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ABSTRACT Aiming at the problem of unstable output voltage and output current caused by load
fluctuation, this paper starts from the perspective of system topology and control strategy for analysis. First,
the output characteristics of LCL-S  (inductor-capacitor-inductor —and  series), LCL-P
(inductor-capacitor-inductor and parallel), LCL-LCL (inductor-capacitor-inductor and
inductor-capacitor-inductor), and LCL-LCC (inductor-capacitor-inductor and inductor-capacitor-capacitor)
compensation topologies are analyzed. Combining the advantages of LCL-S and LCL-LCL compensation
topology output characteristics, an LCL-LCL/S compensation topology is constructed, and its topology is
optimized. Then the influence of parasitic resistance on the output characteristics of LCL-LCL/S
compensation topology is derived. A control strategy of primary side regulation is proposed to address the
issue of unstable output voltage and current caused by parasitic resistance in the system under variable
loads. This method can effectively improve the stability of the output voltage and output current of the
wireless power transfer system in the LCL-LCL/S compensation topology under load fluctuations. Finally,
a set of experimental prototypes is built to verify the correctness of the theoretical analysis.

INDEX TERMS Wireless power transfer; constant voltage output; constant current output; primary side

regulation

I. INTRODUCTION

adio energy transmission technology has been

widely used in smartphones [1-2], electronic
ealthcare [3-5], electric vehicles [6-7], and AUVs

[8] because of its advantages of high safety, contactless
sparks, flexible power supply, and strong environmental
adaptability [9-11]. However, how to use wireless power
transfer technology to provide stable voltage and current
guarantee for electrical equipment with a wide load

variation range has become an urgent problem in this field.
To solve the above problem, a multi-winding wireless
charging system was proposed to realize constant voltage
and constant current charging in a wide load variation range
[12]. A four-coil structure wireless power transfer system
based on dual-frequency switching method was proposed to
charge the load with constant voltage and constant current
at two fixed zero-phase points [13]. Gong et al. [14]
adopted LCC-S/LCC compensation network to achieve
constant voltage and constant current output of the system
by switching the compensation network at the receiving
end. Liu et al. [15] analyzed the circuit models of LCC and
LCL transformation networks, and concluded that, when
the parameters of network components meet certain
conditions, they can achieve constant voltage and constant
current output within a certain load range. Zhou et al. [16]
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used LCC-LCC compensation network to realize the
constant voltage and constant current output of wireless
power transfer system, so as to effectively reduce the
current harmonics by switching the resonance point of the
system, and improve the transmission efficiency and
anti-offset ability of the system. Based on LC-CLC
resonant network, the realization conditions of constant
current/constant voltage output characteristics and the
calculation methods of constant current frequency and
constant voltage frequency are derived, and finally the
correctness and validity of the theory were verified by
simulation and experiment [17]. Based on LCC/S resonant
network, a wireless power transfer system with continuous
switching process, low switching voltage stress, zero
voltage opening in full load range, and constant
current/constant  voltage output characteristics was
proposed [18]. Aiming at the output voltage fluctuation
when the coupling mechanism was offset, an anti-offset
method based on constant voltage output interval tracking
was proposed to improve the ability of dynamic regulation
of system output voltage [19]. Based on multiple relay coils
of a wireless power transfer system, the constant
current/constant voltage output of the system was realized
by controlling the operating frequency of the system [20].
First, the output characteristics of LCL-S, LCL-P,
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LCL-LCL, and LCL-LCC compensation topologies are
analyzed. Then, combined with the advantages of LCL-S
and LCL-LCL  compensation topology  output
characteristics, a circuit model of LCL-LCL/S hybrid
compensation topology is established. The influence of
parasitic resistance on the constant voltage and constant
current output characteristics of LCL-LCL/S compensation
topology is analyzed in detail. Aiming at the problem of
load fluctuation leading to the unstable output voltage and
current of LCL-LCL/S compensation system, a regulation
strategy of the front DC/DC converter is proposed. Finally,
a set of experimental prototypes is built to verify the
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(a) LCL-S compensation topology

(¢) LCL-LCL compensation topology

FIGURE 1. Four compensation topologies based on LCL resonant circuit

The LCL-S compensation topology is taken as an
example to analyze its output characteristics. Fig. 2 shows
the schematic of LCL-S compensation topology.

FIGURE 2. LCL-S compensation topology

where, uinis the high frequency AC power supply; iin is the
power supply current; i, is the primary current; L1, Cp, and
L, constitute the primary LCL resonant circuit together; Ls
and Cs form a secondary side series resonant circuit
together; Ry is the equivalent load; uoand i are the output
voltage and current, respectively; M is the mutual
inductance value of the primary and secondary sides; ® is
the angular frequency of the high-frequency AC power
supply, o=2xnf. According to the circuit principle, the
equivalent impedance Zs of the secondary side can be
VOL. 13, NO. 1, JULY 2024

correctness of the theoretical analysis. This design method
is simple and reliable, and has certain guiding significance
for the wireless power transfer technology to provide stable
voltage and current guarantee for electrical equipment with
a wide load variation range.

Il. MATERIALS AND METHODS

The compensation topologies based on LCL resonant
circuits include LCL-S type, LCL-P type, LCL-LCL type
and LCL-LCC type.Fig.1 shows the schematics of the four
compensation topologies based on LCL resonant circuits.

L C

I 1
|

= L3¢L, %Cs R,

(d) LCL-LCC compensation topology

obtained as follows:

1
Z =R, +joL, + 1
: L T JOL, jaC, (1
The reflected impedance Z: formed by the reflection of
the secondary side impedance onto the original side is as
follows:
2142
oM
/ =

”

R + + joL, 2)

N

Then, the total impedance Zm of the primary-side input

1s as follows:

Zin = ]le + 1
oC, +———— 3)
JoL,+Z,

The supply current I i, 1s as follows:
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j — Uin _ Uo _ UmM (8)
in — ] 1 0 = =
JjoL, + i 4) R, LR,
—+ joC
JjoL +Z r It can be seen from Eq. (7), the output voltage value of
P r

The primary current /,, is as follows:

U,

in

J =
" Z(1-0’LC)+ jo(L +L,)—- jo’LL,C,

©)

When w=1/\[L,C, =1/\JLC, . L =L, . the

primary current I , can be simplified as:

the LCL-S compensation topology is only related to the
inherent parameters of the system and the value of the input
voltage Uin, and not to the value of the load resistance R:.
The LCL-S compensation topology thus has constant
voltage output characteristics. Moreover, when the system
operates at the natural frequency of the secondary side, the
equivalent impedance Z; of the secondary side of the
LCL-S t compensation topology is purely resistive, and its
reflected impedance Z; is also pure resistive. The reflected
impedance z: does not affect the operating frequency of the
system.

In the same way, the output characteristics of LCL-P,

. U. LCL-LCL and LCL-LCC compensation topology can be
1 p = (6) obtained separately, and the specific analysis process will
J a)Lp not be repeated. The results of the analysis are shown in
The output voltage and current can be derived as: Table 1. Table I shows the output characterist.ics of LCLjS,
) LCL-P, LCL-LCL, and LCL-LCC compensation topologies
. .M under specific parameter configurations.
U,=U,—— (7)
Lp
TABLE I. Output characteristics of four compensation topologies
T Whether it has constant Whether Z: is purely Whether it has constant Whether Z: is purely
opology structure e . . .
voltage output characteristics resistive current output characteristics resistive
LCL-S v x X
LCL-P x x N x
LCL-LCL v X v N
LCL-LCC v X N X

It can be seen from Table I that, the LCL-S compensation
topology has optimal constant voltage output performance,
and the LCL-LCL compensation topology has optimal
constant current output performance. Moreover, under these
conditions, its reflected impedance is purely resistive.
Combining the advantages of LCL-S and LCL-LCL
compensation topology output characteristics, a hybrid
compensation topology with constant voltage and constant
current output performance - LCL-LCL/S compensation
topology is formed.

Fig. 3(a) shows the schematic of the LCL-LCL/S
compensation  topology. LCL-LCL/S  compensation
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topology consists of two parts: when the system requires
constant voltage output, LCL-S compensation topology can
be selected; when the system requires a constant current
output, it can be switched to an LCL-LCL compensation
topology. To reduce the design cost and the volume of the
device, S1, S2, and S3 can be switched on and off to
achieve the purpose of switching the output state of the
system. As shown in Fig. 3(b), when the switches S1 and
S3 are closed and S2 is off, the system is in a constant
current output state; when the switch S2 is closed, S1 and
S3 are off, the system is in a constant voltage output state.
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(a) LCL-LCL/S compensation topology

L, S,
L
1 rrvxlrlvx_/
c | %
w, C,— L3¢L, S, R,

(b) Simplified diagram

FIGURE 3. Schematic and simplified diagram of the LCL-LCL/Se compensation topology

In a real-world circuit, there are many parameters that
affect the output performance of the LCL-LCL/S
compensation topology. Among them, parasitic resistance
has the greatest influence. Fig. 4 shows the schematic of an
LCL-S compensation topology considering parasitic
resistance.

FIGURE 4. The LCL-S compensation topology considering parasitic
resistance

where, Ri, Ry, and Rs are the parasitic resistance of the
inductance Li, Lp, and L respectively. According to the
circuit principle, it can be deduced that the LCL-S
compensation topology works under constant voltage
output conditions, and its output voltage and output current
are:

R UM __
°* R, +R, o'M
Lp +CpRl[Rp + : +RA) (9)
J U,M __
° R, +R
1P or| R+ OM
’ g L+Rs
Fig. 5 shows the schematic of an LCL-LCL

compensation topology considering parasitic resistance.

TABLE Il. Simulation parameters

FIGURE 5. LCL-LCL compensation topology considering parasitic resistance

Similarly, based on circuit principles, it can be inferred
that the LCL-LCL compensation topology operates under
constant current output conditions, and its output voltage
and current are as follows:

_ M ° UinRL
C L+ CRR, JoL, + ja)CpRle (10)
M U.
IO = [ ] n
L,+CRR, JoL, + ja)CpRle
where, Z is as follows:
24 02
oM
Z_ =R + 11
=R, I (11)

R -2
’ " CS(R2 +RL)

To verify the correctness of the theoretical analysis, the
LCL-S  compensation topology and LCL-LCL
compensation topology are constructed according to Fig. 4
and Fig. 5 with MATLAB simulation software, and the
simulation parameters are shown in Table II.

Topology structure Topology structure
Parameters LCLS LCL-LCL Parameters LCLS LCL-LCL
f 25KHz 25KHz G 9¢’F 9¢’F
Uin 27V 27V Cs 9¢’F 9¢’F
L; 45¢°H 45¢°H R, 0.5Q 0.5Q
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L, 45¢°H 45¢°H R, 0.5Q 0.5Q
L> / 456'6H R, / 0.5Q
Ly 45¢°H 45¢°H R, 0.5Q 0.5Q
M 20e°H 20e°H
The simulation results are shown in Table III and Table IV.
TABLE lll. Comparison of theoretical and simulation values of LCL-S compensation output voltage
Resistance /Q 10 20 30 40 50 60 70 80 Conversion
rate %
Slmula?\‘]’”alue 11.28 11.63 11.75 11.81 11.85 11.88 11.89 11.91 5.6%
Theoret/l\c]al value |y oy 11.59 11.71 11.77 11.80 11.82 11.84 11.85 51%
TABLE IV. Comparison between the theoretical value of LCL-LCL compensation output current and the simulation value
Resistance/Q 10 20 30 40 50 60 70 80 Conversion
rate %
Simulation value/A 1.504 1.359 1.24 1.139 1.054 0.981 0917 0.861 42.8%
Theoretical value/A 1.507 1.355 1.228 1.119 1.026 0.945 0.874 0.812 46.1%

Similarly, the equivalent series resistance (ESR) in a
capacitor can also affect the output of the system. Based on
Table 11, the equivalent series resistance of Cp, and Cs is set
to 0.3 Q (the equivalent series resistance of capacitors

TABLE V. Simulation value of LCL-S compensation output voltage considering ESR

varies at different frequencies and voltages). Using
MATLAB simulation software for simulation, the
simulation results are shown in Tables V and V1.

Resistance/Q) 10 20 30 40 50 60 70 80 Conversion
rate%
Simulation 10.83 11.32 11.50 11.59 11.65 11.68 11.71 11.73 8.3%
value/V
TABLE VI. Simulation values of LCL-LCL compensation output current considering ESR
Resistance /Q 10 20 30 40 50 60 70 80 Conversion
rate%
Simulation 1.391 1.201 1.056 0.943 0.851 0.776 0.713 0.660 52.6%
values/A

Based on the above simulation results, it can be seen that
parasitic resistance has a relatively small impact on the
constant voltage output characteristics of the LCL-S
compensation topology, but has a significant impact on the
constant current output characteristics of the LCL-LCL
compensation topology.

To provide high-quality power guarantee for electrical
equipment with a wide load variation range, it can be seen
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from Egs. (9) and (10) that the output voltage value of
LCL-S compensation topology and the output current value
of LCL-LCLs compensation topology are related to the
value of the input voltage uin. The output voltage and output
current of the entire system can be regulated by adjusting
the value of the input voltage uin. The basic idea is shown in
Fig. 6, and the overall design scheme of the system is
shown in Fig. 7.
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&D,
FIGURE 6. Schematic diagram of dynamic adjustment of system output voltage and current
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FIGURE 7. Schematic diagram of the overall design of the system

Its basic working principle: the sampling circuit collects
the voltage and current information at the load end and
transmits the collected information to the microprocessor.
Then the microprocessor compares the acquired value with
the expected value. When the error between the two is
greater than the maximum error limit value, the secondary
side microprocessor issues instructions to the primary side
microprocessor. The primary side microprocessor regulates
the duty cycle of the DC/DC converter to achieve the
purpose of adjusting the system output.

lll. RESULTS AND ANALYSIS

To verify the correctness of the theoretical analysis, an
experimental platform for LCL-LCL/S compensation topology
with a front connected Boost converter is built, as shown in Fig. 8.
The experimental parameters are a coil pitch of 30mm, an
input voltage of Us=24V, a system operating frequency of
f=25KHz, and the inductance of L;=45.6uH, L>=46.1 uH,
L,=45.1uH, and L~44.7uH. Among them, the parasitic
resistances on the inductance are R/=116mQ, R>=128mQ,
R=301mQ, and R=293mQ respectively; the system
resonant capacitor is C,=Cs=900nF, and the variation range
of load resistance is 10-40Q.

VOL. 13, NO. 1, JULY 2024

FIGURE 8. Experimental prototype testing platform

This experimental platform mainly consists of 5 parts,
corresponding to the labels D to ® in Fig. 8. Label
includes a power supply and an oscilloscope, wherein the
oscilloscope is mainly used to monitor the drive signal of
the pre-amp boost converter to verify that the primary-side
minimum system will provide the pre-boost converter with
different duty cycle driving signals with the change of load.
Label @ includes a primary-side closed-loop circuit and a
pre-boost converter. Label @ is the main circuit of the
system, which is composed of a full-bridge inverter circuit,
a driving circuit of a full-bridge inverter circuit, an
LCL-LCL/S compensation topology circuit, a rectifier filter
circuit, and a digital voltage and ammeter. Among them,
the digital voltage and current meter is mainly used to
monitor the changes of the output voltage value and current
value of the system. Label @ is the secondary side
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closed-loop circuit, and label ® is the system load.
The experimental results are shown in Figs. 9 and 10.
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FIGURE 9. Changes in system output current values
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FIGURE 10. Changes in system output voltage values

Fig. 9 shows the diagram of the change of system output
current value. It can be seen that as the load resistance
increases, the output current value of the system is basically
stable at about 1.3A, but the duty cycle of the Boost
converter has increased from 21.5% to 37.5%. Fig. 10
shows the change of the output voltage value of the system.
It can be seen that with the continuous increase of load
resistance, the output voltage value of the system is
basically stable at about 10V, but the duty cycle of the
Boost converter has decreased from 40.5% to 19.5%.
Consequently, adjusting the value of the input voltage uin
can effectively improve the output performance of the
LCL-LCL/S compensation system.

IV. CONCLUSIONS

This article proposes a control method for dynamically
adjusting the output voltage and current of the system to
provide stable voltage and current protection for electrical
equipment with a wide range of load changes. Through
theoretical analysis and experimental verification, the
following conclusions are obtained:

(1) LCL-S, LCL-LCL and LCL-LCC compensation
topology all have constant voltage output characteristics,
and only LCL-S compensation topology has pure resistive
impedance under constant voltage output.
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(2) LCL-P, LCL-LCL and LCL-LCC compensation
topology all have constant current output characteristics,
and only LCL-LCL compensation topology has pure
resistive impedance under constant current output.

(3) Due to the influence of parasitic resistance, when the
load resistance R. changes, the LCL-S compensation
topology will lose the constant voltage output
characteristics; the LCL-LCL compensation topology will
lose the constant current output characteristic.

(4) Through adjusting the value of the input voltage uin,
the output voltage and output current of the entire system
can be controlled. Therefore, the stability of the output
voltage and output current of the wireless power transfer
system of the LCL-LCL/S type compensation topology can
be improved by adjusting the duty cycle of the preceding
DC/DC converter.
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