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A Dual-Frequency Dual-Load Multirelay Magnetic
Coupling Wireless Power Transfer System Using
Shared Power Channel

Xinyu Hou ", Zhihui Wang

Abstract—Aiming at the power supply solution of online mon-
itoring equipment for high-voltage transmission lines, a dual-
frequency dual-load multirelay magnetic coupling wireless power
transfer (MC-WPT) system using a shared power channel has been
proposed. The proposed MC-WPT system provides the selective
power distribution for different loads and has the constant current
output characteristic. First, a dual-frequency inverter is introduced
to provide the ac voltage of two frequencies. The compensation
network that includes the band-stop filter can reduce the cross in-
terference of the nontarget frequency from another power channel.
Second, the system is modeled and analyzed based on the quadratic
eigenvalue problem. Considering the cross-coupling mutual induc-
tance, operating frequencies that make the system have constant
current output characteristics are obtained. Finally, three evalua-
tion indices are proposed: average current gain, load-independent
index, and average sensitivity index of operating frequencies. Opti-
mized operating frequency is selected according to these evaluation
indices. The experimental results verify constant current output
characteristics and the selective power distribution of two power
channels.

Index Terms—Evaluation index, multirelay, online monitoring
equipment, quadratic eigenvalue problem, selective power
distribution, wireless power transfer (WPT).

1. INTRODUCTION

he online monitoring equipment installed on the high-
T voltage transmission lines (HVTLs) is becoming more and
more important in the smart grid [1]-[3]. The online monitoring
equipment provides real-time monitoring and analysis of param-
eters, such as temperature, humidity, wind speed, tower tilt, and
icing, to provide early warning of abnormal HVTL conditions.
A reliable and stable dc power supply is urgently required for
the online monitoring equipment to operate 24 h a day.
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Nowadays, magnetic coupling wireless power transfer (MC-
WPT) technology has been a research hotspot [4]-[8]. With the
advantages of safety, reliability, and flexibility, this technology
has been widely used in biomedical implant equipment [9], [10],
electric vehicles [11], [12], and other fields. The combination
of the wireless power transfer (WPT) and the energy harvester
provides a new power supply solution for the online monitoring
equipment [13], [14]. The MC-WPT system transfers energy
from the high voltage to the low voltage. This method overcomes
the limitations of unstable weather and geographical location,
which is currently one of the most promising and potential
solutions. Various types of online monitoring equipment are
installed on the HVTL; hence, it is necessary to supply power
for multiple loads.

For the nonrelay MC-WPT system, to improve the system’s
suitability for online monitoring equipment, optimization meth-
ods include constraining power flow path [15] and natural fre-
quency optimization [16]. However, the difficulty in increasing
transmission distance limits its application in online monitoring
equipment [17]-[19]. The coil size in the online monitoring
equipment on HVTL is limited, so the reduction of the cou-
pling coefficient in a longer transmission distance can cause
the reduction of output power and efficiency. The advantage
of the multirelay MC-WPT system is more prominent in terms
of transmission distance. Based on the domino-resonator WPT
system, a structure consisting of coil resonators embedded inside
totally sealed insulation discs, has been proposed [13]. Printed
circuit board resonators are covered by the composite insulation
material forming the high-voltage insulator with WPT capability
in [20].

It should be noted that the power consumption of online
monitoring equipment varies, so the load-independent output
characteristic is important for the online monitoring equipment.
The load-independent output characteristic can be achieved by
the compensating network design. A compensation network
with multiple resonating frequencies for multiple-pickup WPT
systems has been proposed in [21]. A magnetic structure is de-
signed to omit the coupling coefficients between the nonadjacent
coils, and the constant current characteristics are realized based
on series and LCC compensation topology [22], [23].

The power demand of the online monitoring equipment is
mostly concentrated on the receiver of a WPT system. The
compensation network on the relay coil can be simplified to
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reduce the system complexity, which is beneficial to embed the
relay coil inside the insulator. In addition, cross-coupling mutual
inductances and equivalent series resistance (ESR) of coils may
cause system resonant frequency shift [24], so cross-coupling
mutual inductances and ESR should not be ignored.

Briefly, selective power distribution for multiple loads and
load-independent output characteristics need to be urgently
solved in the multirelay MC-WPT system with nonnegligible
cross-coupling mutual inductances for the online monitoring
equipment. Followed by the idea of the signal multiplex, this
article aims to achieve selective power transmission for multiple
loads at multiple frequencies in the multirelay MC-WPT system
[25]-[28].

The scenario of this article originates from an engineering
project of HVTL that required powering two separate loads,
so only two loads are considered. Two loads require constant
current output characteristics. A dual-frequency dual-load mul-
tirelay MC-WPT system based on the shared power channel has
been proposed, which focuses on the following.

1) Two operating frequencies are introduced to realize selec-
tive power distribution for two loads. The compensation
network with the band-stop filter can reduce cross inter-
ference from the nontarget frequency.

2) The system is modeled and analyzed based on the
quadratic eigenvalue problem, and the operating frequen-
cies of the constant current output characteristic can be
obtained.

3) Three evaluation indices are proposed to compare the out-
put characteristic at different operating frequencies. They
include the average gain, the load-independent index, and
the average sensitivity index of operating frequency.

The rest of this article is organized as follows. The system
modeling and analysis are developed in Section II. The anal-
ysis of constant current output characteristics is addressed in
Section III. Followed by Section IV, the prototype is built to
validate the feasibility of theoretical analysis. Finally, Section V
concludes this article.

II. SYSTEM MODELING AND ANALYSIS
A. System Description

The topology of a dual-frequency dual-load multirelay MC-
WPT system for HVTL online monitoring equipment is shown
in Fig. 1. The whole system consists of the magnetic en-
ergy harvester, an ac—dc converter, a dual-frequency inverter,
the compensation networks, the coupler, two high-frequency
ac—dc converters, and two loads. The relay coils are embedded in
the insulator. The magnetic energy harvester is mounted on the
HVTL to harvest the alternating magnetic field energy. A dual-
frequency inverter is utilized to generate two high-frequency
ac sources for the Tx coil. The rectifier in each power channel
converts the ac power from the Rx coil to dc power for the online
monitoring equipment.

The circuit of the dual-frequency dual-load multirelay MC-
WPT system based on a shared power channel is shown in
Fig. 2. The magnetic energy harvester and the ac—dc converter
are represented by a dc voltage source V. S; and S3 denote
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Fig. 1. Dual-frequency dual-load multirelay MC-WPT system for online
monitoring equipment on HVTL.
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Fig. 2. Topology of a dual-frequency dual-load multirelay MC-WPT system
based on shared power channel.

the half-bridge inverter HB;. S5 and Sy denote the half-bridge
inverter HB». Six coils compose the coupler. L, and R, represent
the self-inductance and resistance of the kth coil (k=1, 2, . .., 6),
respectively. Cj, represents the compensation capacitor of Ly. M ;;
represents the mutual inductance between the ith coil and the jth
coil (M;; = Mj;). D11, D12, D13, and D14 compose the rectifier
of power channel #1, and D21, D2s, D23, and Doy compose the
rectifier of power channel #2. Cr; and Cp, represent the filter
capacitors. Ry1 and Ry represent the load resistances.

B. Working Principle

In the dual-frequency inverter, two operating frequencies are
generated and controlled. w; and ws represent the switching
frequencies of HB; and HB,. They are also the operating fre-
quencies of two power channels. Fig. 3 shows the switching
sequence of the dual-frequency inverter. When S; and S, turn
ON, the output of the inverter is V, when S and S3 turn ON, the
output of the inverter is —V; otherwise, the output of the inverter
is 0 V. T} and T, represent the switching periods corresponding
to wy and ws, respectively.

u(t) represents the output voltage of the inverter and can be
decomposed into the form of the Fourier infinite series. Because
of good low-pass filtering characteristics of the proposed system,
the high-order harmonics of u(f) can be effectively eliminated.
u(t) is expressed as (1). u;1(¢) and us () represent the equivalent
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Fig. 3. Switching sequence of a dual-frequency inverter.
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Fig. 4. Equivalent circuit of a dual-frequency dual-load multirelay MC-WPT
system based on shared power channel.

voltage sources of HB; and HBs, which are expressed as (2)
u(t) = ui(t) — ua(t) (D

uy(t) = 2V sin (w1 t)

U9 (t) = %V sin (wgt) . (2)

Thus, we can get the equivalent circuit of the system based
on the shared power channel, as shown in Fig. 4.

Rreq1 and Rpeqo represent the equivalent load resistances.
The equivalent load resistance expression is shown as follows:

8 8
Rrequ = ﬁRLL Rreqz = ﬁRm- 3)

Every coil Ly is connected in series with a compensation
capacitor Cy, (k=1,2,...,6). Lg.1, Cr,1, and Zg,; compose
the Rx compensation network of power channel #1. Lr,o, Cr,o,
and Zp,» compose the Rx compensation network of power
channel #2. Compensation network parameters can be obtained
by (4) and (5). wq represents the circuit resonance frequency of
the coupler.

1 1 1 1
wn = — — == (4
07 VLG, VIaC: VIsCs VI6Cs
1 1
w1 = (5

— W= — .
VLR2CRz2 2 VLaaCrn

The compensation network with the band-stop filter can re-
duce the cross interference from the nontarget frequency to
achieve the selective power distribution for two loads.

For power channel #1, the band-stop filter (Lz,; and Cg,1)
is used to avoid the cross interference of power channel #2.
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However, the additional band-stop filter (Lz.; and Cg,1) itself
will inevitably interfere with the power transfer in power channel
#1. To solve the problem, we add Zp,; into the compensation
network. Zg,; is a compensating element specifically for the
band filter (Lr,1 and Cg,1), and it can be a capacitor or an
inductor.

Rx compensation network of power channel #1 (L1, Cgr,1,
and Zp,1) needs to have a large impedance at ws and zero
impedance at w; at the same time. This is also the case for the Rx
compensation network of power channel #2 (Lp,2, Cg.2, and
ZRz2). Therefore, Zg,1 and Z .- should be designed as follows:

ZR 1= 1 T
T wiCRa 6
P O
Rz2 — w2C 1
2“ Rz2 LR.o

In Fig. 4, Zg.1 and Zp.; are marked with two dashed boxes
in blue and red, respectively. Zr.1 represents the impedance
of power channel #1 Rx compensation network (Lg,1, Cr.1,
and Zp,1). Zgr.o represents the impedance of power channel #2
Rx compensation network (Lp.2, Cr.2, and Zg,2), which are
expressed as follows:

ZRe1 = JWZR21 + = L
jwCRz1+~
L JwLRz1 (7)

ZRe2 = JWZRz2 + 55—

1 -
JwLRz2

When w = w1, Zg.1 and Zg.o can be transformed into the
following:

1 1

Z = —- + - =0
Rel jwlchl+7jwlL1Rz1 ]wlcR”"_ijwlLlel ]
7 = jw L + 1 =00 ®)
Re2 1 M%CRZQ_LRZZ jwlchz"rm ’

When w = wsy, Zg.1 and Zg.o can be transformed into the
following:

1

Rel =] QwQCRu*m szcazﬁrm
7 - 1 + - =0.
Rc2 JWQCRZQ+m JwQCRZ2+m

©)

It can be found from (8) and (9) that Zp.5 approaches infinity
atw; and 0 at we, and the Z g, approaches infinity at wo and 0 at
w1. Therefore, power channel #1 can be seen as an open circuit
for voltage source us(f), and Zg.; does not affect the power flow
of power channel #1. Power channel #2 can be seen as an open
circuit for voltage source u1, and Zp.2 does not affect the power
flow of power channel #2. The impedance of Zr.; and Zg.2
versus operating frequency is shown in Fig. 5. It can be found
that two power channels are independent of each other.

The linear circuit satisfies the homogeneity and additivity. The
equivalent circuit of the proposed system can be simplified, as
shown in Fig. 6. i,.1(?) and ij.2(¢) represent the induced current
of Lj in power channel #1 and power channel #2. The equivalent
circuits are the same for both channels, so only one of them needs
to be modeled.



15720
10’ . . .
106 3 — ]
~ 10°F = —Zpe2
]
N
Q
o
=
<
=]
D
=9
£
102 . . .
h />
Operating frequency
Fig. 5. Impedance of Zr.1 and Zg.2 versus operating frequency.
Mie
(1)
us(1)
i2e2(1)
(®)
Fig. 6. Simplified equivalent circuit of a dual-frequency dual-load multirelay

MC-WPT system based on shared power channel. (a) Power channel #1. (b)
Power channel #2.

C. System Analysis

This article separately defines the matrix L, the matrix R, and
the matrix C as (10)-(12)

[ Ly My --- Mg
Mys Ly -+ Mag
L= . ) (10)
| My Mag --- Lg
_Rl o --- 0
0 Ry--- 0
Roy=1 . . : an
| 0 0 -+ Rg+ Rreq
[crt 0 - 0
0 Cyt-r 0
C = . ) (12)
0 0 - G5t
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According to Kirchhoff’s voltages law, the underlying equa-
tion of the power channel #1 equivalent circuit expressed by the
above three matrices is as follows:

d2’l:51 (t) dlcl( ) dul(t)
LT—’_RC:[ dt +C cl( ) HT (13)
where ic1 (t) = [7:101 (t), igcl (t), ,iﬁcl (t)]T and H =

[(10---0]".

Equation (14) is an nxn matrix polynomial of degree 2, and
the coefficients of the matrix Q.1 (A) are quadratic polynomials
in the scalar A. Matrix Q.1(}) is often called A-matrix.

Q. (M) =*L+AR. +C.

The spectrum of Q.1 (1) is denoted by A.1(Q.1), as shown in
(15), and it is the set of the eigenvalues of Q.1 (X). There are 12
eigenvalues in the proposed six-coil MC-WPT system

A (Qu) ={r€C:detQ, (1) =0}
= diag (A1c1, A2c1s - -+ Adtes A2el)

(14)

5)

where diag(Xic1,A2c1, ---» A1201) represents the diagonal matrix
with A1 .1, A2¢1, .- A12¢1 aS elements.

L, R .1, and C are the real symmetric positive definite, so all
eigenvalues are real or come in pairs (A,A*). The real part of
M is the attenuation coefficient, and the imaginary part of A, is
approximately equal to the system resonance frequency. A total
of 12 eigenvalues can be divided into six pairs of eigenvalues,
and only half of them (A1.1, A2¢1, ..., Agc1) are needed to be
analyzed for the output characteristics.

Let X.; and Y., represent the eigenvectors of the Q.1(A).
X1 and yi.1 are the right and left eigenvectors, respectively,
corresponding to Ag..

X01: [‘Elcla L2cly v
Y= [ylcla Y2c1y - - -

When L is nonsingular and all the eigenvalues are simple,
the solution of the homogeneous differential equation is shown
in (17). For a stable MC-WPT system, the real parts of all
eigenvalues are negative. The special solution decreases to zero
as t—o0, so the steady-state-induced current is equal to the
general solution

¢
i1 (1) = X ettt (a +/ e Mty Hu'y (s)ds)
0

—Z

where o = [aq,...,a1]  and H=[10--- 0

In the same way, i.5() is expressed as (18). Ag.2 represents
the eigenvalue of power channel #2. xj.2 and y.o are the right
and left eigenvectors, respectively, corresponding to Ao

$11c1,$12c1] (16)
7y11017y12cl]‘

Lhel yk('l H ( )

a17)
]w )‘-k('l

1"

12

ic2 (t) = Z

whereies (t) = [i1c2(t), d2e2(t), - ,i6e2(t)]”
The total current in each coil can be expressed as follows:

i () =1 (1) +ic2 (1) (19)

Zre2Yie2 pr (t) (18)

]w - )\k('Q



HOU et al.: DUAL-FREQUENCY DUAL-LOAD MULTIRELAY MAGNETIC COUPLING WPT SYSTEM USING SHARED POWER CHANNEL

1 2 3 4 5 6

Fig.7.  Six-coil MC-WPT system. The normal lines of all coils are in the same
direction, and the transmission distance d between the adjacent coils is the same.

TABLE I
SIMULATION SYSTEM PARAMETERS

Parameter Value Parameter Value
number of turns 24 wire diameter 2 mm
. transmission
layers of the coil 3 distance d 50 mm
radii of the coil 100 mm supply voltage V' 100 V
inductance L1,...,Ls  198.92 uH ESR Ri,...,Rs 73.7 mQ
capacitance C1,...,Cs ~ 930.16 pF number of coils 6
TABLE II

MUTUAL INDUCTANCE VARYING WITH DIFFERENT TRANSMISSION DISTANCES

d (mm) M (uH)
50 53.931
100 23.022
150 11411
200 6.2601
250 3.7220

III. CONSTANT CURRENT OUTPUT CHARACTERISTICS

The methodology of constant current output characteristics
is demonstrated with the use of a six-coil MC-WPT system, as
shown in Fig. 7. The output characteristics of the two power
channels are the same as each other because they share the same
coupler. Hence, only one of the power channels needs to be
analyzed.

The simulation system parameters are shown in Table I.
The mutual inductance M varying with a different transmission
distance d is shown in Table II.

A. Effect of Load Resistance on Eigenvalue

It can be seen from (17) that the output characteristics of
the system are closely related to the eigenvalue, so the constant
current frequencies can be obtained from eigenvalues [29].

According to (15), the variation of the eigenvalues with the
equivalent load resistance R,cq is shown in Fig. 8. A, represents
Akel OF Apeo, and Rpeq represents Rreqi OF Rpeq2. As the
Rpeq increases from 0 to 1000 €2, six eigenvalues change in
the direction shown by the arrow. The horizontal axis (Re) is
the real part of the eigenvalue, and the vertical axis (Im) is the
imaginary part of the eigenvalue.

The real part of A3 becomes much smaller than that of the other
eigenvalues as Ry, increases. The real part of A3 is negative.
According to (17) and (18), the effect of an eigenvalue on the
system output can be ignored when the attenuation coefficient
of it is much smaller than that of the other eigenvalues. When
R1cq approaches infinity, the imaginary part of the eigenvalue
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Fig. 8.  Variation of the eigenvalues with the equivalent load resistance Rr,eq-
(a) Global eigenvalues. (b) Partial eigenvalues.

approaches a certain value. In particular, the imaginary part of
A3z approaches 0 as Ry.q approaches infinity, and the system
resonance frequency decreases from 6 to 5. When the load
resistance is infinite (i.e., open circuit), the imaginary parts of
the eigenvalues are defined as the strong damping frequencies
(constant current frequencies) [29], as shown in the following:

wee = {w € R :Im (Ay) with Rpeq — 00}.  (20)

B. Output Characteristics and Eigenvalues

In the multirelay WPT system, the system output currents are
load independent at strong damping frequencies. The detailed
calculation method of strong damping frequencies is as follows.

1) Let Rcc represent matrix R of the system. Rcc is ex-

pressed as (21). Then, we can get Qcc (L) by (22)

Rcc:diag(R1 R2 OO) (21)
Qcc () =2*L+ ARcc + C. (22)
2) LetA - AB is a linearization of Qcc (X))
Cco
A= (03

(23)

B— _RCC —L

o 0 FE

where E is a sixth-order identity matrix.
3) By computing the generalized Schur decomposition, we
obtain a numerically stable reduction, which is expressed
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as (24). A(Q¢c) can be obtained from (25)

{W*AZ =5

W*BZ=T 24

where S and T are the upper triangles. W and Z are unitary.
S (i,1)
A = ’ .
4) The expression of constant current frequencies is shown
as (26). wce represents the constant current frequency

wee = Im (A (QCC)) . (26)

According to (20) and (26), there are five constant current
frequencies in the proposed system: 287.85, 345.89, 399.25,
439.57, and 463.92 kHz. According to (14) and (17), output
current I+ versus the operating frequency fand equivalent load
resistance Ry,cq is shown in Fig. 9. The horizontal axis represents
the equivalent load resistance Ry,qq, the vertical axis represents
the supply frequency f, and the black dot—dash line represents
Im(Ag)2m (k = 1,2,...,6). The color represents the output
current Io,¢ rms. Ioyg represents Ioye1 OF Iouio. Rreq represents
RLeql or RLqu-

It can be seen from Fig. 9 that when the system operates
at the strong damping frequencies, the output current remains
almost unchanged with Ry, changing. However, it can also
be found that the output gains and sensitivities to the operating
frequency of these constant current frequencies are different. For
the proposed system, only two of them need to be selected as
the operating frequencies, so it is necessary to give some indices
to compare these output characteristics at different operating
frequencies.

(25)
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TABLE III
NORMALIZED OUTPUT CHARACTERISTIC INDICES

f(kHz) Gave 4 p T

287.85 0 0.0104  0.1822  0.6025
345.89 0.2827 0 0.0634  0.7398
399.24 0.5894  0.0458 0 0.8479
439.57 0.8820  0.1920  0.1512  0.8463
463.92 1 1 1 0.3333

In addition, the more relay coils there are, the more constant
current output frequencies can be selected. Generally, a n-coil
MC-WPT system has n—1 constant current frequencies.

IV. OUTPUT CHARACTERISTIC INDEX

To choose the optimized operating frequency from all con-
stant current frequencies, three output characteristic indices are
proposed. The average gain G,y., the load-independent index
o, and the average sensitive index of frequency p are defined as
(27), (28), and (29). G,y represents the average value of G in the
entire Ry.q range. o represents the degree to which G deviates
from G,ye in the entire Ry .4 range. p represents the degree to
which G changes when f deviates from the constant current
frequency. The load-independent characteristic is negatively
correlated with o, and the frequency sensitivity is also negatively
correlated with p

1];; G (fa RLeq) dRLeq

Gave = Rb "R (27)
a
B f}ib G(f. 7Ré:je)(}?ave(f) dRLeq (28)
° (R, — Ra)
f]?: dG(fd,fLeq) dRLeq
P= R, — R @

where [R,, R;] represents the range of Ry, and the G repre-
sents the function of system output current gain with operating
frequency f and equivalent load resistance Rp.q, which are
expressed as follows:

Iou
G (f, Rpeq) = 2-22. (30)

Vv

To comprehensively compare the three indices, this article
gives the same weight to three indices and combines them into
a comprehensive index 7, as shown in the following:

T= %norm(Gave) + é (1 —norm (o)) + % (1 — norm (p))
(€29)
where norm( ...) represents the normalization.

The normalized output characteristic indices for five constant
current frequencies are shown in Table III. The normalized
method is Min—-Max scaling. The linear function transforms the
original data into the range [0 1]. The equivalent load resistance
R1,cq ranges from 70 to 100 2.

There are significant differences in the output characteristic
indices of five constant current frequencies (287.85, 345.89,
399.25, 439.57, and 463.92 kHz) among the average gain G,ye,
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the load-independent index o, and the average sensitive index
of frequency p.

It can be found from Table III that the output characteristic
indices of 463.92 kHz are all higher than that of the other
frequencies. However, the high ¢ and the high p are usually not
beneficial to the proposed system. The high load-independent
index o means that I is very sensitive to Rreq. The high av-
erage sensitive index of frequencies p means the high-precision
operating frequency. Therefore, 7 of 463.92 kHz is the lowest,
and it is not suitable to be selected as the operating frequency
Gave of 287.85 kHz is lower than that of 345.89, 399.25, and
439.57 kHz, and p of 287.85 kHz is higher than that of 345.89,
399.25, and 439.57 kHz, so it is also not suitable to be selected
as the operating frequency.

By comparison, the output characteristic indices of 345.89,
399.25, and 439.57 kHz are better, which are constant current
frequencies with the top three comprehensive indices 7. The
average gain G, is relatively high. The load-independent index
o and the average sensitive index of frequency p are relatively
low. It should be noted that the operating frequencies of the two
power channels should not be too close to each other because
of the cross interference. Therefore, 345.89 and 439.57 kHz are
finally selected as optimized operating frequencies.

In this article, a six-coil MC-WPT system is analyzed as an
example. For the variation of the coil number, the system design
method is still applicable. The design process is the same, and
the details are as follows.

1) We first define L, R, and C according to (10), (11), and

(12).

2) Constant current frequencies can also be obtained by (21)—
(26). We choose the appropriate operating frequencies
according to the comprehensive index 7, as shown in (31).

3) The compensation network parameters of power channel
#1 and power channel #2 can be obtained by (5) and (6).

V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Experimental Setup and Simulation Model

A simulation model of the MC-WPT system is built according
to Fig. 2. An experimental setup of the multirelay MC-WPT
system is built, as shown in Fig. 10, to verify the dual-frequency
dual-load multirelay MC-WPT system proposed in this article.
The setup consists of a dc power supply ITECH IT6535D), an
inverter, a coupler, a dc electronic load (ITECH IT8512A+),
a laptop, and a digital storage oscilloscope (Tektronix TPS
2024B).

The inverter employs SiC MOSFET (IMZ120R045M1) and is
programmed by TI Code Composer Studio and implemented by
the DSP controller (TMS320F28335).

The geometric parameters of the experimental setup are the
same as the parameters in Table I. The coupler parameters are
listed in Table IV, which are measured by HIOKI LCR meter
IM3536.

The parameters of the Rx compensation network are calcu-
lated by (5) and (6). The Rx compensation parameters of the
experimental setup are shown in Table V. In power channel #1,
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Fig. 10.  Photograph of the experimental setup. (a) Overall. (b) Partial.

TABLE IV
COUPLER PARAMETERS OF THE EXPERIMENTAL SETUP

Parameter Value
Li ... Le (uH) 219.4,220.5,219.3, 220.4, 220.8, 218.7
Ci ... Cs(pF) 840, 841, 843, 832, 835, 842
Ri ... Re(Q) 1.68, 1.68,1.68,1.67,1.77, 1.68
M ... Mis(pH) 63.9,28.8,15.4,8.58, 7.60
Mo ... Mo (LH) 65.6,30.0, 15.9, 8.88
Mg ... Mzs(LH) 67.5,30.2,15.6
Mas ... Mas(pnH) 68.3,30.1
Mss (LH) 64.5
TABLE V

COMPENSATION NETWORK PARAMETERS OF THE EXPERIMENTAL SETUP

Parameter Value Parameter Value
A 347.22 kHz 5 446.43 kHz
Lrzi 3.922 uH Lr22 4.031 uH
CRrz1 32.42 nF Cr22 52.13 nF
ZRz1 21.15 nF % 6.171 uH

ZR.1 1s a capacitor that is equal to 21.15 nF. In power channel
#2, Z .o 1s an inductor that is equal to 6.171 pH.

B. Simulation Results

The dual-frequency inverter output voltage and current of the
simulation model are shown in Fig. 11. In the dual-frequency
inverter, two operating frequencies are generated and controlled.
The waveform of the current is the superposition of the two
operating frequencies. Fig. 12 shows the voltages and currents
on the receiver side before the rectifier. It can be seen from Fig. 12
that, as the load resistance increases, the current waveform will
be distorted. However, it will not affect the output characteristics
of the system, and the two power channels still have constant
current output characteristics.
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Fig. 12.  Voltages and currents on the receiver side before the rectifier when
Ry1 and Ry o = 70 Q. (a) Power channel #1. (b) Power channel #2.
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C. Experimental Results

Fig. 13 illustrates the measured waveforms of input voltage
Uiy, input current i,, and output voltages iy, and ugyto. The
square wave voltage of two operating frequencies (347.22 kHz
and 446.43 kHz) is generated by the inverter. Inducted currents
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Fig. 14. Measured output waveforms with different load resistances.
(a) Rp,2 =100 2. (b) R1,1 = 100 Q.

of two frequencies are transmitted to the load resistance of
the corresponding power channel by the shared power channel
(shared coupler). Output voltage U, of power channel #1 is
23.7 V, and output voltage U,y2 of power channel #2 is 26.2 V.
The measured overall (dc—dc) power transfer efficiency of the
experimental setup is 68.6%.

Fig. 14 shows the dynamic process of uiy, iin, Uout1, and
Uout2 With the variation of the load resistance. The range of
load resistance is from 70 to 100 €2. It can be seen from Fig. 14
that the changing load resistances in two power channels does
not affect each other.

Fig. 15 shows the output currents, efficiencies, and output
power with the different load resistances. For power channel
#1, the resistance load Ry is changed from 70 to 100 €.
It can be seen from Fig. 15(a) that /,,;; can be maintained
to a relatively stable state and I,,2 remains almost the same.
The I,u41 decreases from 0.256 to 0.236 A. The measured
overall (dc—dc) power transfer efficiency increases from 67.1%
to 68.6%. The range of theoretical power transfer efficiency is
from 76.1% to 76.7%.

For power channel #2, the resistance load Ry is changed
from 70 to 100 €. It can be seen from Fig. 15(b) that I o
can be maintained to a relatively stable state and /,,¢; remains
almost the same. The /11 decreases from 0.287 t0 0.263 A. The
measured overall (dc—dc) power transfer efficiency increases
from 67.5% to 68.6%. The range of theoretical power transfer
efficiency is from 76.4% to 76.8%.

The experimental results verify the constant current output
characteristics of the two power channels. The transfer power
range of the experimental setup is from 11 to 12.5 W, which
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TABLE VI
COMPARISON OF THE SURVEYED SYSTEMS AND THE PROPOSED SYSTEM

Ref Frequencies of WPT Load Relgy Compensation Outpu't . Sel@ctl've power Efficiency
coil characteristic distribution
[13] 393 kHz single yes SS no - 60%
[15] 547.7 kHz single no LCC-S constant voltage - 32.5%
[16] 100 to 600 kHz single no SS no - 68.2%
[19] 6.78 MHz single no SS no - 57%
[21] 100 kHz, 300 kHz multiple no SS no yes 90.7%
[22] 200 kHz multiple yes LCC-S constant voltage no 63.7%
[23] 300 kHz multiple yes SS constant current no 60%
[24] 98—300 kHz, 6.78 MHz ~ multiple no SS no yes 65%
proposed  347.22 kHz, 446.43 kHz  multiple yes SS constant current yes 68.6%
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Fig. 15. Output currents, efficiencies, and output power with different load
resistances. (a) R, = 100 Q. (b) R,1 = 100 €.

can meet the power requirement of most online monitoring
equipment.

Fig. 16 shows the loss distribution of the proposed system
when Ry and Ry are 100 2 [30]. The total loss is 5.71 W.
Because there are six coils in the experimental setup, the coupler
loss is the highest at 58.7%.

D. Discussion

To illustrate the advantages of the proposed system, a compre-
hensive comparison of the surveyed systems and the proposed
system is given in Table VL. It can be observed that the proposed
system takes the advantage of multiple constant current frequen-
cies of the multirelay MC-WPT system, which are suitable to
supply power for online monitoring equipment of the HVTL.
However, the proposed system still has much room to improve in
terms of efficiency. In future research, we can improve efficiency

It should be noted that the proposed system design method
is also helpful for the multirelay WPT system with three or
more outputs. The constant current frequencies can also be
obtained by (26). However, the topology needs improvement.
The multifrequency inverter and the Rx compensation network
need further research.

Moreover, compared with the common method to power
multiple loads (e.g., the voltage regulator and the switching
mode power supply), the downside of the proposed system is the
inability to switch the output characteristics (constant voltage
or constant current). In future research, we may achieve it by
switching the compensation network or other methods to expand
the application and scenario.

Finally, the effect of gap variation on system output character-
istics is also a valuable research direction. Frequency control is a
promising solution to this problem. If the coil gaps have changed
greatly, adjusting the operating frequency of the inverter may
make the system work normally again.

VI. CONCLUSION

A dual-frequency dual-load multirelay MC-WPT system
based on the shared power channel is proposed, which provides
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constant current output characteristic and realizes the

selective power distribution. Two operating frequencies are
introduced by a full-bridge inverter. The proposed system
is modeled by QEP, and all constant current frequencies
are obtained. Three output characteristic index defines the
performance of the system at different operating frequencies,
which include the average gain, the load-independent index,
and the average sensitive index of frequency. The experimental
setup is built. The experimental results show that the theoretical
results of the constant current frequency are consistent with the
experimental results. Therefore, the feasibility and effectiveness
of the dual-frequency multirelay MC-WPT system were verified.
The proposed dual-frequency dual-load MC-WPT system is
helpful for the application of the MC-WPT system.
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