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Wireless power transfer has emerged as an attractive solution for charging automated guided vehicles (AGVs)
in modern industrial environments. In practice, many AGVs adopt opportunity charging, where vehicles are
recharged during short idle periods along their operating routes. Under such conditions, constant-current
(CC) charging ensures battery safety at low states of charge, while constant-power (CP) charging maximizes
energy delivery within limited charging time. Consequently, CC/CP charging control is particularly suitable
for wireless AGV opportunity charging systems. This paper proposes an efficiency-oriented CC/CP charging
control strategy based on an optimized dual-side LCC compensation topology and a secondary-side control
scheme using a semi-active rectifier with pulse-density modulation (PDM). The proposed approach integrates
the optimized dual-side LCC circuit with the semi-active rectifier and PDM control to enable efficient CC/CP
regulation with a simple control structure while maintaining high power transfer efficiency over a wide load
range. Simulation and experimental results verify the effectiveness of the proposed approach, demonstrating
accurate CC/CP regulation, fast dynamic response, and robust operation under wide load variations, with peak

efficiencies of 96.6% in simulation and 93.1% in the experimental prototype.
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1. Introduction

Automated Guided Vehicles (AGVs) have been widely de-
ployed in modern industrial environments such as smart
factories, warehouses, and logistics centers to enhance pro-
ductivity, operational flexibility, and safety. As AGVs oper-
ate continuously and autonomously, reliable and efficient
battery charging is critical. Compared with conventional
plug-in charging, wireless power transfer (WPT) eliminates
physical electrical contacts, thereby reducing mechanical
wear and maintenance while enabling fully autonomous
charging [1-6]. Consequently, WPT converter topologies
and charging control strategies have been extensively stud-

ied for electric transportation applications [7].

Despite these advantages, achieving high-efficiency
WPT for AGVs remains challenging because battery charg-
ing requires both CC and CP modes. Lithium-ion batteries
operate in CC mode at low states of charge (SoC) and CP
mode at higher SoC, particularly in opportunity charg-
ing. As the SoC increases, the equivalent load impedance
changes, increasing reactive power and reducing transfer
efficiency even under well-aligned conditions. Therefore,
maintaining high efficiency over a wide load range across
both charging stages is essential for practical AGV wireless
charging systems.
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Resonant compensation design plays a key role in ad-
dressing this challenge. Among various topologies, dual-
side LCC compensation has attracted considerable atten-
tion because of its high power transfer efficiency, low sensi-
tivity to load and coupling variations, and soft-switching
capability [8-14], making it well suited to AGV wireless
charging systems. However, existing designs are generally
optimized for nominal operating points and fail to main-
tain optimal efficiency over the wide load range required
for CC/CP charging [15-18]. As the battery load deviates
from the design point, increased reactive power circulation
reduces transfer efficiency. To overcome this limitation, this
paper proposes an efficiency-optimized dual-side LCC com-
pensation design that maintains high efficiency throughout
the CC and CP charging stages.

Various charging control strategies have been developed
for WPT systems. LCC-based compensation can inherently
achieve CC or CV characteristics through parameter tuning
[17-19]; however, its regulation accuracy and efficiency de-
teriorate under the wide load variations of multi-stage bat-
tery charging [20]. To improve controllability, secondary-
side control using active or semi-active rectifiers has been
proposed for CC/CV regulation and efficiency optimiza-
tion [21-23], whereas primary-side-only control reduces
hardware complexity but offers limited robustness against
simultaneous load and coupling variations [24, 25]. More
recently, CP regulation has been introduced to improve
power control and transfer efficiency [26, 27]; however,
existing solutions often increase control complexity or pro-
vide limited flexibility during CC/CP transition. Therefore,
a simple and robust secondary-side strategy that enables
accurate CC/CP regulation, smooth CC/CP transition, and
high efficiency over a wide load range for AGV opportunity
charging remains lacking.

To address these challenges, this paper proposes an ef-
ficient CC/CP charging control strategy for wireless AGV
charging systems. The proposed approach combines an
efficiency-optimized dual-side LCC compensation topol-
ogy with a secondary-side semi-active rectifier using pulse-
density modulation (PDM) to achieve accurate CC/CP reg-
ulation, smooth mode transition, and high efficiency over a
wide load range. The main contributions of this paper are

summarized as follows:

1. An efficiency-oriented CC/CP charging control strat-
egy is proposed for wireless AGV charging systems op-
erating under opportunity charging conditions, where
wide load variations occur during multi-stage battery
charging.

2. An efficiency-optimized dual-side LCC compensation

topology is developed to maintain high power trans-
fer efficiency across the wide load range encountered
during both CC and CP charging stages.

3. A simple secondary-side control scheme based on a
semi-active rectifier and PDM is designed to achieve
accurate CC/CP regulation with a well-damped
CC/CP transition while reducing control complexity.

The remainder of this paper is organized as follows.
Section II presents the proposed system and efficiency-
optimized dual-side LCC design. Section III describes the
semi-active rectifier and CC/CP charging control strategy.
Section IV provides simulation and experimental valida-
tion. Finally, Section V concludes the paper.

2. Methods

2.1. Proposed System Structure

Fig. 1 shows the proposed system, which consists of a
high-frequency inverter, a dual-side LCC compensation net-
work, and a secondary-side semi-active rectifier (SAR). The
primary-side LCC network generates the high-frequency
excitation current, while the secondary-side network en-
ables stable and efficient power transfer under varying
coupling conditions.

On the secondary side, a SAR is adopted to reduce
conduction losses compared with fully active rectifica-
tion while maintaining sufficient regulation capability. To
achieve a regulated charging operation, a dedicated CC/CP
Charging Control Block is incorporated. This control block
receives the current and power reference signals, together
with the measured load current and power, and generates
appropriate gate-driving signals for the SAR.

In this study, the battery load is represented by an equiv-
alent DC resistance, Ry,,;. From the DC output side of
the semi-active rectifier, R ,,; emulates the battery volt-
age—current characteristic during charging and is used to
evaluate the proposed CC/CP charging strategy. Although
this simplified model does not fully capture the nonlinear
behavior of a practical lithium-ion battery, such as SoC
dependence, internal resistance variation, and electrochem-
ical dynamics, it provides a well-defined and repeatable
operating condition for assessing the charger-side control
performance. Therefore, the resistive-load model provides
a practical and repeatable means of evaluating the pro-
posed CC/CP charging control strategy under well-defined
operating conditions. However, it does not reproduce the
complete electrochemical behavior of a practical lithium-
ion battery.

A zero-crossing detector (ZCD) monitors the secondary-
side resonant current before the SAR, as shown in



Journal of Applied Science and Engineering 34 (2026) 26034061 3

Fig. 1. The detected zero-crossing instant synchronizes the
sigma—delta-based PDM controller, ensuring proper align-
ment between the SAR switching actions and the resonant
current. This improves control stability while reducing
switching losses.
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Fig. 1. Structure of the proposed wireless charging system
for AGVs
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Fig. 2. Equivalent circuit diagram of the compensation

circuit

2.2. Dual-Side LCC Compensation Design for Efficiency
Optimization

As shown in Fig. 2, V45 is the fundamental inverter volt-
age; I and I, are the transmitter and receiver currents; and
M is the mutual inductance; L; 5, L 11,f2/ Cip,and C 1,02
represent the compensation components; R , are the coil
resistances; and Ry, Ip, and V, denote the equivalent AC
load resistance, output current, and output voltage, respec-
tively. Applying Kirchhoff’s second law to the primary-
and secondary-side voltage loops yields:

1 1
Vap=|jwL+— |11 /1 — —1, 1
AB (] £1 JWCﬂ) Lf1 jwCh 1 ]

jwMI = (ijz +

1 1 1
- - I — - I, (2
jwCsy + ]wa2> 2 jwCry ° @
The resonance conditions of the dual-sided LCC com-
pensation circuit are given by

jwLry + —— =0, 3
JwLg jwCh ®3)
1

- + - =
]a)Cz ]waz

jwLs + 0, 4)

Under these conditions, the output current is expressed

as
MVap

— _ 3 —
Ip = —jw’CpCraMVap flnls

®)
The primary-side inverter operates with square-wave
modulation, yielding

2v/2
p Vbc (6)

Vap =
From (5) and (6), the output current Iy can be derived as

_ 2V2MVpe

0= j7TC(JLf1Lf2 (7)

Zero-phase-angle (ZPA) operation is achieved when the
input impedance is purely resistive, which requires

, 1
]OJLfZ + jwcfz =0, (8)

. 1 1

Jobi+20e * jwCr ©)

Equation (7) indicates that the dual-side LCC compen-
sation exhibits a current-source characteristic, making it
suitable for AGV opportunity charging. The design is con-
strained by the five equations (3), (4), (8), (9), and (7), which
determine six compensation parameters (L 11 Cr1, C1, Ly,
C 20 and Cp). Therefore, one design degree of freedom
remains for efficiency optimization. Considering the trans-
mitter and receiver coil resistances Ry and Rj, respectively,
the overall transfer efficiency is given by

Ntransfer = Mprimary X Hsecondary- (10)
The secondary-side efficiency is given by

Req
Tlsecondary = N2 (11)
Req+Ra (£)
where the current ratio is derived from

(jwLpr + w56 + Reg)1 L =0, (12)

jwCr 07 jwCpn
leading to
2 2
R
BIF_( B ) (13)
IO wL 2
Thus,
- —2 1)
secondary = R, Req :
1+ —-
w*L 2
The reflected impedance on the primary side is
2
z, = WM (15)

Zs
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where

Ze=Ry+ — 12, (16)

Accordingly, the primary-side efficiency becomes

wM)?
Tprimary = ( ) 272 (17)
w*L 2
(wM)2+Ry| Ry +
Req
Substituting (14) and (17) into (10) yields
Ntransfer = (wM)zsz}Z
w'Ry 4 2 2\ ;2
X | —=——L% +w"(2R1Ry + (wM)“ | L
Req /2 ( 1Rz + ( )) 2 1)

-1
+ (Rle n (wM)Z) RaReq

To simplify the transfer efficiency expression, a variable
substitution and several coefficient definitions are intro-
duced as

w4R1

X215, :
f2 Reg

b = (wWM)?w?, by, =
by = w? (2R1R2 + (wM)2> ,
(19)

Substituting these definitions into the transfer efficiency
expression in (18), it can be rewritten in the compact form

b X

=— 2
by X2 +b3X + by 20)

Mtransfer (X)

To determine the maximum transfer efficiency, the

derivative of #yanster (X) with respect to X is set to zero,
ie.,

dﬁtraﬂsfer(X) _

Solving this condition yields the optimal solution

by
Xopt = by (22)
Since X = L}z, the optimal value of the secondary com-

pensation inductance is obtained as

(R1Ry + (wM)?) Ry RZ,
Lf2,opt = il/ . 4. (23)

w4R1

Substituting the optimal condition into the efficiency
expression gives the corresponding maximum transfer effi-
ciency

( wM
Nmax =

2
\/R1R2+\/R1R2+(wM)2> - @

by = <R1R2 T (wM)2> RoRe;.

In AGV wireless charging systems, the transmitter and
receiver coils are typically fixed and well aligned. There-
fore, the parameters Ry, Ry, w, and M can be considered
constant. Under these conditions, the optimal inductance
L opt mainly depends on the equivalent load resistance
Reg.

However, since R.q varies with the load, the exact value
of L¢3 opt also changes. To maintain high efficiency over the
entire load range while keeping the circuit design practical,
the secondary compensation inductance L, is selected as
a fraction of the secondary coil inductance L;:

sz =cL,, O<c< 1 (25)
where c is the design coefficient used for efficiency opti-
mization over the target load range.

Based on the AGV charging specifications (Icc = 20 A
and Pcp = 1.6 kW), the battery equivalent resistance varies
from 2—-4 Q) during CC charging and 4-6 () during CP charg-
ing. Referred to the AC side, this corresponds to an equiva-
lent load resistance of Req = 1.62-4.86 (2, which is adopted
for the efficiency analysis. Therefore, the coefficient analy-
sis is conducted by sweeping Re; within this range. Fig. 3(a)
shows that the transfer efficiency reaches its maximum
around ¢ = 0.2, where the efficiency curves converge to
approximately 97%. Accordingly, the optimal coefficient is
selected as copt = 0.2.

With copt determined, L 12/ L 1/ and the compensation
capacitances are calculated from (7) and the resonance con-
ditions. The complete system parameters are listed in Ta-
ble 1. An operating frequency of 40 kHz is adopted for the
proposed AGV wireless charging system.

To evaluate the robustness of the optimized design, the
coupling coefficient is varied from 70% to 100% of its nom-
inal value while maintaining copt = 0.2. As shown in
Fig. 3(b), the transfer efficiency decreases gradually with
decreasing coupling coefficient because of the reduced mu-
tual inductance, but remains above 94.5% over the entire
load range. These results demonstrate that the proposed de-
sign is robust against moderate coupling variations caused
by coil misalignment or air-gap changes during AGV dock-
ing.

Although explicit misalignment analysis is beyond the
scope of this study, the coupling-coefficient variation pro-
vides an indirect evaluation of moderate coil misalignment.
Therefore, the proposed design is expected to maintain sat-
isfactory performance under moderate misalignment. A
comprehensive experimental and analytical investigation
of lateral and angular misalignment will be conducted in
future work.
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Table 1. Main parameters of the system

Parameter Symbol Value
DC input voltage Vbe 310V
Operating frequency f 40 kHz
Maximum output charging current I 20 A
Self-inductance of transmitter/receiver coils Lq,Lp 1125 uH
Internal resistance of transmitter/receiver coils R, Ry 0.150
Magnetic coupling coefficient k 0.39
Mutual inductance M 43.875 yH
Transmitter compensation inductance Ly 108.31 uH
Transmitter lower-branch compensation capacitor Ch 0.146 uF
Transmitter upper-branch compensation capacitor C 3.746 uF
Receiver compensation inductance Lp 225 uH
Receiver lower-branch compensation capacitor Cp 0.703 uF
Receiver upper-branch compensation capacitor C 0.176 uF
Equivalent load resistance Req 1.620-4.86 O)
Output filter capacitor Co 470 uF
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Fig. 3. Efficiency analysis of the optimized inductance
design

2.3. Theoretical analysis of semi-active rectifier control
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Fig. 4. Operating modes of the semi-active rectifier with
pulse density modulation control
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Fig. 5. The voltage and current waveforms of the PDM
method

current-source characteristic, while the secondary-side SAR
is controlled by PDM for AGV charging regulation. The
SAR operates in four modes, as illustrated in Fig. 4. With
Ss and Sg turned off, it operates as a diode rectifier. When
they are turned on, the rectifier input is short-circuited, and
the load is temporarily supplied by the output capacitor
Co, which smooths the output voltage and suppresses the
low-frequency ripple caused by PDM.

The capacitor Cy determines the trade-off between out-
put ripple and transient response. A larger capacitance
reduces ripple but slows the transient response, whereas
a smaller capacitance improves the dynamic response at
the expense of higher ripple. Therefore, Cy = 470 uF is
selected as a compromise. The corresponding waveforms
are shown in Fig. 5.

The PDM duty ratio d is the ratio of the passive-state
duration to the PDM period.

__ Ytpi  _ Ytpi
Yitpi+Ytai tppm’

(26)

where tp; and t4; denote the time intervals during which
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the MOSFETs operate in the passive and active states, re-
spectively, and tppys is the PDM modulation period.

Under PDM operation, the RMS input voltage and cur-
rent of the SAR are given by

Vo = iVLd 7)

Iy = i Vid. (28)
7Ry
Based on power balance Vyly = Vi 11,

I = ilod (29)

8
Reg = ?RLd% (30)
Accordingly, the average charging power is
P = I3Rey. (31)

Since the dual-side LCC compensation exhibits an in-
herent current-source characteristic, Iy in (7) is determined
by the system parameters and remains load-independent
under aligned conditions. Thus, the charging current I,
is directly regulated by the PDM factor d, enabling CC
charging without current feedback. Moreover, since Py is
proportional to Req for constant Iy, adaptive adjustment of
d achieves CP charging under varying loads.

CC mode Feed-forward cC [d_CC
BMS |L*

Controller (28)

d .| PulseDensity > S°
Modulation | g6

soC, Ld )

Feed-back CP -
Controller (PI)

L% P | cp mode .
o Divider|
L

Fig. 6. Constant-current, constant-power control strategy

2.4. Control Strategy of CC/CP Charging Process

Fig. 6 illustrates the proposed CC/CP charging strategy.
The charging process consists of CC and CP modes for fast
charging at low SoC and efficient operation at high SoC.

In the CC mode, the inherent current-source character-
istic of the dual-side LCC compensation allows the PDM
factor d to be directly calculated from the reference current
I7 using (7) and (29). Therefore, accurate CC regulation is
achieved without current feedback, reducing control com-
plexity and improving reliability.

As the battery voltage increases, the controller switches
to CP mode to limit the charging power. The charging
power is calculated from the measured secondary-side volt-
age and current as

P =V 1. (32)

The calculated power is fed back for CP regulation, main-
taining constant charging power under load variations.

The charging power is normalized by the reference
power P; to obtain

B= P (33)

The normalized power coefficient f8 is used as the CP feed-
back signal.

The small-signal transfer function from the PDM factor
d to the charging power is identified using the MATLAB
Identification Toolbox as

21.55s + 3.452 x 10°

. 34
s2 +1267s + 3.469 x 10° (34)

Gap(s) =

A proportional-integral (PI) controller is designed as

Gri(s) =2+ 220, )
The PI controller regulates the power error (f —1) to
generate the PDM factor d, thereby adjusting the equivalent
load resistance and maintaining constant charging power
despite load variations.
The controller switches from CC to CP when

P, =1}V, > Pj. (36)

Thereafter, the charging power is maintained at P} while
the charging current naturally decreases as the battery volt-
age increases. Charging terminates when the current falls
below a predefined cutoff value or the battery SoC reaches
its upper limit.

Owing to the inherent current-source characteristic of
the WPT system, the proposed CP operation exhibits CV-
like behavior without an explicit constant-voltage stage,
ensuring stable power regulation over a wide load range.

3. Results and discussion

3.1. Simulation Results

The proposed system was modeled in MATLAB/Simulink
using the parameters in Table 1. Simulations were con-
ducted to validate CC charging, CP regulation, and CC-CP
transition under wide load variations.

In Scenario 1, CC charging was evaluated with a ref-
erence current of 20 A while varying the load resistance
Ry from 1 Q) to 4 Q). As shown in Fig. 7(a), the charging
current settles within 0.01 s at an average value of 19.53 A,
corresponding to a deviation of 2.35%, with a ripple of only
0.46 A (0.15%). Fig. 7(b) shows the response to a reference
step from 10 A to 20 A under a 2 () load. In both cases, the
steady-state error remains below 5%, with current ripple
of 1.6% at 10 A and 0.15% at 20 A, confirming accurate CC
regulation through direct PDM control.

Fig. 8 shows the CP charging performance with a ref-
erence power of 1500 W. Under a fixed load of 4 (), the
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Fig. 7. Charging current response under constant-current
control

output power is regulated at approximately 1490 W with
a steady-state error of 4% (Fig. 8(a)). When the load resis-
tance varies from 4 () to 6 () in steps of 0.5 Q) every 0.2 s
(Fig. 8(b)), the power regulation remains stable, achieving
a settling time of about 0.017 s despite abrupt load changes.
These results demonstrate the robustness of the proposed
CP control strategy.
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(a) Fixed load condition Ry = 4Q. (b) Load variation from 4 Q to 6 Q.

Fig. 8. Charging power response under constant-power
control

The CC-CP transition is illustrated in Fig. 9. The load
resistance R is increased from 3.5 Q) in steps of 0.5 (O
every 0.05 s. As shown in Fig. 9(a), the charging current is
regulated around the CC reference before the transition and
decreases gradually once the load exceeds the CC operating
range. The operating mode switches from CC to CP at
approximately ¢ = 0.15s.

Fig. 9(b) shows the corresponding charging power. Dur-
ing the transition, the charging power exhibits an overshoot
of approximately 10% above the 1500 W reference and set-
tles within 10 ms without sustained oscillation. A small
steady-state ripple remains because of the discrete PDM op-
eration; however, the average charging power stays close
to the reference value. These results demonstrate a well-
damped transition and stable CC/CP regulation.

Fig. 10(a) shows the zoomed-in waveforms of the pri-
mary inverter switch S; at the minimum and maximum
loads. Despite the significant variation in switch current,
the drain-to-source voltage falls to nearly zero before turn-
on in both cases, confirming ZVS over the entire load range
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(a) Charging current response. (b) Charging power response.

Fig. 9. Charging current and power responses under

combined CC/CP control
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Fig. 10. Voltage and current waveforms of the primary
inverter and SAR switches.

(R, = 1-6 Q) in both CC and CP modes.

Fig. 10(b) shows the voltage and current waveforms of
the SAR switch S5 under the worst-case condition (R, =
6 Q). The drain-to-source voltage is nearly zero at turn-
on, indicating near-ZVS. The maximum drain-to-source
voltage and peak drain current are approximately 100 V
and 78 A, respectively.

3.2. Experimental Results

An experimental prototype was built to validate the pro-
posed system, as shown in Fig. 11. The system parameters
are listed in Table 1. A controllable resistive load was used
to emulate the battery under repeatable test conditions.
The proposed SAR-PDM strategy is implemented entirely
on the secondary side, with the controller updated at the
PDM frequency of 2.5 kHz (Tppps = 400 ps, corresponding
to 16 switching cycles at 40 kHz).
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shows the input voltage and current of the semi-active
rectifier, where the voltage follows the rectified waveform

while the current remains nearly sinusoidal. These results
confirm stable power transfer and proper operation of the

v
e [e———

Although an actual AGV lithium-ion battery exhibits
rectifier under the proposed control strategy.

more complex dynamics than the adopted resistive-load
model, the proposed CC/CP charging strategy is expected
to exhibit similar performance in practice. As the bat-
tery SoC increases, the terminal voltage rises, causing the
equivalent load seen by the WPT system to vary contin-
uously and the charging process to naturally transition
from CC to CP. Since the controller regulates the charg-
ing current and output power using measured output
quantities, the battery dynamics mainly shift the operating
point without changing the operating principle. Therefore,
smooth CC/CP transition is expected during practical bat-

Time: 10us/div
T 12 1 F—
i,5[104/div]

| [ i
) S e

(a) Inverter output voltage and current.

air gap of 40 mm.
FETs, while the SAR uses two DSA90C200HB diodes and

two IXFH120N20P MOSFETs. As verified by the stress
analysis in Fig. 10, their voltage and current ratings (200 V
Fig. 12. Experimental waveforms of inverter output and

tery charging.
The TX and RX coils are identical circular Litz-wire coils
with ferrite cores. Each coil has an outer diameter of 17 cm,
an inner diameter of 5.5 cm, 26 turns, and a wire diameter
of 2mm. Eight ferrite bars (5.5 x 1.8 x 0.5cm) are placed ,TZT:O::’(‘:SI{TW i
beneath each coil to enhance magnetic coupling, with an N S .
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(b) Voltage across the transmitting coil.

and 120 A, respectively) provide sufficient design margin
transmitting coil.

3 Q. Fig. 14(a) shows that

for reliable operation.

The CC charging performance is experimentally val-

idated in Fig. 14 at Rp,
the rectifier input voltage and current remain in phase at

nverter

Primary-side Second‘a‘ry-side
: compensation LCC compensation
circuit circuit -
d = 0.5, indicating an approximately resistive equivalent
input impedance. Fig. 14(b) confirms stable current regula-
tion at 10 A, in close agreement with simulation results.

Fig. 15 shows the measured load voltage and current
during CP charging with a reference power of 1500 W at
Rp = 5.2 Q). The average voltage and current are approxi-

mately 88 V and 16.8 A, respectively, resulting in a charging

Fig. 11. Experimental model

power of about 1.48 kW with a deviation of 1.4%, which

Fig. 12 shows the measured inverter output voltage
and current, as well as the voltage across the TX coil. As
shown in Fig. 12(a), the full-bridge inverter generates a
square-wave voltage, while the inverter current is shaped
by the resonant network. Due to the filtering effect of the
resonant compensation circuit, the voltage across the TX
coil in Fig. 12(b) becomes nearly sinusoidal. The inverter
operates at the designed switching frequency of 40 kHz,

and ZVS is achieved, validating the effectiveness of the

confirms accurate CP regulation.
The system efficiency characteristics are illustrated in
Fig. 16. Over the entire regulation range, the proposed
system maintains high power transfer efficiency. In the CC
region (Rp = 1-4 Q), both simulation and experimental
efficiencies increase with load and reach peak values of
approximately 96.6% and 93.1%, respectively. As the sys-
tem transitions into the CP region (R} = 4-6 (), a slight
efficiency degradation is observed due to reduced power
transfer; nevertheless, the efficiency remains at a high level.

compensation circuit.
receiving side. As shown in Fig. 13(a), the voltage across the
RX coil is also approximately sinusoidal due to the resonant

Fig. 13 presents the experimental waveforms on the
operation of the wireless power transfer system. Fig. 13(b)
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Fig. 13. Experimental waveforms at the receiving coil and
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Fig. 14. Experimental waveforms under CC charging
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Fig. 16. System efficiency characteristics

Overall, the average efficiency exceeds 96% in simulation
and 92.4% in experiment across the full operating range,
demonstrating the effectiveness of the proposed system
and good agreement between theoretical analysis and ex-
perimental results.

The peak efficiency difference between simulation and
experiment is approximately 3.5%. This efficiency gap is
mainly caused by practical non-ideal losses, including semi-
conductor switching and conduction losses, parasitic resis-
tances of passive components and interconnections, and
thermal effects during operation, which are not fully repre-
sented in the simulation model.

4. Conclusions

This paper has presented an efficient CC/CP charging
control in wireless charging systems for AGVs, based on
an optimized dual-side LCC compensation circuit and a
secondary-side control strategy using a semi-active rec-
tifier and pulse-density modulation. The proposed de-
sign maintains high transfer efficiency over the wide load
range encountered during CC and CP charging, while the
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current-source characteristic of the LCC circuit enables sim-
ple feedforward CC control and PI-based CP regulation
with stable CC—CP transition. Both simulation and ex-
perimental results verify accurate CC/CP regulation, fast
dynamic response, and robust performance under load
variation, achieving peak efficiencies of 96.6% in simula-
tion and 93.1% in experiment, confirming the practicality
and effectiveness of the proposed method for wireless AGV
charging applications.
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