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ABSTRACT This article proposes an enhanced wireless power transfer (WPT) for automated guided vehi-
cles (AGVs) considering disturbance suppression. The study is motivated because existent resonant methods
may induce unexpected disturbances, affecting the efficiency of power transfer and disturbing the voltage
gain. This paper is, therefore, focused on the suppression of disturbances as well as the realization of an
effective wireless power transmission. Moreover, by considering that the output voltage is often affected by
misaligned charging, the system design has included the gain-frequency control along with an early detection
of coil misalignment. It is anticipated that through this proposed approach, the constant-voltage output can
be achieved while the efficiency of power transfer is improved as well. To validate the practicality of this
approach, the hardware prototype is tested with a significant decrement of disturbance interference during
the wireless power transmission, supporting the feasibility of the method for AGV charging applications.

INDEX TERMS Wireless power transfer, disturbance suppression, automated guided vehicle.

I. INTRODUCTION

Wireless power transfer (WPT) is increasingly applied to
transportation applications that includes vehicular electrifi-
cation, electric vehicles (EV), and automated guided vehi-
cles (AGVs) [1], [2], [3], [4]. From the aspect of practical
considerations, some studies have been devoted to investi-
gating the power transfer between vehicles and grid, where
grid-to-vehicle (G2V) and vehicle-to-grid (V2G) were both
concerned [4], [5], [6], [7]. Yet, the induced harmonics or
unexpected disturbances caused by mismatched parameters
and various resonant topologies during WPT may appear and
affect the operating performance.

To cope with such nuisances, previous studies have
assessed different resonant compensation circuits [8], [9],
[10], [11]. It was noted that the occurrence of mismatched
parameters in the resonant architecture would induce current
harmonics [12], [13], which was followed by the evaluation
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of generation source with signal analysis [13], [14], [15],
[16]. Later on, the development of analytical methods and
corresponding strategies were subsequently reported. Some
studies quantified the impact of high-order harmonics based
on the efficiency and circuit loss, while other studies focused
on the investigation of control strategy, parameter tuning, and
improved compensation [17], [18], [19]. The utilization of
frequency modulation method was also reported to manage
this issue [20], [21], [22], [23]. Encouraging results of the
above methods may exhibit their effectiveness in the sup-
pression of disturbances, yet each of them allows a further
amendment in certain aspects.

Different from previous literatures, this article presents
an enhanced WPT system embedded with the capability of
disturbance suppression and constant-voltage control. The
paper starts with the derivation of harmonic distortion and the
analysis of resonance characteristics based on LCC-S com-
pensation, by which the improved system design is prudently
developed. A gain-frequency control that excels at main-
taining a stable output voltage is also applied to cope with
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the problem of coil misalignment. Through this proposed
circuit design, the system is verified with different tests to
confirm its feasibility. To the best of our knowledge, this way
of improved design and gain-frequency control with early
misalignment-detection were not reported in the published
literatures. Features of this method are threefold:

1) The study proposes a method of disturbance-
suppression and develops a gain-frequency control for
WPT, achieving a better performance for bidirectional
wireless power transfer.

2) The proposed LCC-S resonant topology is sys-
tematically assessed, benefiting the justification of
frequency-operating point and serving as useful refer-
ence for the controller design.

3) The system develops an early misalignment detection
based on the gain-frequency control and presents the
frequency hopping and regulating with high flexibility.

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

describes the proposed system with harmonics analysis and
improved design, Section III analyzes the resonance charac-
teristics with performance comparison, Section IV illustrates
the flowchart with realization of gain-frequency control, Sec-
tion V discusses the experimental results, and Section VI
draws the conclusions.

Il. PROPOSED SYSTEM

Fig. 1 delineates the block diagram of proposed WPT system
for AGV applications. The power source side consists of dc
input voltage Vy provided from grid-level power conditioner,
a half-bridge converter, a T-type LCC resonant tank, and
an inductive coil L,. The AGV side composes an inductive
coil Ly, capacitor Cy, a full-bridge converter, and charging
network with battery storage devices. In this figure, the T-type
LCC resonant tank is added with series capacitor Cy so as to
form LCC-S circuit for impedance-matching compensation.
The interactive coordination of bidirectional power transfer
between Vy at grid and Vp at AGV side is also implemented.
The coil Ly of AGV is placed at the upper side of coil L.
The voltage Vp of storage device and the voltage Vi of power
conditioner are coordinated to perform vehicle-to-grid (V2G)
and grid-to-vehicle (G2V) power delivery. When the AGV
operates at charging mode (G2V), the full-bridge converter
acts as a rectifier to shape a dc voltage Vp from the voltage of
vrs for subsequent AGV charging. Once the AGV operates at
discharging mode (V2G), then the half-bridge converter acts
as a voltage-doubling and the filter circuit forms a dc voltage
Vy from inductive voltage of vy, for power conditioning
at grid side. For both modes of charging and discharging,
the suppression of harmonic disturbance and the preserving
of voltage profile are both concerned. Description of circuit
configuration and disturbance suppression are discussed in
the following.

A. CIRCUIT CONFIGURATION
Fig. 2 illustrates the circuit configuration of the proposed
system. The half-bridge converter and primary circuits
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FIGURE 1. Block diagram of the proposed enhanced WPT systems.
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(Lr, Cr, Cp, and L) are constructed at the power source
side, and the full-bridge converter and secondary circuits
(Cs and L) are formed as the storage source of AGV. The
system adjusts the operating mode of half-bridge converter
and full-bridge converter according to bidirectional power
flow between Vi and Vp. The operating modes consist of
1) charging mode when starting the half-bridge converter and
terminating the full-bridge converter and 2) discharging mode
when terminating the half-bridge converter and starting the
full-bridge converter.

In the control loop of Fig. 2, two sets of microcontroller
units (TMS320F28335, Texas Instruments) are embedded to
perform the gain-frequency regulation. The antenna chips
(BC417143, Cambridge Silicon Radio) are employed for
contactless serial data transmission. The feedback circuit
detects the dc voltage of Vy and Vp individually at power
source side and AGV side. The waveforms of current i, and
iy are captured to justify if they are influenced by harmon-
ics, while the coil misalignment is meanwhile detected. The
frequency-hopping technique is employed here to control the
driving signals of Dg1-Dyg> and Dg3-Dge, anticipating restrict-
ing the effects of harmonic disturbances.
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FIGURE 2. Circuit configuration of the bidirectional WPT systems.

Table 1 lists the specification of proposed system. In the
circuit design, the gate-driven IC of HCPL-3120 (Avago
Technologies) with bootstrap and photo-coupler isolation
capability is adopted to convert Dg1-Dge of 3.3 V to driv-
ing signals of vg1-vge of 15 V. The driving signals are then
employed to drive silicon carbide power MOSFETs S-S
(C2M0080120D, Cree Inc.), while the voltage Vi and Vp of
two-terminals are stabilized for bidirectional power transfer.

Fig. 3 (a) shows the photograph of completed coil mod-
ule, where the Litz wire with 500 strands of No. 40 AWG
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TABLE 1. Specifications of the proposed system.

Specifications Symbols Values
Input voltage of grid side Vy 400 V
Storage voltage of AGV side Vs 120V
Output power P, 400 W
Operation frequency 1o 85 kHz
Air gap of coil module g, 100 mm

(0.08 mm diameter) is adopted. During the selection of this
wire, it is noted that the skin depth of copper conductor
is first calculated to be 0.226 mm under the frequency of
85 kHz (f,) considering that the skin effect is related with
the range of frequency. With such value of skin depth, the
skin effect can be less concerned by employing the copper
conductor of 40 AWG (0.08 mm diameter). The study mean-
while uses the Litz wire with 500 strands, with which the
loading current is measured to be 6.85 A and the resistance
amounts to 152 m2 only. These measurements reveal that the
selected conductor comes with sufficient ampacity along with
reduced AC equivalent resistance. As seen from the figure,
the size of coil L, is 250 mmx 250 mm (the inner diameter is
200 mm x 200 mm) and that of coil Lg is 250 mmx250 mm
(the inner diameter is 190 mmx 190 mm). A ferrite core
(the dimension is 300 mmx300 mmx3 mm) with a high
relative permeability of 1500 is incorporated at the top of
Ly pad and the bottom of L, pad so as to reach a better
coupling. It is worth noting that the diameter of transmitting
coil is determined based on the given size of receiving pad
of AGV, by which the coils of the same diameters at the
transmitting and receiving side help to reach a satisfactory
magnetic coupling. Meanwhile, a ferrite core pad of a bigger
diameter is inserted here so that the coupling performance of
mutual inductance can be better ensured.

Fig. 3 (b) shows the photograph of the completed hardware
circuit of WPT system, including power converters, resonant
inductors and capacitors, MCU controller, driving circuit,
coil module, and dummy load. Table 2 lists the specification
of coil module, detailing the coil design of enhanced WPT
platform for guided vehicles applications. Note that for the
proposed system, the equivalent coil resistances 7, and r; of
L, and Ly are measured to be 152 mQ2 with the operating
frequency of 85 kHz. The quality factor is computed to be
407, which is deemed useful to decrease the power loss and
improve the efficiency of power delivery.

TABLE 2. Specifications of the coil module.

Specifications Symbols Values
coil inductance of power side L, 116.1 uH
coil inductance of AGV side L 117.4 yH
Mutual inductance M 36.9 uH
Coupling coefficient k 0.318

B. ANALYSIS OF HARMONIC DISTURBANCES

Since the harmonics can be deemed as a kind of disturbance,
this section focuses on the analysis of harmonic components
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FIGURE 3. Photographs of the (a) inductive coil module and (b) hardware
circuit realization.

of bidirectional power transfer based on LCC-S resonant cir-
cuit. The relationship between total harmonic distortion and
resonance parameters are derived to quantify the influence
of harmonics. Fig. 4 depicts the equivalent T-type model of
LCC-S resonant circuit under charging mode. At this time, the
voltage Vi of power supply is converted to v, by half-bridge
converter, hence inducing the voltage of vs¢ to deliver power
to rectifier and filter circuits for AGV charging, where R;
is the equivalent load of rectifier, filter circuit, and charging
network Ry. The study expresses the voltage of v,g(#) as

Fourier series:
o0

2Vy 1
) = — — sin(2. t 1
VG = — n_% ~ sinnfit) (N

Then the voltage-current relation is arranged as a matrix form
below

VG Zr —Zc 0 irG
0 |=|-2 2, ~Zn inG )
0 0 —Z, Z; +R; isG

where the resonance impedances are expressed as

Z: Zm = joM, and Zg = jowL; +

= joC,’ joC,
1

7, = jwl, + ——

p=J0bp ol T

, and Z, = jwL
joC, r=Jobln e

Following the inversion of matrix inversion, the loop current
of equivalent circuit can be derived as

ViG ViGIZ2 — Zy(Zs + Ry)]

G =g T 3)
" Zinc 24122 — Z(Zs + R)I + Z2(Zs + Ry)
. —Vi6Z(Zs + Ry)
G = 722 > @
Zr [Zm - ZP(ZS + Rs)] + ZC (Zv + Rs)
—VrGLmZ,
isG VrGLmlc )

" Z,[Z2 — Zy(Zs + R + Z2(Zs + Ry)
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From equation (3), the input impedance Z;, becomes

v ZX(Z;+R
ZinG = LG =7 + 2c(s—+5)
IrG Zm - Zp(Zs + Ry)
Since the input voltage v,g is of square waveform, the i,
fed into the LCC-S resonant circuit would come with higher-
order harmonics. The fundamental component and multiple-
order harmonic components of i, are calculated as follows:
_ 2wy 1

= _—, n —=
niw | Zinc(nws)|

(6)

vrG(nwy)

1,3,5,...
Zinc(nwy)

(N

Therefore, when AGV operates at charging mode, the total
harmonic distortion THD¢ of current i, is written as

Ian =

2 2
I+ 1%+ ...

THDg =
LGt
ad 1
= |Zinc(wy)| _ 8)
e :325: InZing (nws)|?

Equation (8) indicates that the high-order harmonics can be
suppressed through the increased impedance Z;,,g of LCC-S
resonant circuit. Meanwhile, equation (6) also reveals that
the increment of inductance L, would help restrict the unex-
pected influences of current harmonics. Now since the i is
related to impedance Z, as expressed in (5), the influence of
high-order harmonics can be ignored. Therefore, based on the
theory of first harmonic approximation (FHA), the voltage Vg
at the battery side under the charging mode is written as

Ve — Vu ZinZcRy
B 2222 = 2,(Zs + ROV + Z2(Zs + Ry)

2

w = w;

©))

—— Fﬁ ¢ HiMH{L-MH ¢ }—l:ﬂ

i.c
+ rG

.
ViG
ZinG Do-

FIGURE 4. Equivalent T-model of the LCC-S circuit under the charging
mode.

Fig. 5 depicts the equivalent T-type model of LCC-S res-
onant circuit under discharging mode, where vy and izy are
input voltage and current provided from full-bridge converter,
v,y and i,y are voltage and current fed into double-voltage
rectifier, and R, is the equivalent load of the double-voltage
rectifier and grid-side network at the front stage. In Fig. 5,
vsy (t) can be expressed as Fourier series

4V,
Ve (1) = 73

o0

> % sin@wnfit) (10)

n=1,3,....
The voltage-current relation can be arranged as below

VsV Zs —Zp 0 isy
0 |=|-2Zn 2, —Z ipy (11)
0 0 —Z.Z;+R, iy
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After the inversion of matrix, the loop current of equivalent
circuit becomes

Vsv Vsv [Zcz - Zp(Zr + Ryl

isy = = (12)
T Ziwv  Z[Z2 = Zy(Ze + ROV + Z2(Zr + Ry)
iy = _VSVZm(Zr + Rr) (13)
PN 2022 — 2,(Zy + RO + Z2(Zr + Ry)

—VowZmnZ,
iy LV EmEe (14)

 Z|Z2 - Z)(Z + RO + Z2(Zr + Ry)
From equation (12), the input impedance Z;,y is expressed as

v, Z2(Z, + R
Ty = =z, G AR
Lsv ZC - Zp(Zr +R;)
The fundamental and multiple-order harmonics as well as the
THDy of current i,y are calculated as follows

15)

vsv (nws)
Ian =5 - <
Ziny (nwy)
4Vp 1
=5 __ u=1,3,5... (16)
niw | Zipy (nws)|
12 4+1%+...
THDV _ sV3 sV5S
Ly
ad 1
=Zwy) | > ————— 17

2 I Zigy (noy)?

Analysis results of (17) indicate that the increment of
total impedance Z;,y promotes the suppression capability of
higher order harmonics. It is also noted that the Z;,y is mainly
affected by the inductance L rather than the L,, and equation
(14) reveals that the i,y is related to impedance Z.. Through
the aforementioned theoretical derivations, they conclude that
the increased values of inductance L, and coil L, are helpful to
suppress harmonic disturbances based on the analysis results
of equations (8) and (17).
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+
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v o] =
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FIGURE 5. Equivalent T-model of LCC-S circuit under discharging mode.

C. DERIVATION OF IMPROVED RESONANCE CIRCUIT
Fig. 6 shows the equivalent circuit of LCC-S resonance topol-
ogy, where parameters of compensation capacitance C,, Cs,
and C, are designed as below

1
2L,

s

, Cs nd C, (13)

r =

WXL, —Ly)

By assuming that the impedance-matching is achieved via
(18), the voltage gain G, of LCC-S resonance circuit from
v, to vg can be simplified as

Gy, = |vg/ve| =ML, (19)

= — ), a
a)szLS
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Equation (19) indicates that the voltage gain G, of Fig. 6
is related with mutual inductance M and inductance L,.
Hence, if L, is adjusted to increase the input impedance, then
the G, will be varied to tune the output voltage. Note that
the Cy and C,, of (18) are affected by the coil inductance,
revealing that the capability of disturbance suppression can
be enhanced via the increased L, and Ly, yet this way may
simultaneously increase the coil size and affect the impedance
network characteristics. Therefore, this paper proposes an
improved resonance design supplemented by LCC-S archi-
tecture in anticipation of increasing the design flexibility.
This improved design starts with the observation of Fig. 6
based on Kirchhoff’s voltage law, by which loop equations
are individually expressed as

1 1
— (L. — . . . 20
vy = j(@Ly _wcr)lr +](wcr)lp (20)
1 1
oMie = (ol — _ . . 3 1
JoMis = j(wL, _a)Cr _pr)lp+J(_a)Cr)l 21
I . 1 .
JoMi, = [j(wLs — ) + Rylis (22)
wCy

When the operation frequency of w, is equal to resonance
frequency of w; with the coefficient of i, of (21) amounting
to zero, then the following equations are obtained

1 .
—_— ——i
wsCy w?C:M r
Since the v,i, is equal to vis based on the principle of energy
conservation, voltage gain of G, can be further derived as

Gy = |vs/vi| = |ir Jis| = 07C:M (24)

wsLy, —

=0and iy = (23)

w;Cy

Equation (24) shows that the voltage gain G, and load R;
are mutually independent, implying that the constant-voltage
output can be well maintained during load change. Besides,
since this voltage gain G, is unaffected by L,, the current
disturbances can be effectively filtered out by increasing the
design value of L,. The capacitor C, and C, can be derived
from (23) and (24) as

Gy 1
C = ™M= o —wmjG
Wy wi[Ly —( /v)]

(25)

Then the C; is calculated when w,, is equal to wg by assuming
that the imaginary part of Z;,;(ws) amounts to zero, which is
expressed as

1
"~ wX(G2L, + Ly — GyM)

Table 3 lists the comparisons of designed parameters between
conventional and proposed approaches. In this table, the con-
ventional method is seen restricted by system specifications,
yet the proposed approach comes with a flexible way of
tuning the compensating inductance L, while the gain G, is
stably maintained. In other words, following the calculation
of C; and C, based on the specification of Table 1 and the coil
module of Table 2 for the comprehension of voltage transfer
gain G,, then the proposed method would be able to compute

(26)

N
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Cs once the L, is determined by referring the disturbance
suppression results of Figs. 7 and 8, thus completing the
parameter design of the resonant circuit design.

> ——>—— —— T — i ——— —>—
oL | bo¢ LM | LeM Gt
v G =1 R v

- L -

FIGURE 6. Equivalent circuit of LCC-S resonant topology.

TABLE 3. Comparison of designed parameters.

Symbols Conventional Proposed

G, MIL, o CM

C, Vew?L, GlowsM

C, /[w(L,-L)] [w(L,-M/G)]

C, VawdL, U[wX(G LAL-G.M)]

L, MG, Depend on system’s requirement

D. DETERMINATION OF RESONANT PARAMETERS

The study next goes to determine the inductance L, in the
improved design. Based on the tabulations of Table 1 and 3
under different values of L, and P,, Fig. 7 depicts the total
harmonic distortion THDs and THDy of resonance cur-
rents i and i;. In Fig. 7(a), the curves indicate that the
THDg¢ of current i, gradually decreases with respect to the
increased L,. Then, Fig. 7(b) reveal that the THDy of current
iy comes with a smaller variation when compared to that of
Fig. 7(a). The main reason lies in that the input impedance
Zinv 1s less increased when the inductance of L, is mapped to
the secondary side of AGV, and the LCC-S resonant topology
does not have an external inductance to increase Z;,,y during
discharging. These simulation results are in good agreement
with theoretical derivation of Section II-B.

60 60

= 0.33 mH x 0.33 mH

< =

245 . 45

2 [ 100% P Z

g v 7% P, £ 25% P,

5 30f & Ss0f~ -~ - _
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I NS / - | =

= = YT
0 0
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Inductance L,/ mH Inductance L, / mH

(a) (b)

FIGURE 7. Simulation results of THD under different output power P, at
(a) charging and (b) discharging mode.

Fig. 8 illustrates the simulation curves of capacitor voltage
versus L, under different P, conditions. The curves indi-
cate that the voltage stress of capacitor C, grows with the
increased L, and P,. Considering that the cost of capacitor
increases with a larger L,, this study selects the inductance of
0.33 mH for L,, in which the THD of resonance currents can
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be restricted to be lower than 14.1% under all P, at charging
mode while the peak-to-peak value of capacitor C, stress
is restricted below 1.17 kV. This way of design needs less
component cost with a better suppression of disturbance.

To summarize the aforementioned calculation and analysis
process in a systematic way, Fig. 9 depicts the flowchart of
design procedure of proposed method. The flowchart starts
with the root cause of disturbance generation, which is fol-
lowed by the determination of resonant parameters C;, G,
Cs, and L, based on the predetermined voltage gain of G,.
Parameters of L, and C, are then tuned according to the anal-
ysis results of Figs. 7-8, hence paving the road to grasp the
disturbance suppression and component stress. For example,
based on the specification of Table 1, the proposed method
first determines the voltage gain G, of 0.6 for the proposed
WPT system. Then, the C, and C;, are computed to be 56.7 nF
and 64.6 nF based on the data of Table 2 and 3, respectively.
Therefore, with the predetermined L, of 0.33 mH as reported
by the plots of Figs 7 and 8, the Cj is calculated to be 16.5 nF.
This completes the system design process, by which all the
parameters of LCC-S resonance circuit are summarized in
Table 4. Conclusively, the proposed design exhibits several
features that include (1) the achievement of enhanced distur-
bance suppression, 2) the systematic calculations of voltage
gain with comparisons, and 3) the determination of circuit
parameters.

g
=}

0.33)mH

n

100% P,
75% P,

Voltage of C, / kV,.,
5

- 50% P,
0.5F= = L S P

25% P,
T 0z 03 o4 05 s

Inductance L,/ mH

FIGURE 8. Simulation results of capacitor voltage stress with different L,
and Po.

Start End

Confirm the disturbance
suppression and component
stress

Derive the root cause of
disturbance generation

Set voltage gain of G, and
determine the resonant >
parameters of C,, C,, C,, and L,

Adjust the resonant parameters
of L, and C,based on the
harmonic analysis

FIGURE 9. Flowchart of systematic design procedure.

Ill. RESONANCE CHARACTERISTICS INVESTIGATION

This section examines resonance behaviors of LCC-S
topology using the proposed design, where the voltage
output and gain-frequency trend under charging and dis-
charging are investigated. Based on tabulations of Table 4,
the capability of disturbance suppression using proposed
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TABLE 4. Specifications of resonance components.

Specifications Symbol Conventional / Proposed
Resonance inductance L, 61.8 uH /330 uH
Resonance capacitance C, 56.6 nF / 56.7 nF
Primary capacitance C, 64.7 nF / 64.6 nF
Secondary capacitance C, 30.0 nF / 16.5 nF

mechanism is compared to that using the conventional
method. Figs. 10 and 11 show the simulation results of THD
with conventional and proposed mechanism under charging
and discharging modes. The conventional design shown in
Fig. 10(a) indicates that the value of THDg is higher than
85% at light output power of 25% P,, causing an increased
current stress of MOSFET and additional conduction loss.
Yet, from the proposed design of Fig. 10(b), the THDg is
decreased with the increased P,, which manifests that the
proposed method improves the disturbance suppression and
reduces the power loss. The curves of Fig. 11 further indicate
that the overall THDy of the proposed method is lower than
that of conventional design, confirming the achievement of
disturbance suppression. These plots reveal that the proposed
system has a stable voltage output, validating the design
simplification and control realization.

- - 2
Conventional, Proposed

K4
/

750% P,
P

THDg / %
3
v
THDg / %
>

100% P,

75% P,

0 0
80 82 84 85 86 88 90 80 82 84 85 86 88 90
Frequency f; / kHz Frequency f; / kHz

(a) (b)

FIGURE 10. Simulation results of THDg as a function of frequency fs with
(a) conventional and (b) proposed design under charging mode.

0 - 0
Conventional Proposed

50% P,

100% P,

e 75%0p,

X 100% P,

0 0
80 82 84 85 86 88 90 80 82 84 85 86 88 90
Frequency f; / kHz Frequency f; / kHz

(@) (b)

FIGURE 11. Simulation results of THDy, as a function of frequency fs with
(a) conventional and (b) proposed design under discharging mode.

The study next investigates the output voltage Vp and Vy
under different P, when a coil is misaligned with the charging
station. Fig. 12 delineates the simulation results of voltage
Vp and Vy under various P,. When the system is operated
at f; of 85 kHz, the figure shows that Vp and Vy are not
deviated with the change of P,, supporting the exhibition of
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constant-voltage characteristics under charging and discharg-
ing modes. This varying trend of gain can be adopted as a
reference for frequency tracking.

)
8]
=
o
2
S

25% P,—*
50% P, :
Z170 ; 2 Z540| 50, P
N p, N X, \
G Gy
o1 400
% %
< ™, <
= =
2 7% Py ] 22601 |
100% P, o
L 15% P, 100% P,
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FIGURE 12. Simulation results of (a) voltage Vg and (b) voltage Vy, as a
function of frequency fs under charging mode and discharging mode.

Subsequently, a 40% coil misalignment is concerned,
which is the maximum misalignment of coil Ly encountered
in our AGV station. For the simulation of this 40% misalign-
ment, the & is found to reduce from 0.318 down to 0.253 when
the coil moves from the aligned place to a misalignment of
90 mm. Fig. 13 illustrates the simulated curves of voltage Vp
and Vy with 100% P, and 90 mm misalignment. In Fig. 13(a),
the conventional design presents a low output voltage that
requires a wider range of frequency regulation to increase
the voltage Vp, failing to meet system requirements. On the
other hand, the curve using the proposed method can adjust
the voltage level via frequency regulation. In Fig. 13(b), the
simulation results show that the conventional design exhibits
an excessively high voltage output and cause a large current
flow into the grid; yet the proposed method effectively stabi-
lizes the output voltage Vi via frequency control.

220 680

— —
G2V o V3G o
| |
Z170 : Z 540 :
j - |

g Proposed N . Conventional
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;1)120 Corlventional A 2400 i
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84 85 86 88 90
Frequency f; / kHz
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80 82 84 85 86 88 90 80 82
Frequency f; / kHz

FIGURE 13. Simulation results of (a) voltage Vg and (b) voltage V; as a
function of frequency fs when system operated with 100% P and coil
misalignment of 90 mm.

Figs. 14 and 15 delineate the simulated curves of volt-
age (Vp and Vy) and total harmonic distortion (THDg and
THDy ) with respect to different coupling coefficients of k.
In Fig. 14, the curves illustrate the alignment case with k of
0.318 as well as the 90 mm misalignment with k of 0.253. The
direction of frequency modulation is grasped for both oper-
ation modes based on the varying trend of curves. It means
that the operating frequency f, is swiftly adjusted along the
direction of high frequency when the pulse frequency modu-
lation (PFM) module of MCU receives the triggering signals
of fi_y or fi—p.
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FIGURE 14. Simulation results of (a) Vg and (b) Vy as a function of k
when operated with different Po.

In Fig. 15, the curves indicate that THDg and THDy
are decreased with the increased f, when k is gradually
reduced. The level of disturbance can be better restricted with
the assistance of frequency-regulation control. In this study,
by considering voltage stability and disturbance suppression,
the operating frequency point fs.;c of 86.0 kHz and fiev of
85.4 kHz are deemed suitable when individually operated at
charging and discharging mode. These values of f;.;g and fserv
can be adopted as frequency-hopping points of controller.
Based on these simulations, several features are observed
that include 1) the proposed method maintains the stability
of output voltage with limited disturbances, 2) the voltage
deviations can be amended via gain-frequency adjustment,
and 3) the controller design is systematically presented with
simplification.

Sreic V2G oo

0.318

286

NN

R R |
1 0 !
84 85 86 88 90 80 82 84 85 86 88 90
Frequency f; / kHz Frequency f; / kHz

(a) (b)

0
80 82

FIGURE 15. Simulation results of (a) THDg and (b) THDy as a function of
fs when operated with 100% P, and different k.

IV. CONTROL STRATEGIES

This section is aimed to investigate the misalignment detec-
tion as well as frequency regulation, by which the voltage
variation is effectively restricted. Procedures of control strate-
gies are discussed as follows.

A. MISALIGNMENT DETECTION AND GAIN-FREQUENCY
CONTROL

Fig. 16 depicts the block diagram of gain-frequency con-
trol. The controller helps tune the operating frequency f,
such that the output voltage is swiftly stabilized during the
coil misalignment. In the figure, the microcontroller unit
(MCU) includes timer module, analog to digital converter
(ADC), digital filter, pulse frequency modulation (PFM),
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output comparator, and core processor with control algo-
rithm. The feedback circuit I and II are responsible for signal
acquisition of current (i, and i) and voltages (Vi and Vp).
After converting these signals of i, i;, Vy, and Vp to those
of Virr, Viss, Vi, and Vi, they are delivered to both MCUs
to perform the misalignment detection and constant-voltage
control. The voltages of Vi and Vp are grasped based on
real-time measurements and closed-loop control via com-
munication antenna, where the slopes of current waveforms
(i, and iy) are served as reference for scenario indicator of coil
misalignment. This way of signal indicator is motivated since
the coil misalignment often causes current harmonics, and
these harmonics are highly related with the slope variation of
current waveform. The comprehension of the change of slope
is useful for the forewarning of coil misalignment.

D,
‘ Core processor  (Dype-Dyir) }“j 4/ D;;r—{ Core processor  (Dyye=Dyyr) ‘

Jeu % fiu Data transmission fiv %/{4”

‘ PFM ‘i | Digital filter ‘ by Bluetooth ‘ Digital filter } >‘ PFM ‘
Fony Diff Dy |- ™™™ _| Dy 1Dy v
Output A/D converter ||o ; ‘ A/D converter Output
comparator and Timer Q @) and Timer comparator
| R L — 1
1Pa~Dex Vet Vi 1 Ve Vig Dg "'Dg6¢

Half-bridge Feedback Contactless Feedback
converter + circuit I Improved LCC-S circuit 11

Full-bridge
converter +

Driving circuit iA Vu Resonance Vs i Driving circuit
(Vg1~vg2) < > topology < > (Vg3~Vgs)
vy Vs
Vu _ i Vg

FIGURE 16. Block diagram of gain-frequency control.

B. CONTROLLING OF OUTPUT STABILITY

Fig. 17 shows the flowchart of gain-frequency control. The
system starts to determine the operation mode with the initial
frequency of f; of 85 kHz, where the hopping frequency of
fsetG» festv as well as the operating frequency ranging from
Ss.min 10 fs.max 1s given. This is followed by the detection of
resonance current of i, and i; served as the reference for alert-
ing if the receiving coil is misaligned. Once any misalignment
happens, the system will perform the frequency-hopping to
tune the f, to the predetermined values of fi.;g and fe5 v in
order to suppress the disturbances. Meanwhile, the Vy; at grid
side and the Vg at AGV side are continuously detected with
the regulation of f,, of inverter. On the other hand, if there is no
misalignment detected, then the controller goes to observe the
voltage difference of AV in order to comprehend the disparity
between feedback signals (D,,s and D,,r) and command
signals (D, and Dyp:). Subsequently, the controller pays
attention to the frequency of f,. Only when the f,, is situated
within the operable region, then the controller would adjust
the frequency and ensures a better voltage stability.

V. EXPERIMENTAL RESULTS

To assess the feasibility of the proposed system to suppress
the disturbance and maintain the constant voltage output,
different scenarios are conducted. Detailed tests and results
are discussed below.
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FIGURE 17. Flowchart of gain-frequency control.

A. DISTURBANCE SUPPRESSION OF RESONANCE
CURRENT

In this test, the frequency components of resonance current
are examined using conventional design and proposed design.
A voltage Vi of 400 V (grid side) is applied with the battery
voltage Vp of 120 V (AGV side) for bidirectional power
transfer. The voltage (v, and vy) and current (i, and i5) under
charging and discharging mode are measured. Figs. 18 and 19
shows the measured results of v, and i, when the system
operated at 50% P, of 200 W and 100% P, of 400 W under
charging mode. Figs. 18(a) and 19(a) show that the resonance
current i, contains plentiful harmonic disturbances when
operated with conventional design, and Figs. 18(b) and 19(b)
indicate that the current disturbance is largely suppressed
via the proposed design. Next, when the system is operated
under discharging mode, Fig. 20 shows the measured results
of vy and i; when operated at P, of 200 W and 400 W,
validating that the proposed design effectively reduces the
current disturbances during discharging. Table 5 and 6 lists
the improved results based on measured waveforms. For both
charging and discharging modes of operation, the tabulations
of Table 5 and 6 reveal that the peak value and THD are
reduced significantly using the proposed method when com-
pared to the conventional one. Moreover, through the data
analysis and comparisons, the simulation results of Fig. 10
and Fig. 11 are close to experimental results of Table 5 and
Table 6. For example, for the charging mode with P, of
300 W, both simulations and experiments indicate that the
THD of i, is 3.9%, revealing the feasibility and practicality
of systemic design procedure for disturbance suppression.
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These plots and tabulations support the feasibility of proposed
method on disturbance suppression of resonance current dur-

TABLE 6. Improved results under discharging mode.

Conventional method Proposed method

ing bidirectional wireless power transfer. P, (W) a _
Peak value / THD of i, Peak value / THD of i,
100 1.45 App /38.5% 1.32 App /254 %
Ve | Ve 200 3.02 App /172 % 2.92 App/ 102 %
B I‘_—._‘. ] T S 300 421 App /123 % 412 App /7.2 %
e | B 400 5.28 App /8.6 % 523 pp/4.8%

WW"U

4 us/dlv

Voltage (V) and Current (A)
Voltage (V) and Current (A)

4 ps/div

Time (us) Time (us)
(@) (b)

FIGURE 18. Measured waveforms of vy and iy with (a) conventional
design and (b) proposed design when operated at output power Pg
of 200 W. (vg;-v, g2: 20 V/div, v,: 200 V/div, ir: 2 A/div-(a), and

ir:1 A/dlv-(g)

proposed design scheme are compared. The voltage Vy
of 400 V and Vp of 120 V are individually given with output
power of P, ranging from 80 W to 400 W. Fig. 21 shows
the measured waveforms of output voltage and current when
operated at charging and discharging mode. As shown in
Fig. 21(a), Vp and Ip are 119.2 V and 3.37 A provided from
Vy through inductive power transfer, by which the P, for
AGV charging network is 400 W and the error of AV is
0.67%. In Fig. 21(b), Vy and Iy is measured about 397.4 V
and 1.01 A when operated at the discharging mode. These
test results confirm that voltages of Vp and Vy are well
maintained during bidirectional WPT.

Voltage (V) and Current (A)
- ‘S t
N 1{ i
Voltage (V) and Current (A)
j %4
j:»
‘K ‘F
b
b

v'v‘v

] I‘\.
4 ps/div 4 ]J.S/le

Vi

Vu

Time (us) Time (us)
(a) (b)
FIGURE 19. Measured waveforms of vy and iy with (a) conventional

design and (b) proposed design when operated at output power Py of
400 W. (vg, “Vga: 20 V/div, v¢: 200 V/div, and iy: 2 A/div).
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FIGURE 20. Measured waveforms of vs and is with proposed design

when operated at output power Po of (a) 200 W and (b) 400 W.
(vg3-vg4: 20 V/div, vs: 200 V/div, and is: 5 A/div).

TABLE 5. Improved results under charging mode.

Py (W) Conventional method Proposed method
¢ Peak value / THD of i, Peak value / THD of i,
100 2.32 App /94.8 % 0.67 App /129 %
200 2.64 App/47.2% 1.78 App /5.2 %
300 2.81 App/41.0 % 2.53 App/3.9%
400 3.92 App/31.6% 3.41 App /2.9 %

B. PERFORMANCE COMPARISON OF POWER
TRANSMISSION

In this test, the voltage stability and power transfer efficiency
without gain-frequency control using conventional and
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FIGURE 21. Measured waveforms of Vg, Vy, Ig, and Iy with the output
power Py of 400 W under (a) charging mode and (b) discharging mode.
(Vg: 50 V/div, Vy: 200 V/div, Ig: 2 A/div, and /y: 0.5 A/div).

Figs. 22 and 23 show the experimental results of out-
put voltage and system efficiency of 7,, and 7, at differ-
ent P, using conventional method and proposed approach.
In Figs. 21-23, the curves indicate that the proposed method
presents stable output voltages of Vp and Vy with higher
transmission efficiencies of 7,, and np,. Both voltages of
Vp and Vy are stabilized at 120V and 400V when operated
at different output power conditions. By comparing these
experimental results with simulation results of Fig. 12, they
are seen to be consistent, validating the transfer gain G, and
constant-voltage characteristics are well behaved.

C. VALIDATION OF GAIN-FREQUENCY CONTROL

In this test, the voltage stability and transfer efficiency with
and without gain-frequency control under coil misalignment
are closely observed. Figs. 24 and 25 show the test results of
voltage and efficiency under light load of 100 W and heavy
load of 400 W. In Fig. 24(a) and 24(c), when the system
is operated at 100 W and 400 W without control, the Vp is
gradually reduced following the increased misalignment dis-
tance. Yet, with the assistance of gain-frequency control, the
Vp can be maintained at approximately 120 V under different
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FIGURE 22. Measured results of (a) voltage Vg and (b) transmission
efficiency 5,p with respect to output power P, under charging mode.
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FIGURE 23. Measured results of (a) voltage Vy and (b) power
transmission efficiency p,, with respect to output power Py under
discharging mode.

misalignments. For example, when the system is operated
at P, of 400 W with misalignment of 90 mm, the voltage
Vp is improved from 80.1 V to 119.8 V. Such improvement
can be also found in Fig. 24(b) and Fig. 24(d), where the
efficiency 1,y is raised up to 90.3% and 86.9% under 90 mm
misalignment with P, of 100 W and 400 W.

140 94
> 130 With control X 92 With control
Z K 1202v[ 2
= 120 — 2
N =S 90
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FIGURE 24. Measured results of the (a) Vg and (b) 7, with Po of 100 W,
and the (c) Vg and (d) 5y} with Po of 400 W under charging mode.

Next, when the system is situated at the discharging more,
Fig. 25(a) and 25(c) indicates that Vy is maintained at
approximately 400 V with less variation than the one without
the support of gain-frequency control. The gain-frequency
control trend of experimental results of Fig. 25 is in good
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FIGURE 25. Measured results of (a) Vy and (b) 5, with Po of 100 W, and
the (c) Vy and (d) yp,, with Po of 400 W under discharging mode.

agreement with that of simulations results of Figs. 13-15.
Meanwhile, as seen from Fig. 25(b) and 25(d), the plots
demonstrate that the efficiency is improved to 85.6% and
87.7% with P, of 100 W and 400 W. Experiences gained
from these practical tests are useful for WPT-based AGV
applications.

VI. CONCLUSION

This paper presents a disturbance suppression technique
along with the gain-frequency control for WPT-based AGV
systems. Derivation of bidirectional power transfer and the
evaluation of disturbance are individually made based on
LCC-S resonant circuit accompanying with improved param-
eter design, resonance characteristics simulation, and sim-
plified control strategies. Experimental results confirm that
the proposed approach effectively tunes the operating fre-
quency, improves the efficiency of power transfer, achieves
the stabilized output voltage, and enhances the capability
of disturbance suppression. Test outcomes gained from this
study own the potential of extending to automated guided
vehicles with storage and retrieval applications.
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