q—Ql—QQ—Qfl—Qﬁ. (28)

B=p=p0,y=1
Therefore, the maximum efficiency of the LCLC-
compensated system can be further simplified as

1
2 k?

1+ 25 (145,

The theoretical maximum achievable efficiency of the LCLC-
compensated network is shown in Fig. 15, as a function of Q,
ko, and (. It can be seen that the efficiency increases with
increasing values of these parameters.

It is informative to compare the efficiencies of the LC- and
LCLC-compensated CPT networks with the same capacitive

coupler and the same power level. In the comparison, the cou-
pling coefficients of the LC-compensated and LC-compensated

NLCLC max = (29)
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Fig. 15.  Theoretical maximum achievable efficiency of a double-sided LCLC-

compensated CPT network.
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Fig. 16. Comparison of efficiencies of LC- and LCLC-compensation systems.

networks are defined as kr ¢ and k¢ 1 ¢, respectively. Accord-
ing to the power equations in (14), the value of kr¢ must be
set equal to the value of § in the LCLC system to achieve
equal power. Therefore, based on (21) and (29), the optimum
efficiency of the LC-compensated system is less than that of
the LCLC-compensated system (i.e. ¢ max < 7NLLCC,max)
when

1 1
- +~/1+>-k +kpe <0
LCLC (kLCQ kLCQ LCLC LC

(30)

Based on (30), the efficiencies of the LC- and LCLC-
compensated CPT networks are compared in Fig. 16.
The area between the curves and the x-axis is the region where
the LCLC-compensated system has higher efficiency, and the
area between the curves and the y-axis is the region where the
LC-compensated system has higher efficiency.

The capacitive coupler designed in Section V can be used
to compare the efficiencies of the LC- and LCLC-compensated
CPT networks. In this analysis, the input and output dc votlages
are set to 60 V, the switching frequency is set to 1.5 MHz, and
the quality factors of the system resonances are assumed to be
400.

Fig. 17 shows the efficiencies of the two networks as a func-
tion of power level. The LCLC-compensated network results are
provided for ko = 0.02 and k¢ = 0.05. It can be seen
that the efficiencies are relatively independent of power level.
In the case of the LC-compensated network, k7~ must be re-
duced in order to increase the system power levels, resulting in
lower efficiencies. The resulting range of k7 ¢ is [0.015, 0.04] in
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Fig. 17.  Efficiencies of LC- and LCLC-compensated CPT networks using the

designed capacitive coupler in Section V.

Fig. 17. The results show that the LC-compensated CPT system
can achieve an efficiency of 80% at 150 W power, not including
the inverter and rectifier. When the power electronics circuits are
considered, the efficiency agrees with the experimental results
in Section V.

VII. CONCLUSION

This paper proposes a double-sided LC-compensation circuit
for a loosely coupled CPT system. The frequency properties of
the circuit are analyzed, which indicate one CC frequency and
two CV frequencies. A prototype of the LC-compensated CPT
system is designed and implemented to validate the CC and
CV working modes. Finally, the LC and LCLC-compensation
topologies are compared in terms of power, frequency prop-
erties, and efficiency. It shows that both the LC- and LCLC-
compensated systems can improve efficiency by increasing the
coupling coefficient. In aloosely coupled CPT system, the LCLC
circuit can achieve higher efficiency, as the system power is in-
dependent of coupling coefficient.
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