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Abstract—Domino-coils wireless power transfer (WPT) technol-
ogy has emerged as an effective means of ensuring reliable power
supply for online monitoring equipment in smart grid. Nonetheless,
it encounters persistent challenges when integrating domino-coils
into composite insulators, notably the issues of large coil size
and low power transmission efficiency (PTE) over medium and
long distances. In response, this article constructs a T equivalent
model of domino-coils WPT system to deduce the optimal efficiency
condition for any number of coils. Specifically, it is determined
that PTE is maximized when the current ratio of nonadjacent
coils equals the mutual inductance ratio of adjacent coils. Build-
ing upon this insight and considering practical constraints such
as coil volume and transmission distance, an optimization model
is formulated for single-layer domino-coils with uniform spacing
under the optimal efficiency condition and given output power
specification, which is subsequently determined using a particle
swarm algorithm. Experimental validation is conducted utilizing a
seven-coil system experiment platform, achieving an output power
0f 12.23 W and a PTE of 85.94 % at a transmission distance of 50 cm.
These findings demonstrate significant enhancements in PTE, coil
volume reduction, and ease of integration into thin and uniformly
distributed insulator.

Index Terms—Domino-coils, online monitoring, optimal efficie-
ncy, wireless power transfer (WPT) system.

I. INTRODUCTION

ELYING on online monitoring equipment, the smart grid
Rensures the efficient and safe operation of high-voltage
transmission line (HVTL). With the increasing number of online
monitoring equipment, attention has been drawn to the integra-
tion of wireless power transfer (WPT) technology with energy
harvesters on HVTLs as a solution for stable power supply
[11, [2], [3], [4], [5]. Fig. 1 illustrates an integration system
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for online monitoring equipment. The magnetic field energy
harvester strategically positioned on the HVTL to serve as the
primary power source for domino-coils WPT system. It can be
maintained stably across a range of current levels by adjusting
the duty cycle of MOSFETs [6], which ensures the reliable work of
domino-coils WPT system. In order to facilitate installation on
the power grid, the embedding of domino-coils into insulators
was initially investigated in [7], as insulated repeaters for trans-
ferring power from the high voltage side to monitoring towers.
In comparison to traditional power supplies utilizing storage
batteries and solar cells, the input power for the domino-coils
WPT system can be continuously derived from the high-voltage
transmission line. Consequently, it offers advantages such as low
maintenance costs and independence from weather conditions.

The domino-coils of WPT system are also referred to as
multiple-relay coils, which are compensated by external res-
onant capacitors or self-resonant capacitors. Numerous studies
have been conducted to explore the design and optimization of
domino-coils aimed at enhancing the maximum power trans-
mission efficiency (PTE) [8], [9], [10], [13], [14], [15], [16],
(171, (18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28]. According to the research by Zhang et al. [11] and Deng
et al. [12], the PTE of a coil-coil WPT system is contingent
upon both the coupling coefficient and the quality factor of
the coils. A reduction in the coupling coefficient to less than
0.1 results in a substantial flow of current through the coil,
thereby significantly impacting the PTE [18]. Furthermore, the
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skin effect and proximity effect experienced by coil windings at
high frequencies elevate the equivalent series resistance of the
coil, leading to a reduction in the quality factor that also exerts
a significant influence on the PTE through ohmic dissipation.

InHVTL applications, the weight and volume of domino-coils
need to satisfy the strict restrictions. In comparison to cylindrical
solenoid couplers as discussed in [19] and [20], planar domino-
coils with high power density offer enhanced suitability for
transmission line applications. Consequently, extensive research
has been conducted on the structure and dimensions of planar
domino-coils to improve the coupling coefficient and quality
factor of the coils. Among the various structures studied, mul-
tilayer coils have received considerable attention. Qu et al. [21]
proposed the utilization of two-layer PCB coils compensated
by parasitic capacitance to confine the size of resonators. By
adjusting the trace width of PCB coils, the quality factor could be
increased from 45 to 64, achieving a maximum PTE of 11% over
a transmission distance of 1.14 m. Fang et al. [22] developed a
simulation-driven optimization framework employing Bayesian
algorithms to enhance the quality factor of PCB resonators.
Through adjustments in track width, spacing, and maximal
self-resonant frequency, they achieved a quality factor of up
to 132, with a corresponding improvement in PTE to 46% in a
20 W prototype. Zhou et al. [23] designed a hybrid structure with
single-layer PCB (applied for the transmitter and receiver coils)
and two-layer PCB (applied for the three relay resonators in the
middle). This design achieved a resonant frequency exceeding
1 MHz, a quality factor of about 144, and a maximum PTE of
55.2% over a transmission distance of 380 mm. Howeyver, it is
worth noting that due to the serious skin effect and proximity
effect of solid conductors in high frequencies, achieving sig-
nificant improvements in the quality factor of PCB coils proves
challenging, and the ohm dissipation continues to dominate total
power losses.

Previous studies have determined that Litz wire coils with
stranded conductors exhibit a higher quality factor when con-
trasted with PCB coils. Based on the 3.4 mm total thickness of
two-layer Litz wire coils, the quality factor was about 300, and
more than 60% PTE was achieved at a transmission distance of
1.1 m [1]. Furthermore, by using the thicker coils with three-
layer and 14 mm total thickness, both the coupling coefficient
and the quality factor increased with the maximum value of
0.14, 350, respectively [13]. Although the coupling coefficient
and the quality factor can be reasonably high by increasing the
coil thickness and/or diameter, practical application scenarios
often impose constraints against such adjustments. Thus, apart
from coil dimension, the influence of the number and distance
of relay coils on system’s coupling coefficient and overall PTE
was investigated in [18]. Lee and Chae [24] observed that
the quality factor of coil resonators has a strong influence on
determining their optimal positions. They derived the optimal
coupling coefficient between Tx and the first relay coil for given
placements of the remaining coils. However, only three coil
resonators were considered in their analytical model with the
cross coupling neglected. The effects of the cross coupling of
nonadjacent coils for five and six domino-coils were explored in
[25], revealing that it could enhance the PTE by slightly shifting

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 11, NOVEMBER 2024

away from the resonance frequency. Meanwhile unequal-spaced
domino-coils demonstrated higher overall PTE compared to
equal-spaced configurations. Additionally, a transfer coefficient
model of five domino-coils was proposed in [26] and [27] to
further analyze the effect of cross-coupling on coil current and
power transfer paths. Guan et al. [28] studied the optimal spaced
coil strategy to improve PTE by adjusting the distance between
adjacent coils, and a significant improvement of 27.2% at a load
of 100 2 was achieved.

Even though previous works studied various novel analysis
for designing domino-coils, most of them improved the PTE
by using multilayer Litz coils or optimizing the spacing dis-
tance between adjacent coils. However, embedding the proposed
domino-coils into composite insulators may not be feasible
due to the following reasons: 1) the actual insulator string is
uniformly distributed in space to ensure the reliable high voltage
insulation, making it impractical to install these unequal-spaced
coils; and 2) the thicker multilayer coils may require larger
space in insulator sheets, yet the thickness of insulator sheets
is limited. In this article, n-1 cascaded T-networks model of
the domino-coils WPT system is constructed with the gyrator
characteristics and the optimal relationship between coil current
and mutual-inductance for arbitrary numbers of coils is obtained.
Mathematical analysis as well as experimental verification on the
optimal configuration of single-layer domino-coils are provided
to demonstrate the PTE improvement.

The contributions of our work can be summarized as follows.

1) Based on the ideal maximum PTE condition where the
cross-coupling is perfectly suppressed, we derive the
optimal relationship between coil current and mutual-
inductance, which can be universally applicable to any odd
or even number domino-coils. This proposed relationship
offers valuable insight into domino-coils optimization.

2) This work represents the first attempt at optimizing the
configuration of single-layer domino-coils by indepen-
dently adjusting each coil under the constraints of equal-
spacing arrangement and maximum outer coil diameter.
Optimization of individual coils is finally realized through
a particle swarm algorithm.

3) The crucial coupling relation between domino-coils
that determined the system PTE is analyzed. Exper-
imental verification demonstrates the effect of cross-
coupling suppression by comparing the optimal mutual-
inductance ratio with the actual current ratio. This work
not only optimizes the coupling coefficient and qual-
ity factor of domino-coils, but also minimizes the total
space occupied by the domino-coils, effectively address-
ing the installation challenges of embedding coils into
insulators.

The rest of this article is organized as follows. In Section II,

a T-equivalent model of the domino-coils WPT system is first
constructed, and then the optimal relationship between coil
current and mutual-inductance is derived for arbitrary numbers
of coils. Section III proposes the optimization design for single-
layer domino-coils at a transmission distance of 50 cm and
equal spacing based on the theoretical analysis of Section II.
In Section IV, the prototype of single-layer domino-coils with
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Fig. 2. Schematic of domino-coils WPT system.
equal spacing is realized, and the experiments are conducted.
Finally, Section V concludes this article.

II. MODELING AND ANALYSIS

A. System Structure and Equivalent Circuit

A typical WPT system of S-topology with n domino-coils has
been researched in [13]. As illustrated in Fig. 2, the dc voltage
source is denoted as Uy, the load as Ry, the voltage across
RpasUyp.L;, Ciy, Ri,and I; (i = 12, ...,n) are, respectively, the
inductance, the resonant capacitance, the ac resistance, and the
loop current of iy, coil. Furthermore, M,; refers to the mutual
inductance between iy}, and ji, coil (where j = 12,...,n; i#)).
To reduce the ac resistance R;, Litz wire is employed to wind all
the domino-coils.

For modeling domino-coils WPT system, the output of in-
verter is equivalent to the ac source Uj,, and the input of
rectifier is equivalent to the ac resistance R.,. It has the following
relationship with the load Ry, [14]:

8
Reg= Ry (1)

According to Kirchhoft’s voltage and current law, a mathe-
matic model of WPT system can be expressed as follows:

Ui
0
0| —
| 0
i le Zlg Z13 . Zln I:l
Zl2 222 Z23 ZQTL ]j?
I3

Zn-1)(n-1) Ln-1)n .
Zn(n—l) Znn + Req 1,

Zin-1)1 Ln-1)2 "
an Zn2

(2)
In (2), Z;; and Z;; denote the self- and mutual-impedance of
coils, respectively, which are defined as
Zii = Ri + j(wili — 1/w;C;) 3)
Zij = —jwiMij.
Here, w; denotes the angular frequency of the resonant loop
of each coil, which is typically designed to be identical. When

the WPT system operates at resonance, the relationship between
w and circuit parameters can be expressed by

1
L,C;

W=W] =Wy =...=W, = 4
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Fig. 3. Simplified circuit for the analysis of ideal maximum PTE.
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Fig. 4. T-networks with the number of n-1.
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Fig. 5. Gyrator formed by T-network. (a) One T;-network. (b) Gyrator [16].

For domino-coils, the interaction among nonadjacent coils
manifests as cross-coupling, wherein reactive power exchange
occurs between them, thereby influencing the system’s PTE.
This article adopts an innovative methodology initially consid-
ering the scenario from a reverse standpoint, wherein cross-
coupling is assumed to be entirely mitigated, and the ac resis-
tance of domino-coils is sufficiently negligible to be as zero.
Subsequently, the relationship between circuit parameters is
deduced in reverse, which is regarded as the ideal maximum
PTE condition.

Drawing upon the aforementioned assumption, a simplified
circuitis derived, as illustrated in Fig. 3. When the parameters L;
and C; of each coil loop adhere to condition (4), the circuit can
be further simplified as Fig. 4 , by utilizing the T-type equivalent
circuit method, as described in [15]. And then, the domino
resonators are finally equivalent to n-1 cascaded T-networks.

Consequently, the equivalent circuit of the WPT system can
be finally expressed by

Ui 0 Z12 0 ce 0 I:l
0 Z12 0 Zas 0 I
01— I3
: 0 0 Zu-2m-1 0  Zw-unl |-
0 0 0 0 Z(nfl)n Req I,

)

In accordance with the reverse derivation concept, as (5)
delineates the parameter constraint relationship under optimal
efficiency transmission. The general solution of (5) is influenced
by the total number of domino-coils, resulting in disparate
expressions for coil currents when 7 is even as opposed to when
n is odd.
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B. Optimal Efficiency Condition

In order to more effectively find the relationship between the
coil currents and circuit parameters, it is valuable to research the
characteristics of T-networks with the number of n-1 in Fig. 4.

The present work introduces a graphical design method pred-
icated upon the distinctive attributes of the gyrator [16]. A
gyrator, characterized as a two-port element, is elucidated for
its capability to convert voltage from one port into current at
another, or vice versa.

The characteristic feature of a gyrator enables the conver-
sion between voltage and current sources, as expressed by

equation [17]
L1l [o a[ U
[ji+1] B {Gi 0 ] [UiH] ©

where G; and G;* represent conjugate complex numbers, denot-
ing the forward and reverse trans-conductance of the gyrator,
respectively.

In the context of a resonant T-network within domino-
resonators satisfying the impedance condition of the gyrator, the
analysis of domino-resonators in WPT system can be conducted
based on the conversion properties of the gyrator shown in
Fig. 5.

The forward and reverse trans-conductance of an independent
T;-network is represented by

R 1
Gi JwMi(iy1) 7
G = — 1 ( )
4 JwMiiv1)”

Utilizing (6), the expressions for the input and output
impedance of the T;-network are derived, as presented in

) I; G
Reqi == i1/

I, = UG
R _ Uipr TIri/Gri* ®)
eq(i+1) = T,07 = Ligq °

Here, the input impedance R, of the T;-network corre-
sponds to the output impedance of T, ;-network, and the out-
put impedance R.q(;+1) of the T;-network corresponds to the
input impedance of T;;-network, satisfying the relationship
expressed in

wiM?2.
Rypi = — 41 )
I Req(iJrl)

Building upon (7) to (9), the input and output currents of
T,;-network can be expressed as

2
W2M1(7:+1).

ro_ 2 v Regit U;
Ii = Gi*RegixyUs = 555
[ —JjwM;ciy1yli

(10)

I = I; =
i+l 7 G Reg(in) Req(iv1)
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Consequently, for the interconnected n-1 T-networks, the
deduction of all currents is outlined sequentially in

r Req2Uy

Iy = L

1 w2M122 ) )

[ —JjwMisly _ —jU;

I2 B Regz  — wMy,

T . 7_]‘0.)]\/[23[2

Iy = =R (11)
I’ _ 7‘7-“)M(n—1)njn—l

n Regn

where the equivalent impedance of each coil loop satisfies

Reqn = Req
2772
w ]\4(71’71)"

Reqin-1) = —g.o

12)

2 2
Req2 = %ﬁ;g

From the general current expression in (11), it is observed
that the current phase difference successively lags by 90° for
the domino-coils with total number of n. The currents flowing
through the odd-numbered coils are contingent upon n, which
may be either odd or even, owing to the distinct relationship
between R,42 and R, that is related to n.

Then, the output power of domino-coils WPT system can be
obtained in (13) according to the current expression. When the
coils number n is even or odd, the output power is denoted as
P, even and P, 444, respectively, as follows:

M2
RRCIOICIESS

19 _ ReqU2  k=nj/2-1,-,2,
Po_even = InReq = 652 n I 2
k=n/2,n/2-1,-,2,1 (2h=1)(2k)
1_[ 5 M2 ) 13)
U2 k=(n-1)/2,~,2,1 (2k) (2k+1)
IQR _ in k=(n /2,+,2,

Po_odd = Ipdteq = Req

MZ N
k=(n-1)/2,-,2,1 (2k-1)(2k)

And for the adjacent T-network T;;; (i = 1,...,n-2) in
domino-resonators, the voltage and current also has the similar

relationship
|:I:i+1:| _ [ 0 Gi+1*:| |:[:Ji+1:|
Iiyo Git 0 Uiyo
Despite the disparity in output features between odd and even
domino-coil numbers, the two adjacent T-networks consistently

operate under the condition specified in (15) by combining (6)
and (14)

(14)

I _ ‘ Gi" | = Matnieta _ g,
Liva = |Gig1 | Mgy — 7F i=1- . m—2
Ui _ Gii1* _ M;it1) _ 1/S ) ) 5 .
Uiya G Miy1y(it2) v

(15)

Here, S; is defined as the mutual inductance ratio of adjacent
coils. Notably, in two adjacent T-networks, the current ratio of /;
to /;1 2 equals to the mutual inductance ratio of M(;11)(i12) to
M;(i+1), or the voltage ratio of U; to U, is inversely propor-
tional to the mutual inductance ratio of M ;;1)(i42) t0 M(it1).
As long as the above relationship is satisfied, the domino-coils
WPT system will realize the ideal maximum PTE.
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III. OPTIMIZATION METHOD

A. Optimization Model and Design Flow

To make the domino-coils WPT system operates at the state of
ideal maximum PTE, adjustments can be made to the domino-
coils structure to satisfy the relationship outlined in (15). In
comparison to configurations involving unequal spacing and
multilayer domino-coils, the optimization favors single-layer
domino-coils with uniform spacing. Initially, two indices, de-
noted as f; and fo, are defined, where f; represents the average
disparity between the current ratio and the mutual inductance
ratio, while f; signifies the discrepancy between the output power
P, and a reference value P, To achieve the maximum PTE
given the desired output power, the optimization objective aims
to minimize the combined value of f; and f, expressed as

n—2
fi= 1 3 I Masnage
f=min(f1 + f2), L= n=2 & | itz Migit1)

.f2 = (Po - Pref)/Pref
(16)
For the power supply of the online monitoring equipment,
domino-coils are typically positioned within the insulation shed
with uniform spacing to ensure optimal insulation properties.
However, due to spatial constraints, the size of the coils must
not exceed the external diameter of the insulation shed. Con-
sequently, the optimization objective under equal spacing for
single-layer domino-coils is subject to certain constraint condi-
tions, as illustrated in

5<n<10

h = dgiven/(n - ]-)

2mm < wy; < Smm

1 < N; < (Fout — Trin)/wg +1,i=1,2,....,n,N; € N*

10 < Req <5009

5V < Ui, < 50V.

A7)

Here, the number of single-layer domino-coils, denoted as
n, is directly linked to the quantity of insulation sheds, and the
values of n in the range of 5 to 10 is investigated in this work.
The parameter dgiyen represents the transmission distance and
is interconnected with the insulation distance, and the air gap
h between the coils can be computed based on dgjven and n.
The spacing w, between coil turns, particularly when wound
tightly with Litz wire, aligns with the Litz wire diameter w.
However, considering the coupling coefficient when the Litz
wire is loosely wound, w, should not surpass certain upper limit
of 5 mm. Furthermore, r;,, and r,,; are the inner and outer radii
of the coil, determined by the outer diameter of the core rod and
the insulation shed, respectively. N; is the turn number of the
it coil, and its maximum value must adhere to the constraint
imposed by wy, rin, and 7oy¢. Additionally, the equivalent load
R.qandinput voltage Ui, are used as the optimization parameters
to achieve the power matching, with their ranges set as [1 €2,
500 Q] and [5 V, 50 V], respectively. With the common-used
frequency of hundreds of kHz in domino-coils WPT system, a
specific frequency of 500 kHz is employed in this study. Due
to the online monitoring equipment as a power supply object
of WPT system, its average power dissipation ranges between
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TABLE I
PARAMETER SETTING

Symbol Meaning Variable or fixed Range
n Number of coils Variable [5,10]
Wg Turn spacing Variable [2,5]mm
Ni Number of coil turns Variable [1, (rout - rin)/ wg +1]
Req Equivalent load Variable [1500]Q2
Uin Input voltage Variable [5501V
Wa Litz wire diameter Fixed 2 mm
h Air gap of coils Fixed 8.33cm
Fin Inner radius of coils Fixed lcm
Fout Outer radius of coils Fixed 10 cm
dgiven Transmission distance Fixed 50 cm
f Operating frequency Fixed 500 kHz
Prer Reference output power Fixed 12W
Start
Initialization:
pop(ns Niv Wen Reyn Uy)~ swarm:1000
[ Update pop ]
Calculate all M;; & R;
Solve all loop currents /;
1 & M(,+1)(i+2]
Calculate f; = ——
I "72; I, Mi(i+1)
Calculate  f, = (P, — qu )/ Pny
L]
Find fin _pop: min(f, + f,)
iteration>1000? No
* Yes
Output
End
Fig. 6. Flow chart of PSO algorithm.

10 W and 20 W, and a reference value P,y is set at 12 W. The
range of variable parameters and the values of fixed parameters
are detailed in Table I.

The variables, namely n, N;, wg, R4, and U, are optimized
using the particle swarm optimization (PSO) algorithm to attain
optimal efficiency under the specified output power P,.;. MAT-
LAB is employed for the computation of mutual inductance and
ac resistance of single-layer domino-coils across various values
of n, N;, wg, Req, and Uy, facilitating the PSO optimization
process. The flow chart outlining this process is depicted in
Fig. 6.

First, both the initial population size and the number of
iterations are set to 1000. The variables n, N;, wy, R, and Uy, are
initialized to ensure comprehensive coverage of the initial popu-
lation within the specified value ranges. Subsequently, based on
the calculation method in [30] and [25], the mutual inductance
M ;; and ac resistance R; are calculated, followed by the solution
of the current of each loop using (11). Thereafter, fi, fo, and f
in (16) are computed. The minimum f among the 1000 results
is identified and designated as fun_pop, with the corresponding
parameter combination denoted as pop, including n, N;, wy, R,
and Uj,. By exploring values around the parameter combination
pop, further refinement of the value range is conducted, initiating
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the first iteration. A new minimum f'is then selected, and a new )
dataset pop is obtained. This iterative process continues until the 10 12 rscmms amesmzmne mn s cmmmmon e
specified maximum number of iterations is reached. Ultimately, 9 11 o
after 1000 iterations, the fitness function f'approaches the global . 8 - 10
optimum, yielding the coil parameter combination that meets 7 9
the predetermined requirements. The computer configuration 6 8
utilized in this study is equipped with an AMD Ryzen 7 5800H 07200 400 600 800 1000  7(7 300 400 600 800 1000
[ Iteration Tteration
processor and 16 GB of Random Access Memory. Utilizing
MATLAB for programming and computational tasks, the en- 24p ===
tire process is estimated to require approximately one hour to 23
complete. - 22
21
B. Optimization Analysis 20 T e
L 196206 400 600 s00 1000 %0 200 400 600 800 1000
Based on the optimization process, the study observes the sys- Tteration Iteration

tem PTE and power loss across a range of 5 to 10 domino-coils, @

as illustrated in Fig. 7. Power dissipation arises from multiple  Fjg 8. [teration process for (a) Ny and No, (b) N3 and Na, () N5 and Ng, and
sources including the inverter, rectifier, and the coils themselves,  (d) N7 and R.,.
all of which have the potential to diminish the PTE. Notably, the
analysis highlights that the predominant factor contributing to

TABLE IT
OPTIMAL VALUE OF VARIABLE PARAMETERS

power loss is coil resistance. For instance, in a system utilizing Symbol Optimal value
five domino-coils, the PTE registers at 87.17%. Subsequently, ]“\;g 3 1“2““
with an increase to seven domino-coils, a discernible enhance- N; 3
ment in PTE is observed, reaching 89.53%. However, beyond Ns 7
seven domino-coils, the incremental improvement in PTE be- %" 2
comes less pronounced. Nz 3

InFig. 8, we illustrate the iterative process of coil turns N1—N~ N 23
and the equivalent load R., under the condition of n = 7. The ’;]"q 156729V
hori.zontal'axis represents the number of it'erations, while 'the S1(Mas/Mr2) 0.6474
vertical axis denotes N1—N7 and R, respectively. As the setting So(M-a/Mo3) 1
in (17), N1—N- are constrained to positive integers, thus, they are S3(Mas/Ma) 0.8728
. d dinelv. R... is all d bi i ithin th Sa(Mse/Mas) 1
1teraFe accordingly. R¢4 1s allowel to. vary arbitrarily within the Ss(Mr/Msq) 25011
specified range. Notably, the data points cluster along a nearly
linear trajectory, indicating the optimal values in the iterations. !

0.9

Table II provides a summary of optimal values derived from this

process. Additionally, S;—S5 are further calculated based on the o8

0.7

optimal values of coil parameters. =

To assess the impact of S1—S5 on the system PTE, the initial = 0s
turns of the domino-coils are all set to be equal. Subsequently, é 04
N; is gradually reduced while N3 is correspondingly increased, “ 03

resulting in an increase in S; (Ma3/M12). This process allows us 0.2
to observe the variation in system PTE with respect to S;—S5, as 0.1
depicted in Fig. 9. Notably, the optimized values of S1—S5 from

Table IT are highlighted on the curve. Itis evident that §1, S2, S3, i o,

System PTE versus S;.
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System PTE

Operating frequency (kHz)

Fig. 10.  PTE versus working frequency f and equivalent load R.

)

&

dgiven=50cm

(b)

Fig. 11.  Seven domino-coils proposed in article. (a) One-layer planar winding
with Litz wire. (b) Uniform Spacing of domino-coils.

and S5 closely align with the peaks of their respective efficiency
curves, while S4 has an error about 0.5.

Furthermore, in proximity to the optimal value range of
S1-S5, the gradients of S3 and S4 surpass those of the respective
efficiency curves for S, So, and S5. This observation reveals
the heightened sensitivity of system transmission efficiency to
variations in the values of S3 and S,.

To further illustrate the effectiveness of the optimal load and
frequency selection, the relationship between system efficiency
7, operating frequency fand equivalent load R, is investigated
in Fig. 10. Notably, the system efficiency surpasses 80% within
the frequency range of 440 kHz to 540 kHz, indicating high
PTE across this broadband spectrum, and the optimal values of
operating frequency fand equivalent load R, are just located at
this zone, namely f = 500 kHz and R, = 57 Q).

This optimization study in Section III provides a simulation
framework upon which experimental verification of optimal
efficiency conditions can be built.

IV. EXPRIMENTAL VALIDATION

An experimental setup for a seven domino-coils WPT system
has been constructed to validate the optimization findings. To
mitigate the ohmic losses induced by skin effect, the coil is
wound using Litz wire of ®0.05 mm x 1000 strands. Fig. 11
illustrates the structure and arrangement of seven domino-coils,
where coil 1 serves as the transmitting coil, coils 2—6 act as relay
coils and coil 7 functions as the receiving coil. All coils have an
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TABLE III
PARAMETERS OF ALL COILS

Symbol Value Unit
35.23/19.95/16.72/20.13/
D=Ly 13.3/2033/67.72 wH
0.16/0.116/0.104/0.123/0.096/
Ri—Ry 0.123/0.28 Q
-Gy 2.935/4.635/5.405/5.2/6.9/4.935/5.4 nF
01-0; 691/540/505/515/436/519/759 /

0.154/0.142/0.141/0.139/0.129/0.154 /
4.102/2.607/2.592/2.287/2.132/5.742 uH

K12/K23/ K34/ Kas/ K56/ Ko7
M2/ Mas/ Msal Mas/Mse/ Mer

M3/ Maal Mss/Mas/Ms7 1.085/0.815/0.582/0.82/1.155 uH
Ma/Mos/ Mo/ Ms 0.387/0.202/0.3/0.595 uH
Mis/Mae/ M7 0.145/0.165/0.23 uH
Mo/Mr7 0.11/0.075 uH

M, 0.075 uH

Domino-resonators Electric load

it

Power analyzer

Oscilloscope ' ‘ |

el
DC power
supply I

Inverter

- e

C1-C7 ‘

h S

Rectifier

Fig. 12.  Experiment platform.

outer radius of 10 cm, an inner radius of 1 cm, and a 3 mm air
gap between coil turns. With a power transmission distance of
50 c¢m, the number of turns for coils 1-7 are 12, 8, 7, 8, 6, 8, and
23, respectively.

Table III presents the parameters of seven domino-coils WPT
system, including the self-inductance, mutual inductance, ac
resistance, and resonant capacitance. Additionally, it calculates
the quality factor and coupling coefficient between adjacent
coils. Notably, the maximum quality factor in seven domino-
coils is Q7 = 759, while the maximum coupling coefficient is
are K5 and Kg7 = 0.154.

The experiment platform of seven domino-coils WPT system
with a total transmission distance of 50 cm is shown in Fig. 12.
The experimental apparatus comprises various instruments and
equipment, notably including dc power supply, DSP, inverter,
rectifier, electronic load, domino-resonators, oscilloscope, and
power analyzer.

The steady state of system is first tested in experiment. Fig. 13
illustrates the system input voltage and current waveforms, with
aresonant frequency of 498.4 kHz. In this figure, u;, represents
the output voltage of the inverter, and the dc input voltage Uy is
maintained at 20 V. The output current of the inverter, denoted
as i1, has an rms value of 1.095 A, with a phase lag of 28°
relative to u;,. Additionally, the waveforms of V45 (drain-source
voltage) and V4, (gate voltage) of one MOSFET in the inverter are
presented in the bottom-left corner of Fig. 13(a). It is observed
that when Vg, rises to 5V, V4, drops to 0 V, indicating that
the MOSFETs in the inverter achieve zero voltage switching.
Furthermore, Fig. 13(b) and (c) display the current waveforms
of coils 1-7. These waveforms reveal that the currents from
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Fig. 13.  Steady waveforms of the voltage and current. (a) Input voltage ui,

and current i1. (b) Steady currents of i1—i4. (c) Steady currents of ig—i7.

I to I7 lags in phase by 86.3°, 86.4°, 88.4°, 93.2°, 98.5°, and
83.3°, successively. Upon comparison with theoretical analysis,
the actual lags in current phase exhibit a maximum deviation
of 8.5° from the expected 90°. These results demonstrate that
while the method proposed in this article effectively mitigates
cross-coupling to some extent, it does not entirely eliminate
cross-coupling among the domino-coils.

To validate the effectiveness of the single-layer domino-coils
design, the system’s transmission power and efficiency are mea-
sured with a fixed input voltage of Uy, =20 V while varying the
load value Ry, as illustrated in Fig. 14(a). It is evident from the
graph that the system consistently achieves more than 80% PTE
across the load range of 45-110 2. The transmission efficiency
first increases and then decreases as the load value changes. The
maximum system efficiency is observed at a load of R, = 80 €2,
reaching 85.94%, corresponding to an output power of 12.23 W.
Furthermore, experiments are conducted with a fixed load value
of Ry, = 80 2 while varying the input voltage from 5 Vto 25V,
asillustrated in Fig. 14(b). As aresult, the system’s output power
increases from 0.72 W to 19.6 W, and the transmission efficiency
rises from 79.62% to 86.33%. Compared to the optimized design
index for domino-coils WPT system in (16), the reference output
power has been satisfied at the input voltage of Uy, =20 V and
the load of Ry, = 80 Q.

Moreover, the transmission efficiency under this working
point reaches the maximum value of 85.94%. A screenshot of the
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Fig. 15.  Power loss analysis under maximum PTE. (a) Screenshot of power
analyzer. (b) Power distribution.

power analyzer for seven domino-coils WPT system is provided
in Fig. 15(a), indicating an input power of 14.23 W and an output
power of 12.23 W with a total loss of 2 W. Fig. 15(b) further
dissects the power losses of each component in the system.
The ohmic dissipation resulting from coil resistance accounts
for 1.398 W, while the inverter and rectifier losses amount to
0.264 W and 0.338 W, respectively. It can be seen that the ohm
dissipation is the main source of power losses.

This work focuses on enhancing system efficiency by op-
timizing the parameters of single-layer domino-coils structure
to suppress the cross-coupling between coils. The theoretical
analysis reveals that the equivalence between the mutual induc-
tance ratio and the current ratio determines the maximum PTE
of domino-coils WPT system. Utilizing the measured data on
mutual inductance between adjacent coils and the loop current
of each coil, we calculate the current ratio /;/1; 5 and the mutual
inductance ratio M ;4 1)(i+2)/M;(it+1), where i = 12,34, 5in 7
domino-coils WPT system. The results are displayed in Fig. 16,
the blue and cyan bars representing M ;4 1)(i42)/M;(;+1) and
Ii/I 1o, respectively, while the red line indicates the deviation
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Fig.17. Temperaturerise of coil in every half-hour. (a) 20:50 P.M. (b) 21:20 P.M.
(¢) 21:50 P.M. (d) 22:20 P.M.

between M(;y1)(iy2)/Micit1) and Ii/l; 5. The error percent-
ages are 25.6%, 15.7%, 1.7%, 3.5%, and 23.7%, primarily
concentrated in Sy, S2, and S5. Examining the distribution of
cross-coupling M ;(;2), it reveals a consistent trend with the
error curve, indicating that the deviation between /,/I,;2 and
M 1) (iv2)/Mici11) is attributable to the cross-coupling effects.
Among all the current ratios and mutual inductance ratios,
Ss and Sy exhibit smaller errors for achieving the maximum
PTE, and they reflect the crucial coupling relation in seven
domino-coils WPT system. As indicated in Fig. 9, the sensitivity
of system transmission efficiency to the values of S; suggests
that high-sensitivity S; necessitates smaller errors to prevent
efficiency degradation, whereas lower-sensitivity S; allows for
slightly larger errors.

In addition, taking into account the potential heating effects
caused by coil ohmic dissipation during system operation, the
coil temperature rise within two hours of system operation
is measured, as shown in Fig. 17. From coill to coil 7, the
temperature of coils 1, 3, 4, and 6 is slightly higher than that
of coils 2 and 7, and the highest temperature is located at the
transmitting coill. Itis observed that from startup until the end of
the two-hour period, the coil temperatures remain stable, with
an overall temperature rise of approximately 1.7°C, which is
within the allowable range.

In practical application scenarios, the transmission cable is
close to the domino-coils. Therefore, the effect of the power
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Fig. 18.  Position of the coil plane relative to the cable.

frequency magnetic field (PFMF) generated by the cable on the
domino-coils should be further analyzed. The PFMF induced
voltage in coil is considered to be a distinct index that can reflect
the influence. Because the receiving coil is far away from the
cable, only the impact on transmitting coil is studied. Fig. 18
illustrates the position of transmitting coil plane relative to the
cable, and y is the vertical distance for a surrounding given point
P(x, y) to the cable. The length of the cable is 2L.

The length of the cable is very long relative to the size of the
coil, i.e., L— 00, so it can be regarded as a long, thin, straight
cable. Equation (18) gives the calculation method of magnetic
flux density generated by the cable [1]

Ho I cable

21y (18)

Bcable2coil =

where j1( is the vacuum permeability. /.11 18 the current flowing
through the cable with a magnitude of 75 A. y is equal to 0.2 m
in this study. Thus, the PFMF magnetic flux flowing through the
transmitting coil is

N ,U'OIcable 2
¢cab1e2coil =N /BcableQCoildS = / 2—d7TTi

i=1 Y
ol :
04 cable 2
— roocane E 72
2y = !

where N; = 12, and r; is the radius of the i}, turn coil wound
from rj,. It can be calculated by

19)

7 = Tin + (i = Dwg + wq/2. (20)

The induced voltage on the transmitting coil Ucaple2coil 18

Ny
d@cableacoil A1 a1
Ucablc?coil = CadtC2C01 = g_;) Z 7,.12 ;:_ =

~ 0.0059 cos(2m fpt)V (21)

where f;, is the power frequency. It can be seen that Ucapie2coil
generated by the PFMF is very small, so the normal working
state of the domino-coils WPT system is basically free from the
interference of the power line.

At last, upon comparing the efficiency improvement re-
searches of domino-coils WPT systems outlined in Table 1V,
it is evident that the maximum coupling coefficient and quality
factor of single-layer domino-coils presented in this study sur-
pass those of previous investigations. Additionally, a coefficient
termed volume divided by distance (VDD), defined as the total
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TABLE IV
COMPARISON WITH EXISTING RESEARCH
e . s Coil Maximum coupling Quality factor Maximum
Ref Coil Size Distance Winding Type number VDD coefficient K 0 PTE Power
[21] ®200 mmx1.6 mm 110 cm Two-layer PCB winding 13 5.94 - 64 11% 6W
[22] ®198 mmx1.5 mm 114 cm Two-layer PCB winding 13 5.26 0.14 132 46% 20 W
[23] @198 mmx1.6 mm 38cm Single-layer aﬁ?ﬂg‘i’ﬁé’le'layer PCB 5 6.61 0.126 144 552% 163 W
[20] ®250 mmx180 mm 250 cm Double-layer CSC with ferrite 5 176.63 0.019 607 66.7%  8.89 W
[1] ®176 mmx3.4 mm 110cm  Two-layer planar winding with Litz wire 12 9.02 - 300 60% 25 W
[13] 0200 mmx14 mm 70cm  Three-layer planar winding with Litz wire 8 50.24 0.144 350 70% 25 W
[27] ®200 mm*4 mm 40cm  Two-layer planar winding with Litz wire 5 15.7 0.129 108 87.5% 20 W
[28] @170 mm 150 cm Planar winding with Litz wire 10 - 0.036 617 42% 1.34 W
[29] 200 mm*x6 mm 25cm  Three-layer planar winding with Litz wire 6 45.22 0.31 302 84.2% 25 W
[31] 320 mmx320 mmx1.4mm  50cm  One-layer square winding with Litz wire 3 27.02 0.115 434 81.95% 37.86 W
This 3200 mmx*2 mm S0cm  One-layer planar winding with Litz wire 7 8.79 0.154 AVerage:S66 g5 gr00 1223 W
work Maximum:759
jssi That are S3 and S, in a seven domino-coils WPT system, and
, d y the errors between current ratio and mutual inductance ratio
. . : { . . .
C a Coil thickness “‘ involving S5 and S4 should be as small as possible to ensure
\ “k the high-efficiency power transmission. Although other coupling
Coil number relations such as Sl ; Ss, and.SQ are proved with low s.ens1t1V1ty
1 2 cenees n to system transmission efficiency, research on ways is needed
. . . to inhibit or eliminate the cross-coupling among them to further
Fig. 19. VDD coefficient definition.

coil volume divided by the transmission distance, provides in-
sight into the spatial relationship between the domino-coils and
the transmission distance. The diagram of the VDD coefficient
definition is shown in Fig. 19.

Equation (22) gives the calculation of VDD coefficient

VDD = CoilVolume/Distance = styn/d (22)

where s represents the area of the coil plane, #, represents the
coil thickness, and d is the transmission distance.

A smaller VDD signifies less spatial occupation within the
insulator, which is more conducive to meeting the miniaturiza-
tion requirements of the domino-coils. The VDD of single-layer
domino-coils in this article is 8.79, generally lower than that of
multilayer planar Litz winding. Furthermore, it exhibits a higher
PTE of 85.94% at an output power of 12.23 W.

V. CONCLUSION

This article investigates the optimal configuration of single-
layer domino-coils with uniform spacing for online monitoring
equipment. An optimal efficiency condition for arbitrary number
of domino-coils is proposed using the T equivalent circuit and
its gyrator characteristics, namely the current ratio of nonad-
jacent coils equaling the mutual inductance ratio of adjacent
coils. Single-layer domino-coils with uniform spacing is further
optimized by independently adjusting the parameters of each
coil based on the proposed optimal efficiency condition. Exper-
imental verification are provided to demonstrate the efficiency
improvement, and a dc output of 12.23 W with an efficiency
of 85.94% is achieved at a distance of 50 cm. This work not
only promotes the coupling coefficient and quality factor of
domino-coils, but also minimizes the total space occupied by
the domino-coils.

By mathematical analysis and experimental verification on
single-layer domino-coils, the crucial coupling relation deter-

improve the output performance of domino-coils WPT system.
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