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Abstract—In this article, discrete Ferrite rings (DFRs) applied
to cylindrical solenoid coupler (CSC) is proposed. The coupling
coefficient between adjacent coils is enhanced and the inductance
of the coils is increased by reducing the reluctance in the magnetic
circuit. The DFRs-based CSCs magnetic structure is considered to
be applied for post insulators. The inductive power transfer (IPT)
system based on the abovementioned magnetic structure is used
to power the state detection equipment at high potential points. A
finite element simulation analysis of the electric field is finished to
verify that the addition of DFRs does not affect the insulation prop-
erties of the post insulator. The parameters of DFRs are optimized
to improve their effect on coupling coefficient and self-inductance
based on the finite element method. The multilayer coils and the
decoupling series compensation method are analyzed. The circuit
model of the three-stage IPT system is built and analyzed. A
1.54 m long-range IPT system prototype is completed to simulate
the 110 kV post insulator. A series of experiments are performed
to verify the advantages of the proposed DFRs. Efficiency of the
meter-range IPT system can reach 75.4%.

Index Terms—Discrete ferrite rings, efficiency optimization,
inductive power transfer, magnetic coupling structure design,
smart grid applications.

I. INTRODUCTION

ITH the development of inductive power transfer tech-
W nology, more diversified application scenarios have been
developed in recent years. Applications in novel fields such
as unmanned transportation electrification (unmanned aerial
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vehicles and autonomous underwater vehicles), wireless motors,
and smart grids have been gradually discovered. For different
scenarios, it is necessary to design corresponding magnetic
coupling structures to realize wireless power transfer (WPT)
according to relevant requirements [1], [2], [3], [4], [5]-

Among them, the exploration of inductive power transfer
system design to extend the wireless distance is particularly
challenging. Quality factor and coupling coefficient are the key
factors to improve the efficiency of wide wireless gap inductive
power transfer (IPT) system [6], [7], [8].

Recent references have improved the efficiency of the system
by increasing the quality factor of the coupler. Generally, re-
ducing the resistance and increasing the frequency are effective
ways. Litz-wire square solenoid coils were proposed in [9]. By
analyzing the influence factors such as skin effect and proximity
effect, the corresponding frequency corresponding to the optimal
quality factor is obtained, and the efficiency of the IPT system is
improved. A cylindrical high-frequency wireless power transfer
magnetic coupling structure was proposed in [10], and a strong
misalignment tolerance WPT efficiency of about 70% at a fre-
quency of 27.12 MHz was achieved under a wide gap. In [11], a
single-turn air-core copper coil by advanced three-dimensional
casting method is obtained, and wide gap WPT at 6.78 MHz and
13.56 MHz was realized. Among them, more space is needed to
overcome the proximity effect and skin effect. Besides, the cost
of MHz high-frequency converters is expensive.

In addition, the enhancement of the coupling coefficient is
also an important method to improve the efficiency of the wide
gap IPT systems. In [12], [13], and [14], scholars proposed a
dipole-shaped magnetic coupling structure applied to meter-
range wireless gap IPT systems. Methods including core layout
optimization, comparative analysis of primary and secondary
magnetizing inductance and optimal ampere-turn design have
been proposed to optimize the efficiency characteristics of the
IPT system. The demagnetizing factors of a cylindrical ferrite
core and a novel ferrite core were investigated in [15]. A free
arrangement IPT system with a ferrite transmission medium to
extend the distance was proposed in [16]. A cubic magnetic
coupler based on ferrite core longitudinal split method was
proposed in [17], the coupling coefficient is improved at the
same distance-to-diameter ratio. The analysis and design of
the abovementioned couplers are based on the ferrite material
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with high magnetic permeability characteristics. Efficiency of
wide gap IPT systems is improved through improved coupling
coefficient.

In the case of powering smart grid sensors, meter-range
wireless gaps are necessary. Since the wireless gap between the
two stages is further extended, the efficiency of the system is
reduced to a very low level. Therefore, IPT systems with domino
architecture formed by relay coils were proposed and analyzed
in [18], [19], and [20].

In recent years, relevant references have focused on the appli-
cations of meter-range wireless gap IPT technology in smart grid
for 110kV high voltage insulation distance. A two-coil structure
applied to 110 kV insulator strings was proposed in [21]. Due to
the low coupling coefficient, efficiency of the systems is not high.
A solution to harvest power from the magnetic field around a
110 kV transmission line was proposed in [22], which magnetic
field required for its power transfer bypasses the insulating
device. A method of realizing constant voltage/constant current
mode by switching the system mode for battery charging was
proposed in [23]. The IPT systems based on PCB self-resonant
magnetic coupling structure to achieve better consistency for
each stage was proposed in [24] and [25].

A three-stage IPT system based on cylindrical solenoid cou-
pler (CSC) applied for 110 kV post insulators was proposed in
[26], 59.5% efficiency was achieved. In order to further extend
the wireless gap to match the insulation distance of higher
voltage levels, efficiency of the IPT system needs to be further
improved. This article is a continuation of [26]. The efficiency
is expected to be improved by increasing the quality factor and
coupling coefficient of CSC.

The rest of this article is organized as follows. Discrete
ferrite rings are proposed and designed in Section II. The circuit
model of the decoupling distributed compensation and the output
characteristics of the IPT system are analyzed in Section III.
In Section IV, a prototype simulating the length of a 110 kV
post insulator is built and the experimental results are analyzed.
Finally, Section V concludes this article.

II. ANALYSIS AND DESIGN OF THE DISCRETE FERRITE RINGS
A. Key Factors for Long-Range IPT System Efficiency

For a basic two-stage inductive power transfer system, and the
losses of the converters are ignored. Assuming that the primary
and secondary sides of the IPT system based on S/S series
compensation are symmetrical. Therefore, the maximum power
transfer efficiency equation of IPT system could be expressed
as [8]

k,2Q2
L VTR

The coupling coefficient k& and the quality factor Q together
determine the maximum efficiency of the coil—coil part of IPT
system from the above equation. For wide gap IPT systems, more
magnetic flux is leaked into air, the value of coupling coefficient
k is usually less than 0.1. The contour map corresponding to
(1) under low coupling coefficient with quality factor Q varies

Mmax= (1)
(
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Fig. 1. Maximum efficiency of IPT systems under low coupling coefficient.

from 100 to 3000 is obtained in Fig. 1, which abscissa takes the
logarithm to reflect the changing trend of the coupling coefficient
under the condition of wide gap.

It can be found in the abovementioned figure that the coupling
coefficient plays a decisive role in the maximum efficiency of the
wide air gap IPT system. When the coupling coefficient is greater
than 0.1, even if the quality factor of the coil is less than 500,
the maximum efficiency can still easily reach more than 90%,
which is usually the case for narrow air gap IPT systems. When
the coupling coefficient is between 0.01 and 0.1, the quality
factor is preferably higher than 500 to make the highest coil—coil
efficiency reach a higher level. When the coupling coefficient is
between 0.001 and 0.01, even if the quality factor is higher than
2000, it is difficult to ensure that the efficiency is greater than
80%. Finally, when the coupling coefficient is less than 0.001,
the efficiency will not be too high unless a high-quality coil with
a quality factor higher than 3000 is used, which will greatly
increase the cost of the system. To give a simple example, if
the coupling coefficient is increased from 0.01 to 0.02, and the
quality factor is increased from 500 to 1000, then the maximum
efficiency of the system can be drastically increased from 65%
to 90%, as shown in Fig. 1.

Therefore, as Q = wL/R = 2nfL/R, the quality factor Q can be
increased by increasing inductance value L, reducing resistance
value R or increasing the frequency f of the system. Importantly,
improving the coupling coefficient k by optimizing the design
of the coupler is an effective way to improve the efficiency of
wide gap IPT.

In[26], an IPT system with a 1 m-length wireless gap based on
three-stage CSC is proposed. The system can supply power for
state detection equipment at high potential points by means of a
110 kV high voltage post insulator with a 59% efficiency. How-
ever, in order to further extend the distance of wireless power
transfer and supply power to condition monitoring equipment
at a voltage level higher than 110 kV. It is necessary to further
improve the system efficiency to meet the above requirements.

In this way, discrete Ferrite rings (DFRs), as shown in Fig. 2,
are proposed, in this article, to improve the coupling coeffi-
cient and inductance value of CSC. The proposed DFRs would
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Fig. 2. Application scenarios of DFRs.

further improve the efficiency of inductive power transfer system
under large wireless gap for high voltage equipment condition
monitors power supply applications.

B. Analysis of Discrete Ferrite Rings

The basic principle of DFRs to improve the efficiency of large
wireless gap IPT is to rebuild the magnetic circuit of the magnetic
coupling structure. The magnetic permeability of the ferrite core
is much greater than that of air, and forms a strong pooling effect
on the leaked magnetic flux.

Take the magnetic coupling structure with the same primary
and secondary sides as an example. Equation (2) is Ohm’s law
in a magnetic circuit. The relationship between inductance and
flux is described in (3) as follows:

LI = Né. 3)

Therefore, the relationship between self and mutual induc-
tance and reluctance is obtained in

M =kvLpL —kch @

nx M’

Among them, in the magnetic circuit with the same primary
and secondary sides, Ry, 1, is the sum of the reluctance associated
with all the magnetic fluxes generated by the magnetomotive
force excited by the primary or secondary coil. Ry, s is the sum
of the reluctance associated with the magnetic flux linked by the
original and secondary coils exciting the magnetomotive force.
The addition of DFRs simultaneously reduces both R,, 1, and
R M according to the magnetic flux distribution characteristics
of CSC. Therefore, in a two-stage magnetic coupling structure,
as shown in Fig. 3, DFRs provide a low reluctance path for
magnetic flux.

Among them, the discrete shape reduces the use of ferrite
cores, the weight and cost are cut down. The angle of in-
clination guides the direction of the magnetic field lines. In
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Fig. 3. Analysis of DFRs for enhancing inductance value and improving
coupling coefficient.
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Fig. 4. Finite element simulation analysis of magnetic field under the same
excitation.
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this way, the self-inductance and mutual inductance value of
the magnetic coupling structure is increased and the coupling
coefficient is strengthened. In order to preliminarily verify the
abovementioned conclusions, the finite element analysis (FEA)
model is established. The finite element simulation analysis of
the magnetic field under the same excitation is completed, as
shown in Fig. 4. Compared with the case of without DFRs, the
magnetic flux around the coils is significantly enhanced, and
the flux linkage interaction between adjacent couplers is more
obvious in figure Including DFRs.

In order to verify that the inclusion of DFRs will not affect
the electric field distribution of the original system, and will not
damage the insulation characteristics of the 110 kV high-voltage
post insulator, the finite field analysis model of element electric
is established in Fig. 5.

Among them, the voltage between the two electrodes is se-
lected to be 110 kV peak value, which is 155.6 kV. Compared
with the case of without DFRs, the enhancement of the electric
field distribution is extremely weak in the case of including
DFRs. Besides, the strongest value of the electric field in
the two groups of finite element simulation analysis results is
1.547 x 10° V/m, which is far lower than the threshold value
3 x 10° V/m for the air to be broken down in the conventional
state. The essence of the above phenomenon is that the Mn-Zn
ferrite made into the magnetic core is a metal oxide ceramic
material, which is a kind of insulating material. Therefore, the
inclusion of DFRs does not significantly affect the electric field
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Fig. 5. Electric field distribution at 155.6 kV by finite element method.

() (b)

Fig. 6. Details and parameters of CSC and DFRs. (a) Three-layer CSC.
(b) CSC based on DFRs.

distribution of the previous system consisting of IPT module
and post insulator, and also will not cause obvious discharge
phenomenon of the post insulator.

C. Design and Optimization of Discrete Ferrite Rings

In this section, parameters of the proposed DFRs are opti-
mized for their performance in promoting the efficiency of the
IPT system. Among them, based on the performance of the litz
coil of the three-layer CSC, the improvement effect of DFRs on
the self-inductance, mutual inductance and coupling coefficient
under different parameters is investigated, as shown in Fig. 6.

The parameters of CSC are designed, among which the coil
height Hc is 180 mm, the diameter D¢ is 270 mm, and the
equivalent diameter of the ferrite core of CSC Dy is 200 mm.
In the case of the same amount of ferrite cores, three parameters
of DFRs can be optimized. The equivalent diameter D of the
DFRs, the inclination angle 6 of the DFRs, and the distance d
between the DFRs and the CSC coil. Besides, the size of each
DFR is 90 x 15 x 5 mm?. The abovementioned parameters and
the intervals that can be optimized are shown in Table I.

A two-stage finite element analysis model of the magnetic
coupling structure with 0.5 m wireless gap is established to
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TABLE I
PARAMETERS OF DFRS-BASED CSC

Parameter Value Parameter Value
He 180 mm D 100 to 300 mm
D¢ 270 mm 7 0 to 60°
Dy 200 mm d 0 to 50 mm
Turns n 84 Each DFR ~ 90x15x5 mm?
Adk(%) 59 40 60
300 "
250
£200
Q
150
100
0 15 30 45 60
0(°)
(@ (b)

Fig.7. Two-stage magnetic coupling structure and the influence of parameters
on the coupling coefficient. (a) Magnetic coupling structure. (b) The effect on
coupling coefficient.
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Fig. 8.  Effect of D and 6 on self-inductance and mutual inductance. (a) The
effect on self-inductance. (b) The effect on mutual inductance.

investigate the influence of the changes of the abovementioned
parameters on the self-inductance, mutual inductance and cou-
pling coefficient of the coupler.

The changes of D and 6 and their influence on the coupling co-
efficient between two stages are shown in Fig. 7. In addition, the
influence of the abovementioned parameters on self-inductance
and mutual inductance is shown in Fig. 8.

Among them, the Ady, Ady, and Ay are respectively the
growth rate of the coupling coefficient, self-inductance, and
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Fig. 9. Analysis of various spacing arrangements between the ferrite cores.
(a) 4, 8, 16, 32 segmentation states. (b) Effect on coupling coefficient. (c) Effect
on self-inductance value.

mutual inductance compared to the coupling structure without
DFRs

Eprr — k
A8, = 100% x ~P2FR 70

5
o (5a)
ASp, = 100% x Lo — Lo (5b)
0
M, — M,
Aby = 100% x —2XR 70 (5¢)
My

Taking the kg, Lo, and M in two-stage model based on CSC
of Fig. 6(a) as the benchmark value.

In Fig. 7, when the diameter of DFRs is 200 mm, the coupling
coefficient increases best. At this time, the magnetic cores of
DFRs and the magnetic cores of CSC are in the aligned position.
In addition, the coupling coefficient increases most when the
inclination angle is less than 30°. Here, the coupling coefficient
can be increased by more than 60% at most.

In Fig. 8, the self-inductance and mutual inductance increase
effect is the best when the D is 200 mm as in Fig. 7. In addition,
the self-inductance grows faster when 6 is larger than 15°.
Therefore, D is designed to be 200 mm, and 6 is designed to be in
the range of 15° to 30°, which can make the coupling coefficient,
self-inductance, and mutual inductance reach a relatively high
level.

The degree of separation and the usage number of ferrites
within the ring need to be considered. Therefore, it is neces-
sary to analyze the influence of various spacing arrangements
between the ferrite cores on the coupling coefficient and self-
inductance value in the coils. The finite element analysis is
finished, as shown in Fig. 9. Among them, the separation state
of the ferrites is shown in Fig. 9(a). The ferrite core is divided
into 4 segmentations, 8 segmentations, 16 segmentations, and
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Fig. 10. Effect of d on self-inductance. (a) Magnetic coupling structure.
(b) The effect on self-inductance.
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Fig. 11.  Effect of d on mutual inductance and coupling coefficient. (a) Mag-

netic coupling structure. (b) The effect on coupling coefficient. (c) The effect on
mutual inductance.

32 segmentations, and the total core consumption is 2lyg, 2/gg,
legs and Zlggs.

The influence on the coupling coefficient and self-inductance
value in different segmentation situations changes with X/ is
shown in Fig. 9(b) and (c). The tendency of coupling coefficient
k and self-inductance value L affected by 2/ is similar. As
the amount of magnetic core increases, both Ady and Ady,
show a positive correlation trend, and the growth rate gradually
weakens. In the case of the same amount of magnetic core,
usually the more times of separation, the more Ady and Ady,
grow. However, in the states of 16 segmentations and 32 segmen-
tations, the effect may be worse with the amount of magnetic
core reaches a certain level with more divisions.

Next, the effect for the position d of DFRs on &, L and M is
analyzed in Figs. 10 and 11.

A single DFRs-based CSC is selected and modeled to analyze
the effect of its flanking DFRs on self-inductance in Fig. 10.
When the DFRs are close to the CSC, the self-inductance Ady,
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Fig. 13.  Decoupled equivalent coil and its compensation capacitors.

can increase by nearly 40%. The abovementioned conclusions
can be more obvious in Fig. 11, the coupling coefficient Ady
can increase by 80%, and the growth rate of mutual inductance
Adyr can even be close to 150%.

Therefore, the parameter design and optimization results of
CSC based on DFRs can be obtained. Among them, the equiva-
lent diameter D of DFRs needs to be designed to face the ferrite
core of CSC. In addition, DFRs need to have a certain angle
0 of inclination in the vertical direction. When this inclination
angle is designed to be 15° to 30°, the growth of self-inductance
and coupling coefficient can be taken into account. Finally, the
DFRs should be close to the CSC, the closer they are, the more
significant the enhancement effect on the coupling coefficient,
self-inductance, and mutual inductance.

III. DECOUPLED SERIES COMPENSATION TOPOLOGY AND
CIRCUIT MODEL OF THE THREE-STAGE IPT SYSTEM

A meter-range three-stage inductive power transfer system
based on the design of the abovementioned magnetic coupling
structure is proposed, as shown in Fig. 12. Among them, the
primary side and secondary side are based on single-sided DFRs
according to the actual application of post insulator shown in
Fig. 2.

In order to achieve high efficiency of wireless power transfer,
reactive power compensation of inductive couplers through cir-
cuit topology is necessary. Due to the mutual coupling mutual
inductance between the layers of the three-layer coil, it is nec-
essary to perform decoupling equivalent for each stage coupler,
as shown in Fig. 13.

Among them, the self-inductance of each layerin a single CSC
is L1, Lo, Lo, respectively, and the mutual inductance between
any two layers is Mo, M3, M3, respectively. Therefore, the
equivalent self-inductance of each layer is Ly, Lo, L3

Ly = Lyg + Mo + Ms (6a)
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Fig. 15.  Simplified circuit model.
Lo = Loo + M2 + Mo (6b)
L3 = L30 + M13 + M23. (60)

In addition, the Ly, Lo, L3 are compensated by series capaci-
tors Cq, Ca, Cs.

According to the abovementioned analysis, the proposed
three-stage IPT system can be constructed as the following
circuit model, as shown in Fig. 14.

The system consists of the primary stage, the relay stage, and
the secondary stage, and each stage adopts the series compen-
sation method after decoupling equivalent, as shown in Fig. 13.
Considering each stage as a whole, the mutual inductance be-
tween primary-relay and relay-secondary stages is represented
by Mpr and MRgs. In addition, Rp, Rg, and Rg represent the
equivalent series resistance (ESR) in the tertiary circuits.

In view of the complexity of the abovementioned circuit
structure, it is simplified to the circuit in Fig. 15. The coupling
between two adjacent stages is represented by a controlled
source. In addition, the complex inductance and capacitance
within each stage is expressed in the form of reactance

. . 1
Xn:] Z UJLni_J Z 77 H:P7R,S. (7)
i=1,2,3 i=1,2,3w o

Therefore, the circuit can be described by the following
system of equations:

Uvmn = InnRp — jwMprIr + Iun Xp
JwMprIvn = IRRR — jwMrslmn + IR XR (8)
jWMRSIR - ImnRS + Umn + ImnXS~
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In a resonant network with the fundamental is considered
uniquely, the abovementioned parameters satisfy the relation-
ship as follows:

1
szni '

Therefore, the inductive and capacitive parts of the reactance
completely cancel each other, and there is a relationship of
Xp = Xy = Xg = 0. Therefore, the output voltage can be obtained
in (10). Among them, the equivalent resistance R., between m
and n is represented by Req = 8R/m?

Cyi = n=P,R,S, i=123. )

Uoul =

Uinw? Mpr Mgs Req
w2 Mgs Rp +w? Mg Rs +w? Mg, Reqt-Rp Rr Rs + Rp Rp Req|
(10)

Generally, for the case where the ESR can be neglected
Rp = Rrp = Rs = 0. Therefore, the voltage ratio of the IPT
system is G = Uyyt/Uin = Mrs/Mpr. The IPT system can be
viewed as a voltage source that can achieve a constant voltage
output. However, in the proposed system, the number of turns
of the coil reaches 84 turns, so its ESR value is large and cannot
be ignored. The abovementioned situation will cause the output
voltage of the system to fluctuate with the load change.

IV. EXPERIMENTAL VERIFICATION

A. Two-Stage IPT System Tests

A two-stage cylindrical solenoid coupler prototype based on
discrete ferrite rings is completed, and the parameters are shown
in Table I. Among them, the equivalent diameter D of DFRs is
selected as 200 mm, the outer edge of the magnetic ring is aligned
with the outer side of the coil, and the inclination angle 6 is
25°.

In addition, taking the two-stage prototype based on CSC in
Fig. 6(a) as the reference value, the measurement results of the
self-inductance and coupling coefficient of the coupler based
on DFRs changing with the position of DFRs d are shown
in Fig. 16. In the figure, the experimental method refers to
Figs. 10 and 11, and the experimental results are compared with
the abovementioned two figures. Besides, the FEA results in
Figs. 10(b) and 11(b) are shown by dotted lines in Fig. 16.
Among them, the test results are in the same trend as the
dotted line data obtained by FEA, and the previous analysis is
verified.

Therefore, in the design of the coupler, the DFRs are infinitely
close to the CSC, and dp = dp | = dp 2, ds = ds 1 = ds 2,
dp = dg are designed as 3 mm in the coupler prototype.

A two-stage IPT system prototype is built to initially verify
the effect of DFRs on the efficiency improvement of inductive
power transfer, as shown in Fig. 17. Among them, whether to
include DFRs is the difference between two groups of controlled
experiments.

A series of tests based on the above system were performed,
as shown in Fig. 18. The load resistance value changes from 20 €2
to 200 €2, the maximum efficiency of the system without DFRs
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Fig. 18.  Efficiency curves of the IPT system.

is 73.87%, and the maximum efficiency of the system including
DFRs is 80.67%.

The power, efficiency, and waveform situations at the two
maximum efficiency points are shown in Fig. 19. Among them,
the addition of DFRs increased the maximum efficiency of the
two-stage IPT system by about 7%. In addition, the abovemen-
tioned tests are all finished in the state of system resonance, as
shown in the waveform figures.
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Fig. 19. Power, efficiency, and waveforms of the IPT system under the maxi-

mum efficiency of the two group tests. (a) Maximum system efficiency without
DFRs. (b) Waveforms of the AC sides under the maximum efficiency point
without DFRs. (¢) Maximum system efficiency including DFRs. (d) Waveforms
of the AC sides under the maximum efficiency point including DFRs.
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Fig. 20.

Prototype of the three-stage meter-range IPT system.

B. Three-Stage Meter-Range Prototype and Experiments

The superior properties of the proposed DFRs are demon-
strated based on the abovementioned tests. In order to match the
application of 110 kV high voltage post insulators, a prototype
of the three-stage IPT system with a 1.54 m total length is built,
as shown in Fig. 20.

The system prototype is built according to Figs. 12 and 14. The
system is divided into primary stage, relay stage, and secondary
stage. Among them, the length of each CSC is 0.18 m, and
the length of the wireless gap between two adjacent stages is
0.5 m. In addition, four sets of DFRs whose parameters have
been designed are placed among the wireless gaps.

The parameters of the abovementioned system prototype are
shown in Table II. Among them, the parameters of the con-
verter components can be obtained from the parameter manual.
Measurement results of couplers and capacitors are obtained
by impedance analyzer KEYSIGHT E4990A. Besides, after
measuring the self-inductance and mutual inductance of each
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TABLE II
MAIN PARAMETERS UTILIZED IN THE PROTOTYPE
Parameter Value/Type Parameter Value/Type
U; 36/48/60 V Lgs 1326.2 uH
fo 100 kHz Cri 1.906 nF
01— 04 IRFBA22NS50 Cra 1.868 nF
D] 7D4 MBR40200WT CR3 1.910 nF
Ferrite Core PC 40 Rr 2.70Q
R 20-200 Q Ls; 1225.3 uH
Lp 1202.5 uH Ls, 1243.0 uH
Lps 1192.8 uH Cs 2.067 nF
Cm 2.106 nF Csz 2.038 nF
Cpy 2.079 nF Cs3 2.089 nF
Crs 2.124 nF Rs 244 Q
Ry 235Q Mbpr 83.7 uH
Lgo 1355.8 uH
25 Experimental Points I : : -
U, =36V R=200 Q
oonofd R=120 Q
b R=80Q |/
_ R=40Q
E R=20Q
S
Eé 1.5 A
\
[+
] 1 N
)
8 |
o I
Z 05 -
0 i |
96 98 100 102 104
Frequency f/ kHz

Fig. 21.  Voltage gain curves of the three-stage meter-range IPT system.

layer of the single-stage coupler, the equivalent decoupling
inductance of each layer of each coupler is calculated by (6).

The measured and initially calculated parameters were sub-
stituted into (7) and (8). The voltage gain equation of the
IPT system is obtained by numerical analysis. Therefore, the
frequency response curves of the system gain equation under
different loads are obtained in Fig. 21.

In an ideal system, the gain value should be 1 at the resonant
frequency. However, due to the existence of equivalent series
resistance, the actual voltage gain value is relatively low. Among
them, when the value of the load resistance is small, the decrease
of the voltage gain is more severe due to the significant increase
of the current. In addition, the comparison between the numerical
analysis value and the measured value with 36 V input voltage is
given in the right-side detailed figure at the resonant frequency.

In the following content, the characteristics of the proposed
IPT system based on DFRs are verified by the designed ex-
periments. Among them, the input voltages are, respectively,
selected as standard dc voltages of 36 V, 48 V, and 60 V. Besides,
the load varies from 20 to 200 2.
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The output voltage characteristics of the IPT system are
obtained through experimental analysis, as shown in Fig. 22.
The blue, black, and red star-shaped data points and curves in
the figure represent the experimental results of output voltage
with different input voltage. The corresponding circular points
and lines represent the calculation results after the parameters
in Table II are substituted into (10).

In Fig. 22, the trends of the experimental results and the cal-
culated results are consistent, and the theoretical analysis is veri-
fied. Besides, the abovementioned trend of output voltage fluctu-
ating with load changes shows that the voltage characteristics of
the system have been obviously affected by large ESR. Among
them, when the load resistance value is relatively low, the current
flowing through the coil increases rapidly. Since the DFRs-based
CSCs contain ferrite cores with nonlinear characteristics, the
calculated results of the established numerical analysis linear
model will deviate from the actual measured values. In addition,
when the value of the load resistance increases to a certain extent,
the IPT system approximately presents the characteristics of a
voltage source constant voltage output.

The efficiency and output power of the IPT system are ob-
tained through the experiments, and the results are shown in
Fig. 23. The dotted curve shows the change trend of efficiency,
and the histogram shows the situation of output power. Power
and efficiency are distinguished in this figure by red and blue,
which correspond to the vertical axes on the left and right sides,
respectively.

According to the trend of the above experimental results in
Fig. 23, the proposed IPT system based on DFRs can achieve
the maximum efficiency at a load resistance value of 60 {2 and
is circled with a green box. The maximum power can be output
when the load resistance value is 40 €2 and is circled by the
magenta box. Among them, when the input voltage is 36 V and
the load resistance value is 60 €2, the maximum efficiency of the
system is 75.4%. In addition, when the input voltage is 60 V and
the load resistance is 40 €2, the maximum output power of the
system is 46.6 W.

The maximum efficiency points at different input voltages are
shown in Fig. 24. Among them, Fig. 24(a), (c), and (e) include
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the waveforms and values of the dc side voltage, current, power
of the input and output sides. The dc—dc efficiency of the IPT
system is also included in Fig. 24(a), (c), and (e). In addition, the
waveforms of the ac voltage and current at the input and output
sides are shown in Fig. 24(b), (d), and (f).

The maximum efficiencies of the IPT system with a total
wireless gap length of 1 m are all over 70% under three sets of
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TABLE III

COMPARISON WITH SIMILAR WORKS IN RECENT YEARS

Reference

System

S Lenth Efficiency Power Size of Each Coil Stages Details
. 75.4 % 152w -
This Work 1.54m @ 270 mmx=180 mm 3 110 kV Post Insulator Application
70.0% 404 W
2022[26] 1.54 m 59.5% 8.05W @ 230 mmx180 mm 3 110 kV Post Insulator Application
2022[25] 1.14m 46% 20 W @ 198 mmx1.5 mm 13 PCB Resonators, 110 kV Composite Insulator
2022[23] 1.1 m 42.8% 2.1 W @ 140 mmx1.5 mm 12 Battery Charging, 110 kV Composite Insulator
2022[29] 02m 75.4% 15.73 W 200x200x1.5 mm? 6 PCB Resonators, Multiple loads, IGBT driver power supply
2021[27] 0.2m 94% 126 W 150x150%5 mm?® Multiple loads, IGBT driver power supply
2020[24] 1.14m 11 % 6 W @ 200mmx1.6 mm 13 PCB Resonators, 110 kV Composite Insulator
2020[28] 0.4 m 83% 50 W @ 150mmx1.9 mm 5 Multiple loads, CC/CV switching
2019[21] 1.5m 15% 16.7 W @ 400 mmx50.4 mm 2 110kV Insulation String Application

36130,

09006. © ' 60.110. =

10752, -
“ 07370, " “ 09689, " 3269, 11677, 7 46.61.
" 2663 |" 46.74. 69.948 j 70.19. " | 66.398+
w | 21.710. w 36301, | | 43346,
(a) (b) (©)
Fig. 25.  Power, efficiency, and waveforms on DC side of the IPT system.

(@) Uin =36 V,R =40 Q. (b) Uin, =48 V,R=40%. (c) Uin, =60 V,R=40%2.

input voltages, as shown in Fig. 24(a), (c), and (e). In addition,
the waveforms of dc voltage and current are both horizontal
straight lines without fluctuations. In Fig. 24(b), (d), and (f), the
ac voltage is a square wave, and the ac current is a sine wave,
which is not affected by harmonics. In addition, the phases of
the input voltage and current waveforms are the same, indicating
that the system is in a state of zero input phase angle at this time,
and the inductance and capacitance elements are matched to
resonance states.

The maximum output power points at different input voltages
are shown in Fig. 25. The figure includes the waveforms and
values of the dc side voltage, current, power, and efficiency of
the input and output sides.

As a voltage source type approximate constant voltage output
IPT system. According to the histogram trend in Fig. 23, it can
be seen that the power will not continue to increase when the
resistance value is further reduced from 40 2. Therefore, the
output power can be further increased by increasing the input
voltage if necessary.

Power transfer performances of the proposed IPT system with
DFRs-based CSC are compared with similar works reported in
recent years, as shown in Table III.

As a continuation of the previous work [26], the proposed
DFRs significantly enhance the coupling coefficient between
adjacent two stages of the domino cylindrical solenoid coupler
and improve the self-inductance of each coil. Therefore, the
efficiency of the IPT system is improved. Compared to the
systems applied in composite insulators, the proposed IPT sys-
tem employs much fewer stages and achieves higher efficiency.
Compared to the systems with multiple loads for IGBT driver

power supply applications, the proposed IPT system achieves a
much longer power transfer distance.

Due to the reduction of the number of coils, the probability of
failure of the Domino IPT system is drastically reduced, which
provides the conditions for further extending the IPT distance
by increasing the number of DFRs-based CSC stages.

V. CONCLUSION

A meter-range IPT system based on CSC with DFRs proposed
in this article. The system is considered to be applied in 110 kV
post insulators to power the state detection equipment for smart
grids. The finite element analysis of the electric field is finished,
and the insulating properties of the post insulators will not
be affected with the inclusion of DFRs. The proposed DFRs
can significantly reduce the reluctance of the CSC magnetic
circuit, thereby increasing the coupling coefficient and induc-
tance value so that the efficiency of the IPT system will be
improved. The parameters of DFRs are optimized by finite
element method to improve the performance of DFRs in terms of
CSC inductance, mutual inductance, and coupling coefficient.
A magnetic coupling structure based on multilayer cylindrical
solenoid coils and DFRs is established. Decoupling distributed
series compensation method and parameter calculation method
are analyzed. A prototype of the system with 1.54 m total
length to simulate 110 kV post insulator is built. The maxi-
mum efficiency of the IPT system with a total wireless gap of
1 m can reach 75.4%, and the efficiency can still reach 70%
when the output power is 40.4 W. Compared with the previous
similar works, the efficiency of the IPT system is significantly
improved.
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