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Abstract

Due to the application of wireless charging for intelligent pallets, based on the proposed multi-stage wireless power transfer (WPT) system, this paper
analyzes the mutual interference between different stages, the parameter conditions of cross-coupling between different stages are obtained, and the
sensitivity of output voltages at all stages to mutual inductance and each load are reduced. In addition, the effects of the resonant network parameters on
the inverter output voltage and efficiency are investigated, based on which a parameter design strategy is developed to enhance the overall transfer
efficiency and system stability is improved. Finally, a five-stage WPT system is designed, and the proposed method is validated.
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Introduction

The wireless charging problem of intelligent pallets has received
attention as intelligent pallets are frequently used in reality. Tradi-
tionally, the chip module of an intelligent pallet required a high-
capacity and large-sized battery to ensure sufficient service life,
which increased the system cost. The adoption of wireless charging
can reduce the required battery capacity and size while improving
operational safety.

An intelligent pallet wireless charging schematic is shown in
Fig. 1. A large-sized coil can be installed on the pallet, as the avail-
able area is not constrained, while a small-sized coil is integrated
into the onboard chip module. The large coils form the power trans-
mission channel, ensuring reliable power delivery to each module
and enhancing both the transmission efficiency and distance.

In previous studies, due to the wireless charging for multiple
loads, the method of multiple receiving loops to directly pick up
power from the transmitting loop is usually adopted. Such systems
have been shown to achieve compact configurations while enabling
controllable power flow among different loads!'. To further improve
adaptability, customized resonant structures have been introduced
to support charging of various types of receiving loops with diffe-
rent load ratings, allowing each receiver to pick up sufficient
powerl?, In addition, optimal drive current derivation methods
have been studied to maximize system efficiency in multi-receiver
scenarios, particularly when real-time coupling information is
unavailableBl. Multi-receiver WPT systems have been modeled to
identify operating frequencies that enable load-independent output
voltage. It has been demonstrated that load output independence
can be achieved at two specific frequencies under varying coupling
coefficients!®. For the application of intelligent pallet wireless charg-
ing, due to the requirement for the power consistency of each
pallet, this method cannot be applied.

In addition, multi-frequency operation has emerged as an impor-
tant approach for multi-load WPT. By allowing each receiving loop
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to operate at a distinct frequency, independent power delivery to
multiple loads can be achieved. Based on this concept, power flow
control among multiple receivers has been realized by assigning
different resonant frequencies to the receiving loops. It has been
demonstrated that the maximum efficiency occurs at the receiving
loop resonant frequency, independent of the transmitting loop
resonant frequency!®. Dual-frequency inverters have also been
investigated to enable selective power distribution, including multi-
relay configurations employing shared power channels and dual-
frequency inverters to achieve CC output for multiple loads!®!. More-
over, frequency bifurcation techniques have been introduced to
support simultaneous power transmission to loads at different
frequencies, leading to improved transfer efficiencyl. To further
enhance system performance, multi-frequency resonant networks
have been developed, allowing power components at different
frequencies to be selectively delivered to corresponding loads!®l.
Multichannel one-to-multiple WPT systems have also been pro-
posed, in which independent power transmission paths are estab-
lished for different receivers and regulated through inverter duty-
cycle control®. However, for intelligent pallet wireless charging
applications, these multi-frequency methods are not suitable due to
their high control complexity and limited charging scalability.

Furthermore, there are some studies on the coil structure. Opti-
mized transmitter designs based on multi-objective genetic algo-
rithms have been shown to improve coil parameters and provide a
novel one-to-many WPT ideal'%l,

In previous studies, various multi-coil structures have been exten-
sively explored for multi-relay WPT systems. Comparing two-coil
WPT systems, operating in an over-coupled state has been shown to
enhance both transmission efficiency and stability!''l. The relation-
ship between the quantity of relay coils and the achievable optimal
efficiency has also been studied!'2. To further improve system
robustness, hybrid relay topologies have been introduced to
enhance mutual inductance and tolerance of coil relative position
deviation['3], In addition, the impact of cross-coupling among
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Fig. 1 Intelligent pallet placement schematic.

multiple relay coils has been analyzed, and corresponding coupling
mechanism design methods have been refined to improve effi-
ciency in a multi-relay WPT system!'4, Two-layer optimal control
schemes based on pulse-width and pulse-frequency have been
demonstrated to enable maximum efficiency tracking as well as
load-independent CC and CV output!'>. Parity-time (PT) symmetry
has been used to realize novel multi-relay WPT systems capable of
maintaining stable output power and efficiency over a certain trans-
mission distance without control or feedback!'¢l. The PT-symmetry
conditions have been relaxed to establish generalized WPT configu-
rations, and the transmission distance of the system is improved!['7],

In this paper, a multi-stage WPT system with a special resonant
compensation structure is proposed to charge the built-in battery of
the intelligent pallet. The main contributions are summarized as
follows. First, the circuit topology of the proposed multi-stage WPT
system is described, and the cross-coupling phenomena among
different stages are investigated to establish a corresponding cou-
pling mechanism model. Then, the effects of the resonant parame-
ters of the transmitting loops on the inverter output voltage and
overall system efficiency are examined, based on which a parame-
ter optimization strategy is developed. Finally, the proposed
approach is verified through experiments.

https://doi.org/10.48130/wpt-0026-0011

Multi-stage WPT system design

System description

The schematic diagram of the multi-stage WPT system with n
stages is shown in Fig. 2. The system consists of three parts: primary
loop, relay loop, and load loop. In the primary loop, the system
includes DC power Uy, a full-bridge inverter (S;,—S;4), and an LCC
topology structure, which consists of C,, Cy, and transmitting coil L.
In the relay loop, the power is picked up from the last stage by L;,
and transmitted to the next stage by L;; (i=1, 2 - n). C, Cj, and Cj3
are resonant capacitors. The S topology is used in the load loop,
which consists of Ly, C;, and R. The mutual inductances and cou-
pling coefficients are: between Ly, and L;; are defined as My, ;; and
koo_11; between L, and L;,qy; are Miy .4y and ki iqy1; between L
and Lg are Mj, ;and kj ;.

The operating frequency of the full-bridge inverter in the primary
loop is f, and its angular frequency is w(w = 2zf). When the induc-
tance and capacitance in the constructed topology meet Eq. (1), the
equivalent impedance of each circuit is pure resistance.

L,Cp = LyCsi = (Loo— L) Co = L

wZ
1 1
jwLij + ———+ =0 1
Jot jwCit  jwCp M
1 1
jwLp + ——+——=0
JOER T 506, T jwCs

Analysis of coil cross-coupling and output
performance

Load-independent output characteristics at each stage contribute
to improved output stability in the proposed WPT system.

Due to the complexity of the analysis of the coupling relationship
of all stages, Fig. 3 shows a system containing two stages. The
impact of cross-coupling on the output voltage is analyzed, which
considers all the coupling relationships between the stages in the
system. In Fig. 3, when the inductance and capacitance meet Eq. (1),
the KVL equation is Eq. (2).

The coil resistance can be neglected, as: R;j; = R = Rjpn =
Rii+12 = Rugnz = Risi = Risisny) = 0. According to Eq. (2), the currents /;,
and /1), in transmitting coils of the relay loop can be expressed as
Eqg. (3):

Fig. 2 Proposed multi-stage WPT system.
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It can be seen from Eq. (3) that if My 411 =0, M 417 =0, the
current [ and [, 1), are:

iy = JjwCisU;

! W*Mi1 ir2Mi +1)1CisCivrys — 1 )
. —jw¥Mp (411 C3Ciany Us

Lz =

W*Mit_+12Mp_i+11C3Cirng — 1

It can be seen from above analysis, if the following conditions are
satisfied, then the current in relay loop is independent of load and
load output is independent of load variations.

(M Mir_4 11 =0, Mg 10 =0.

(2) @*Miy 4 12Mip_i+ 11C3Ci4 13 — 1 #0.

In addition, if the above conditions are satisfied by the system,
according to Fig. 3, the output voltage of the loads are:

I(r'+1)l L(i+ 12

G+ D3
CI(H 1 C

My i1y +B“iIDL Rign Py
=== ~ \
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Fig. 3 Cross-coupling relationships of neighboring stages.

Between the
magnetic cores

W*Mi1_is2Mix_+1)1 Ci3Clivrys — 1

Equation (6) demonstrates that, under the stated conditions, the
load voltage is decoupled from both the relay-loop current and the
remaining loads.

According to the above analysis, the stable power can be
supplied to both the load and the next relay loop under the
proposed conditions. Accordingly, Fig. 4a illustrates that the
coupling mechanism is devised to satisfy these conditions in the
proposed system. By introducing a magnetic core between the two
facing coils, the magnetic flux is guided along a low-reluctance path,
which reduces the undesirable mutual inductance between
coils'8-221, In Fig. 4b, the magnetic flux density distribution obtained
from COMSOL confirms that the magnetic core confines the
magnetic field.

The mutual inductances shown in Fig. 3 are obtained from
COMSOL magnetic field simulations and summarized in Table 1.
The results indicate that the coupling coefficients that require
decoupling are reduced by the magnetic core, which demonstrates
the efficacy of the proposed decoupling method and ensures stable
and independent power transfer in the system.

Efficiency optimization

Due to the system including multiple stages, efficiency can be
influenced by the parameters offset of each stage. In actual opera-
tion, the system will be affected by many non-ideal factors, which
will decrease efficiency. The unreasonable design of LCC resonant
inductance (L,) is a major influencing factor, which will impact the
resonant network quality factor, increase the switching loss, and
decrease the efficiency. To enhance the system efficiency and over-
all performance, a parameter optimization method is introduced.

Analysis of voltage distortion under non-ideal
parameter conditions

Taking the two-load case as an example, parameter offsets and
MOSFET on-resistance are considered to model and analyze the
mechanism of voltage distortion. Figure 5 illustrates the equivalent

Fig. 4 Structure of the proposed decoupling model. (a) Coupling mechanism model. (b) Magnetic flux density distribution.
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model of the two-load system. The DC power supply and the full-
bridge inverter are represented by an AC voltage source and an
equivalent resistance R,,,,. The load loop shown in Fig. 2 is equiva-
lent to R, in the relay circuit, thereby reducing the overall system
complexity.

The full-bridge inverter output voltage is composed of multiple
harmonics. The inverter voltage U, is shown in Eq. (7):

Usee O0<tf—[tf]1<05

k
Ul =1 0 others = limZUk
kﬂook_l (7)
U4 05<tf-[tfl<1 =
4Udc 1 .
U = e sin(k=1)-27f) k=123

2k—1

tis time, fis inverter frequency, [] denotes rounding; U, represents the
corresponding harmonic component in the Fourier series of the
inverter voltage. The full-bridge inverter output, U, is modeled as an
ideal square wave. In the previous studies, the on-resistance of the
MOSFET is overlooked, which will influence the accuracy of the
efficiency analysis. The following will analyze the efficiency, and the
above factors are considered. Due to the convenience of analysis, the
stage parameters will use the following parameters.

Table 2 displays the parameters utilized by the system and meets
the conditions of Eq. (8). On the basis of the calculation of Eq. (1), all
resonant capacitors are added with a = 1% random error to make
the system more suitable for the actual working application.

C,=C;3=Cp
Coo=Ci1=Cpn=0Cy=Cn
Loo=Li=Lia=Ly =L

Rioo =Reii =Rz =R =R
Rey = Reg1 = Re2

k= koo 11 = ko2 21

®

Figure 6 shows the output voltage of the inverter under different
coupling coefficients (k). In an ideal state, the output voltage of the
inverter is square, with the on-resistance of the MOSFET overlooked,
and the topology is completely resonant. In a non-ideal state, a
random parameter offset is added to the system. When k increases,
harmonic effects on the inverter output voltage become more

Table 1. Coupling coefficients.

Parameter Value Parameter Value
kit 0.0022 K si 0.1012
Ksi a1 0.0014 iy i+ 0.2167
kit s 0.0141 ki siv1) 0.0037
kir_r2 0.0012 kia_(i+1)2 0.014
My 2
2 (AIELAJI) Cy Cy

Loading loop

Fig. 5 Double loads equivalent system circuit.
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pronounced, resulting in larger instantaneous voltage variations
across the device.

The main reasons are as follows:

(1) If the series resonant inductance L, is small, the quality factor Q
is low, and loss increases.

(2) The influence of the parameter offset is increased with the
reflection between stages.

As shown in Fig. 7, taking the inverter voltage with the highest 5t
harmonic as the analysis object, when the coupling coefficient k =
0.2, comparing the ideal and non-ideal model, it is found that after
increasing the actual component parameter deviation (+ 1%), the
fundamental amplitude attenuation reaches 21.2% and the phase of
each harmonic appears offset. The loss is increased, and the soft
switching condition is destroyed by the distortion, which decreases
the efficiency, the system stability is degraded, and the device may
be damaged.

Parameter design

To address these issues, system efficiency and stability can be
enhanced by optimizing topological parameters. If setting L, = A-Lo,
fixed k = 0.2, the remaining parameters are configured according to

Table 2. System parameters.

Parameter Value Parameter Value
f 100 kHz Reom 010
Uge 100V Riy 0.07 Q
L, 46 pH Ri0o 050
Loo 100 puH Req 50

150

100

—100

—150 L L v
0 5 10 15 20 25 30 35

7 (ns)
Fig. 6 Output voltage of inverter under different coupling coefficients.
The fundamental

amplitude decreased
by 21.2 %

150 -

127.3V

— Ideal fundamental

—— Actual fundamental|

— Actual fundamental|
Actual fundamental|

100

ot k=02

-50
Nl
Harmonic

-100} phase shift

,,

~150 1 i
0 5 10 15

%)

#(us)
Fig. 7 Analysis of high harmonics of the output voltage of inverter.
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Table 2. By analyzing the output voltage of the inverter under diffe-
rent A (Fig. 8a), it can be found that when A decreases, the voltage
distortion will increase, and the total harmonic distortion (THD) will
rise.

Combined with the analysis of Fig. 6, it can be shown that THD is
decreased and efficiency is improved by designing A and k.

The coordinated control mechanism of series resonant induc-
tance (L,) and k is established to optimize the distortion and effi-
ciency. Using Kirchhoff's law and the circuit model in Fig. 5, the
equivalent loop equation is shown in Eq. (9).

a b 0 0 0 O] I, Use
b ¢ d 0 0 0] lo 0
Od€f00]11_0 (9)
00 f g h Ol I 0
000hmn12] 0
000 0 n pllin 0

Combined with the system resonance conditions shown in Eq. (1),
the elements in the matrix are shown in Eq. (10):

. 1
a=Reom +RLp +_]O.)Lp + ja)cp
1
b=f=n=—-———
I="="c,
¢ =Rypo+]jwLoo + =
jwCoo (10)
d=h=—jwMoy_1
1
=m =Ry +jwl; + - +—
e=m L11 T )WLy joCn T joCr
1
=p =Ry +Rri2+jwLiz + - + -
8=r gl L12 TJwWhi2 joCn T joCrs

Equations (11) and (12), respectively, show the efficiency and
output power equations. In Eq. (12), P, is equal to the system total
output power.

a lil)’

100
[

=50

=100

-150 . L L L
0 5 10 15 20 25 30

£ (ns)

A=0.227,1=80.3%

Maximum efficiency

T'HD (%)

0 L
0.1 0.2 0.3 0.4 0.5

Fig. 8 Effect of parameter A on the system. (a) Output voltage of
inverter under different A. (b) THD and 7 of the system under different A.

Liang et al. Wireless Power Transfer 2026, 13: e021

Wireless Power
Transfer

b*d®Req(b*d’ + €*g? — 2egh® + b*)

= [cb* + gd?(b* + d?)]| [—aceg(2b? + d?) + b*(ach? + agd? + 2egh? + egd?) + agd*]
(1
U2.b*d*Req(b*d® + &g> - 2eb’ g + b*)
Pour = 12)

[—aceg(2b? +d2) + b2(ach? + agd?® + 2egh? + egd?) + agd*]

Setting the series resonant inductance as L, = A-Ly (A=0.1,0.2, -,
0.5), and Fig. 9 shows the efficiency curve under different para-
meters. As A increases, the k corresponding to the peak efficiency
increases.

The parameter design procedure for the multi-stage WPT system
is illustrated in Fig. 10. This procedure is developed based on theo-
retical modeling and validated through simulations. By determining
an appropriate combination of design parameters in accordance
with practical load demands and coil constraints, both the transfer
efficiency and output stability of the system can be enhanced.

The detailed design steps are as follows:

(1) Based on practical application requirements, the load size,
quantity and power specification are determined; inverter power
device on-resistance; the coil-to-coil distance between the transfer
and receiver.

(2) The relationship between A, k, and 7 is established by preset
coil inductance and combined with Eqs (8)—(10).

(3) Select the optimal combination of parameters A and k to eva-
luate whether it meets the system output power and efficiency.

(4) Adjust the transfer and receiver coils, repeat process (3) until
the P,,; and U,,; meet the design requirements, and iteratively opti-
mize the design.

(5) Through the circuit simulation, the voltage waveforms on the
capacitor C, and Cj; can be obtained, and the peak voltage is used as
the core basis for the selection of capacitor withstand voltage.

Experimental verification

To validate the proposed system model and efficiency optimiza-
tion method, an experimental platform is established as shown in
Fig. 11a. Figure 11b shows the correspondence between the
coupling mechanism and the practical coil implementation at the i
layer.

To enhance the system transmission efficiency, the inductance of
the inductance is calculated according to Eq. (11) and Fig. 10, and
the capacitance is calculated by Eq. (1). The system contains five
stages, and the circuit parameters corresponding to Fig. 2 are shown
in Table 3. All stages in the proposed multi-stage WPT system are set

1

09 ) e = (0.667 0.866)
st —— o B e = i

—A=01
A=02
—A=03

—A=04
A=05
-o-Peak efficiency trajectory

N L= &Ly

Rmmt Rl.p L C

[ — e S I
0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9 1
%

Fig. 9 Effect of coil parameters on system efficiency.
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to have nearly the same electrical parameters, such as capacitance,
inductance, and mutual inductance with neighboring stages.
Table 3 shows the system parameters.

The experimental platform is shown in Fig. 11, which is based on
the multi-stage WPT system shown in Fig. 2.

Under the condition of the coupling coefficient shown in Table 3,
Fig. 12 illustrates the inverter output voltage before and after A opti-
mization. Inverter output voltage distortion decreased by optimiz-
ing the A.

Figure 13 shows the output voltage of the inverter and the
current on inductor L,

Figure 14 shows the voltage on the five loads in the system. The
voltages on each load are Uz = 14.8 V, Ug, = 12.06 V, Up; = 10.75 V,
Ups = 9.20 V, Ugs = 11.03 V, and the system transfer efficiency is
84.05%.

In addition, the rectifier input voltage waveforms are shown in
Fig 15. The waveforms demonstrate the operating characteristics of

Initialization

Set the load size and quantity
Set the distance between transfer and
receiver coils
Define the operating frequency

Specify the values of the transfer and
receiver coils inductance.

”
Based on the Eqgs (8)-(10)
process establishment
A, k, n relations
l Adjust the sense value of transfer and
receiver coils

Selection of efficiency peak point 4
under k and coil constraints

No

Does U,
and P,
meet the
demand ?

Parallel resonant capacitor selection

Fig. 10 Flowchart of efficiency optimization.
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the rectifier, further validating the effectiveness of the proposed
system model.

The load's voltage is shown in Fig. 16, which removes the R; and
R, when the system is working. The voltages on each load are Uy, =
15.1V, Ug, = 1247 V, and Ugs = 11.5 V, and the system transfer effi-
ciency is 83.9%. When a load is removed from the system, the
output on other loads is independent, and the system transmission
efficiency is stable.

Under the condition of the coupling coefficient shown in Table 3,
the efficiency optimization method in Fig. 10 is adopted, and the
transfer efficiency curve is shown in Fig. 17.

The discrepancy between the calculated and experimental effi-
ciencies mainly arises from practical non-ideal factors. First, the
inductance is obtained from LCR meter measurements, which intro-
duce measurement uncertainties. Second, the resonant capacitors

— 5 loads system

DC power

supply Converter Oscilloscope

Fig. 11 Experimental platform and coil correspondence of the multi-
stage WPT system. (a) Experimental platform. (b) Correspondence of
coils in coupling mechanisms.

TRIGED | M

Fig. 12 Effect of A and Q on the output voltage of the inverter.
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Table 3. System parameters.

Parameters Values Parameters Values
Uge 50V G 412 nF
L, 29.68 pH Cy 31.83nF
Loo 93.18 uH Cs 99.7 nF
Ly 105 pH Can 76.77 nF
Ly 87 uH Koo_11 0.27
Lg; 33pH Kia_is11 0.21
(o 85.3nF ki si 0.15
Go 40.2 nF R; 10Q

utput vol
of inverter

Fig. 13 Input waveform of experimental equipment.

employed in the experiment are subject to manufacturing tole-
rances, and their actual capacitance values cannot exactly match the
designed values. These parameter mismatches lead to a slight
detuning of the resonant condition, thereby affecting the measured
efficiency. These causes lead to errors, but not more than 5%. Such

10V/div

113
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errors are within the acceptable range and do not affect the main
conclusions of this paper.

Conclusions

The present study focuses on multi-stage WPT systems used for
intelligent pallet. Future work will explore power allocation issues
control methods under dynamic load variations. In addition, the
proposed multi-stage WPT system and efficiency optimization
method has the potential to be extended to other multi-stage
power transfer scenarios, such as robotic clusters, unmanned aerial
vehicle (UAV) clusters, and electric vehicle clusters.
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