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Load-Independent Power-Repeater Capacitive
Power Transfer System With Multiple
Constant Voltage Outputs

Ting Chen™, Chenwen Cheng, Hong Cheng™, Cong Wang

Abstract—1In this article, a novel load-independent capacitive
power transfer (CPT) system with multiple constant voltage (CV)
outputs is proposed. The capacitive repeater unit is designed to
enhance the power transfer capability, which contains four plates
where two plates are used to receive power from its previous unit
and the other two plates transfer power to the next unit. Electric
coupling between the receiving and transmitting plates in the
repeater unit can be eliminated by placing them perpendicularly
and employing the split-inductor matching network. The load
is connected with each capacitive repeater unit so that multiple
loads can be powered simultaneously. Aluminum oxide ceramic is
placed between the two adjacent units to enhance their electric
coupling. The L-LCL network is adopted to compensate each
capacitive repeater unit. Thus, CV outputs can be achieved for
all loads, which ensure the independent operation of each load.
The output voltages and efficiency are analyzed when considering
the parasitic resistances. Finally, a three-load experimental setup
is built to verify the effectiveness of the proposed system with an
efficiency of 93.21%.

Index Terms— Capacitive power transfer (CPT), constant
voltage (CV) outputs, multiple loads, power-repeater.

I. INTRODUCTION

IRELESS power transfer (WPT) is emerging as a
Wpromising substitute for conventional cable charging,
which demonstrates the attributes of safety, durability, and
flexibility [1]. Recently, the multiload WPT system has been
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widely studied in battery charging [2], [3], light-emitting diode
(LED) driving [4], reefer containers powering [S5], online
monitoring system powering [6], and gate drivers powering
of insulated gate bipolar transistors (IGBTs) [7]. According to
different power transfer mediums, either the inductive power
transfer (IPT) or capacitive power transfer (CPT) [8] technol-
ogy can be used.

In the multiload IPT system, Vu et al. [2] adopted the par-
allel connection of multiple one-transmitter and one-receiver
IPT systems. However, the distance between every two
transmitters—receivers should be large enough to avoid the
undesired cross-coupling. In [3], multiple small receiving coils
distributed in the same plane receive power from the same
large transmitting coil simultaneously, but the cross-coupling
issue remained unsolved. Lu ef al. [9] and Xie et al. [10] pro-
posed a WPT system with one transmitter and multiple power
repeaters where multiple loads can be powered simultaneously.
Nonetheless, the load outputs depend on each other, so that
the independent load power control is difficult to implement in
practical applications. Although the load-independent outputs
are obtained in [10], the premise is that the cross-coupling
effect between nonadjacent two coils is ignored. Furthermore,
Cheng et al. [11] proposed a repeater unit formed by two
perpendicular bipolar coils to eliminate cross-coupling. With a
suitable compensation network design, multiple loads can be
powered simultaneously and load-independent constant volt-
age (CV) outputs can be ensured.

Different from the above multiload IPT system, the energy
of the multiload CPT system is transferred through the elec-
tric field, which avoids generating eddy current in the sur-
rounding metal objects in the IPT system. Vu et al. [12]
and Zhou er al. [13] adopted a parallel structure of multi-
ple single-input and single-output CPT systems. Similar to
the multiload IPT structure in [14], the cross-coupling issue
was not considered. Su et al. [15] and Lillholm et al. [16]
employed a large pair of transmitting plates and multiple pairs
of small receiving plates to form the coupler. The receiving
plates are in the same plane without considering the coupling
capacitances between receivers. In [15], a variable inductor
is designed to compensate for the coupling structure, and a
T-LCL circuit is conducted to obtain constant current (CC)
outputs. However, when one load suddenly varies, the rest load
output currents will change accordingly. Thus, independent
outputs for the multiload system were not achieved. In [16],
independent power transfer to different receivers is achieved
by ensuring a load-independent voltage across the transmitting
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Fig. 1. Installation of the proposed power-repeater multiload CPT system.

plates through LCCL compensation circuit. Nevertheless, each
receiver circuit must be resistive and the parasitic capacitance
should be very little to be neglected. In order to suppress
the cross-coupling between adjacent pairs of receiving plates,
Kumar et al. [17] added tuning inductors that resonate with
the parasitic capacitors between the two adjacent pairs of
receiving plates. However, the parasitic capacitances are hardly
measured accurately and the frequency has to be very high to
reduce the size of the tuning inductors because of the small
parasitic capacitance.

As a duality of multiload IPT system using repeater coils,
Zhang et al. [18] proposed an electric field repeater in the
CPT system where the repeater is solely used to extend the
transmission distance of the CPT system and only one load
can be powered. In order to power multiple loads simulta-
neously, Chen et al. [19] proposed a power-repeater CPT
system with multiple load-independent current outputs, which
can be utilized in the single-input and multiple-output stacked
structure, as shown in Fig. 1. This structure is an extension
of the domino IPT system into the CPT field. The CC can
be obtained for all loads, which greatly simplified the load
power control. However, the CV is preferred when powering
online monitoring systems, miner light charging cabinets [13],
or reefer containers [20]. In this case, an extra conversion
circuit like the LCL circuit is required to be inserted before
the load so that the CV source can be transformed to the CC
source, which increases the system complexity and volume.

This article focuses on solving the problem that how to
achieve power decoupling among multiple loads with CV
outputs. Section II describes and models the proposed system.
The way to achieve decoupling between capacitive repeater
units is given in Section III. Section IV analyzes the out-
put voltage and efficiency variations with the load resistance
when considering the parasitic resistances. Finally, a three-load
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experimental prototype is established to validate the feasibility
of the proposed power-repeater CPT system in Section V. The
main contributions of this article are listed as follows.

1) The multiload CPT system with CV outputs adopting
the decoupled capacitive coupler structure is proposed.

2) The split-inductor matching network is proposed to form
the symmetrical compensation circuit, which can elim-
inate the influence of undesired stray couplings and
simplify the system analysis.

3) Multiple loads can be powered simultaneously and inde-
pendently with constant load voltages with the L-LCL
compensation network, which avoids the load power
coupling.

II. MODELING OF POWER-REPEATER CPT SYSTEM
A. System Modeling

Fig. 2 shows the structure of the proposed power-repeater
multiload CPT system, which includes an inverter, one trans-
mitting unit 0, one receiving unit N, and N — 1 repeater
unit 1-N — 1. P; and P, form the transmitting plates in
unit 0. Pyny—14+3 and Pyny-_1)4+4 form the receiving plates
in unit N. Pygu-1)+3, Pagn-1)+4> Pamy1 and Py, o are the
four plates in repeater unit m (m = 1,2,..., N — 1). The
first two plates Pagu—1y+3 and Py,—1)+4 are used to receive
power from the previous unit, while Py,,1; and Pay, o transfer
power to the next unit. Vg is the dc voltage of the inverter.
In practical applications, an uncontrolled rectifier with a real
dc load is connected at each output port. For facilitating the
following analysis, the rectifier load is modeled as an ac load
resistance Ry ,, (m = 1,2, ..., N). External capacitors Cexi_n
(m =1,2,...,N) are connected in parallel with Pyu—1)4+1
and Py(n—1)4+2. External capacitors Cexzp (m =1,2,..., N)
are connected in parallel with Pyg,—1y13 and Pygu—1y+4. Cpm
(m = 1,2,...,N) is the compensation capacitors. Ly, i,
Limoa, Lign_ts Lim o, Loy and Ly, 2 (m = 1,2,..., N)
are the compensation inductors with the following relationship:

Lf,m71 - Lf,nLZ; Ll,mJ - Ll,nLZ; LZ,mJ - L2,11172~ (1)

Thus, a symmetrical compensation network can be formed,
whose functionality will be analyzed in Section IIl. Vj, and
Ii, are the inverter output voltage and current, respectively.
Due to the low-pass filter characteristics of the compensation
network, the fundamental harmonics approximation (FHA)
method can be used to analyze the proposed power-repeater
system [21]. When the inverter operates in a complementary
manner, the amplitude of the fundamental output voltage Viy;
can be expressed as

Vint = 242V /7. 2)

The proposed system in Fig. 2 can be regarded as the
cascaded circuit of N transmitter—receiver pairs. Since the
currents flowing through the forward path and the return path
are the same as analyzed in Section III-C, the compensation
inductor in the forward path and the compensation inductor in
the return path can be combined as one inductor. For example,
L1 in the forward path and Ly, » in the return path can
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Fig. 2. Structure of the proposed power-repeater multiload CPT system.

be combined as L. Then, the following expression can be
met:

Lf,m = Lf,m71 + Lf,m72>
Loy = Loy 1+ Loy o.

Ll,m - Ll,m71 + Ll,nLZ
3)

Therewithal, the capacitive plates are modeled as the equiva-
lent IT circuit. The proposed system in Fig. 2 can be redrawn in
Fig. 3. Vgp o is exactly Vip1. C1p and Cy,y (m =1,2,..., N)
are the equivalent self-capacitance and can be expressed as
follows [21]:

Cl,m - Cinl,m + Cexl,m7 CZ,m = CinZ,m + CexZ,m (4)

where Cinn and Cipp,, are the internal self-capacitances.
Cym (m=1,2,...,N) is the mutual capacitances between
Pign—1y+1> Pagn-1)+2, Pagn—1y+3, and Py(n_1y14. Their corre-
sponding coupling coefficient k.,, (m =1,2,..., N) can be
expressed as

kc,m = CM,m/\/ Cl,m C2,m~ (5)

It is noteworthy that the coupling coefficient in each repeater
unit is zero with a proper capacitive coupler design as dis-
cussed in Section III.

B. CV Outputs

In this section, all parasitic resistances are neglected first
to simplify the analysis. The effect of parasitic resistances
on system performances will be analyzed in Section IV. The
currents flowing through Ly, Crm, Lim, Cim — Cums
CM,mv CZ,m - CM,mv LZ,m’ and RL,m (m=1,2,... »N) are
represented by ILf,mv ICf,mv ILl,mv ICl,m’ ICM,mv ICZ,mv ILZ,mv
and Igy,, (m = 1,2,...,N), respectively. The directions
of these currents and voltages are defined in Fig. 3. Cy,, is
designed to be resonated with Ly, i.e.,

w(z) = 1/(Lf,m Cf,m) (6)

thereby a CC output I, as shown in Fig. 4, is obtained
according to [21] and can be expressed as

@)

where wp is the operational angular frequency of the sys-
tem. According to Thevenin’s theorem, the circuit can be
equivalently transformed into a voltage source and an internal
resistance in series. In order to obtain a CV output, the internal
impedance should be zero. When calculating the internal resis-
tance, the current source I ,, is regarded as open. If L, ,, is

Ioim = Veem—1/(jooL gm)

Repeater unit #m Receiving unit #N

designed to be resonated with the equivalent capacitance Cgec
seen from the secondary side, i.e.,

w(%: 1/(L2,m Csec,m) = 1/(L2,m ((CZ,m Cl,m - Cjzw,m)/cl,m))

(®)

the internal impedance is a series resonant circuit whose equiv-
alent impedance is zero. In this case, the Thevenin equivalent
circuit is a voltage source Vgy . as shown in Fig. 4, which
means the voltage across Ry, is Vgr,, and can be derived
as

Cu.m
j@o(CrmCom — Chm
—VrLm-1Cmm
L fn (CronCom — Ciy )
where Vigp o is exactly Viy. To achieve equal CV outputs,
(10) should be satisfied. It can be identified from (9) that

the phase angle difference between any two adjacent output
voltages is 180°

Crtan/ (L o - (CronCom — Ciy ) = 1.

VRL,m - ) ILl,m

©)

(10)

The impedance of the subsequent circuit after Ry, is
defined as Zi,u+1. The load impedance Zg,, of the mth
(m 1,2,...,N — 1) transmitter—receiver pair is the
parallel-connection circuit of Ry, and Ziy,+1. The load
impedance Zg y of the last transmitter—receiver pair is Ry n.
They can be expressed as

RL,m Zin,m+1/(RL,m + Zin,erl),
m=1,2,...,N—1

R n,
m= N.

ZR,m = (11)

Then, the input impedance Zi, ,, (m =1, 2,..., N) of each
transmitter—receiver pair can be calculated as
2
ZL2,m

2
ZLf,m ZR,m

ZLl,m - ZLZ,m 1

2
4 Lf,m

Zin,m = 1/ +.] - ZLf
fom

(12)

where ZLf,m = CUOLf,mv ZLl,m = wOLl,ma and ZLZ,m = wOLZ,m
are the impedance of Ly, Ly ,, and L, ,, respectively. For
the sake of eliminating reactive power in the circuit, the
input zero phase angle (ZPA) should be achieved. Since Zg y
of the last transmitter—receiver pair is resistive, as long as
Ziim=Ziom+Zrrm (m=1,2,..., N) is met accordingly,
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Fig. 4. Equivalent circuit model of the mth transmitter—receiver pair.

Zinm 1s also resistive. Thus, the relationship of compensation
inductances in the proposed topology should satisfy

Lijw=2Low+Lpn. (13)

As can be seen from (22)—(13), once Cys, Cim, and Co
are determined beforehand, other compensation parameters
can be derived accordingly and the amplitudes of all load
output voltage Vgy , are identical. Meanwhile, L, can be
derived from (8). Ly, can be derived from (10). Then, Cy,,
can be derived from (22), and L, can be derived from (13).
If the mutual capacitances and equivalent self-capacitances

met Cyy = Cyp = ---Cyn = Cy, C1p = Cip =
-+-Ciy=Cy,and Cy ) = --- Crp = Cpy = Cy, the coupling
coefficients, corresponding inductances and capacitances in all
repeater units would be equal, i.e., k.1 = keo = keny = Kk,
Lyt = Ly = Lygy = Ly, L1y = L1p = Ly = Ly,
Lyy = Lap = Loy = Ly, Cpy = Cpp = ---Cyny = Cy.

It should be noted that no matter how far away each repeater
unit is from the transmitting unit, the proposed system can
achieve the same output voltage. Therefore, under the premise
that all load resistances are the same, i.e., R | = R o = -+
Ri.nv = Ry, all loads can receive the same amount of power.

III. CAPACITIVE COUPLER DESIGN
A. Coupler Decoupling Mechanism

In a simplest CPT system formed by four plates (P;—Py), the
simplified equivalent IT model of the coupler is obtained on the
premise that the model of six coupling capacitors is modeled
as a two-port network with vp;p3 and vp3ps as the input
variables, and i1 (—iy) and i3(—i4) as the output variables [21],
as shown in Fig. 5(a) and (b). It means i} = —i; and i3 = —i4
should be both satisfied. The mutual capacitance Cpyya can
be expressed as [21]

Cr4-Ci3—Cia-Co3
Ci3+Cia+Crz+Cos

If P, and P, are placed perpendicular to P; and
Py with the same facing areas, as shown in Fig. 5(c),

(14)

Cmulual =

Cr4 = Ci 3 = C 4 = Cy3 can be obtained because of
symmetry when all plates have the same size. In this case,
Ciutual = 0, which indicates that the capacitive decoupling is
achieved. To sum up, two conditions should be met to achieve
decoupling. The first one is that the equivalent circuit model
of the capacitive coupler should be a two-port network. The
other one is to adopt the perpendicular coupler structure.

B. Capacitive Power-Repeater Coupler

The CV outputs of the aforementioned analysis in Section II
are based on the assumption that the capacitive coupling
within each repeater unit is eliminated. To achieve this goal,
according to the above analysis in part A, the capacitive
power-repeater coupler of the multiload CPT system is pre-
sented in Fig. 6. Aluminum oxide ceramics are embed-
ded in each transmitter—receiver pair formed by four plates
(Pan=1y+1>  Pagn—1y12,  Pagn—1y43  and  Pygu_1)44, m
1,2,...,N) to increase the coupling capacitance. In each
capacitive repeater formed by four plates (Pagn—1)+3,
P4(m—1)+4» P4m+1 and P4m+2, m = 1,2,...,N — 1), two
transmitting plates are placed perpendicular to the two receiv-
ing plates. The length and width of the plates are /; and
I, respectively. The plate separation on the same side is d,
which satisfies d; = [;—2l,. The thickness of the plates is
d,. The ceramic-gap distance between adjacent repeater units
is d3. The air-gap distance in each repeater is ds. The cou-
pling capacitance between plate P; and P; (i, j =1,2,...,
4(N —1)+4,i # j) is defined as C;_;.

The finite element analysis (FEA) is employed to simu-
late coupling capacitances and design the dimensions of the
repeater. The length /; and the thickness d, of the plates
are 150 and 2 mm, respectively. Fig. 7(a) shows mutual
capacitance variations with various plate separation distances
d; under the premise of different ceramic-gap d3. It can be
seen that the mutual capacitance decreases with the growing
plate separation distance d;. A smaller ceramic-gap dz will
lead to higher mutual capacitance. Thus, the plate separation
distance d; and the ceramic-gap d3 should be small enough to
achieve larger coupling. When d is selected as 20 mm and d3
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TABLE I
DIMENSIONS OF THE POWER-REPEATER COUPLER

h 150mm dv 8Smm

12 65mm d2

20mm ds
2mm dy

8mm

is selected as 8 mm, the mutual capacitance Cy; is around
39 pE. Fig. 7(b) and (c) shows the coupling capacitance varia-
tions with different air-gap dy in a two-power-repeater system.
The coupling capacitance between two plates with facing area
is much larger than the capacitance between the other two
plates, SO only C3_5, C3_6, C3_7, C3_g, C3_9, C3_11, and C1_11
are presented for comparison. It can be seen that the coupling
capacitance of two adjacent plates is much larger than that
of two nonadjacent plates when d4 varies from 2 to 16 mm.
Thus, the coupling capacitances between any two nonadjacent
plates can be neglected. Considering system volume, d4 is
also selected as 8 mm. The dimensions of the power-repeater
coupler are summarized in Table I.

According to the above simulation results, it can be
derived that only the coupling capacitances between four adja-
cent plates should be considered. The coupling capacitances
between the other plates are very small so that they can
be ignored to simplify the analysis. Hence, the model of
coupling capacitors of the proposed power-repeater multiload
CPT system is shown in Fig. 8. The coupling capacitances
in repeater unit m are defined as part A,,. The compensation
circuit and load in repeater unit m are defined as part B,,. The
coupling capacitances in the mth transmitter—receiver pair are
defined as part D,,. The voltage between plate P; and P; is

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 5, OCTOBER 2022

defined as vp;p;. According to the perpendicular structure of
the repeater unit m in Fig. 6, (15) can be obtained because the
relative areas of the four plates are equal

Cam-1)+3_am+1 = Cagn—1)13_4m+2 = Cam—1)+4_4m+1

= Cam—1)+4_dm+2- (15)

C. Two-Port Network Analysis and Power-Repeater Coupler
Modeling

Based on the above perpendicular power-repeater structure,
if Parts A,, and B,, in unitm (m =1,2,..., N) in Fig. 8 are
both two-port networks, the load power decoupling can be
achieved. However, due to the existence of compensation
network and load resistance in repeater units, it remains
unclear whether Parts A,, and B,, are two-port networks. The
following context will prove that Parts A,, and B, are two-port
networks when the compensation networks are symmetrical,
which means a split matching network, as shown in Fig. 2,
should be employed.

Since all repeater units have the same structure, repeater
unit 1 is taken as an example to prove the above conclusion.
The voltages between P; and P, can be modeled as two
sinusoidal voltage sources with the same magnitude but 180°
phase difference. So do the voltages between Ps and Ps. The
voltages across P;—Pg are defined as vp3—vpg, respectively,
and they can be expressed as

vp3 = 0.5 Vpspasin(wot + ¢1),

vps = 0.5 Vpspysin(wot + ¢1 + 180)
vps = 0.5 Vpspe sin(wot + ¢2),

vpe = 0.5 Vpspg sin(a)ot + @2+ 1800)

where ¢, is the initial phase angle of vp3 and vp4, @, is the
initial phase angle of vps and v pg.

Fig. 9 shows the equivalent circuits when only one voltage
source is applied, while others are short-circuited. The voltages
and currents in the repeater unit can be derived by using
the superposition theorem. The definitions and directions of
currents flowing through Csz 5, C3 6, C4 5, Cs 6, L1 1, L2,1 2,
Ly, 1, and L5 » are defined in Figs. 8 and 9. In the repeater
unit, the compensation components located at the symmetrical
position have the same value according to (1) and (15). Since
the magnitude of v,3 and v,4 is equal and their phase angle
difference is 180°, the currents flowing through repeater unit 1
located in the symmetrical position have the same amplitude
and opposite directions, i.e., ic3s 1 = —ica6.2, ic36.1 =
—ic45.2, lca6_1 = —Ic35.2, Loas 1 = —ic36.2, Ixl_1 = —lyl 2,
iyi1 = —Ix1 2, x2.1 = —iyp 2. Similarly, ic35 3 = —ic46 4.
Icas 3 = —IC36.4> Lca6.3 = —LC35_4> 10363 = —lc45.4, Ix1 3 =
—iy1_4, iy1_3 = —ix1_4, and ix2_3 = —l'y2_4 can be derived
because the magnitudes of v,5 and v,s are equal and their
phase angle difference is 180°. Besides, the currents flowing
through all circuit components of repeater unit 1 are equal
to the sum of currents when four independent source works
separately. Thus, the following equation can be obtained:

(16)

ic3s +icse = —(icas +icas), ix1 = —iyl

A7)

ic3s +icas = —(iczs +icas), ixr = —iyo.
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Fig. 8. Model of coupling capacitors of the proposed power-repeater multiload CPT system.
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Ve 35V Lo, Lz, Lioo, Liso 25.3uH
= = ke, ke, kes 0.15 Loy v, Lop 1y Los 1, Lo 2, Lop 2, Lo » 22pH
Co~ Cia 1.71nF LoiLiis 223uH
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Fig. 9. Equivalent model of repeater unit 1 with only (a) v p3 works and other
power supplies are short-circuited, (b) vps works and other power supplies
are short-circuited, (c) v ps works and other power supplies are short-circuited,
and (d) vpe works and other power supplies are short-circuited.

It can be identified from (17) that Parts A; and B; are
two-port networks. Thus, the mutual capacitance Cy,; can
be derived as follows by adopting the method in [21]:

Cur1 = (C46-Cs3.5— Cys- C36)

/(C3.5+Ca54Cs6+ Casg). (18)

According to (15), C35 = C3 6 = C45 = Cys can be
obtained when m = 1. Substituting this equation into (18), it
can be obtained that Cyy,.; is zero. Thus, P3—Ps in repeater
unit 1 are decoupled and the capacitive coupler formed by
them is a two-port network. This conclusion can be generalized
to other repeater units. Besides, Part D,, (im = 1,2, ..., N) are
all two-port networks because of no other branches in them.
Therefore, the existing modeling and calculation method of the
mutual capacitance and self-capacitance of single-input single-
output coupling interfaces in [21] can be applied to this power-
repeater multiload CPT system. Considering the equivalent
circuit model of the four-plate coupler in [21], the internal
self-capacitance Ci,1;; and Cip n are the self-capacitance of
Parts D; and Dy, respectively. The internal self-capacitance
Cinom (mm=1,2,...,N—1) and Cipy.y (m = 2,3,...,N)

respectively. All self-capacitances can be calculated as (19).
The mutual capacitance Cy,, (m = 1,2,...,N) can be
calculated as (20).

It should be noted that adopting the split-inductor matching
network is the premise that Parts A,, and B,, of repeater cou-
pler m are the two-port networks. If the split-inductor matching
network is not employed, (18) is not satisfied anymore so that
the proposed power-repeater system is not decoupled. This can
be verified by LTspice simulations. Fig. 10 shows the simula-
tion results of the load voltages of a three-load power-repeater
CPT system with the experimental parameters in Table II
when split-inductor symmetrical matching network is adopted
or not. It can be seen that when the split-inductor matching
networks are employed, the three load output voltages are
identical. However, without the split-inductor matching net-
work, the three load outputs have an additional voltage drop.
Besides, the farther the load is from the first repeater unit, the
greater the load output voltage drops (19), as shown at the
bottom of the next page.

IV. POWER TRANSFER CAPABILITY

In a practical system, the parasitic resistances of the com-
pensation network are inevitable, whose influence needs to
be analyzed. Without losing generality, it is assumed that the
quality factors Q of all components are identical to simplify
the analysis. The parasitic resistances and the admittance
can be expressed as (21), as shown at the bottom of the
next page, where YLfms YL1,ms YL2.m> YClms YC2m> YCfm» and
rcm,m represent the parasitic resistances of Ly, Lim, Lo m,
Cl,m _CM,ma C2,m_CM,ma Cf,mv and CM,m’ reSPeCtiVely- YLf,mv
YLl,ma YLZ,ma YCl,m’ YCZ,mv YCf,mv YCM,m’ and YRL,m fepresent
the admittance of L., L1, Loms Ci.m—Crtms Com—Crims
Ctms Cyum, and Ry ,,, respectively.

A. Output Voltages

In order to facilitate the system analysis about the influ-
ence of parasitic resistances on the load output voltages, the
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Fig. 10. Three load output voltages (a) without the split-inductor matching
network and (b) with the split-inductor matching network.

node voltage method is adopted according to Fig. 3 and the
following equation can be obtained:

G A, O O 0O O Vo
Bz G2 A2 O 0 O Vp2
O B; G3 O 0O O V3
O 0 O O By Gy || VN
I
(V]
=1lo (22)
(]

where matrices G,, (m = 1,2,..., N) can be expressed as
(23). An =[0000;0000;,0000; =Yrrm+1 00 O]
By =000 ~Yr; 0000, 0000;,0000]. 1=
[—Y7r1 Vin1 0 0 0]. O represents 4 x 4 zero matrix. o repre-
sents 4 x 1 zero matrix. me =1 Vp(4(m_1)+1) Vp(4(m_1)+2)
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Veum-1+3) Vram-n+al, where Veum—n+1, Veum-1+2),
Vp(4(m_1)+3), and Vp(4(m_1)+4) m=1,2,..., N) denote the
node voltages in the mth transmitter—receiver pair (23), as
shown at the bottom of the next page.

By solving (22), the node voltages Vpy, Vpo,...,
V p@(v—1)+4) can be derived and the load output voltage Vgy
(m = 1,2,...,N) is equal to Vpum-1)+4). To facilitate
comparisons, the base voltage V), is defined as the fundamental
component of the inverter output voltage Vi,;. According to
(9), the base load resistance R, can be derived by dividing
Vre.m by the input current I ,, and can be expressed as

Ry =Virrw/Irim = 1/(00Cym(1/kZ,, —1).  (24)

With the parameters in Table II, Fig. 11(a) shows the
normalized load voltage variations versus the normalized load
resistance. It can be seen that the load voltage decreases
gradually as the load resistance increases. Moreover, the load
voltage decreases faster if the unit is farther from transmitting
unit 0. As the normalized load resistance increases, the voltage
attenuation becomes larger. Fig. 11(b) shows load voltage vari-
ations flowing through the third load with different coupling
coefficients and quality factors when there are three loads and
the normalized load resistance is 0.6. It can be seen that a
larger quality factor Q leads to a higher load voltage. Besides,
the normalized load voltage will increase with the increase of
the coupling coefficient. Thus, the higher quality factor and
higher coupling coefficient are beneficial from the perspective
of CV outputs.

Fig. 12 shows the mutual capacitances and self-capacitances
variations with the four plates in repeater unit 1 under
x-axis misalignment conditions. This figure indicates that the
maximum mutual capacitance and self-capacitances variations

Cin1,1 =Ci12+(C13+Ci_4) - (Co3+Co4)/(Ci3+Cia+Cors3+Coy)
(Cagn—1)+1_4m—1)+3 + Cam—1)+2_4(m—1)+3) (Can—1)+3_am+1 + Cagn—1)+3_4m+2)
(Cam—1)4+1_4m—1)+4 + Ca(m—1)+2_4(m—1)+4) (Cam—1)+4_4m+1 + Cam—1)+4_4m+2)
Cin2on = Ca(n—1)+3_4(n—1)+4 + s m=1,2,...,N—1
Cam—1)+1_4m—1)+3 + Can—1)+1_4(n—1)+4 Cagn—1)+3_4m+1 + Cam—1)+4_am+1
+ Catm—1)+2_4m—1)+3 + Cagn—1)+2_4(m—1)+4 + Cagn—1)+3_am+2 + Cagn—1)+4_4m+2
(Cagm—1y+1_4m—1)+3 + Caim—1)+1_4(m—1)+4) (Cam=2)+3_4m—1)+1 + Ca(m—2)+4_4m—1)+1)
(Cam—1)+2_4(m-1)+3 + Ca(m—1)+2_4(m—1)+4) (Cam—2)43_4m—1)+2 + Can-2)+4_4m—1)+2)
Cint.m = Ca(n—1)+1_4(m—1)+2 + , =2,3,...,N
Cam—1)+1_4m—1)+3 + Cagn—1)+1_40n—1)+4 Cam—2)+3_4m—1)+1 + Ca(m—2)+4_4(n—1)+1
+ Catm—1)+2_4m—1)+3 + Cagn—1)+2_4(m—1)+4 + Cam-2)+3_4(m—1)+2 + Cam—2)+4_4(m—1)+2
(Cav—1)+1.4N-1)+3 + Cav—1)+2_4N-1)+3) * (Cav—1)+1_aN—1)+4 + Cav—1)+2_4(N—1)+4)
Cina,N = C4(N—1)4+3_4(N—1)+4 T
, (N=1)+3_4(N-1)+
(Cav=1)+1_4(N=1)+3 + CaN=1)+1_4(N—1)+4 + Ca(v—1)42_4(N=1)+3 T C4N—=1)42_4(N—1)+4)
(19)
c (C4(m—1)+2_4(m—1)+4 *Cam-1)+1_4m—-1)+3 — Cam-1)+1_4(m—1)+4 - C4(m—1)+2_4(m—1)+3) 20)
M,m —
(C4(m—1)+1_4(m—1)+3 + Can-1)+1_4m-1)+4 + Cagn-1)42_4m-1)+3 + C4(m—l)+2_4(m—1)+4)
rrfm = oL fm/Q, reim = 0oLl1m/Q, rrom = wolo,/Q
rcim = 1/(C()O(Cl,m - CM,m)Q)» rca,m = 1/(w0(c2,m - CM,m)Q)
remm = 1/(CUOCM,m Q)» rcfm = 1/(w0Cf,m Q); YCM,m = 1/(ja)0CM,m) (21)
YLf,m = 1/(jw0Lf,m + rLf,m)a YLl,m = 1/(jw0L1,m + rLl,m), YRL,m = 1/RL,m
Yiom = 1/(jooLom + riom), Yeim = 1/(1/joo(Crm — Crm) + reim)
| Yeom = 1/(1/jo(Con — Crn) + rcam)s Yerm = 1/(joCrm +rerm)
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Cuy,m with the fixed L, and (b) variation proportion of L 7, with the fixed
repeater coupler (Q = 500 and N = 3).

are within around 6% when the x-axis misalignment changes
by 5%. Fig. 13(a) elaborates the output voltage variation

6365

versus the variation of the self-capacitance C, (C2,) and
mutual capacitance Cy ,, with the fixed L/, when the quality
factor Q is 500 and the number of loads N is 3. It can
be observed that the normalized load voltage changes from
0.6 to 1.2 when Cy,, and Cy,, (Cy,,) varied by £5%. Thus,
it is essential to ensure the fixation of the capacitive repeater
coupler. It can be concluded that the proposed system is apt
to the scenario with small or even no misalignment such
as powering online monitoring systems, miner light charging
cabinets [13], or reefer containers [20]. Fig. 13(b) illustrates
the output voltage variation versus the variation of the compen-
sation inductance Ly, with the fixed repeater coupler in the
experiment when the quality factor Q is 500 and the number
of loads N is 3. It can be observed that with an increasing
L ¢, the output voltage decreases. Moreover, the load voltage
drop is slightly bigger if it is farther from transmitting unit 0.
This is an inherent problem in the CPT system because of
the high operating frequency. Besides, when the compensation
inductance L, varied by £5%, as shown in Fig. 13(b), the
output voltage variation is within 2%, which is acceptable in
practical applications to guarantee the performance.

B. System Efficiency

All currents flowing through the system can be calculated
as

[ 11/, m = (Vram—2+4 — Vrem-1+1) - Yiim
Ici =Veum-n+2) - Ycoim
Irim = (Veam-n+n — Vram-14+2) - Yiims
Icr =Vpum—1+3) - Yoom (25)
Iom = (Vpam-143 — Vram-1+4) - Yiom

Icim = Veam-n+n - Yerm,

| Irpm = Vram-1+4) - YR m-

The efficiency 7y for N multiple loads can be derived by
dividing the sum of the load output power P,, (m = 1,
2,...,N) by the sum of the input power P, (m = 1,
2,...,N) in each transmitter—receiver pair, which can be
calculated as (26), as shown at the bottom of the next page,
where the load output voltages and all currents flowing through
the system can be obtained by solving (22)—(25). The parasitic
resistances are related to the quality factor, as shown in
(21). Thus, the formula for system efficiency is a complex
high-order function of the unit number N, the load resistance

YLf,m + YCf,m + YLl,m - YLl,m
—YLim Yoim + Yoim + Youm
0 - YCM,m
G, =
0 0

YLZ,m + YCZ,m + YCM,m

0 0
—Yemm 0

- YLZ,m

(23)
Yiom+Yrrm +Yrim

m=1,2,...,N—1)
YLZ,m + YRL,m
(m = N)

- YLZ,m
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Ry . the quality factor Q, and the coupling coefficient k.,
and load voltage Vgy -

The system efficiency variation against the normalized load
resistance is shown in Fig. 14(a). It can be seen that there is
an optimal load resistance point corresponding to the maxi-
mum efficiency, and the optimal normalized load resistance to
achieve maximum system efficiency decreases as the repeater
number increases. Besides, the system efficiency is restricted
by the maximum load number. With the increase of unit num-
ber N, the maximum achievable system efficiency declines.
This characteristic can be used to indicate the maximum num-
ber of repeater units with the required maximum efficiency.
In addition, the maximum achievable efficiency is relevant to
the coupling coefficient k and quality factor Q, as shown in
Fig. 14(b). It can be seen that the higher coupling coefficient
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Given the repeater coupler dimensions (/1, L, d, d», ds,
d,) and unit number N

|

Employing FEA simulation or experimental
measurement for the repeater coupler and eq.(19),
€q.(20) to obtain Cy, , Cint, > and Cipp,

Choose the coupling coefficient k. ,, by setting C,,,

and C,o
Get Ly, by €q.(10), Cy. 1 by €q.(6), Lz, by €q.(8), L1, m

by eq.(13)

* koo + D,
Get Lim 1, Lim 2 Liym 15 Liym 25 Loym 15 Lo, m 2 bY
eq.(3) and eq.(1)
Calculate the load output voltage considering parasitic
resistances according to eq. (21) ~eq. (23). No

Does the last load voltage and the compensation
inductance volume meet requirements?

Yes*

Fig. 16. Design flowchart of the proposed system to tradeoff the minimum
load voltage attenuation and the size of the compensation inductances.

and higher quality factor can achieve higher efficiency. It is
worth mentioning that, the above conclusions are also tenable
when the combination of load resistances is different.

V. EXPERIMENTS
A. Experimental Prototype

Since this article focuses on the proposed system topology
verification, the resistors are utilized to simplify the proposed
scheme verification. Four SiC MOSFETSs are adopted in the
inverter and the switching frequency is 1.5 MHz. The dc
voltage of the inverter is 35 V. The repeater coupler dimensions
are the same as listed in Table I of Section III; in this case,
the mutual capacitance Cy,; = Cyo = Cy3 = 39 pE
As indicated in Section II, with the coupling coefficients
determined beforehand, other compensation parameters can
be obtained. Fig. 15 shows the parameters of compensation
inductors and capacitors with different coupling coefficients.

nN

N N
Z Po,m / Z Pin,m
m=1 m=1

S ([V el /R

N
Zm =1

= = f(N, RL,MU Q’ kc,m)

|ILf,m|2rLf,m + |ICf,m |2rCf,m + |IL1,m|2rL1,Z1 + |IC1,m |2"’C1,m2
+ ’ICM,m’ rcM,m + ‘ICZ,m’ rc2.m + ’ILZ,m’ rr2,m + ’VRL,m’ /RL,m

(26)
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Given the repeater coupler dimensions (/,, », d, d>, ds,
dy)

v

Employing FEA simulation or experimental
measurement for the repeater coupler and eq.(19),
eq(zo) to Obtain CM, ms Cinl, ms and CinZ, m

Set the coupling coefficient k. ,,

v

Get Ly, by eq.(10), Cy;,, by €q.(6), L, », by €q.(8), L1,
by eq.(13)

Y

Get Ly 1 Lym 2o Liym 15 Lim 2 5 Lo, m 1, Lo, m 2 BY
eq.(3) and eq.(1)

Y

Choose unit number N

v Ve o

Calculate the system efficiency considering parasitic |
resistances according to eq. (21) ~ eq. (26). Does the
system efficiency meet requirements?

Yes*

Fig. 17. Design flowchart of the proposed system to find the optimum value
of the unit number N with the required optimum efficiency.

Fig. 18.

Experimental setup with three loads.

With the increasing coupling coefficient, the compensa-
tion inductances increase and the compensation capacitances
decrease. As indicated in Section IV, a higher coupling coef-
ficient and higher quality factor are beneficial for achieving
a smaller load voltage attenuation and a larger maximum
efficiency in the proposed system. If the required normal-
ized voltage of the last load is larger than 0.8, the coupling
coefficient should be larger than about 0.08 when the quality
factor is 500 and the unit number is 3, as shown in Fig. 11(b).
A shown in Fig. 15, a larger coupling coefficient will result
in larger compensation inductances, which contributes to a
larger system volume. Considering the tradeoff between the
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Fig. 19. Experimental results. (a) Experimental waveforms of inverter output
voltage, current, and second and third load output voltages (R/R;, = 0.399).
(b) Experimental waveforms of inverter output voltage and all load output
voltages (Rp/R;, = 0.27). (c) Load voltage variation against the increasing
normalized load resistances.

minimum load voltage attenuation and the size of the com-
pensation inductances, the coupling coefficient is chosen as
0.15. In this case, the compensation network parameters are
listed in Table II. The design flowchart of the proposed system
to tradeoff the minimum load voltage attenuation and the
size of the compensation inductances is shown in Fig. 16.
It is worth noting that even if there are tolerances in dif-
ferent repeater plates, the compensation inductances and the
compensation capacitances can be designed separately for the
corresponding transmitter—receiver pair to obtain the same load
output voltages. It means the design of the proposed system
does not require all the repeater units to be exactly identical
to obtain the same load output voltages. Once the repeater
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coupler is determined beforehand, it will not change. Then, the
compensation circuit parameters of each fixed repeater unit can
be obtained according to the calculation process in Section II
to ensure unchanged output voltages.

If the coupling coefficient is fixed beforehand, the proposed
system design process to find the optimum value of the unit
number N with the required optimum efficiency is shown
in Fig. 17. When the required maximum system efficiency
is larger than 92%, the maximum unit number N is 3 in
accordance with Fig. 14(a). Different applications focus on
different performances. In scenarios where the area of the
installed capacitive coupler is limited, the voltage drop is the
main performance worth considering. In a long-distance trans-
mission application, the system efficiency is a key factor to be
considered. Considering the above design procedure, a proto-
type with three loads is setup, as shown in Fig. 18, to verify
the proposed system. Meanwhile, it should be noted that the
prerequisite of obtaining the parameters is to ensure the CV
outputs and input ZPA. In practical applications, the strict
input ZPA will increase the switching noises of the inverter,
which induces system efficiency decrease and electro-magnetic
interference increase. The solution is to make the input current
I, lag inverter output voltage Vj, to facilitate zero-voltage
switching (ZVS) of the MOSFETs in the inverter [22]. Thus,
Ly, i and Ly  slightly decrease at the same time to achieve
ZVS. The compensation inductors are made by 660-strand Litz
wires on a hollow plastic tube to reduce the conduction losses
arising from the skin effect. Film capacitors from KEMET are
adopted as compensation capacitors.

B. Experimental Results

Fig. 19(a) shows that the inverter output current /;, lags the
inverter output voltage Vj,, which indicates ZVS is achieved,
thereby the switching noises can be greatly eliminated. The
experiment waveforms of the inverter output voltage and the
three-load output voltages are shown in Fig. 19(b). As evident,
the first load output voltage Vg;, and the third load output
voltage Vg3 are 180 out of phase with the inverter output
voltage Vin. The second load output voltage V. » is in phase
with Vj,. This phenomenon is consistent with the expression
in (9). The voltage drop of the load farther from the inverter
will be slightly larger. This phenomenon can also be seen
in Fig. 19(c). The third load voltage drops to approximately
0.88, which is due to the influence of parasitic resistances
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Fig. 21. Experimental results for transient behavior when the normalized load
power changes from 0.399 to 0.134. (a) Ry/Ry,1 changes and the other two
loads remain unchanged. (b) Rp/Ry, > changes and the other two loads remain
unchanged. (c) Rp/R; 3 changes and the other two loads remain unchanged.

in the system. The output voltage deviation can be further
reduced with a larger k and Q, as shown in the analysis
of Section IV-B. It is worth noting that the system can still
be regarded as multiple CV outputs although the slight load
output voltage attenuation. A dc—dc converter can be employed
before each real load to generate a stable output voltage no
matter how many loads are powered simultaneously. The main
contribution and novelty of this article are that the load power
can be almost decoupled, which greatly reduces the interaction
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among loads. Therefore, the proposed system can be easily
modified to feed the loads with identical voltages. The load
voltage variations with different load resistances are shown in
Fig. 20. It can be seen that the load voltage variations are
kept within 5% with different load resistances. Thus, it is
evident that the output voltage of each load output voltage
is independent of others.

In order to further verify the decoupled output CV character-
istics, initially, all normalized load resistance is 0.399 with the
three normalized load output voltages Vg 1/Vp, Ve 2/Vs, and
Ve 3!V are around 0.97, 0.94, and 0.92, respectively. Then,
the normalized load resistance R,/Ry 1, Rpy/Ry 2, and Ry/R; 3
suddenly changes to 0.134, respectively; the corresponding
output voltages are shown in Fig. 21(a)—(c), respectively. It can
be observed that a small voltage spike appears at the starting
instant of the load variation and the output voltages will
quickly stabilize. The spike in the third load change is a little
larger than that in the second load change which is a little
larger than that in the first load change. This is because the
load voltage variation becomes larger when the further the load
is from the first load. The above transient waveforms show
that the proposed system renders superior decoupled output
CV performance.

The system efficiency against the increasing load resistances
is shown in Fig. 22. There is an optimal normalized load resis-
tance to achieve maximum efficiency, which is consistent with
the theoretical analysis. The maximum efficiency is around
0.9321 when the normalized load resistance is 0.54. The
system efficiency can be further increased with a larger k and
Q, as stated in Section IV-B. According to (5), (9), and (26),
the system power is proportional to the input voltage Vi, and
the coupling coefficient k. ;. Thus, a high-power level can be
achieved by increasing the input voltage with a larger repeater
coupler area and smaller external capacitances. Considering
the large number of external inductors that are required in the
proposed system, in the future, the system operating frequency
can be improved and the printed circuit board (PCB)-based
inductors can be adopted to increase the power density.

VI. CONCLUSION

In this article, a power-repeater multiload CPT system has
been proposed. A novel repeater design where the transmitting
plates are placed perpendicularly to the receiving plates is
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proposed to eliminate electric coupling with the help of the
split-inductors. The whole capacitance model of the capac-
itive coupler is given and an L-LCL compensation network
is designed for each capacitive repeater unit to achieve a
load-independent constant output voltage. Analytical models
are established, which show that a higher quality factor and
coupling coefficient can achieve minimum voltage attenuation
and maximum efficiency. Experimental results of a three-load
setup have validated the effectiveness of the proposed power-
repeater multiload CPT system with a maximum efficiency
of 93.2%.
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