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A Dual-Coupled Double-LCC System With the Capability of Misalignment
Tolerance Improvement for Wireless Charging Substation Inspection Robots

Xiaofei Li"Y, Member, IEEE, Fengying Yu

Xin Dai

Abstract—This article presents a wireless power transfer system
for substation inspection robots. Employing a dual-coupled double
inductor—capacitor—capacitor (LCC-LCC) compensation topology,
the system aims to address the prevalent challenge of misalign-
ment tolerance improvements. It reveals that the system’s output
is predominantly influenced by the denominator parameter (i.e.,
A), which is the sum of two dominant factors (i.e., A; and A-).
Specifically, with larger misalignment, the changing trends of A,
and A, are opposite. As a result, their sum (1) can remain constant
by balancing the decrement (increment) in A; with the increment
(decrement) in A,, thereby achieving a relatively stable power
transfer during a certain misalignment range. An experimental
prototype is built to verify the effectiveness of the proposed system.
The experimental results show that the output current is stable
regardless of load variations, and it can also remain stable within
the misalignment range of —100 to 100 mm in y-axis and 50 to
90 mm in z-axis.

Index Terms—Magnetic coupling mechanism, misalignment
tolerance improvement, substation inspection robots (SIRs),
wireless power transfer (WPT).

I. INTRODUCTION

N THE realm of power engineering inspection, the advent of
I substation inspection robots (SIRs) marks a significant leap
toward automation [1]. The critical role of inspection robots in
power grid maintenance has been gradually underscored these
years [2]. Given that these robots predominantly operate in
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Fig. 1. One typical structure of wireless charging SIRs.

outdoor settings, the conventional approach of contact charging
encounters practical limitations. Hence, the adoption of wireless
power transfer (WPT) methods to facilitate its efficient function-
ing has gradually become a trend [3].

However, a salient challenge hindering the broader applica-
tion of WPT systems in such scenarios is the stringent require-
ment for precise alignment between the transmitter and receiver
coils [4]. Misalignment, a frequent occurrence in sophisticated
environments, such as substations, can drastically reduce the
power transfer efficiency, thus impeding the operation of SIRs
[5]. In the context of wireless charging for SIRs, attention
must be directed towards two axes of misalignment tolerance,
specifically the y- and z-axes, as depicted in Fig. 1. Concerning
misalignment in the x-direction, it is observed that SIRs typ-
ically exhibit minimal variation along this axis. This stability
is attributed to the nature of their operational requirements,
which do not necessitate cargo transportation; thereby, there is
no significant displacement in the x-direction.

In the field of wireless charging, a prevalent approach to
mitigating misalignments encompasses the integration of con-
trol mechanisms within the secondary side of the system. A
widely adopted technique involves the incorporation of a dc/dc
converter [6]. While effective, this method usually results in
a substantial increase in the component’s entire size, which is
unsuitable for applications in space-constrained environments,
such as SIRs [7]. Other methodologies focus on the regulation of
the primary side, typically executed by adjusting the phase angle
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Magnetic coupling structure. (a) Exploded view. (b) Whole assembly

through the inclusion of an auxiliary wireless communication
loop [8]. Nowadays, noncommunication systems with parameter
identification capabilities have been used to charge SIRs [5].
However, this approach necessitates the preliminary estimation
of mutual inductance values before implementation, thereby
introducing an additional layer of complexity to the procedure.
In an effort to circumvent the use of controllers, some researchers
have concentrated on enhancing anti-offset capabilities through
the employment of hybrid compensation topologies [9]. Despite
this advantage, it introduces greater complexity into the system.
Remarkably, Wu et al. [10] introduced a coupling mechanism
designed to maintain anti-offset output under a fixed load. How-
ever, its performance may degrade when the load changes.
Considering the challenges previously outlined, this article
investigates a double inductor—capacitor—capacitor (i.e., LCC—
LCC) WPT system with the consideration of dual couplings. In
such a topology, the system’s output is predominantly influenced
by the denominator parameter (i.e., A), which is the sum of two
dominant factors (i.e., A1 and A). Specifically, A; demonstrates
an upward trend in response to misalignments, while Ao exhibits
a downward trend. By optimizing the coupling mechanism, the
effects of increase and decrease can be neutralized during the
misalignment period, thus ensuring a stable sum (). A stable A
means a constant output, which will be introduced in Section II.
As a result, this stability is maintained despite misalignments
happening in the y- and z-axes. The permissible misalignment
range extends up to =100 mm on the y-axis and between 50
and 90 mm on the z-axis. The proposed system stands out by
offering enhanced misalignment tolerance, allowing for stable
output across a broader spectrum of spatial misalignments.

II. PRINCIPLE ANALYSIS

A. Magnetic Coupling Mechanism

Fig. 2(a) illustrates an exploded view schematic diagram
of the coupling mechanism, exclusively showcasing two DD
compensating coils (Lg and Lt) and two Q coils (Lp and Lg).
Especially, DD coils are bipolar coils, whereas Q coils are
unipolar coils, and they can be naturally decoupled with each
other after overlapping them together [11]. As a result, the inte-
gration of DD and Q coils, realizing an integrated and compact
design [12]. Subsequently, Fig. 2(b) presents a comprehensive
schematic representation of the entire assembly. Dimensionally,
the transmitting and receiving coil (Lp and Lg) measures 300 mm
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Fig. 3.

Circuit diagram of the proposed WPT system.

x 300 mm (i.e., coil size [p = Is = 300 mm). And the com-
pensation coils (Lr and Lt) exhibit dimensions of 200 mm x
200 mm (i.e., coil size /[g = [T = 200 mm). The magnetic core,
integral to the design, is characterized by dimensions of 200 mm
in length and width, with a height of 10 mm. Complementing
these components, the aluminum plate incorporated within the
mechanism extends to 300 mm by 300 mm, with a thickness of
1 mm. The transmission distance between the transmitting side
and the receiving side is d.

B. Circuit Analysis

Fig. 3 illustrates the circuit diagram of the proposed WPT
system, which employs an LCC-LCC configuration.

As can be seen from Fig. 3, the dc input voltage is denoted
as Ugc. The dec output voltage and current at the load side are
represented by Uy, and It,. The self-inductances of two Q (i.e.,
transmitter and receiver) coils and DD (i.e., compensation) coils
are indicated as Lp, Lg, L1, and Ly, respectively. Their equiva-
lent series resistances are Rp, Rs, R, and Ry, respectively.

Noticeably, M; is the mutual inductance between Lp and Lg,
whereas M is the mutual inductance between Lt and Lg. They
play essential roles in stabilizing the output in this article. In
addition, Cr, Cp, Cgr, and Cg are the resonant capacitors on
the transmitting and receiving sides, respectively. And they are
designed to satisfy

9 1 1 1 1

CrLyr Cp(Lp—Ly) CrLlr Cs(Ls— Lpz%)
where w = 27f is the system operating angular frequency. The
operating frequency of the system, f, is fixed at 100 kHz and is
independent of changes in mutual inductance.

The inverter comprises four MOSFETs, labeled Q1-Q4, while
the rectifier is constructed using diodes designated D1—Dy. Req
represents the equivalent input resistance of the rectifier, and
R1, denotes the resistance of the load, where they fulfill the
relationship as

w

8R
—. 2)

Req =

a s

For simplifying the analysis, the fundamental harmonic ap-
proximation [3] technique is employed to analyze the system.
The fundamental output voltage of the inverter can be solved as
o 2\/§Udc

U, = 20°. 3)
™
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According to Kirchhoff’s voltage law, the following equations
are able to be obtained as:

Uin — jWLTjT ij (IT — Ip) — ]wMQIR — ITRT = 0
chT (It = Ip) + s5ez Ip + jwLplp — jwMy s
—‘y—]pRp =0

ijs

IS + ijR (IS IR) +jWLSI.S jlejp+sts =0
jCUMQIT +]wLRIR—|—IRReq

wC (IS IR) + Ir Rg = 0.

4)

Substituting (1) into (4), the following equations are able to
be gained as:

Ui —|— ch Ip —]LL)MQIR — TRt =0
It — jlels + IpRp =0
IR jlefp + IsRS =0
Is + IRReq + ](UMQIT + IRRR

]WCT

(&)

ij

JWCR

The parasitic resistances (Rt, Rp, Rs, and Rg) are tiny and

can be ignored to simplify analysis. Then, the following currents
can be gained as:

P Ui Req T UnLr
Ir= w2 (LTLR M) Ie = Jjw(LrLr+M1 Mz) ©)
My
P Uin M1 Req LT r Uy My
Is = IR = -7
jw(LtLr+MyMs) "

(412(LTLlFHrJ\/[l]\/IQ)2 ’

The impedance of the inverter can be expressed as

g _Un ¥ (LTLR +M2) ©)
in jT Req .

It can be seen from (7) that Z;,, is directly influenced by the
resistance (i.e., Req). This indicates that if R.q is exclusively
resistive, and Z;,, will also be accordingly resistive. In order to
accomplish zero-voltage switching, the resonant capacitors can
be strategically designed with a slightly smaller value than that
derived from (1) [13]. By doing this, Z;;, can exhibit an inductive
characteristic.

Next, the relationship between the input and output current of
the rectifier can be described as

V2r

Iz = TIL (8

where I is the root-mean-square value of the input current of
the rectifier.

Substituting (3) and (8) into (6), I1, can be finally expressed
as

4Uqc
V2rw (LTLR + Mg)

It can be seen from (9) that [1, is independent of the load.
Noticeably, there is one key parameter A that determines the
stability of the output current, which can be written as

A= LTLR/Ml 4+ Mo=Ai1+Ao

4 Udc

I, = = .
b \@ﬂ'wk

€))

(10)

where key parameter A can be divided into two subparameters
(i.e., Ay = LtLgr/M; and Ao = M>), which are related to M;
and Ms. According to (10), although M; and M, exhibit a
decrement with the misalignments in y- and z-axes, an opposite
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Fig. 4.

trend is observed in the behavior of A1 and A,. Specifically, Aq
demonstrates an increment, whereas Ao inversely decreases as
the misalignment augments. As long as we optimize the coupling
mechanism, their sum X can remain stable, thereby achieving a
stable output current.

C. Optimization of the Coupling Mechanism

The design process of the coupling mechanism is depicted
in Fig. 4 with the help of COMSOL. The constraint on the
quantity of coil turns is inherently defined by the predetermined
dimensions of the coil and the diameter of the Litz wire. Because
the dc voltage source Uy, the operating frequency f, the load
Ry, the desired outputs (Uy, and I1,), and dimensions (Ir, [T, Ig
and /p) are given, A can be determined by (9), and /T and /g can
be determined by (6). Typically, the selection of the Litz wire
diameter is primarily dictated by the current anticipated flowing
through the coil. This choice is informed by the fact that Litz
wire possesses a relatively high voltage tolerance, making its
current-carrying capacity a more critical factor in determining
the appropriate wire [14]. Then, the maximum number of turns
can be calculated. By adjusting the number of turn numbers
(i.e., Np, N1, Ns, and NR) for four coils (i.e., Lp, L1, Ls, LR),
A can remain stable (i.e., within £2%) through a delicate design
of the coupling mechanism, which ensures the stable operation
of the system under the permissible misalignment range. Fi-
nally, the optimized Np, N1, Ns, and Ny are 18, 4, 18, and 3,
respectively.

The experimentally observed variations in My, M, A1, A2, and
M are presented in Fig. 5. As can be seen from Fig. 5, although M,
and M, are changing with the misalignments, the parameter A
exhibits stability (i.e., within £2%) over a broad range, because
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Fig. 6. Experimental setup.
TABLE 1
SYSTEM PARAMETERS
Lp Ls Lt Ly Use
161.50 pH 159.81 pH 20.95 pH 13.22 pH 70V
Cp CS Cr CR IL
16.94 nF 16.86 nF 114.60 nF 180.01 nF 8A

the changing trends of A; and A, are opposite. The misalignment
range is that the transmission distance d varies in the z-direction
between 50 and 90 mm, and the lateral displacement Ay in the
y-direction ranges from -100 to 100 mm. Moreover, the cross-
coupled mutual inductances (i.e., Mrp, Mts, Mpgr, and Mgy
shown in Fig. 3) are measured as follows: Mtp = 0.17 uH,
Mrs = 0.19 yH, Mpr = 0.15 uH, Msr = 0.16 uH, they are
small enough to be negligible [12].

III. EXPERIMENTAL VERIFICATION

A laboratory setup has been established to validate the pro-
posed system, as shown in Fig. 6. The detailed system parameters
are presented in Table I, where Uy is 70 V and the expected
output current (I1,) is 8 A. The system is primarily designed
for SIRs within a voltage range of 24 [15] to 36 V [5]. Given
this voltage specification and the constant current nature of the
system, the corresponding load range is within 3 to 4.5 2.

I7:20A/div
F
Uy,:20V/div J :
I:10A/div & Ny
R =4.5Q % R =3Q Y Ri=4.5Q
F‘_. 100 V [2) Hl 00 1.00kS/s q—) / ][ 29 Nov 2023}
2004 € w00 10k polnts 4.00V 16:12:36
Fig. 7. Dynamic response when the load is changed.
f e ] S I s R bt e i 2 R | |
R = Al o Al sl
vy if
T I 80TA | !
H F] k!
L Uin:100V/div.
- I1:20A/div
Uyp:20V/div
o} 7.:10A/div
: d=50mm : d=90mm d=50mm
E) 100 [2] ][1 00s 1.00kS/s o/ J[ 29 Nov 2023
2004 1004 10k points 4.00V 16:24:01
Fig. 8.  Experimental validation of the output current (/1,) under the conditions

when the transmission distance (d) varies from 50 to 90 mm and returns to 50 mm.

Fig. 7 shows the dynamic response when the load undergoes
a transition from 4.5 to 3 2, and subsequently returns to 4.5 (2.
It can be seen that the system’s dc output current /1, remains
relatively stable from 8.14 to 8.04 A, and returns to 8.12 A.
Correspondingly, the dc output voltage diminishes in proportion
to the decrease in load from 36.63 to 24.12 V, and returns to
36.54 V, thereby confirming the constant current output charac-
teristic. Besides, the system can attain zero voltage switching,
as indicated by the slight lag of IT behind Uj, [13].

Fig. 8 illustrates the curves of inverter voltage and current
output, alongside the load voltage and current, as the longitudinal
distance d in the z-direction varies from 50 to 90 mm and then
returns to 50 mm. During this variation, the system’s dc output
current, /1, remains relatively stable from 8.07 to 7.85 A, and
returns to 8.04 A, confirming the stability in the response to the
dynamic change of d.

Fig. 9 demonstrates the system responses when the y-direction
experiences a shift from Ay = 0 to a maximum offset of 100 mm,
followed by a return to the no-offset condition. During this
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Fig. 10. Experimental validation of the output current (/1,) and measured
efficiency under the conditions: (a) d = 50 mm, Ay (mm), (b) d = 70 mm,
Ay (mm), (¢) d =90 mm, Ay (mm), and (d) Ay = 0, d (mm), and d is from 50
to 90 mm.

process, I, remains relatively stable from 8.04 to 7.54 A, and
returns to 8.05 A, verifying the stability of the response to the
y-direction misalignment.

Fig. 10 delineates the relationship between system efficiency
and output current across various misalignment conditions. The
depicted blue curve represents the system efficiency, whereas the
red curve corresponds to the output current. Notably, the system
achieves its peak efficiency of 87.26% at Ay = 0 mm and d =
50 mm, with an output current of 8.04 A. Next, when Ay =0 mm
and d is changed from 50 to 90 mm, the efficiency slightly de-
creases to 85.66%, and the corresponding output current arrives
at7.85 A, aligning with the observations presented in Fig. 8. The
minimum efficiency is 83.18%, occurring at Ay = 100 mm and
d = 90 mm, with an output current of 7.44 A. Another notable
observation is at Ay = 100 mm and d = 50 mm, where the
measured efficiency is 86.01% and the measured output current
is 7.54 A, which is in agreement with the data presented in Fig. 9.

IV. DISCUSSION

Table IT presents the comparison results between the proposed
method in this article and those proposed in [5], [7], [8], [9],

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

TABLE IT
COMPARISONS BETWEEN THIS ARTICLE AND [5], [7], [8], [9], [10], [16], AND
[17]
Ref Type Method Characteristic
[5] Primary-side Parameter Complex parameter
control identification estimation algorithm
7] Secondary-side Add DC/DC Increased installation
control converter space
Primary-side Wireless Additional
[8] communication L
control loop communication module
. Mixing multiple ~ Complex compensation
9] Hybrid-topology topilogiesp b topology
[10] Optimized coupling Antipgrallel Fixed load condition
structure coils
[16] Secondary-side Using variable Complex control
control capacitors algorithm
[17] Secondary-side Using variable Complex control
control inductors algorithm
This  Optimized coupling Dual-coupled CC output and
paper structure LCC-LCC no additional control

[10], [16], and [17], which highlights several key advantages
and contributions of the presented work. Compared with [5],
the proposed system is more straightforward and easier to
implement as it eliminates the need for a complex parameter
estimation algorithm. Compared with [7], the proposed system
is more friendly for SIRs, as it saves the installation space on
the secondary side. Compared with [8], the proposed system
eliminates the need for an additional communication module.
Compared with [9], due to the fact that the proposed system does
not require mixing multiple topologies, the topology structure
of the proposed system is simpler. Compared with [10], the
proposed system is more superior because it can maintain a
constant output not only under misalignments, but also under
variable load conditions. Compared with [16] and [17], the
proposed system is more effective and easier to implement,
as it does not require complex control algorithms and avoids
the power losses of the switching operations with capacitors or
inductors.

V. CONCLUSION

This article presents a novel implementation of a dual-
coupled, LCC-LCC compensated WPT system. The analysis
demonstrates that the output of the system is predominantly in-
fluenced by the denominator parameter (i.e., 1), which is the sum
of two dominant factors (i.e., A1 and A2). Specifically, 11 demon-
strates an upward trend in response to misalignments, whereas
Mo exhibits a downward trend. Through a delicate design, the
parameter A (i.e., A = A1 + A2) can be maintained constant, thus
achieving a relatively stable power transfer during a wide mis-
alignment range. The experimental evaluation has demonstrated
its capability to provide stable and reliable output under various
operational conditions. When the load varies between 4.5 and
3 (2, as well as during misalignments ranging up to 100 mm in
the y-axis and between 50 and 90 mm in the z-axis, the proposed
system can maintain a stable 8 A output current with minimal
fluctuations.
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