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A Multi-Load Capacitive Power Relay System With
Load-Independent Constant Current Outputs

Ting Chen"”, Chenwen Cheng ", Hong Cheng

Abstract—This article proposes a power relay system to wire-
lessly power multiple loads via capacitive coupling. The interme-
diate capacitive relay unit is designed to power the load as well as
enhance the power transfer capability, which contains two receiving
plates and two transmitting plates. It is proven in this article that the
capacitive coupling between the receiving and transmitting plates
in the same relay unit can be eliminated by being placed perpen-
dicularly with the help of the proposed split-inductor-based com-
pensation network. A general mathematical model of the multiload
capacitive power relay system is established. The L compensation
circuits are employed to compensate the first and the last relays,
while the LCL compensation circuits are designed to compensate
the intermediate relays. Thus, the constant current output can be
obtained for each load without affecting each other when neglecting
the parasitic resistances. Additionally, the load current and effi-
ciency variations versus the load resistance, coupling coefficient,
and quality factor are thoroughly analyzed. Finally, a three-load
experimental prototype is constructed to verify the feasibility of
the proposed multiload capacitive power transfer relay system. The
maximum efficiency can reach 86.1% at a power level of 37 W.

Index Terms—Capacitive power transfer (CPT), constant
current (CC) outputs, multiple loads, power relay.

I. INTRODUCTION

APACITIVE power transfer (CPT) utilizes an electric field
C to transfer energy from the transmitter to the receiver.
Recently, CPT has received extensive attention from researchers
because of its desirable characteristics of no sensitivity to sur-
rounding metal objects and no thermal effects generated by the
eddy current [1], [2]. To enhance the power transfer capability
and achieve output stability, various compensation topologies
suchas LCL-L [3], LC-LC[4],[5], LCL-LCL[6], LCLC-LCLC
[7], [8], etc. have been proposed.
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Most of the published CPT technology can only power one
load [9], [10]. In some cases, however, multiple loads need to
be powered simultaneously with a constant current (CC), such
as charging batteries in series [11] and powering multiple light-
emitting diodes [12]. Su et al. [13] adopted a mixed high-order
resonant topology consisting of a II-CLC resonant network in
the transmitter and multiple T-CLC resonant networks in the
receivers. In this article, large transmitting plates are required
to provide enough capacitive coupling to all receiving plates.
However, the capacitive coupling model in [13] was not accurate
since each transmitter—receiver pair was simply modeled as two
capacitances and some parasitic capacitances were neglected.
In [14], two shunt inductors are connected in parallel with the
capacitive coupler at the primary side and the secondary side,
respectively, to achieve maximum power transfer. Nevertheless,
the receivers are then coupled with each other, which induces
mutual interference between loads and increases system control
complexity. In [15], the LCCL primary compensation circuit is
adopted to ensure a load-independent voltage across two trans-
mitting plates of the capacitive coupler, while multiple parallel-
series LC secondary compensation circuits are employed for all
the receivers to achieve CC outputs. Although the capacitive cou-
pler in each transmitter—receiver pair is modeled as an equivalent
II-type model when considering all six coupling capacitances,
the receivers are required to be placed very far from each other in
order to neglect the cross-coupling among them. In addition to
the aforementioned single-input and multioutput CPT system,
Vu et al. [16] and Kumar et al. [17] proposed a multi-input and
multioutput CPT system which was deployed by multiple single-
input and single-output CPT systems in parallel. Nevertheless,
cross-coupling capacitances between two arbitrary plates in the
transmitter and receiver respectively were not taken into account
in [16]. Although Kumar et al. [17] adopted tunning induc-
tors to compensate the capacitive cross-coupling capacitance
between two adjacent transmitters and receivers, respectively,
it is difficult to obtain the compensation inductances accurately
because the high-frequency CPT system is sensitive to parameter
deviations. In the above-mentioned structures, a large separation
space between adjacent transmitters or receivers is essential
to minimize the cross-coupling among them. Furthermore, the
transfer distance between the coupled transmitter and receiver
is limited to ensure a large mutual capacitance.

Recently, a novel power relay structure was proposed for the
inductive power transfer (IPT) system in [18] and [19], where
two relay coils were grouped into one relay unit and the receiving
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Fig. 1. Topology of the proposed multiload CPT relay system.

relay coil was placed perpendicularly to the transmitting relay
coil to achieve magnetic decoupling. With the CLC compensa-
tion network in [18] and the LCC compensation network in [19],
CC outputs can be obtained. This power relay structure provides
a different solution for the multiple wireless power transfer
system. Zhang et al. [20] proposed a CPT power relay system
where a relay is placed between the transmitter and the receiver
to extend the power transfer distance, and LC compensation
networks are adopted to compensate the capacitive coupling
interface. However, only one load can be powered in [20]. Up
until now, no paper has investigated the CPT power relay system
for powering multiple loads simultaneously.

As a counterpart of the multiload IPT power relay system in
[18], this article proposes a novel multiload CPT relay system,
where each intermediate power relay consists of two receiving
plates and two transmitting plates placed perpendicularly to each
other. With the help of the split-inductor-based compensation
network, each relay can achieve load power decoupling. More-
over, a general mathematical model of the multiple capacitive
coupling interface considering all coupling capacitances is pre-
sented. Compared with the modeling method in [21], no com-
plicated matrix operations are required and the compensation
network is taken into account during the modeling process. In
addition, the L compensation network is designed in the first and
last relay, and the LCL compensation network is designed in the
intermediate relay to achieve load-independent CC outputs. The
effect of parasitic resistances on the load output currents and
system efficiency are also elaborated. An experimental prototype
with three loads is established to demonstrate the validity of the
proposed multiload CPT relay system.

The contributions of this article are summarized as follows.

1) A multiload CPT system using a capacitive power relay
to transfer energy is proposed.

A novel capacitive power relay structure is designed where
the two receiving plates are perpendicular to the trans-
mitting plates. Together with the proposed split-inductor
compensation network, the coupling between the receiv-
ing and transmitting pads can be neglected, which greatly
simplifies the systems design and analysis.

A general mathematical model of the capacitive coupling
interface with L and LCL compensation network is estab-
lished so that multiple load-independent CC outputs can
be achieved.

2)

3)

II. SCHEMATIC OF THE PROPOSED MULTILOAD CPT
RELAY SYSTEM

A. System Description

The proposed multiload CPT relay system with multiple
CC outputs is shown in Fig. 1, which consists of an inverter
and (N+1) capacitive power relays. The dc-link voltage of the
inverter is V4. and the inverter operates in a complementary
manner. The fundamental component of the inverter output
voltage v;,,1 can be calculated as

Vin1 = Vin1 sin (wot) = (2\/§Vdc/7r) sin (wot) )
where Vi, is the rms value of the fundamental component of
the inverter output voltage and wy is the operational angular
frequency of the system. Relay #0 contains two plates P; and
P, which transfers power to relay #1. Relay #m (m =1, 2, ...,
N-1) contains four plates, where plates Py(,,-1) 13 and Py(m-1) 14
are used to receive power from the previous relay, while plates
P41 and Py, 4o are used to transfer power to the next one.
Relay #N contains two plates Py(n.1)43 and Py(n-1)44, and
receives power from Relay #N-1. At each receiving end, usually
the load circuit should contain a full-bridge rectifier to transform
the ac power to a dc source for the real load. The full-bridge
rectifier with a real load can be modeled as a load impedance
Zr, m(m=1,2,...,N). Ly 1 and L; » are the compensation
inductances in Relay #0. Ly ; and Ly o are the compensation
inductances in relay #N. Ly 1, 1, Ls, m_2, Lf, m+1_1> Ly, my1.2
and C3 ,, are the compensation inductances and compensation
capacitance in relay #m (m = 1, 2,..., N-1). Py(mn-1)+1 and
Py(m-1)42 form port 2m-1, while Py(p-1)+3 and Py(m-1)+4 form
port 2m (m =1, 2, ..., N). External capacitors Cy om-1 (m =1,
2,...,N)and C.y 2y, (m =1, 2,..., N) are connected in parallel
with port 2m-1 and port 2m, respectively.

Fig. 2 shows the capacitive coupling interface of the proposed
CPT power relay system. In relay #m (m = 1, 2,..., N-1),
the receiving plates are designed to be perpendicular to the
transmitting plates. The aluminum oxide ceramic is embedded
between every two adjacent relays to enhance the capacitive
coupling. The dimensions of the copper plates and the ceramic
plates are [y *loxds and 1y *x(d1+212)*ds, respectively, where
and /5 are the length and width of all copper plates and ceramic
plates; d is the separation distance between two adjacent copper
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Fig. 2. Capacitive coupler of the proposed CPT power relay system.

plates; ds is the height of all copper pates; ds and dy are the
heights of the ceramic and air-gap. In addition, /1 = d; + 2I5.

B. Decoupling Method and Modeling

The coupling capacitance between any two plates P; and P;
is defined as C;, ; (i, j = 1, 2,...,4(N-1)+4), i # j), totaling to
C3y coupling capacitances. The complicated electric coupling
inevitably increases difficulties in the systems design and anal-
ysis. In order to achieve decoupling in each relay unit in Fig. 1,
as well as the elimination of undesired mutual capacitance, the
split-inductor-based compensation networks are employed. This
connotes that the above inductances in the forward path should
be equal to the inductances in the return path, i.e., Ly 1 = L; o,
LN_1 = LN_2, Ls7 m_1= Ls7 m_2 (m = 1, 2, veny N—l), and Lf7 m_1
=Lf mo(m=2,3,...,N). The reasons are analyzed in detail
as follows.

First, it is assumed Z7, | = Zy,, 2 = - = Z;, n = 0. The
influence of load impedances will be discussed in Section II-D.
As shown in Fig. 1, the proposed relay structure has 2N ports.
Without losing the general characteristics, the following analysis
will take the simplest two-load CPT system with one interme-
diate power relay as an example to facilitate the analysis. The
coupling capacitance mode is shown in Fig. 3. The inverter’s
output voltage can be modeled as two sinusoidal voltage sources
vs1 = 0.5Vin1sin(wof) and vso = 0.5Vi,1sin(wot + ) applied
at nodes A and B, respectively, which has the same magnitude
but 180° phase difference. Similarly, the second load voltage
vzr, 2 can be modeled as two sinusoidal voltage sources v43
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= 0.5Vzz, 2sin(wot + @) and vy = 0.5V, asin(wot + ¢ + )
applied at nodes C and D, where Vzy, » is the rms value of the
second load voltage and ¢ is the initial phase angle of vz, o.
When vy, veo, Ve3, and vey work together, the current flowing
through C; ; (i, j =1, 2,...,8, i # j) is defined as i¢;, ; and
the direction is marked in Fig. 3(a). When vy, (I = 1, 2, 3, 4)
is applied while others are short-circuited, the current flowing
through C; ; (i,j =1, 2,...,8,i # j) is defined as i¢;, ; ;. The
coupling capacitances at the symmetrical position have the same
values because the facing area between two copper plates are
the same as shown in Fig. 2. On the inverter side, as shown in
Fig. 3(b) and (¢), vs1 and vo are applied respectively while other
voltage sources are short-circuited. It can be derived that the
corresponding currents flowing through coupling capacitances
located at the symmetrical position have the same amplitude
but opposite directions because the circuit is symmetrical when
split-inductors are used, i.e., ic1, 71 = — ic2, 8 2, ic1,8 1 = —
ico,72,ic1,5 1= —102,62,iC1,61=—1C2,52,1C3,71=
—ic4,82,103,81=—1lc4,72,iC3,51=—104,6.2,1C3, 6.1
=—ic4,52,.-,lc2, 71 =—1c1,8 2, andico 8 1 =—1ic1, 72
Similarly, when v3 or vs4 works while others are short-circuited,
as shown in Fig. 3(d) and (e), the above conclusion is still tenable.
So, it can be noted that i¢q, 7 3

— ic2,8 4, 11,83 = —

ic2,74,1C1,53= —102,64,1C1,63=—1C2,54,1C3,73=
—ic4, 8 4,103,8 3=—1C4, 7 4,1C3,5.3=—1C4,6.4,1C3,6.3=
— 104,54, 002,73 =—lc1,84,and ico 8 3 = —ic1, 7 4.

Applying the principle of superposition, the currents flowing
through all coupling capacitances in Fig. 3(a) are equal to the
sum of currents when four independent sources work separately.
Then applying Kirchhoff’s current law at nodes Py, P2, P3, P4,
Ps, Pg, P7, and Pg, respectively, the following equation can be
obtained:

—(ico,7 +icag), icirticer
—(ic1,s +icas
—(icas +ic2e),
—(ic1,6 Ticae
—(
—(
—(

ic1,7 +ic1s )
)
)
)
1ca7 + iC4,8gv
)
)

to1,5 Tice ic1,5 ticos

1o, T ic3,8 ic3,7 ticar

= —(icag T icas
1ca5 T 1C4,6)s

—(ic3,6 +icae

—iq2, 1p1= — b2,

tcgs ti03,6 = tc3,5 ticas

1c2, Ld1= — 42

(2)
where 1,1, 142, ip1, 1p2s Lcls> ic2, I41, and igo are defined in
Fig. 3(a). Thus, it can be identified from (2) that all coupling

Z.al i(;l: -

(C1ﬁm+cl,y)‘(02,z+c2,y)

Crat ©=3,5,7 %(N71)+3 Lo tO1y+C2aHCa,y
y=4,6,8,...., 4(N—1)+4
Ca.i+Cy.i)(Caj+Cy
Cij+ 2 B S
C _ I:1,3,5’..,,Z 2 T, Y, x,] Y,J
port,a — y=2,4,6,...,j—2

i 47 4=23,5,7,9,...
>

a=1

(Ci,m+c7i,y)‘(c],w+cjﬁy) — _
e e 0 = 2,3, 2N — 1

z=i+2,i+4,...,4(N—1)+3
y=j+2,j+4,... A(N-1)+4
AN —1)+1;5=4,6,8,10,...,4(N = 1)+ 2:a = j/2

(Coa(v-1)43+Cy a(N-1)43) (Ca a(N-1)44+Cy a(N-1)44)

CyN-1)43,4(N-1)+4 T
2=1,35,... 4(N—1)+1
y=2,4,6,..... 4(N—1)+2

CoaN-1)43+Cy anv-1)+31TCo an-1)+4+Cy a(N-1)+4

3)
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Coupling capacitance model of the simplest multiload CPT system with one intermediate power relay. (a) vs1, Vg2, vs3, and vs4 works together. (b) Only

vs1 works and other power supplies are short-circuited. (c) Only vgo works and other power supplies are short-circuited. (d) Only vs3 works and other power
supplies are short-circuited. (e) Only vs4 works and other power supplies are short-circuited.

capacitances in the power relay structure consisting of one
intermediate relay can be regarded as six two-port networks, i.e.,
parts I-VI, as shown in Fig. 3(a). The above analysis process and
conclusion can be extended to the system with N loads which is
a 2N-port network. The currents flowing through the coupling
capacitances located at the symmetrical position are still equal
to that of the proposed relay structure and split-inductors. Thus,
all coupling capacitances in the proposed 2N-port relay structure
can be divided into C3, two-port networks. Then, the two-port
network analysis method in [6] can be used to calculate the
self-capacitances and mutual capacitance. The self-capacitance
of portaisdefined as Cpori, o (@=1,2,...,2N) and is the sum of
the self-capacitance of all two-port networks containing port a,
which can be calculated as (3) shown at bottom of the previous
page.

The mutual capacitance Cyrq, p (@, b =1, 2,..., 2N, a * b)
between port a and port b, which were formed by plates Py, 1,

Ps,, P2y.1, and Py, can be derived as

Coa20 - Coa—120-1 — Coa—126 - C2a20-1
Coa.o6 + Coa-1.26-1 + C2a-1,20 + Coa 261
The sum of mutual capacitances between port a and the other

ports are defined as Carport, o (@ = 1,2, ..., 2N), which can be
calculated as

“

Ciap =

2N
C’Mport,a = ZCMa,b (b # a)'

b=1

)

Thus, the equivalent II model of the proposed relay structure
is shown in Fig. 4. V1, I, Vs, I5, ..., Vo, I N are the terminal
voltages and currents of the 2N ports.

It should be noted that in relay #m (m = 1, 2,..., N-1)
that is formed by port 2m and port 2m+1, Cy(p-1)43, 4m+1
= Cym-1)43, am+2 = Ca(m-1)44, am+1 = Ca(m-1)44, 4m+2
can be derived because of the symmetrical capacitive coupling
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TABLE I
DIMENSIONS OF THE PROPOSED RELAY SYSTEM
Parameter Value Parameter Value
1 150mm b 65mm
d, 20mm d, 2mm

structure in Fig. 2. Substituting this equation into (4), it can be
derived that the mutual capacitance Cps2.,,2m+1 in relay #m
(m =1, 2,..., N-1) is zero. Thus, the transmitting plates and
receiving plates in each intermediate relay are decoupled.

C. Design Example

The dimensions of the capacitive coupling interface are
given in Table I. The permittivity of the ceramic is 7.1. A
four-relay, three-load capacitive coupler structure is built in
the Ansys/Maxwell environment to present the relationship of
the coupling capacitances concerning the ceramic-gap ds and
air-gap d,. The relay structure consists of 12 copper plates and 3
aluminum oxide ceramic plates. Each aluminum oxide ceramic
plate is embedded between every two adjacent relay units. In
relay #1 and relay #2, the mutual capacitance Cyy2, 3, and Cpyy, 5
are around zero because of the perpendicular arrangement.
The mutual capacitance Cpsi, 2, Car3, 4, and Cyys, ¢ in each
transmitter—receiver pair are only related with the ceramic-gap
ds. The mutual capacitance Cp1, 3, Cui, 4, Cur1, 5, Car, 6,
Cuz2, 4, Cu2, 5, Cu2, 6, Cus, 5, Cus, 6, and Cyry ¢ are not
only related to the ceramic-gap ds, but also with the air-gap dy.
In this article, ds is designed to be equal to d4. Fig. 5 shows
the variations of mutual capacitances with different ds and d. It
can be observed that the mutual capacitance Cps1, 2, Cars, 4, and
C\s, 6 in each transmitter—receiver pair will decrease with the
increase of d3 and d4. The other mutual capacitances between
two non-adjacent ports are much smaller than Cys1, 2, Car3, 4,
and Cys, 6. Thus, in this article, only the mutual capacitances
between port 2m-1 and port 2m (m = 1, 2,..., N) need to be
considered and other mutual capacitances can be neglected. In
this case, the equivalent IT model in Fig. 4 can be simplified
as in Fig. 6. Then the calculation of the compensation network
in Section III can be obtained with CC outputs. Otherwise, the
crossing mutual capacitance between two nonadjacent ports will
make it difficult to design the compensation network.
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the proposed CPT power relay system.

TABLE I1
PARAMETERS OF THE PROPOSED RELAY SYSTEM
Parameter Value Parameter Value
Ly, Lioy Ly, Lyo 22 uH Cs.1, Csn 1.70 nF
Lo, Lopo, Lp v Lo o, Lys 1, Lz o | 253 uH Cert, Cers 219 pF
Co2y Cor3y Coxa, Cors 214 pF L1 1, Lyt 2, 22 uH

D. Discussion

A four-relay, three-load system is built in LTspice to show
the influence of the split-inductor-based compensation network
and the load impedances on the system outputs. The coupler
specifications are obtained from Section II-C. The capacitive
coupler is modeled as the simplified equivalent II model as in
Fig. 6. The compensation circuit parameters are the same as
Table ITin the experiment section according to the design process
in Section III-A.

1) Influence of the Split-Inductor-Based Compensation Net-
work on System Outputs: As stated in Section II-B, when all
load impedances are zero, the proposed system is decoupled by
employing the split-inductor-based compensation network. It is
evident from Fig. 7(a) that without split-inductors, the amplitude
of the load currents varies noticeably. Instead, when the split-
inductors are employed as shown in Fig. 7(b), the amplitudes
of output currents are nearly the same. The simulation results
prove that the split-inductor-based compensation network is vital
to achieving system decoupling.

2) Influence of Load Impedances on System Outputs: Never-
theless, in a practical system, the load impedances are not zero.
The symmetry of the proposed system no longer exists. However,
when the load impedances vary in a wide range from 20 —;150 to
500 —j600 with the split-inductor-based compensation network,
as in Fig. 8, the load currents are nearly constant. It proves
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that the load resistances have a negligible effect on the system
decoupling performance and outputs.

III. SYSTEM ANALYSIS
A. CC Output

In order to facilitate the analysis, the parasitic resistances
of the compensation circuit are not considered first because
their values are usually small. The influence of the parasitic
resistances on the system outputs and efficiency will be analyzed
in the following section. Based on the above modeling of the ca-
pacitive coupler interface and the band-pass filter characteristic
of the resonant circuits, the equivalent II model of the proposed
multiload power relay system in Fig. 1 using the fundamental
harmonic approximation (FHA) method can be redrawn as in
Fig. 9. Since the currents flowing through the split inductors in
the forward path and the return path are identical, the two split
inductors can be combined as one inductor during the analysis,
ie, Ly =L 1+ Lo, Ln=LN1+ Lna2,Ls, ;n = Ls, m_1
—+ LS, m_2 (m=1,2,...,N-1), and Lf, m = Lﬂ m 1+ Lf7 m_2
(m=2,3,...,N). Cs, 2mm-1 and Cg, 2, are the self-capacitances
in the mth transmitter and receiver, respectively, which can be
calculated as

Cs,2m71 = C’p01rt,2m,71 + ch,mel

Cs,2m = Uport,2m + Cex,Qm (6)
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where Cport, 2m-1 and  Cport, 2, are the internal self-
capacitances of port 2m-1 and port 2m in the mth transmitter—
receiver pair, respectively, which can be obtained from (3). The
mutual capacitances between port 2m-1 and port 2m can be
obtained from (4) and are redefined as Cps, o, (m =1, 2, ...,
N). Accordingly, the coupling coefficient k. ,, (m=1,2,...,N)
among them can be derived as

kqm = CM,m/ V Cs,2mflcs72m~ (7)

In order to facilitate the derivation of resonant conditions
to obtain CC outputs and realization of zero phase angle of
the input impedance, inductance Ly, ,, can be regarded as two
inductances L, ., and Ly, ,, connected in series. Inductance
Ly, n, can also be regarded as two inductances Ly, ,, and Ly,
m connected in series. As can be seen from Figs. 1 and 9, the
proposed multiload CPT power relay system can be regarded as
N transmitter—receiver pair in cascade. The mth (m =1, 2, ...,
N) transmitter—receiver pair consisting of Lz, m, Lsy, ms Lfz, m
and Ly, , is redrawn in Fig. 10. It should be noted that C3, ,
and Ly, ,,, do not exist in the first transmitter-receiver pair, and
Ly, n does not exist in the Nth transmitter—receiver pair.

Iz, m (m =1, 2,..., N) is the output current of the mth
transmitter—receiver pair and is also the input current of the sub-
sequent transmitter—receiver pair. Provided that the following
resonant condition is met:

w02:1/ (Lsy,mflc&m) - ]-/ (Lfm,mCB,m) . (8)

A constant voltage source Vampm (m =2, 3,..., N) can be
obtained as shown in

Va, B, =Irem-1/(JwoCsm) 9)

where Cp.i, 1, is the equivalent input capacitance seen from the
primary side and can be calculated as [6]

Cpri,m = Cs,mel - 012\/[7m/cs,2m- (10)
Provided that the following resonant condition is met:
w(2) = 1/ (Lfy,mcpri,m) = ]-/ (Lsz,mcpri,m) . (11

A CCoutput Iz, », (m =1, 2,..., N) can be obtained using
Norton’s Theorem, which can be derived as
JwoCn,mV A, B,
1 — Wi LyymCs2m—1

_ _OM,mIZL,m—l 1 _1
C3,m kg,m

Izrm

12)

where V411 is equal to V;y,1, Ly, 1 is equal to Ly, and Ly, N
is equal to Ly. According to (9) and (12), the first load output
current lags the inverter output voltage by 90°. The load output
current phase angle difference between adjacent transmitter—
receiver pairs is 180°. To ensure equal load current outputs, the
input and output currents of each transmitter—receiver pair are
required to be identical. Substituting (9) into (12), C3 ,, (m =
1,2,..., N) should satisty the following condition:

Csm = —Com (/K2 — 1) . (13)
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Fig. 9. Equivalent IT model of the proposed multiload CPT relay system using the FHA method.
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Fig. 10. Equivalent IT model of the mth transmitter—receiver pair of the
proposed multiload CPT relay system.

Since Ls, m — Lsm, m T Lsy, ms and Lf7 m = Lf.'t, m T Lfy7 ms
the resonant conditions consisting of L1, Ly, m, Ly, m, and Ly
in Fig. 9 can be obtained and summarized as in (14) according
to (8) and (11)

P S L 1
o Llcpri,l B Ls,mcpri,m Ls,mCB,m+1
1 1 1
= + = . (4
Lf,mOS,m Lf,meri,m LNCpri,N

In this case, once the capacitive coupler in the multiload CPT
relay system is determined beforehand, Cys, 1, Cs, 2m-1, and
Cs, 2y are known. Then Ly, Ly, Ly, , (m =1, 2,..., N-1) and
Ly m (m=2,3,...,N) can be obtained from (10), (13), and (14).

Since the capacitive coupling interface of each relay has
the same structure, the mutual capacitances between each
transmitter—receiver pair are identical, which satisfies Cyy, 1 =
Cy, 2 = -+ = Cy, N = Cy. When the self-capacitances of
each transmitter-receiver are identical, i.e., Cs 1 = Cs 3 = -
=Cson1=Cr,and Cg 9 = C5 4 = -+ = C5, oy = Co, the
coupling coefficients of each transmitter—receiver are identical,
which means k. | = k., o = - = k., y = k. Substituting the
above equations into (10), (13), and (14), the compensation
inductances and compensation capacitance at the same position
in each transmitter—receiver are also identical, i.e., Ly, 1 = L, 2
= =Ls N1=Ls, Lf o =L 3=
C3 o = --- = C3, y = C3. Moreover, if all load impedances are
the same, i.e.,Z;, 1 =Z, o = -+ =Zj, n,all loads can acquire
identical load power.

=Lf n=Lf C3 2=

B. Power Transfer Capability

In a practical system, parasitic resistance is inherent and
will affect the load current output characteristic and system
efficiency. In Fig. 9, the quality factor of Ly, Ly, Ly, Ly, C3, Cp,

C1-Cyy, and C3-Cyy is defined as Qr1, Ors, Orp Orn, Ocs,
Qo Qci,and Q o9, respectively. The parasitic resistances and
admittances of all components can be expressed as

rp1 = wol/Qri,rrs = wols/Qrs,TLy
=wols/Qrf,riNn =woLn/QLN
Y1 =1/ (jwoLy +7r1),Yos = 1/ (jwoLs +7Ls),
Yip=1/(Gwoly +rLy)
Yzin =1/ (jwoLny + 78 + ZL,N), YzLs
= 1/ (jwoLs +rrs + ZL,m)
rez = 1/ (woC3Qc3) , Yoz = 1/[1/ (jwoCs) + ros]
reym = 1/ (woCnQcn) , Your
=1/[1/ (jwoCnr) + ronm)
rc1 =1/ [wo (C1 CM)QC1] Yeu
=1/[1 (on( Cm)) +re
reg =1/ [wo (Co — CM) Qc2] Yoo
=1/[1/ (jwo (C2 — Cnr)) + rc2]

(15)
where rp1, rrs, rLf, YLn> rcs, rcm, o, and rgo are the
parasitic resistances of Lq, L,, Ly, Ly, C3, Cp, C1-Cyy, and
Cy-Cyy, respectively. Yrq, Yio, Y, Yo3, You, Yer, and Yoo
are the admittance of Ly, Ly, Ly, Cs, Cpr, C1-Cyy, and Ca-Cyy,
respectively. Y71,y is the admittance of the last load branch. Y 71,
is the admittance of the rest of the load branches. Applying the
node voltage method to Fig. 9, the following equation can be
obtained as:

_Gl Bl 02><3 02><3 02><3 02><3
Ci Gy By Osgs Os.3 Osys
03><2 Cz G3 Bs O3.3 Osys
O3><2 03x3 03><3 Os.3 Gny-1 By
| Osx2 O3x3 Ozx3 Osxs Cn1 Gy
[ V. I
V2 O3,
Vi | = | O 16)
Von-1) 03,1
L VpN O3><1

where G, B,,,, C,, Vi, and I are as expressed as (17)—(21),
respectively. Oy, represents the zero matrices with p rows and
g columns

B — {[ooo;—YZLsoo] m=1

[000;000; —Yy1,00lm = 2,3,..., N —1 (¥
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_ J [0—=YZzLs;00;00] m=1
CnL o { [OO_YZL570007000]m:27377N 1 (19)
Vom =
.
[VP(3(m—1)+1) VP(3(m_1)+2)] . m=1
[Vr@m-1) Veem-v+n Veem-n+z] m=2.3,....N
(20)

I= [_Yleinl 0 ]T 1)

where Vpi, Vpo,..., and Vpy represent the node voltages and
can be obtained by solving (16). I'r1, Irf, o (m =2, 3,..., N),
IC’M, IC’l, M 102’ ms Icg’ ms and IZL, m (m = 1, 2, ey ]V) are
the currents flowing through L1, Ly, 1, Cit, ms Cs, 2m-1-C 1, m»
Cs, 2m=Cwm, m» C3, mand Zy, ,,, (m=1,2,..., N), respectively.
The directions of all currents are defined in Fig. 9. Applying
Ohm’s law, all currents can be calculated as (22).

To facilitate the comparisons of load output current variations,
the normalized load output current and load power are obtained
with their base values I, and Py, which can be calculated as

Zy =1/ [wCM(1/K* = V)], Ip = Vin1/Zy, Py=12,
(23)
where R; is obtained by dividing Vampm by Iz1,m (m = 1,
2, ..., N) according to (12). Assuming that the load current drop
is small and all load currents are nearly equal to [, the mth load
power Py, ., can be normalized by its base value P} and the
normalized load power P, can be derived as

Poorm = Pzrm/Py = (I%L,mZL,m) | (I3 2y) =~ Z1) 2.
(24)
To simplify the system analysis, the load impedance Zj, ,, is
regarded as resistive when analyzing the influence of parasitic
resistances on load currents and system efficiency. Usually, the
quality factors of all components in Fig. 9 are different. However,
to simplify the analysis of the load currents and efficiency, the
quality factors of all components are assumed the same as Q.
Such assumptions will not affect the generality of conclusions,
because only the specific values are different. Furthermore,
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Fig. 11.  Load current analysis. (a) Normalized load current variations versus
the normalized load power (k = 0.15 and Q = 500). (b) Third load current
variations with different coupling coefficients and quality factors (N = 3 and
ZylZ1, = 0.6).

all load resistances are identical and change simultaneously in
the following analysis of load current and system efficiency.
Fig. 11(a) shows the normalized load current variations versus
the normalized load power, which indicates the load currents
decrease gradually as the load power increases. The further the
distance between the load and Relay #0, the faster the load
current drops. Thus, the last load current can be regarded as
an evaluation criterion for the CC characteristic of the proposed
system. Fig. 11(b) shows the third normalized load current vari-
ations with different coupling coefficients and quality factors. It
should be noted that the third load current drop decreases with
the increase of coupling coefficient and quality factor. Thus, a
higher coupling coefficient or a higher quality factor is beneficial
to obtain a better constant load currents characteristic.

The load output power P, ,, (m = 1, 2,..., N) in each
transmitter—receiver pair can be calculated as

Powm =131 0 ZL m- (25)

The input power P;;, , (m =1, 2,..., N) in each transmitter—
receiver pair is, (26) shown at bottom of next page.

Yoii+Yer+Yen  —Yom } m—1
i —You Yzrs + Yoo + You
G, — Yris + Yoz + Yy - Y 0 (17)
—Yr¢ Yir+Yor+You —Youm m=923_ N
0 ~Yeou {YCI\/[—|—YCQ—|—YZLS(7TL:2,...,N—1) T
You + Yoo +Yzn (m = N)
Ii=|(Vini — Vp@em-1)+1)) - Y11 m=1
Ingm = |(Ve@m-1) = Veemni) - Vi m=23,....N
Icnm =|(Veam-1+1) - Ye1 — (Vp@am-1)+2) - Yoo m=12...,N
Icim = ‘ Vpam-n+1) - You| s Team = [ (Vp@m-1)42)) - Yoo| m=1,2,...,N (22)
Icsm = |(Vp@Em-1)+3) - Yos m=2,3,...,
Izpm = { EVP(S(ml)H) —Vp@am-1)13) - Yzrs| m=1,2,...,N -1
’ Vp@am-1)+2)) " YzL2 m=N



6152

1
0.9 = :
> / > 0.8
Q Q
= =}
.2 2
2038 2
g =
o ol
: :
i 0.7 N=1 N 1;
«n N=2 %)
N=3 G,
0.6 @@= Maximum efficiency 1 0. 5 6000
I I I I Ceo 00’
-
0 02 04 06 08 I 6{')‘0,&‘ 0 10007 oy fact 2
Normalized load power Z,/Z; 4
(a) (b)
Fig. 12. System efficiency analysis. (b) System efficiency variation against

the normalized load resistance. (N = 3, k = 0.15, and Q = 500). (b) Maximum
achievable efficiency variations with different coupling coefficients and quality
factors (N = 3 and Zp/Z1, = 0.6).

Then, the efficiency 1y for N multiple loads can be derived
as

N N
= Pom / > Pinm 27)
m=1 m=1

Fig. 12(a) shows the system efficiency variation versus the
normalized load power. It can be observed that as the number of
loads increase, the system efficiency will decrease. As opposed
to the one-load CPT system with only four plates where the
maximum efficiency is achieved at Z;/Z;, = 1, the optimal
normalized load power for the multiload CPT relay system to
achieve the maximum efficiency will decrease as the number of
the load increases. This is because more power is consumed in
the parasitic resistances of the compensation network and the
capacitive coupling interface. Fig. 12(b) shows variations of the
maximum achievable efficiency versus the coupling coefficient
and quality factor in a three-load capacitive power relay system
concluding that higher efficiency can be achieved with a higher
coupling coefficient or a higher quality factor.

IV. EXPERIMENTS
A. Prototype Setup and Experimental Results

An experimental prototype consisting of one inverter and
three loads is constructed, as shown in Fig. 13(a). Since the load
currents are constant and the load power is nearly decoupled
in the proposed system, the CC output characteristics will not
be changed by the type of load. In this case, resistive loads are
used to simplify the experimental verification. The SiC MOSFETS
are adopted in the inverter to generate a source of 1.5 MHz ac
for the compensation circuits. The input voltage Vpc of the
inverter is 50 V. The dimensions of the multiload CPT relay
system are consistent with the Maxwell simulation parameters

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

as shown in Section II-C. The coupling coefficient k of each
transmitter—receiver pair is selected as 1.5. Adopting the deriva-
tion of compensation component parameters in Section III, the
system specifications are given in Table II. L, ; 1 and L o
are slightly reduced by the same value to achieve zero-voltage
switching (ZVS) for the MOSFETs. The compensation inductors
are made of 660-strand Litz wire and are wound on the Polyvinyl
Chloride (PVC) tube to eliminate the skin effect and magnetic
losses. When the normalized load power is 0.186, the experimen-
tal waveforms are presented in Fig. 13(b) and (c). Referencing
Fig. 13(b), the inverter output current lags the inverter output
voltage, which indicates ZVS is achieved in this system. The
first load output current lags the inverter output voltage by about
90°, and the adjacent load output currents are around 180° out
of phase, which is consistent with the analysis in Section III.

Fig. 14(a) shows the load current variation versus the increas-
ing load power. Normalized load current decreases gradually
with the increase of the normalized load power, which is con-
sistent with the analysis in Section III. It is worth noting that the
system can still be regarded as multiple CC outputs although
the slight load output current attenuation. The current decay can
be decreased with a large k or Q as analyzed above. For some
occasions with the requirement with different output currents,
the dc/dc converter can be employed before each real load to
regulate the output currents. This will not affect the validity
of the proposed scheme because multiple loads are decoupled
in this system. Therewithal, the proposed system can be easily
modified to feed the loads with different currents by redesigning
the compensation topology parameters according to (12) and
(14). Even when the three load resistances are different, the load
current variations are still within 3% as shown in Fig. 14(b),
which indicates that the proposed multiload CPT relay sys-
tem can retain the CC output characteristic with different load
resistances.

The system efficiency variation versus the increasing load
power is shown in Fig. 14(c). The optimal normalized load
power is 0.403 to achieve the maximum efficiency of 86.1%.
This efficiency is reasonable because of the inverter loss and
the parasitic resistances in compensation topologies. Higher
efficiency can be obtained with a large k£ or Q as analyzed in
Section III. It is noticed that the efficiency can vary in a wide
range from around 70% to 86.1% and the optimized system
efficiency is related to the equivalent ac load impedance. In
practical applications, dc—dc converter can be employed before
each real load to dynamically change the equivalent ac load
impedance so that the maximum efficiency tracking can be
achieved. In this case, the system can work in a wide dynamic
range.

Fig. 15 shows the transient behavior when the normalized
load power Zy, 1/Zy,Z1,, 2/Zy, and Zj, 3/Z;, changes from 0.495

2 2 2 2 2
ILlrLl + ICl,mTC1 + ICIM,mTCM + ICQ,erQ + ILs,mrLS + Po,m

m=1

2 2 2 2 2 2
ICB.,mTC3 + ILf,mTLf + ‘Z'Cl,m,rc1 + ICM,mTCM + ICQ,mTC2 + ILs,mTLS + Pa,m

Ppm={m=23,... N—1

(26)

I%ZS,mrcg‘ + I%f,mrLf + Ig'l,mrc1 + I%’]M,erM + I%Q,mTCQ + I%NTLQ + PD»m

m=N
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Fig. 13.

Experimental setup and waveforms. (a) Experimental setup. (b) Experimental waveforms of inverter output voltage, current, and second and third load

output currents. (¢) Experiment waveforms of inverter output voltage and three load output currents.
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Experimental results for transient behavior when the normalized load power changes from 0.495 to 0.135. (a) Z1,, 1/Z}, changes and the other two loads

remain unchanged. (b) Zp,, 2/Z;, changes and the other two loads remain unchanged. (c) Z1,, 3/Zy, changes and the other two loads remain unchanged.

to 0.135, respectively. As can be seen from Fig. 15(a), when
Zr,1 changes while the other two loads remain unchanged,
171, 1 immediately changes and the other two load currents I 77, 2
and Iz, 3 also change accordingly, but the starting instants that
Iz1,2 and Iz, 3 change are slightly later than Iz, ; and the
degree of change is also less than /77, ;. Then after around
8us, the three load currents will stabilize again. In Fig. 15(b),
only Zj,, 2/Z; changes to 0.135 while the other two loads remain
unchanged. In Fig. 15(c), only Z7, 2/Z; changes to 0.135 while
the other two loads remain unchanged. It can be observed from
Fig. 15(b) and(c) that the transient behavior is similar to that
in Fig. 15(a). The above experimental waveforms indicate that
when one load changes, the current flowing through the other
two loads will also change subsequently. Then after a while,
the output currents will stabilize at around the original value.
Hence, the phenomena shown above prove that the proposed
system renders good decoupling performance when the load
changes.

Due to the parameter tolerance of devices, temperature rise
and aging of the circuit components in practical applications, the

system performance will inevitably deviate from the nominal
value. To maintain the normal operation of the system, the
compensation capacitors and inductors can be replaced with
variable switch-controlled capacitors or variable inductors [23],
[24]. In the future, a control algorithm and tuning methods of
LC components will be studied to obtain resonance conditions.
The power density of the system can be further increased by
increasing the switching frequency or dc input voltage of the
inverter. In the future, compensation topology optimization will
be studied to increase the power density. The power level of
the proposed scheme can be improved by increasing the input
voltage and the capacitive coupler area or decreasing the external
capacitances according to (12) and (25).

B. Electromagnetic Interference (EMI)

In the CPT system, the energy is transferred with the assis-
tance of an electric field, which has the property of starting on
the positive plate and ending on the negative plate [25]. Hence,
the electric field contained in the capacitive coupler is the main
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TABLE III
COMPARISON OF THE MULTILOAD CPT SYSTEM IN [13] AND [15] AND THIS
ARTICLE
Proposed in [13] [15] This work
Number of loads 3 3 3
Efficiency 79% 83.6% 86.1%
(DC-DC) (DC-DC) (DC-AC)
Power level 260W 15W 3TW
Frequency 500kHz 10MHz 1.5MHz
. . . antistatic Aluminum
Dielectric material . glass .
plastics ceramic
Dielectric gap 0.2mm Imm 8mm
Mutual
capacitance Cy/ 15.6nF 370pF 39pF
Analysis of the
coupling between No No Yes
receivers

cause of the EMI. The electric field intensity in the capacitive
coupler is not only related to the size, but also related to the
voltage applied to the plate [8]. The parasitic resistances in the
compensation network have a very small effect on the voltage
stress on the plate, as shown in Fig. 16. When the proposed sys-
tem operates at maximum efficiency, the electric field intensity
around the plates is simulated by the Ansys/Maxwell software,
as shown in Fig. 17. It can be seen that there is no electric field
if the distance is 13 mm away from the system.

C. Comparison to Other Works

The comparison of the multiload CPT system in [13] and [15]
and the work in this article is given in Table III. The selection
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criteria for the above works are that they all power multiple loads
simultaneously and a dielectric material is inserted between
each transmitter—receiver pair. Furthermore, they all are exper-
imentally verified. It can be seen that this article can achieve a
high efficiency at a power level of 37 W with a lower mutual
capacitance. Neither of the compared works has discussed how
to eliminate the coupling between different receivers, however,
in this article, the coupling between receivers is nearly zero by
placing capacitive plates perpendicularly.

V. CONCLUSION

A novel multiload CPT system with multiple relays has
been proposed in this article, which can be used to charge
batteries in series and powering multiple light emitting diodes.
The relay is designed to power each load, where transmitting
plates are placed perpendicularly to receiving plates with the
assistance of the split-based compensation circuit to eliminate
electric coupling. A general mathematic model of the capacitive
coupler structure is provided when considering all coupling
capacitances. The L and LCL compensation network with the
corresponding resonant condition is utilized to obtain multiple
load-independent CC outputs when neglecting parasitic resis-
tances. The influence of the parasitic resistances on load currents
and system efficiency are also presented, which indicates that a
higher coupling coefficient or a higher quality factor is beneficial
for the minimum load current drop and maximum efficiency.
Finally, a three-load experimental prototype is constructed and
the experimental results show that the system can achieve the
maximum efficiency of 86.1%. Future research will focus on
compensation topology optimization and the control algorithm
for efficiency optimization.
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