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An Improved Design Methodology of the
Double-Sided LC-Compensated CPT System
Considering the Inductance Detuning

Hua Zhang

Abstract—This paper proposes an improved design methodol-
ogy of the double-sided LC-compensated capacitive power transfer
(CPT) system considering the inductance detuning. Compared to
the perfect-resonant scenario, this paper shows that the inductance
detuning has the benefit to achieve the soft-switching condition
for the CPT system, and the output current and internal voltage
stresses can also be maintained within the desired range. The con-
tributions of this paper are summarized in three parts. First, it
analyzes the impacts of the inductance variations on the system
frequency property, including the input current, output current,
and internal capacitor voltage stresses. Second, it proposes three
principles to detune the inductances as the methodology to design
a CPT system. Third, a prototype is implemented, which achieves
368.5 W power transfer across a 400 mm X 400 mm X 4 mm glass
layer with 91.8% dc—dc efficiency. Experimental results validate
that the proposed design principles are satisfied, showing that the
output current is within the desired range, the input soft-switching
condition is achieved, and the internal voltage stresses are within
the safety limit. Moreover, the efficiency and frequency proper-
ties are also validated by the experimental results, showing a wide
power range of the high-efficiency operation (higher than 90%)
and a wide frequency bandwidth of the soft-switching operation
(from 0.96 to 1.12 MHz).

Index Terms—Capacitive power transfer, design methodology,
frequency property, LC compensation.

NOMENCLATURE
N\ Inverter MOSFETS.
D{-D, Rectifier diodes.
Pi-P, Metal plates.
R, Load resistance.
Via Input dc voltage.
Ir, Current through R,.
V, Output dc voltage.
Ry Equivalent resistance.
Vi Input ac excitation.
Ir Current through Rj .
Vs Output ac excitation.
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Lout Output filter inductor.

Iy (In9) Input (output) ac current.

Cout Output capacitor.

Ve1(Vez) Capacitor voltage stress.

Cer1(Cer2) External capacitors.

Ly (Ly) Compensation inductor.

Ci (Cy) Equivalent capacitor.

Cin1(Cin2) Internal self-capacitance.

fow Switching frequency.

Cu Mutual capacitance.

w Angular frequency.

ke Coupling coefficient.

wo Resonant frequency.

Xowm Reactance of C); .

We Constant-/ frequency.

X1 (Xeo) Reactance of C; and Cs.

0 Phase of I;,; and V;.

r1 (r9) Inductance ratio.

Ary (Ars) Variation of r{, rs.

Ty Load resistance ratio.

Coss MOSFET capacitance.

ro Capacitance ratio.

Iorr Cut-off input current.

Tw Frequency ratio.

tdead PWM dead time.

Ly (Lao) Reference inductance in the perfect-resonant
condition.

IR rer Reference current magnitude in the perfect-

resonant condition.
Reference capacitor voltage in the perfect-
resonant condition.

VCl,rfif (VCQ,I'ef)

I. INTRODUCTION

S AN important alternative to the conventional inductive
A power transfer technology, the capacitive power transfer
(CPT) system has been studied in the past few years [1]-[3].
Since the coupling capacitance is usually very small, the CPT
system is required to operate at high frequencies [4], [5], and its
performance closely relates to the circuit topology working with
the capacitive coupler [6]-[8]. For example, the series L, LC,
LCL, LCLC, and CLLC circuits have been proposed for differ-
ent applications, including the charging of high-power electric
vehicles and the low-power electronic devices [9]-[14].

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.


https://orcid.org/0000-0003-2599-8674
https://orcid.org/0000-0002-0539-5887
mailto:hua.zhang@drexel.edu
mailto:hua.zhang@drexel.edu
mailto:fei.lu@drexel.edu

ZHANG AND LU: IMPROVED DESIGN METHODOLOGY OF THE DOUBLE-SIDED LC-COMPENSATED CPT SYSTEM

The double-sided LC compensation circuit is proposed in
[15], which can be applied in both short- and long-distance
systems [16], [17]. Compared to the other circuits, it has three
distinguishing merits. First, it can perform as a current-source
to feed the load, which is suitable to charge batteries. Second, it
only requires two external passive components at the secondary
side, which contributes to save the space for the receiver. Third,
when the load resistance is matched, the transfer efficiency can
be optimized to a relatively high level.

However, the previous research on the LC compensation is not
sufficient and still needs further improvements. For example, the
system performance is analyzed usually when the perfect res-
onance is realized [15], which is an ideal condition rather than
a practical scenario. In this case, the circuit behaves as a pure
resistor that cannot achieve the soft-switching condition for the
input-side inverter. Then, it is required to detune the compensa-
tion inductors in order to reduce the switching loss. Meanwhile,
due to the tolerance and the temperature rising in a practical
system [18], it is unavoidable to have variations in the circuit
components, leading to the change of the system performance
from the desired value, such as the output power [19]-[21].
Moreover, when the detuning occurs and the circuit resonance
is disturbed, the voltage and current stresses on the components
might exceed the safety ratings and cause dangerous break-
down issues [22]. Besides, when the frequency varies in a wide
range, the system performance can be affected [23], [24]. The
frequency property, which means the relationship between the
circuit performance and the excitation frequency, needs to be
studied. Therefore, it is necessary to continue the study of the
LC compensation and promote its practical applications.

As an extension of the previous work, this paper aims to es-
tablish the design methodology and improve the performance
of an LC-compensated CPT system. It has three main contribu-
tions. First, the mathematical model and frequency property are
analyzed in the detuned status, showing the deviations of the
inductances can affect the system performance. Second, based
on the circuit analysis, a systematic design methodology is pro-
posed as the principles to determine circuit parameters. Third, a
prototype is implemented, and the experimental results validate
that the designed system can achieve a wide range of high-
efficiency operation over a wide frequency bandwidth with the
soft-switching capability.

II. IMPACTS OF INDUCTANCE: VARIATIONS ON THE
FREQUENCY PROPERTY

A. Circuit Topology

Fig. 1(a) shows the circuit topology of a double-sided LC-
compensated CPT system based on the coupling plates model.
Fig. 1(b) shows the simplified circuit with the equivalent be-
havior source model, in which the first harmonic approximation
method is also applied to analyze the circuit [15]. The rela-
tionship between the output resistance R, and the equivalent
load resistance R, is expressed as R = 8/ w2 x R,. At the
output side, the inductor L,,; and capacitor C,,; work as a
low-pass filter. Since the switching frequency is very high, the
filter parameters are usually very small. According to [15], the
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Fig. 1. Circuit topology of a double-sided LC-compensated CPT system.
(a) Coupling plates model. (b) Behavior source model.

double-sided LC circuit can work in either constant-current or
constant-voltage mode, which is very suitable for the battery
charging applications.

Two pairs of metal plates Py, Py, P3, and P4 are used as a
capacitive coupler. The inductors Ly, Ly and capacitors C,,1,
C..2 form the compensation circuit. The parameter relationship
is shown in (1), where Cj,; and Cjy,o are the self-capacitances
of plates, C; and C, are the total equivalent self-capacitances,
C)y is the mutual capacitance, k¢ is the capacitive coupling
coefficient. According to [15], the capacitance relationship is
expressed as follows:

C1 = Cin1 + Cex1, Cr = Cinz + Cexa

ke =Cu//Ch - Co. (1)

Based on Fig. 1(b), the frequency property of an LC-
compensated CPT system is investigated, including the output
current, the input current, and the voltage stresses on the res-
onant capacitors. The distinguishing innovation of this paper
is that the system is analyzed not only in the perfect-resonant
condition but also in the detuned scenarios, and the impacts of
the inductance variations on the frequency property are studied.

B. Impact on the Output Current

At the switching frequency w, and the circuit in Fig. 1(b) is
described as follows:

1 . .
ol (Vi = Vo) 4+ jwCir - Voo = jwCy - Ve
1 ) .
oLy (Vo = Vi) + jwCir - Veor = jwCy - Voo (2)
1 v,
(jm +RL> Ve
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Fig. 2. Frequency property of the output current magnitude |/ | considering

inductance variations with different combinations of r; and rs.

Then, the output current I and the output voltage Vo are
calculated as in (3) shown at the bottom of this page.

To simplify (3), some intermediate variables are defined. The
resonant frequency is wy, the reference inductances are L; o and
Ly o, and the inductance ratios are r; and ry, which are expressed
as follows:

Ly =71 -Lio,La=12-Loy

wo = 1/y/IinCi = 1/ /T2 Cs.

Furthermore, the impedances of capacitances are defined as
Xc1, Xeo, and Xy, the frequency ratio is defined as r,, the
capacitance ratio is defined as r¢, and the load resistance ratio
is defined as 7, resulting in

“

Xo1 =1/(woCh), Xco = 1/(woC2), Xem =1/ (woChr)

ry, =w/wy,rc =C1/Corr = Rr/Xeo.
Q)

By substituting (4) and (5) into (3), the output current and
voltage are simplified as follows: (6) shown at the bottom of
this page

According (6), the magnitude of the output current |Ig| is
shown in Fig. 2. For simplicity, the capacitive coupling coeffi-
cient k¢ is set to be 0.15 as an example to illustrate the design.
According to [15], the system efficiency can be maximized when
r;, = k¢ . Therefore, rp is also selected as 0.15 in this exam-
ple to maintain the efficiency. Different combinations of the
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inductance ratios r| and r, are analyzed to illustrate the impacts
of inductance variations to the output current |I|.

In the perfect-resonant condition (r; = 1.0, r» = 1.0), Fig. 2
shows that the current magnitude (solid red line) is symmetric.
However, when the inductances are detuned (either r; or ro
#1.0), the output current is significantly affected. Therefore, it
is necessary to quantify the influence on the output current.

According to (6), the constant current (CC) frequency w, is
defined in the perfect-resonant condition as follows:

we =wp/y/1— k2. (7

Then, at the CC frequency w,, the output current Ip is
expressed as follows:

IR(WC)
_ V1 ke
1—kZ —(ri+ro—rre)+j-rp - (L—r)y/1— k2

. "
. . 8
I Xowr (8)

The inductance ratios r; and ro are further defined as r; = 1
+ Ary and ry = 1 + Ary, resulting in

/1K W
k%—ATlATQ +j~7’,;~A7’1\/171€gv J Xewm
)

In the perfect-resonant condition(Ar; = Ary = 0), the mag-
nitude of I (w,) is defined as the reference value I ;of

VI—E Vi

k2, Xew

IR(wC) =

IRJef = (10)

At the CC frequency w,, the impact of the inductance varia-
tions on the output current I is shown in Fig. 3.

Fig. 3 shows the normalized magnitude of the output current
|Ir| compared to the perfect-resonant value Iy .. It indicates
that, at the CC frequency w., the output current is significantly
affected by the inductance variations Arjand A ry. Therefore, it
is meaningful to design the inductance variations and maintain
the system power within the desired range.

JwCur
Ip = L
n (1 — wQLlCl)(l — wQLQCQ) — /{%WQL1CI ~w?LyChy + jwCy Ry, - (1 — w2l Cy + kQCwQLlCl) ! 3)
Vi — ijM Vi
2 [(1 — wQLlCl)(l — w2L2C’2) — k%wQLlCl . (JJQLQCQ}/RL +jw02 . (1 — w2L101 + k%wQLlcl) !
IR — .7 Tw . VI
(1 —=r2r) (1 —r2ry) = k2ririre + - rorp - (L —r2ry + kRr2ry) Xow ;
, (6)
Vi — Jkey/ro
2

(@ =m0~ 12r) — Rerbrimal /(o) + 7 - (L~ 12 + RgrZr)
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Fig. 3. Impact of inductance variations Ar; and A ro on the magnitude of

the output current I at the constant current frequency w..
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Fig.4. Frequency property of the input current /7| phase angle 6 considering

inductance variations with different combinations of r; and rs.

C. Impact on the Input Current

According to (2), the input current is I ; is calculated in (11).
By substituting (4) and (5) into (11), it is simplified as follows:
(11) and (12) shown at the bottom of this page.

For the input current /71, it is important to study the phase
angle, because it determines the soft-switching condition of
the input-side inverter. Then, when k- and rj, are set as 0.15,
different combinations of the inductance ratios r; and ry are
analyzed in Fig. 4 to illustrate the phase angle 6 of the input
current I71.

Fig. 4 shows that the frequency property of the phase angle 6
is significantly affected by the inductance ratios | and rs, and
the primary and secondary inductances L; and L, have opposite
effects on 6. In order to achieve the soft-switching condition,
the current /71 needs to be lagging the input voltage V;. When
V; is selected as the reference phasor, the angle difference 6 is a
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Fig. 5. Impact of inductance variations Ar; and A ry on the phase angle

0(w.) of the input current 17,1 at the constant current frequency we .

negative value. Then, considering the negative 6, it is recom-

mended to increase L, or decrease L to achieve it.
Specifically, considering the CC frequency w,. and the induc-

tance variations Ary and Ars, I is expressed as follows:

rp(L—kG)+j-Ar/1-kE W
k%—ArlArg —|—j~rL~Ar1\/1—k% Xer
(13)

ILl(Wc) -

The phase angle 6 of the input current I is calculated as
follows:

AP /1 — k2
%—amtanm 3 n ¢
TL1/1_]€C kC — Ari Ary

(14)

f(w.) = arctan

Then, at the CC frequency w,, the impact of the inductance
variations on the phase angle is shown in Fig. 5.

Fig. 5 quantifies the relationship between the phase angle
and the inductance variations. In the perfect-resonant condition
(Ary = Ary =0), 0 is zero, which means the unity power factor
is achieved and the injected reactive power is limited. However,
for the soft-switching consideration in a practical system, Fig. 5
indicates that the compensation inductances should be slightly
detuned to have a negative value of 6. (15) shown at the bottom
of this page.

D. Impact on the Voltages Across Resonant Capacitors

In a CPT system, it is especially critical to study the voltage
stresses. For example, according to (2), the voltages on C; and

jwOi - [1 = w? LyCo + k2w? Ly Cy + jwCy Ry, - (1 — k2]

I = -Vi 11
b 1—w?2L1C)(1 —w?LyCy — k2 w?2L1C - w?LyCy + jwCy Ry, - 1—w2LC + k2 w2 L,y ! (n
C C
I — 2 (L—K2) + 5 ro(L—r2re + k2r2rs) W (12)
L1 (1 —=r2r) (X —r2ry) —k2ririre + - rorr - (L—r2r + k2rir)  Xea
Vig — 1—w2L2C’2 +jWCQRL v
ol 1 —w?2LiC)(1 —w2LyCy — k2 w201 Cy - w?Ly(Cy + jwCy Ry, - 1—w2LC + k2 w?LCy !
c C (15)
. ’ ol
Vi = JwCir (Ry, + jwls) v,

(1 — wQLlCl)(l — szQCQ) — k%wQIqu 'w2L202 +ij'2RL . (1 —w?LCy + k%wZLlcl)
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C, are calculated as in (15). By substituting (4) and (5) into
(15), the voltages are rewritten as in (16).

For example, when ko = 0.15, r;, = 0.15, and ¢ = 1, the
frequency property of the magnitude of V- is shown in Fig. 6,
indicating a significant influence by the inductance variations.
Further analysis also shows that Vs has a similar frequency
property with V1. Due to the inductance changes, the voltages
increase at certain frequencies. Therefore, it is meaningful to
study the voltages and limits them within the safe range.

Considering the CC frequency w, and the inductance varia-
tions Ary and Ars, the voltages are simplified as follows:

k2 — Ary — j-rp/1— k2 v
1

Vor(we) = .
c1we) k2 — AriAry + 5 -1 - Aryy/1— k2
kore + kercAryg —j - /1 — k%rchTc
Voo (we) = Vi
ca(we) k2 — AriAry + 5 -1 - Arg /1 — k2 !
a7

In the perfect-resonant condition (Ar; = Ary = 0), the
reference voltages are defined as Vo1 oy and Voo oy

]{%—j“f‘L\/l—k%.Vl

k¢
kc”f‘c —j . \/1 — k%?’chrc
k2 e

VCl,r@f =
(18)

VC2,7‘ef

Therefore, at the CC frequency w,., compared to the refer-
ence values Vi ,ep and Vg e f, the impact of the inductance
variations on the magnitude of the voltages is shown in Fig. 7.

Fig. 7 shows that, even at the constant current frequency w,,
the inductance variations can induce a dramatic increase of the
capacitor voltage. In a real application, the high voltage across
the capacitor could exceed the safe rating of the components.
Moreover, the high voltage between the plates in the capacitive
coupler can cause air breakdown and potential arcing concerns.
Therefore, it is important to investigate the internal voltages.
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I Design capacitive coupler according to the physical requirements |
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l Calculate initial L, and L, in the perfect resonant condition |
Il
v v 12
Calculate Aryand Ary Calculate Aryand Ary Calculate A ryand Ar,
to satisfy output current to satisfy input power to satisfy internal
in principle (a) factor in principle (b) voltages in principle (c)
[ | ]
v
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| Finalize the values of L, and L, |

Fig. 8.  Flowchart of the calculation procedure to determine the compensation
inductances L; and Lo.

III. COMPENSATION INDUCTANCES DESIGN

A. Design Principles

According to the analysis of the frequency property, the
inductance variations have significant impacts on the output
current, the soft-switching condition, and the voltages on the

177’37”2 +g-rore

Vo1 =

Voo =

—r2kerers + j - rurpkere

(1 =7r2r)(L—r2ry) —kZrirre +j-rory - (L —12r + k2r2r)

(16)

Vi

(1 —=r2r) (L —r2ry) — kZrirre + j-rorp - (L —12r + k2r2r)
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capacitors. Based on these, three principles are proposed to de-
sign the compensation inductances.

1) Compared to the perfect-resonant case, the variation of

the output current magnitude should be within +10%.
Also, the constant current working property should be
maintained, and the load regulation rate should be within
+20%.

Fig. 3 shows that the inductance variations Ar; and Ary can
change the magnitude of the output current /. In this design, the
variation of the output current magnitude should be maintained
within £10%. In this design criterion, the values of the output
current variations are selected based on the practical application
requirement. Usually, the acceptable tolerance for a product is
about +10% of the nominal value. Therefore, in this design,
when there are inductance variations, it is proposed to maintain
the output current variation within 10% of the perfect-resonant
value. There is no specific difference between the positive part
(+10%) and the negative part (—-10%). Here, it needs to be
emphasized that this tolerance range can vary depending on the
actual applications. For example, some systems might require a
+5% tolerance, and the parameter can be easily adjusted using
the proposed design methodology.

To realize the constant current working property, the load
regulation property also needs to be considered. When the load
resistance varies from the half (0.571,) to the double (2.0ry,) of
the nominal resistance, it is suggested that the variation of | I |
is within £20%. Based on (9), the load regulation rate is

|IR(O5T'L)| < 1~2|IR(7'L)| ; |IR(27”L)‘ > 08|IR(TL)| . (19)

For the load regulation rate, it defines the variation of the
output current when the load resistance changes. Since the sys-
tem usually works in the nominal-power condition, the low- and
high-power scenarios are relatively rare. Therefore, the require-
ment on the load regulation rate is not very strict (:20%), which
can also help to find the acceptable range in Fig. 9. Similarly,
in the real application, this value can vary depending on the
practical requirement.

2) The input-side power factor should be within the range of

(0.75, 0.98).

In this design criterion, the maximum value of the power
factor is selected based on the ZVS condition. In order to reduce
the switching loss, the parasitic output capacitance C,gs of the
MOSFET needs to be fully discharged during the dead-time #4¢.q
before the turn-ON signal arrives. According to [25] and [26],
the cut-off current /orp at the turn-ON transient should satisfy
the following equation:

2 % Ooss X V;n

Iorr >
tdead

(20)

At the turn-ON transient, the relationship between the cut-
off current Iorpr and the magnitude of the input current [y,
is expressed as Iopp = I X sin(—60), where 6 is the phase
difference between the input current I7; and the input voltage
Vy. It needs to be paid attention that, since the current I is
lagging the voltage V; for the ZVS reason, there is a negative
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sign for 0. Therefore, the absolute value of the phase angle @ is

2><C"OSS X‘/1H>

(21)
ILl X tdea‘d

|| > arcsin (

In a practical system, the MOSFET should be appropriately
selected to reduce the output capacitance C,gs and the corre-
sponding phase difference |6|. Nowadays, with the development
of the wide bandgap (WBG) devices, the C, is significantly
reduced and |0] is also reduced, which means a higher power fac-
tor can be achieved with the ZVS capability. For example, the
C,ss of the selected silicon carbide (SiC) MOSFET from CREE
is only 200 pF at 100 V. If the input current I;; magnitude is
about 7 A and the dead-time is about 35 ns, the required |6] is
about 10°, and the corresponding power factor is about 0.98.

Meanwhile, the minimum value of the power factor is based
on the efficiency consideration. A lower power factor means
more reactive power, and the power loss can be increased. As an
example, this paper suggests a minimum power factor of 0.75,
indicating a phase difference 6 of —40°. It can be expected that,
with this constraint of the power factor, the reactive power is
limited and the system efficiency can be maintained.

In addition, it needs to be emphasized that (0.75, 0.98) is a
suggested range of the power factor. In a practical application,
itis recommended to use the WBG devices and carefully design
the circuit parameters to satisfy this requirement, which can
maintain ZVS and high efficiency simultaneously. However, if
there is any additional constraint that is difficult to overcome, a
different range of the power factor can also be accepted.

3) The increase of the internal voltages should be limited within
20% of the perfect-resonant values.

In a CPT system, high voltages are used to transfer power, and
multiple capacitors are usually connected in series to provide
the high voltage rating up to tens of kV. Considering the high
voltage stress on the capacitors, there is usually an additional
50% safety margin, compared to the maximum voltage scenario.
The voltage analysis in Fig. 7 shows that the detuning of the
inductors can increase the voltages on the capacitors. Therefore,
it is recommended that the increase of the capacitor voltage
should be limited to 20% of the perfect-resonant value. In this
case, there is still a 20%—-30% safety margin for the voltage to
maintain safe operation.

In a practical application, if the user requires a more con-
servative safety margin, the number of series-connected capac-
itors can be increased. However, there is a tradeoff between
the safety margin and the actual cost of the system for the real
implementation.

B. Inductance Design Procedure

According to the proposed principles, the flowchart of the
inductance design procedure is shown in Fig. 8.

First, the capacitive coupler is determined with the physical
requirements. Second, the initial compensation capacitances C1,
Cs, and the coupling coefficient k¢ are designed in the perfect-
resonant condition based on the power requirement [15]. Also,
the initial compensation inductances L; and L, can be calculated
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in the perfect-resonant condition. Third, the proposed principles
are applied in determining the inductance variations in order
to achieve the desired output current, input power factor, and
internal voltages. If an acceptable range of Ar; and Ary can be
found, the final values of L; and Ly could be updated. If not, a
new combination of Cy, Cy, and k¢ is generated for step two,
and the process will be repeated until the proper L; and L, are
determined.

According to Fig. 8, the most important procedure is to syn-
thesize the acceptable range of Ar; and Ary based on the design
principles. For principle (a), (9) and (19) are used to calculate
the magnitude of the output current; for principle (b), (14) is
used to calculate the input current phase angle and the power
factor; for principle (c), (17) is used to calculate the voltages
on the capacitors. Therefore, taking k- = 0.15, r; = 0.15, and
rc = 1 as an example, the acceptable range of Ar; and Ary is
shown in Fig. 9.

In Fig. 9, the proposed design principles are illustrated as
different trajectories in the Ar;—Ary plane, and the acceptable
range is highlighted as the shadow area, in which the combina-
tions of Ar; and Arsy can satisfy all the design requirements.
A specific point (Ar; = 0.05 and Ary = —0.02) is labeled as
an example to design a prototype in the next section. The de-
sign procedure in Fig. 8 and the searching of acceptable range
in Fig. 9 form the design methodology of a double-sided LC-
compensated CPT system, which is a main contribution of this
paper. Also, this methodology can be used as the guideline to
design a CPT system.

IV. EXPERIMENTAL VALIDATION
A. Experimental Prototype Design

In order to validate the proposed design method, a CPT sys-
tem prototype is implemented. Considering the short-distance
application for the charging of electronic devices, the capacitive
coupler is shown in Fig. 10.

In the capacitive coupler, a piece of 400 mm x 400 mm glass
is used as the insulation layer, and the thickness is 4 mm. The

Mapping of the acceptable range of Ar; and Ary to satisfy the proposed design principles when k¢ = 0.15, 7, = 0.15,and r¢ = 1.

Ll
P; and P, are
placed at the
back side, and
the glass
thickness is 4mm

400mm

Fig. 10.  Prototype of a short-distance coupler with a 400 mm x 400 mm x 4
mm glass layer as the insulation.

copper tape with a thickness of 0.2 mm is used to make the
metal plates Py, Py, P3, and P4 as shown in Fig. 1(a), and the
size of each plate is 150 mmx300 mm. The plates P; and P,
are placed on the primary side as the transmitter, and the plates
P35 and P, are placed on the other side as the receiver. Based on
the proposed methodology, a CPT system prototype is designed
and the circuit specifications are shown in Table 1.

For the capacitive coupler, since the glass is used as the dielec-
tric material, the capacitance is increased, and the measurement
shows that the mutual capacitance C); is 320 pF. The exter-
nal thin-film capacitors are connected in parallel with the metal
plates, and the capacitance is 1410 pF, resulting in a coupling
coefficient of 0.185. For simplicity, the circuit parameters are
symmetric from the primary to the secondary side, except for
the compensation inductance L; and L,. Based on the parameter
relationship in the (4) and (7), the nominal inductance value L;
and L o is 15.2 pH. Then, according to the acceptable range
in Fig. 9, a specific combination of Ar; and Ars is selected to
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TABLE I
CIRCUIT SPECIFICATIONS OF THE CPT SYSTEM
Parameter Value Parameter Value
Vin 0~100V R, 10Q~45Q
Ig s 5.1 A R 8.10~36.5Q
fow 1.0 MHz r 0.0866~0.389
kc 0.185 Ary 0.05
re 1.0 Ar -0.02
Cy 320 pF Lo (Lyo) 15.2 uH
Cexi (Cer) 1410 pF L 16.0 uH
Ci (Cy) 1730 pF L, 14.8 uH

detune the inductances, in which Ar; = 0.05 and Ary = —-0.02.
Then, the modified inductance values are L; = 16.0 pH and
Ly, = 14.8 uH.

In this prototype, the input dc voltage Vi, is 100 V. By substi-
tuting the parameters in Table I into (10), the desired reference
output current Iy ;. is calculated as 5.1 A. The nominal out-
put load resistance R, after the rectifier is 20 2, resulting in
a nominal load resistance ratio r;, as 0.173. The definition of
ry, is based on (5) and compared to the reactance Xco. In the
experiment, the load resistance varies from half of the nominal
resistance to about the twice of the nominal resistance to test the
load regulation property, which is about from 10 to 45 2. The
corresponding ratio r, varies from 0.0866 to 0.389. Besides, the
switching frequency is 1 MHz to realize sufficient power trans-
fer. A general high-frequency inverter based on the SiC MOSFETS
(C2M0080120D) and a general high-frequency rectifier based
on the SiC diodes (C3D30065D) are used to provide the switch-
ing capability. In the future design, a low-voltage inverter based
on gallium nitride devices will be developed specifically for the
low-power applications.

The AWG 42 Litz-wire is used to make the inductors in order
to eliminate the conduction loss induced by the skin effect.
Also, the inductors have an air core to eliminate the magnetic
loss, and the measured quality factor of the inductor is about
800 at 1 MHz. Meanwhile, the high-frequency and low-loss
film capacitors from KEMET are used to reduce the loss, and
its quality factor is about 500 at 1 MHz. The equivalent series
resistances of the components are very small, and their influence
to the system performance is also relatively small. In future
research, it would be interesting to investigate their impact on
the system.

B. Experimental Validation of Principle (a)

In the nominal case, when the input voltage Vi, is 100 V,
and the output load resistance R, is 20 (2, the experimental
waveforms and measured power are shown in Fig. 11.

Fig. 11(a) shows that the voltage and current are almost in
phase at both the input and output sides, which limits the reactive
power and helps to increase the system efficiency. Fig. 11(b)
shows that the output power reaches 368.5 W, the rectifier output
current I, is 4.3 A, and the dc—dc transfer efficiency from the
dc source to the dc load is 91.8%. The efficiency is measured
from the dc power supply to the dc electronic load, using the
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Fig. 12.  Experimental rms value of the output current I when R, varies

from 10 to 45 (2 to test the constant current property.

precise Yokogawa power analyzer WT1804 in order to maintain
the measurement accuracy. According to the circuit topology in
Fig. 1, the rms value of I is then calculated as 4.8 A, which
is also consistent with the measurement in Fig. 11(a). Since the
desired reference current Iy ,.f is 5.1 A as shown in Table I, the
experimental result only has a 6% difference, which validates
that the first part of the design principle (a) is satisfied.

When the load resistance R, varies from 10 to 45 €2, the rms
value of the output current I is measured as in Fig. 12.

In the nominal case, the nominal load resistance R, is 20 2.
Compared to the reactance X ¢ as defined in the (5), the nominal
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TABLE II
SUMMARY OF THE DESIGN PRINCIPLES AND THE EXPERIMENTAL VALIDATIONS
. Inductance detuning scenarioAr;=0.05, Ar,=-0.02
- . Perfect-resonant scenario o
Principle description - Validation
Ar=Ar,=0 Predicted values by simulation Experimental results
0.9%Mg yer <! I I<T.1XMg s | [ Tgrpl=5.1 A [ Ix 1=4.85 A=0.95x|Ig e | [Tr1=4.8 A=0.94xI I .|
Principle (a) | Ig(0.5rp)1 < 1.21 Ig(rp)! | Ig(0.5r) 1= 1 Ir(rp)I 11r(0.5r,)l=4.91 A=1.01 | I(rp)! 1 Ix(0.5r.)l=4.9 A= 1.02 | Ig(rp)! Satisfied
1 Ig2r )l > 0.81 Ig(rp)! | Ig2rp) =l I(rp)! | Ix2r)l=4.4 A=0.90 | IxQ2rp)l 1 Ix2r)l=4.0 A =0.83 | Iz(2rp)l
Principle (b) -40°< 0<-10° 0=0° 6=-20.2° 0=-274° Satisfied
L. I Ver I < 1.20%1 Ve e | | Vel = 646 V 1 Ver 1= 627V =0.97xI Ve e | [ Ver 1=675V =1.04x1 Ve e | .
Principle (c) ’ ’ Satisfied
[ Ve I < 120X Vo rer | | Voo e | = 698 V 1 Voo 1= 656 V =0.94xI Vo et | [ Ve I =705V = 1.01xI Vg e |
1000 230% 29.36%
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Fig. 13.
2040

Experimental voltages V1 and Voo when Vi, = 100 V and R, =

resistance ratio 7, is 0.173. The experimental output current I
is 4.8 A. When R, is decreased by half to 10 2, r; reduces
to 0.0866, and I increases to 4.9 A. When R, is increased
by double to 40 €, r; increases to 0.346, and Ir decreases to
4.0 A. Therefore, Fig. 12 shows that when the load resistance
changes in a wide range, the variation of the output current is
maintained within +20% of the nominal value, which means
the second part of the design principle (a) is satisfied.

C. Experimental Validation of Principle (b)

In the nominal case, according to Fig. 11(a), the input current
11 is slightly lagging the input voltage V7, and the phase differ-
ent 6 between the input voltage V; and the input current I ; can
be derived. During the switching transient, the waveform of V;
shows that the transition process is very smooth and there is no
voltage spike, which validates that the soft-switching condition
is achieved. The waveform data are then imported into MAT-
LAB, and further analysis shows that € is —27.4° in the nominal
case. Since the design principle requires that 6 should be in the
range of (—40°, —10°), the experimental result validates that the
principle (b) is satisfied.

D. Experimental Validation of Principle (c)

In the nominal case, the capacitor voltages Vi-; and Vo are
also measured as shown in Fig. 13. It needs to be paid attention
that the parasitic capacitance of the voltage probe can affect the
circuit resonance, when it is connected across the compensation
capacitors. Then, the capacitor voltages are measured through
the indirect method using the input voltages and currents.

Fig. 14.
20

Power loss distribution in components when Vi, = 100 V and R, =

In Fig. 13, the spikes of V1 and Vo are caused by the
switching transient of the input and output voltages. The max-
imum value of V1 is 675 V, and the maximum value of Vo
is 705 V, which are used to select the voltage rating of the
compensation capacitors in the real system. By substituting the
parameters in Table I into (18), the magnitude of Vi ;.5 is 646
V, and the magnitude of Vo ;.. r is 698 V. Therefore, the exper-
imental results show that the voltage variations are within 20%
of the nominal values, which validates that the design principle
(c) is also satisfied.

As a conclusion, the experimental results validate that all the
three proposed design principles are satisfied, and the perfor-
mances of the prototype are summarized in Table II. It shows
that the predicted results and the actual experimental results are
consistent with each other, which helps to validate the proposed
design principle.

E. Experimental Validation of Other Performances: Efficiency
Property and Frequency Property

Besides the proposed three principles, the efficiency and fre-
quency properties are also tested in the experiments, in order to
thoroughly evaluate the designed system. As mentioned before,
the dc—dc efficiency of the system is measured using the precise
Yokogawa power analyzer WT1804.

The efficiency property includes the power loss distribution
and the low-power performance. According to the manufacturer
datasheets and measurements, in the nominal case, the power
loss distribution among the components is calculated and shown
in Fig. 14.

Fig. 14 shows that the rectifier dissipates the most power loss
(29.36%), and the inverter also contributes a large amount of
the power loss (22.69%). For the inverter loss, since the soft-
switching is achieved, the switching loss is therefore neglected
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of the output current /p when V;;, = 100 V and R, = 20 ().

and only the conduction loss in the inverter is considered. It
provides the instruction to improve the system efficiency in the
future design. For example, in order to reduce the loss, better
Schottky diodes with a lower voltage drop can be used in the
output-side rectifier, and better SiC MOSFETS with a lower turn-
ON resistance can be used in the input-side inverter. Neglecting
the power loss in the power electronics converters, the ac—ac
efficiency of the resonant circuit is as high as 95.5%, which
validates that the designed CPT system can achieve a high-
efficiency working status.

The low-power performance of the CPT system is also tested
when the input voltage varies from zero to the nominal value
100 V. The measured power and efficiency curve is in Fig. 15.

Fig. 15 shows that the dc—dc efficiency increases rapidly with
the output power. In the 1/3 output power scenario, the efficiency
is 90.6%. As long as the output power is higher than 70 W,
the dc—dc efficiency can reach 90%. Considering the battery
charging application, the low-power operation is also required.
Therefore, the designed system can realize a wide range of the
high-efficiency charging. According to the trend of Fig. 15,
when the power further increases, it is expected that higher
efficiency can be achieved.

Moreover, the frequency property of the detuned system is
also tested, and the rms value of the load current /5 is shown in
Fig. 16. The experimental results are compared with the circuit
simulation results by the software LTspice, which indicates a
close consistency between them. Also, compared to the theo-
retical analysis in Fig. 2, it validates that the detuned system
has a similar frequency property. Meanwhile, Fig. 16 shows
that the designed system has a wide working bandwidth that
can maintain a relatively flat and stable output current. For
example, when the switching frequency varies from 0.96 to
1.09 MHz, the range of the output current is from 5.7 to 4.0 A.
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Compared to the nominal frequency case (f = 1 MHz, I =
4.8 A), the current variation is within +20%. This wide work-
ing bandwidth (130 kHz) also means the designed system is
robust to the frequency deviation in the practical applications.
In Fig. 16, the slight discrepancy between the simulation and
experimental results comes from the parameter differences. The
circuit parameters in the simulation cannot be exactly the same
with the practical parameters in the real system. In addition,
the simulation is based on the first harmonic approximation,
and the high-order components are neglected. However, in the
experiment, all the harmonics contribute to the output current.

When the switching frequency varies, the waveforms of the
voltages and currents are recorded, showing a wide range of
the soft-switching operation. The waveforms of two specific
frequencies (0.96 and 1.09 MHz) are shown in Fig. 17.

The experiments show that as long as the switching fre-
quency is higher than 0.96 MHz, the system can realize the
soft-switching condition for the input inverter. In Fig. 17(b), the
voltage spike is due to the charging of parasitic capacitance at
the turn-off transient, which does not cause extra power loss.
The soft-switching condition contributes to reduce the power
loss in the system. Therefore, based on the experimental analy-
sis of the efficiency and frequency properties, it validates that the
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proposed CPT system can maintain a high-efficiency operation
with a wide frequency bandwidth.

V. CONCLUSION

This paper investigates the design methodology of the double-
sided LC-compensated CPT system considering the inductance
detuning. Through an elaborate design, this paper illustrates that
the inductance detuning achieves the soft-switching condition
for the input-side inverter, and the output current and inter-
nal voltage stresses are maintained within the desired range.
This paper has three main contributions. First, the frequency
property of the CPT system is studied and the impacts of the
inductance variations on the system performances are revealed.
Second, three critical specifications are proposed as the prin-
ciples to determine the inductance detuning, including the in-
put current, output current, and the internal capacitor voltages.
Third, a prototype is implemented with the proposed method-
ology, validating that the three design principles are satisfied.
The experimental results achieve 368.5 W power transfer across
a glass insulation of 400 mm x 400 mm X 4 mm with 91.8%
dc—dc efficiency. When the system voltage and switching fre-
quency vary in a wide range, it can maintain the high-efficiency
and soft-switching operation.
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