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ABSTRACT For the coil misalignment problem in the charging process of automatic guidance vehicles
(AGV3s), this paper proposes an optimization method for the bilateral LCC compensation network parameters
based on quadruple-D quadrature (4DQ) coils. By introducing two coefficients KT and Ky, the compensation
capacitors Ct and Cy; are optimized, achieving smaller output power fluctuations. Firstly, the capacitor
values Ct and Cy| at resonance in the SS and PS equivalent circuit topology are obtained, meanwhile, the
relationship between the output power P, and the coupling coefficient k, represented by the coefficients
KT and Ky, is obtained. Furthermore, with the transmission efficiency as the limiting condition, the output
power fluctuation is effectively suppressed by adjusting Kt and Ky . Finally, the experimental results show
that after optimization the output power is 427.08W, and the transmission efficiency is 93.506% when the
coupling coil are aligned, the system can still maintain a power output of at least 382.36 W with a coil offset of
0-153mm in the X/Y axis directions, and the transmission efficiency is always above 89.472%. At the same
time, the maximum deviation value APyps max decreased from 213.1W before optimization to 111.0W after
optimization, a decrease of 47.91%, effectively suppressing the power fluctuation and improving anti-offset
performance.

INDEX TERMS AGYV, 4DQ, bilateral LCC topology, compensation parameter optimization, anti-offset.

I. INTRODUCTION

Wireless power transmission (WPT) technology is increas-
ingly being used in AGVs to ensure that the power supply
system and AGVs are electrically and mechanically isolated,
which in turn guarantees the uninterrupted operation of the
AGVs and enhances the safety of the charging system [1],
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[2], [3], [4]. However, the misalignment of the receiving
coil (Rx) and the transmitting coil (7x) may cause voltage
and current deviations, leading to severe fluctuations in the
output power of the inductive power transfer (IPT) system
[5], [6], [7]. To maintain the stability of the system, it is
crucial to consider changes in the coupling mechanism’s
position and the corresponding value of mutual inductance
drift. Nowadays, the methods often used to maintain the
stability of the system output performance can be divided

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

5960 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0002-8525-3968
https://orcid.org/0009-0000-3227-4514
https://orcid.org/0009-0007-4005-4942
https://orcid.org/0000-0003-0789-9496
https://orcid.org/0000-0001-8041-7938
https://orcid.org/0000-0001-7441-604X

Y. Lu et al.: Novel Optimization Method of Compensation Network Parameters

IEEE Access

into the optimal design of magnetic coupling mechanisms,
optimization measures of compensation topology, and control
means [8], [9].

Magnetic coupling mechanism: reference [10] proposed a
new magnetic coupling mechanism, which was based on the
traditional square coil, the 7Tx coil extends its height in the
vertical direction to form a solenoid-type magnetic circuit
mechanism, although the coupling coefficient of the system
has decreased, it has obtained excellent anti-offset capability.
References [11] and [12] proposed adding a concentric plane
coil in reverse series with the original Tx coil on Tx side, the
Tx coil is a self-decoupled magnetic circuit structure formed
by winding the magnetic circuit. When the deviation occurs,
the coupling coefficients of the leading coil and the auxiliary
coil with the Rx coil are reduced, respectively. The decreasing
trend of the coupling coefficients of the two coils cancelled
out each other by the connection form of reverse series
connection, thus forming a strong anti-offset characteristic.

Circuit compensation topology: based on the opposite
output characteristics of different circuit compensation
structures cope with deflection, according to the resonance
condition, the existing different circuit compensation struc-
tures can be efficiently combined, and the corresponding
compensation circuit parameter values can be given, thus a
new hybrid circuit compensation topology with anti-offset
characteristics can be obtained [13]. Reference [14] proposed
a hybrid compensation network structure based on an electric
switch, which can control the on-off of the switch according
to the deflection when the Tx coil adopts a “A’-type
magnetic structure and “Y”’-type magnetic structure respec-
tively, the two schemes have different output characteristics
under different deflections, which can be selected according
to the specific deflection in actual working conditions.
References [15] and [16] took S-CLC circuit compensation
topology as an example, analyze the performance of the
system based on particle swarm optimization algorithm,
and provide a design method of compensation parameters.
This method transforms the design problem of compensation
network parameters into a multi-objective optimization
problem. The main objective is to minimize the fluctuation
of system output characteristics under deflection, and the
parameters of compensation inductance and compensation
capacitor are flexibly selected with consideration of the soft
switching status.

Control strategy: reference [17] realized constant voltage
output of secondary side by adding a Buck converter
to the WPT system, but this approach will increase the
transformed series of system power, resulting in unnecessary
loss and reducing the efficiency of the system. Reference [18]
improved the anti-offset performance by phase-shift control,
but this method needed timely feedback signals from the
secondary side of the system to be transmitted to the
transmitting side in real-time, which was easy to cause
time delay problems. Reference [19] proposed a frequency
conversion control method based on a phase-locked loop.
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This method not only requires high-quality communication
but also makes the input impedance angle of the WPT
system too large during the control process, causing excessive
voltage stress on the primary side. In addition, the control
method is easy to increase the complexity and the overall
energy cost [20], [21].

In summary, the above researches focus on the mutual
inductance fluctuations between coupling mechanisms,
requiring additional circuit compensation topologies or even
complex control strategies, and the design of magnetic
circuit mechanisms is also relatively complex. This article
deduces and optimizes the compensation network parameters
of the bilateral LCC equivalent circuit, constructs and
studies the SS equivalent circuit topology and PS equivalent
circuit topology, and correspondingly obtains the circuit
compensation parameters represented by the adjustment
coefficients KT and Kt, then obtains the expression between
the system output power Poy and the coupling coefficient
k represented by the adjustment coefficients Kt and Ky,
and study the effects of the adjustment coefficients K and
Kr1 on the output power Py, respectively. By combining
the limitations of the system transmission efficiency, the
optimal combination of adjustment coefficients Kt and Kf;
is obtained, ensuring that the system output power remains
relatively stable within the wide range of coupling coefficient
interval, thereby improving the anti-offset ability and trans-
mission characteristics. Compared with other similar papers,
the optimization scheme proposed in this paper not only
maintains high system transmission efficiency and a constant
output current on the receiving side, but also effectively
suppresses output power fluctuations within a large offset
range of the coupling mechanism by adjusting only two
capacitor parameters.

Il. OPTIMIZATION DESIGN OF COMPENSATION
PARAMETERS FOR LCC-LCC TYPE IPT SYSTEMS

From complete alignment of the Tx and Rx coils to a gradual
increase in the degree of offset, i.e., the coupling coefficient
gradually decreases from the standard value, the output power
of SS circuit topology shows an increasing trend with the
decrease of mutual inductance, on the contrary, PS circuit
topology presents a corresponding decreasing trend. The
output power of SS and PS circuit topology shows an opposite
trend with the decrease of mutual inductance. Therefore,
based on the above characteristics, by optimizing the circuit
topology compensation parameters and introducing two
adjustment coefficients Kt and Kyj, the two circuit topology
characteristics can be integrated into the bilateral LCC type
IPT system to achieve smaller output power fluctuations and
enhance the anti-offset ability of the IPT system.

As shown in Figure 1, in order to simplify the analysis, all
passive components are ideal devices, ignoring the parasitic
resistance of inductors and capacitors in the circuit. Up, is
the fundamental output voltage of the inverter circuit, /¢ is
the output fundamental phase current, and It and Ir are the
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FIGURE 1. Schematic diagram of bilateral LCC resonant compensation circuit topology.
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FIGURE 2. Equivalent schematic diagram of bilateral LCC resonant
compensation circuit. (a) Primary side equivalent circuit; (b) Secondary
side equivalent circuit.

phase currents flowing through the primary and secondary
resonant coils, respectively, and I is the phase current
flowing through the load. Z;, is the input impedance. The
primary LCC-type resonance compensation network is made
up of compensating inductance L), compensation capacitors
Cr; and Ct, while the secondary network is made up of
compensating inductance L, compensation capacitors Cry
and CRr. Lt and LR represent the resonant coils of the Tx and
Rx coils. Ry is the DC load and Req is the equivalent AC load.

As shown in Figure 2, Z; is the reflection impedance
converted to the Tx side, Z,=(wM )2 /Zs, Zs is the secondary
impedance, U, is the open circuit voltage of the equivalent
circuit on the secondary side, Uoc = joM iT, Req = 8RL /7[2.
According to the KCL and KVL theorem, the following
equation can be obtained:

1
JoCr

Up = Iip1joLe + (Ip1 — It)

L . 1
Up = ILpijols) + It (JwLT +—+ Zr)
JjoCt 1)

. . 1 . . 1
Uoe =R \joLr + —— ) + (Ir — [
oc R (]w R ]CL)CR) ( R Lf2) joCr

. . 1 .
Upe =R \joLr + —— ) +1 l +R
oc R (]w R ]CL)CR) Lf2 (]wa2 eq)

The input impedance Z;, of the Tx side and the equivalent
impedance Zg of the secondary side are as follows:

1
Zin = jowLg + (ijT +—+ Zr) /] (2)
JjoCr JoCri
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1
JoCp

+

Zs = jwLr + // (joLiy +Req)  (3)

JoCr

In the formula, the symbol // represents impedance parallel

connection, = 2nf , f is the switching frequency of the

inverter. When both the Tx and Rx coils of the system are in

a resonant state, the compensation parameters of each circuit
meet the following relationship:

1
— =LuCn

“

1
— =LnCp

“o “
— =Lt — L) Cr
“o

1
— =(Ir — L) Cr
“o

The equivalent impedance of the secondary side, reflection
impedance, and input impedance of the system under
resonance conditions can be obtained by combining the above
equation as follows:

1 .
| b (ola+Re)
Zso = joLr —joLgp+jwLgp+ JoCo
JoCr Req
Lp
=— )
RequZ
2142
wiM~CpR
Zo=-—0 - (6)
Le
Y ! @)
1=
JoLg
Z11 = joLg ®)
. UpM
Upe = =2 /0° )
Ly

. . 1 1
Zino = jowLgi + (]wLT +—+ ZrO) //~
JoCr JoCri

) ] 1 : : 1
= jowLs + (JwLT +———jowLf +joLs +Zr0) /] —
JoCr JoCr1

1
= jwLs1 + (jwLs1 + Zo) // -
JoCr1

27272
_ oplyLy

10
MzReq ( )
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After simplification, the input current, output current, and
resonant coil current of the 7, and R, coils are as follows:

. M?Req ,

I = Upmlo (11
. 1
Ir=U, / —90° 12
! P woLiy (12)
. MCpReq |,
Ig =U,—————/0 13
R P Lflsz ( )

. M

I = Up———’ —90° (14)

woLg1 Lp

In the resonant state, the input power and output power of
the system are as follows:

2
2 212712 2442
T R UpM“Req \ wpLiLi _ UpM Req
Py = ILflzan =

271272 2 = 727272
wyLi L M=Req L Ly
(15)
MU, \? kvLiL2Uy \ >
Pout =IL2f2Req = (—2P ) R q= VEIR2Yp Req
woLs1 Ly woLg1 L
(16)

Circuit parameters Lt and Ct form a LC series branch
and are connected in series with the reflection impedance Z;,
which can be regarded as an equivalent SS topology. At the
same time, the compensation capacitor Cyy is connected in
parallel with the LC series branch mentioned above, which
can be regarded as an equivalent PS topology. Therefore, the
LCC-type resonant compensation network can be designed to
integrate the output characteristics of SS and PS equivalent
circuit topologies.

A. SS EQUIVALENT CIRCUIT TOPOLOGY
In order to achieve the above purpose, it is necessary to obtain
the compensation capacitor Ctg that meets the topological
resonance of the SS equivalent circuit and the compensation
capacitor Cyjo that meets the topological resonance of the
PS circuit, respectively. By adjusting the corresponding
coefficients Kt and Ky, the output power becomes gentle
with the variation trend of the coupling coefficient k, thereby
obtaining the expected system anti-offset performance.

For the convenience of analysis and calculation, the branch
composed of Lt and Ct can be defined as Lg:

1
JoLg = joLt + —— (17)
JoCr
1
Cro = 18
0= s (18)

B. PS EQUIVALENT CIRCUIT TOPOLOGY

When the PS equivalent circuit topology reaches resonance
state, the value of compensation capacitor Cf; is Crjg.
Therefore, the adjustment coefficient Kt is introduced to
adjust the value of compensation capacitor Cr, so that the Ct
at resonance of the equivalent PS circuit topology meets the
following conditions: Ct=Kt Cto, KT>1. At this point, the
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equivalent input impedance of the PS circuit topology can be
represented as:

// (oLg + Zyo)
B M?0?CppLpReq
Lp? (~1 + w?LgCr1)’ + M4wSCEHCER2,

Z' pr—
n-FS JoCrio

wleln® — o (LELo® +M*?C3RY ) Cn

M3OC2 CHR2 +Lip? (~ 14+ w?LgCr)’
19)
When the imaginary part of the equivalent input impedance
Zin ps is 0 and exhibits pure resistance characteristics, the

resonant state of the equivalent PS circuit topology can be
achieved. At this point, the following equation is satisfied:
olld—o® (Le*Lo?+M*0?C3RY, ) Cn
Im (Zjn_PS) = = 0
M4@OCF CHR2 +Li? (-1 4+0?LeCr)
(20)

The compensation capacitor Crjp and the equivalent
inductance Lg meet the following equations:

LgL3
o? (M4 CRE, + L313)

Crio = 2D

1

JwLg = joLt + 0KiCro (22)
C. LCC CIRCUIT TOPOLOGY RESONANCE
Further considering the parameter Lyg, in order to meet the
overall resonance state of the IPT system and make the input
impedance Z;, exhibit pure resistance characteristics, an addi-
tional adjustment coefficient Kf) needs to be introduced to
adjust the compensation capacitor Cyj, denoted as Cr; =Ky
Ct10, Kr1>1. At this point, the expression for Zj, is as shown
in formula (23), at the bottom of the next page.

In order to exhibit pure resistance characteristics of Zjy, the
following formula (24), as shown at the bottom of the next
page, needs to be satisfied:

From the above equation, it can be seen that the value of
compensation inductance Ly is:

Lg (=1 + o’LgCri) L + M*o*Cri CHR,
2
(—1 + CL)ZLECﬂ) Lf22 + M4a)6Cf21 CfZZqu

Meanwhile, the corresponding currents can be obtained as
follows:

Lo = (25)

I Y (26)
Lfl = 5
Zin
1
It =l x — Juc @7)
JoCr + (ijT +Jjolt +Zr)
1 .
; +joLt + Z;
C
Icer = ILp X . il . : (28)
JoCr + (ijT +Jjewlr +Zr)
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When the system resonates, ignoring the losses of each
passive component, the power received by the reflection
impedance equals the output power of the IPT system, which
can be expressed as:

Pou = I%ZrO (29)

Ill. DESIGN OF BILATERAL LCC RESONANCE
COMPENSATION NETWORK AND OPTIMIZATION OF
SYSTEM ANTI-OFFSET PERFORMANCE

A. SETTING OF THE ADJUSTMENT COEFFICIENTS KT AND
KF1 OF THE RESONANCE COMPENSATION NETWORK
Observing the bilateral LCC equivalent circuit and cor-
responding parameter formulas, it can be seen that the
compensation network parameters are related to mutual
inductance during system resonance. To study the impact
of realtime mutual inductance between the receiving and
transmitting coils on the system’s anti offset ability and
transmission performance, it is necessary to first assign
values to the mutual inductance in the compensation network
parameter expression, so the value of the circuit parameters
L1, Cr1, and Ct represented by the adjustment coefficients
Kt and Ky; are obtained. Therefore, it is necessary to first
assume a virtual mutual inductance M to determine the
values of the parameters Lfj, Cr; and Ct on the primary
side. The realtime mutual inductance value during the energy
transmission process is M, which can be used to study
the relationship between the output characteristics and the
actual mutual inductance during the coil offset process. The
system resonance configuration simulation parameter design
is shown in Table 1 below:

The coupling coefficient operating range can be selected
based on the variation relationship between the system output
power Pg,: and the coupling coefficient k, the expected
transmission efficiency nmin, and the standard output power
Ponorm set for normal operating conditions. Therefore, it is
necessary to propose the numerical values of the adjustment
coefficients Kt and Ky to determine the specific values of
parameters L, Crp, and Ct, so as to study the variation
of output power Py, with the coupling coefficient & and
virtual mutual inductance M. Based on this, further select

TABLE 1. Simulation parameters of bilateral LCC Type IPT system.

Parameters Values
E/V 120
f/kHz 85
Req / Q 10
Ly /pH 223

Cr / nF 19.37
Lg / pnH 223

Cpp / nF 83.47
Ly / pH 42

800
1000 ~

700

800 + 600

& 600 1 | 500
~N

out

400
400
300

200 200

40 100
30

00.102 0.3
A 0.412).5 060708 0.9 Morwtt

1 20

FIGURE 3. Varying surface of output power P,;; with respect to the
values of virtual mutual inductance My, coupling coefficient k.

the value of virtual mutual inductance My according to actual
engineering needs, and obtain the variation pattern between
power Py, and coupling coefficient k.

Develop adjustment coefficients Kr=1.21 and Kp=
1.3575, and study the variation rule between Pg, and k
when the virtual mutual inductance values My are 20 uH,
24 uH, 28 uH, 32 pH, and 36 wH, respectively. Based on
the above Figure 3, Figure 4 and formula, it can be seen
that the values of different virtual mutual inductance My
correspond to different compensation parameters L, Crp,
and Ct combinations, and the corresponding compensation
parameters are different. The maximum output power Pomax

. . 1
Zin = joLg + (oLg + Zy0) [/ ———
JoCri

_ Mza)szszzReq
M3OC] CAR2, + LY (—1 + w?LeCrr)”

Ko (—1 + a)zLECﬂ) (—Lﬂ + Lg (—1 + w’Lg Cﬂ)) Lf22 + M*w3Cyy Cf22 (—1 + w’Lg Cfl) qu

+J

2
(=14 @?LgCn)” L + M4SCH CHRE,

(23)

Im (Zin) =

1) (—1 + szECﬂ) (—Lfl + Lg (—1 + w?Lg Cfl)) Lf22 + M43 Cpy Cé (—1 + w’Lg Cﬂ) RZq
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FIGURE 4. Variation curves of output power P,,,; with respect to coupling
coefficient k with different values of mutual inductance M,,.

700
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200
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1.2500 0

FIGURE 5. Varying surface of output power P, with the adjustment
coefficient K¢; and coupling coefficient k.

shows a trend of first decreasing and then increasing
with the increase of virtual mutual inductance value My,
and its corresponding coupling coefficient komax has been
continuously increasing. Therefore, this characteristic can
be utilized to select the numerical value of virtual mutual
inductance My based on the required output performance
and coupling range in actual engineering, and subsequently
design the values of each compensation parameter.

To study the effects of the adjustment coefficients Ky and
KT on the output power Py during coil offset, the graph is
drawn as follows:

As shown in Figure 5 and Figure 6, taking the virtual
mutual inductance value Mp=24uH and the adjustment
coefficient Kt=1.21, study the influence of the changes in the
adjustment coefficient Kf; and coupling coefficient k on the
output power Poy. Taking the adjustment coefficients Ky as
1.25,1.30, 1.35, 1.40 and 1.45 respectively, it can be observed
that for each output power curve, as the coupling coefficient
k increases, the system output power Py, gradually increases
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FIGURE 6. Varying curves of output power P, ;; with respect to coupling
coefficient k for different adjustment coefficients K, .
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FIGURE 7. Varying curves of output power P, with respect to coupling
coefficient k for different adjustment coefficients Kj; .

until the peak value Pomax and then slowly decreases. At the
same time, as the value of the adjustment coefficient Ky
gradually increases, the output power Py also increases
with the same coupling coefficient value. In addition, the
peak value of output power Pomax also increases, and the
wave peak becomes steeper. The coupling coefficient komax
corresponding to the peak value decreases with the increase
of the adjustment coefficient K¢;.

As shown in Figure 7 and Figure 8, taking the virtual
mutual inductance value Mp=24uH and the adjustment
coefficient Kyj=1.3575, study the influence of the changes
in the adjustment coefficient Kt and coupling coefficient k
on the output power Py Taking the adjustment coefficients
Kt as 1.10, 1.15, 1.20, 1.25 and 1.30 respectively, it can be
observed that for each output power curve, as the coupling
coefficient k increases, the output power Py, gradually
increases until peak value Pomax is reached, and then slowly
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FIGURE 8. Varying curves of output power P,,;; with respect to coupling
coefficient k for different adjustment coefficients Kg;.

decreases. At the same time, as the value of the adjustment
coefficient Kt gradually increases, the peak value Popax first
decreases and then increases, and the coupling coefficient
komax corresponding to its peak shows a decreasing trend
with the increase of the adjustment coefficient K.

B. ESTABLISHMENT OF IPT SYSTEM LOSSY MODEL AND
SELECTION OF ADJUSTMENT COEFFICIENTS Ky AND K¢,
In order to facilitate theoretical analysis and calculation,
all passive components mentioned above are ideal devices.
In practical engineering applications, it is necessary to
consider the loss of the magnetic circuit mechanism, so as
to balance the output power P,y and transmission efficiency
n, provide better engineering basis for the selection of
Kt and Kp;. The optimization design method mentioned
in this article does not change the circuit topology, after
considering internal resistance loss, when analyzing the
relationship between P, and virtual mutual inductance value
My, coupling coefficient k, adjustment coefficient K1, and
Kr1, the variation pattern of output power before and after
optimization is the same.

The main losses of the magnetic circuit mechanism are
the internal resistance losses of the resonant coil and com-
pensation inductance, in the equivalent circuit considering
internal resistance loss, the equivalent internal resistance
Rt of the Tx coil is connected in series with the resonant
inductance L1, and the equivalent internal resistance Ry
of the compensating inductance is connected in series with
the compensating inductance Lg;. The equivalent internal
resistance Rgr of the Rx coil is connected in series with the
resonant inductance LR, and the equivalent internal resistance
Ry 1 of the compensating inductance is connected in series
with the compensating inductance Lg,. At this time, the circuit
topology of the IPT system is shown in Figure 9, and the
corresponding internal resistance is shown in Table 2 below.
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FIGURE 9. Simplified equivalent circuit diagram of the IPT system lossy
mode.

TABLE 2. Internal resistance parameters of the bilateral LCC type IPT
system lossy model.

Parameters Values
Ry /7€) 0.065
R /92 0.015
Rr /92 0.065
Ripn/Q 0.013

900
800
700
600
500
400
300
200
/ﬁ/mo 00
160 4

FIGURE 10. The relationship between power P, ; and adjustment
coefficient K and K¢, .

1.00 1.20

This article selects the virtual mutual inductance value
My=24uH, and obtains the specific values of the parameters
L1, CLg1, and Ct based on the system resonance conditions.
Draw the varying surface of the output power Py, with
respect to the adjustment coefficients Kt and Ky when the
actual mutual inductance M =27.23 uH, furthermore, in order
to achieve the target output power, the two-dimensional
scatter plot of the transmission efficiency with respect to the
adjustment coefficients Kt and Ky is shown in Figure 10:

As shown in Figure 11, the two-dimensional scatter
plot above shows the relationship between transmission
efficiency 1 and the combination of adjustment coefficients
KT and K, each scattering point represents the combination
of various adjustment coefficients Kt and Ky that can
achieve the same numerical value of the target output
power, where the color brightness represents the numerical
value of transmission efficiency. The curved surface in
the figure shows the changing trends of the output power
Poyt with the adjustment coefficients Kt and Ky; when no
offset occurs. The plane represents the target output power
Pout=450W, and the curve intersecting the plane and surface

VOLUME 12, 2024
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FIGURE 11. The relationship between the transmission efficiency  and
the adjustment coefficients K; and K, .

represents the target output power that can be achieved by
optimizing the circuit compensation parameters by adjusting
the coefficients Kt and K¢;. Furthermore, based on the
efficiency two-dimensional scatter plot, it can be seen that in
order to achieve the target output power Pq,;=450W, among
all the combinations of adjustment coefficients (KT, Kf1)
corresponding to the intersecting curve, when the adjustment
coefficients Kt = 1.2100, Ky =1.3575, the system can have
the highest transmission efficiency n = 97.46%.

C. SELECTION OF COUPLING RANGE UNDER OFFSET
CONDITIONS

In order to enable the IPT system to have relatively
stable transmission performance within a certain range of
mutual inductance changes and maintain high transmission
efficiency, it is necessary to reasonably select the range of
interval changes in the coupling coefficient k. The output
power fluctuation degree of the IPT system within the
coupling coefficient variety range depends on the absolute
value of the maximum difference between the output power
extreme value and the standard output power Poporm Within
the entire coupling coefficient range, that is, the maximum
deviation value A Paps max » the larger the value is, the greater
the fluctuation of output power is. Therefore, it is necessary to
first set the standard output power Poporm Of the system and
its corresponding standard coupling coefficient koporm based
on the actual working conditions, and use this as a basis to
select the working range of the coupling coefficient.

When the virtual mutual inductance value My=24uH,
the adjustment coefficient Kt=1.2100, K=1.3575, the
variation curves of output power Py, and transmission
efficiency n with coupling coefficient k are shown below.
In order to ensure that the system has a high transmission
efficiency when offset occurs, this article sets the minimum
transmission efficiency during the displacement process of
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FIGURE 12. Before and after optimization, the variation curves of output
power P,,; and transmission efficiency 5 with coupling coefficient k.

the coupling mechanism 7nin=90%, that is, inequality nmin
always holds.

As shown in Figure 12, as the position of the coupling
mechanism gradually shifts, the optimized system output
power Pgy will show a trend of first increasing and then
decreasing as the parameter k decreases; The system output
power Pg,; before optimization decreases monotonically as
the parameter k decreases. In contrast, with the same coupling
interval variation length, after optimization, the degree of
decrease in output power Py can be significantly reduced.

Based on the above Figure 12 and Table 3, set the required
standard output power Poporm =450W for the actual working
conditions, as well as the corresponding to the coupling coef-
ficient koporm =0.1221. Meantime, set the minimum trans-
mission efficiency of the system 7yin=90%,corresponding
to the system output power Pq_;min=340W, coupling coef-
ficient ko_ » min=0.0497. When offset occurs, the optimized
system output power Py, gradually reaches the maximum
value Pomax =559W, and the coupling coefficient komax at
this time is 0.08592.0Obviously, the range of coupling coef-
ficient variation, before and after offset, k€[0.0497, 0.1221],
and the length of variation A kpax = 0.0724.At the same time,
the corresponding system drops from standard output power
Ponorm =450W to Py min=340.0W, and the maximum
deviation value of output power is A Paps max =Pomax -
Ponorm =450.0-340.0=110.0W. Finally, it dropped to the
original 75.56%. Before optimization, offset the same
coupling interval length A kyax=0.0724, that is, descending
from the coupling coefficient konorm =0.2632 corresponding
to the standard output power Poporm 10 ko_ 5 min=0.1908. The
corresponding output power monotonically decreases from
standard output power Poporm = 450W t0 Py_ 5 min=236.9W,
ultimately decreases to the original 52.64%. The maxi-
mum deviation value of output power at this time is A
Pabs_max = Ponorm -Po_ 1 min = 450-236.9=213.1W. After
optimization, the maximum deviation value, after deviating
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TABLE 3. Performance comparison of simulation experiments before and after optimization.

Design scheme Before optimization

After optimization

Deviation situation When aligning Maximum offset When aligning Maximum offset
Pou /W 450.0 236.9 450.0 340.0
k 0.2632 0.1908 0.1221 0.0497
n 98.65% 98.47% 97.42% 90.00%
Pomax /W 450.0W 559.0W
A Pas_max /| W 213.1 110.0
A kmax 0.0724 0.0724

the same coupling interval length, A Pgps max decreased from
213.1W before optimization to 110.0W after optimization,
a decrease of 48.38%, effectively suppressing the fluctuation
of output power; Meanwhile, the output power after deviation
increased from 236.9W before optimization to 340.0W after
optimization, an increase of 43.52%. At the same time, the
system can still maintain a transmission efficiency of 90%.

IV. ANALYSIS AND OPTIMIZATION OF ANTI-OFFSET
PERFORMANCE BASED ON 4DQ COILS

A. INTRODUCTION TO THE STRUCTURE OF 4DQ COIL

As shown in Figure 13, the coil used in this article is a
4DQ coil magnetic circuit mechanism. The 4D coil is a
bipolar planar coil winding, which can increase the anti-
offset performance in the X-axis and Y-axis directions. Using
the same Leeds wire to wind a Q coil can enhance the
coupling ability in the vertical Z-axis direction. In this
way, it can ensure the anti-offset performance in the plane
direction and increase the energy coupling in the transmission
direction. Combining the structural schematic Figure 13 and
the magnetic field distribution cloud Figure 14, it can be
seen that when the receiving coil deviates along the X-axis
or Y-axis direction, the net magnetic flux of the 4D coil
passing through the Q coil on the opposite side is zero.
The energy coupling between the 4D coil windings on both
sides and between the Q coil windings on both sides are
independent of each other and does not affect each other.
Based on this, this magnetic circuit coupling mechanism
is selected in this article. The following Table 4 shows
the specific parameters and coil structure diagram of the
magnetic coupling mechanism.

B. MAGNETIC FIELD CLOUD MAP OF 4DQ COIL

As shown in Figure 14, as the net magnetic flux flowing
through each other’s coils generated by the 4D and Q
windings respectively is zero, the magnetic flux cross chain
generated by the 4D and Q windings does not affect each
other, and can achieve independent energy transfer and meet
the decoupling characteristics.

V. DESIGN AND VERIFICATION OF EXPERIMENTAL
PROTOTYPES

This section builds a prototype model of the IPT system
based on the basic parameters in the Table 5 below and the
proposed circuit parameter optimization scheme, and studies
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the anti-offset performance of the bilateral LCC topology IPT
system based on 4DQ coils.

A. SETUP OF THE IPT SYSTEM

The experimental prototype is shown in Figure 15, in actual
working conditions, as the position deviation of AGV mainly
occurs in the horizontal plane direction, this article does not
consider the displacement of the Z-axis direction. In the pro-
totype experiment, it is more intuitive and operational to study
the impact of spatial position deviation of the coils on the
system anti deviation ability and transmission characteristics.
In order to verify the feasibility and effectiveness of the
optimization design scheme for the anti-offset performance
of the IPT system, as shown in Figure 16, the following
is a point-and-figure chart of Py, and 1, before and after
optimization, as the magnetic circuit mechanism shifts along
the X/Y axis direction in a certain step size.

During the displacement process of the coupling mech-
anism, the mutual inductance value corresponding to every
20mm step offset is measured using an impedance analyzer,
and the values of the input power of the Tx side, the output
power of the Rx side, as well as the corresponding trans-
mission efficiency are measured through a power analyzer.
Due to the presence of certain losses in the switch tubes and
passive components, and the inevitable errors in configuring
the resonant network, the actual transmission performance
of the system is slightly worse than the theoretical value.
The relationship between mutual inductance and system
transmission performance can be referred to formulas (6),
(27) and (29) above. Analyzing the above figure, it can
be seen that the target output power before optimization
is 427.6W. Due to the deviation, the output power and
transmission efficiency rapidly decrease; In order to meet
the needs of engineering applications and maintain the target
output power of the same value, when the same offset
coupling interval occurs, the output power of the optimized
IPT system first increases and then decreases, that is, the
fluctuation degree of output power within the unit offset
distance decreases, at the same time, the overall decrease
in transmission efficiency after optimization has eased.
In addition, when the offset distance is less than 120mm,
although the optimized transmission efficiency is slightly
lower than the transmission efficiency before optimization,
when the offset distance is large enough, that is, when it
is larger than 120mm, the output power and transmission
efficiency of the system are better than before.
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TABLE 4. Performance comparison of simulation experiments before and after optimization.

4DQ Coil  Wire diameter d /mm  Liz Line Specifications  Turn spacing/ mm  Length * width/mm*mm  Turns of 4D winding  Turns of Q winding
Values 3.96 0.1*800 4.96 450%450 10 10

(2) (b) (©

FIGURE 13. Schematic diagram of 4DQ coil structure. (a) Elevation view of 4DQ coil; (b) Vertical view of 4D winding; (c) Vertical view of Q winding.
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FIGURE 14. Magnetic field energy distribution diagram of 4DQ coil. (a) Vertical view of 4D coil magnetic field distribution; (b) Front view of 4DQ coil
magnetic field distribution.

TABLE 5. Performance comparison of simulation experiments before and after optimization.

Primary side parameters  Before optimization  After optimization  Secondary side parameters  before and after optimization

Ri/ Q2 0.32 032 Re/ Q 0345
Ly/ pH 215.20 215.20 Lg/ pH 219.47
Cr/ nF 20.53 20.437 Cr/nF 20.43
Run/ Q 0.166 0303 Rip/ 0.1928
Lun/ pH 4439 73.99 Lin/ pH 47.62
Cn/nF 78.70 100.7 Cp/ nF 73.23
EIV 140 RU/Q 30
B. EXPERIMENTAL WAVEFORMS When the coils are aligned, the input waveforms of the 7x

As shown in Figure 17, in order to improve the anti-offset side, the output waveforms of the Rx side, and the relevant
performance, the compensation parameters of the bilateral data of the corresponding power analyzer are as follows:

LCC network topology were optimized. The transmission As shown in Figure 18, after offset, the input wave-
performance is shown below. forms of the Tx side, the output waveforms of the Rx
5969
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FIGURE 15. Bilateral LCC type magnetic coupling experimental prototype
with anti-offset performance.
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FIGURE 16. Bilateral LCC type magnetic coupling experimental prototype
with anti-offset performance.
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FIGURE 17. After optimization, the waveforms and corresponding data
when the coupling mechanism is directly aligned, where the coupling
coefficient k=0.1862.

side, and the relevant data of the corresponding power
analyzer:

Based on the waveforms and power analysis data, it can
be seen that, to meet the requirements of engineering
applications, the optimized bilateral LCC network topology
IPT system has an output power of 427.08W without
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FIGURE 18. The waveforms and corresponding data when the
transmission efficiency 7=89.472%, where the coupling coefficient
k=0.0929.
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FIGURE 19. Before optimization, the waveforms and corresponding data

when the coupling mechanism is directly aligned, where the coupling
coefficient k=0. 1594.

Urms2 P2
wvmrhxlf:;“;; < v 189900 0089, -
Irms: .
WW’”W‘VNWWWWJW ,m_. 0.974% 0.66074 .

. 4(\-:1 r\lyl(ml ‘ Us_,| 50'2732v|"-”"| 1.65312A|T
- 73952 1 — 82.106%:‘

(a) (b)

FIGURE 20. Before optimization, the waveforms and corresponding data
when the coupling mechanism is directly aligned, where the coupling
coefficient k=0. 1594.

any offset, and the actual transmission efficiency of the
corresponding system is 93.506%; The output power after
offset is 382.36W, and the corresponding actual transmission
efficiency is 89.472%. Before and after the offset, the output
power decreased by 44.72W, with a coupling coefficient
variation range of [0.0929, 0.1862], and an interval length of
A k=0.0933, resulting in a 4.034% decrease in efficiency.
In contrast, the unoptimized IPT system starts with the same
target output power of 427W, and the offset coupling coef-
ficient interval length is also 0.0933, its system performance
is shown in Figure 19 below. The input waveforms of the Tx
side, output waveforms of the Rx side, and relevant data of
the power analyzer are as follows:

As shown in Figure 20, after offsetting the same length
of the coupling coefficient interval A k=0.0933=0.0933, the
input waveforms of the Tx side, the output waveforms of the
Rx side, and the relevant data of the corresponding power
analyzer are as follows:
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Based on the waveforms and power analysis data, it can be
seen that, the unoptimized bilateral LCC network topology
IPT system has an output power of 427.67W without any
offset, and the actual transmission efficiency is 91.51%;
after offsetting the same length of the coupling coeffi-
cientinterval A k=0.0933, the output power is 73.952W
and the corresponding actual transmission efficiency is
82.106%.Before and after the offset, the output power
decreased by 353.718W, with a coupling coefficient variation
range of [0.0661,0.1594], resulting in a 9.404% decrease in
efficiency.

VI. CONCLUSION

Regarding the issue of the coil misalignment during
AGV wireless power transmission, this paper proposes
an optimization design method based on the parameters
of a bilateral LCC resonant compensation network. This
method introduces two adjustment coefficients Kt and Ki;
to optimize the design of the compensation capacitors Ct
and Cp; on the Tx side of the LCC circuit, respectively.
Based on the efficient transmission of the system as a
limiting condition, the system can achieve suppression of
output power fluctuations within a wider range of coupling
coefficient variations. Finally, the anti-offset performance of
the proposed scheme was verified through an experimental
prototype with an output power of 427W, the optimized
coupling mechanism maintains a transmission efficiency of
89.472% or above when offset to 153mm, i.e., within the
range of 0-34% lateral/longitudinal offset percentage, while
achieving the maximum deviation value of output power
A Paps_max decreased from 213.1W before optimization to
111.0W after optimization, a decrease of 47.91%, effectively
suppressing the output power fluctuation of the system.
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