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Abstract: To meet the demand for constant current and constant voltage charging of batteries and
to increase the system output power, the LCC-LCL/S-type self-switching wireless power transfer
system is proposed. The system does not require communication between the primary and secondary
circuits, and its output mode is controlled by simply changing the status of two switches on the
secondary side. Notably, the system satisfies the zero phase angle characteristic before and after mode
switching. The parameter design method is proposed based on the circuit topology and the maximum
safe current constraint. To make the output voltage fluctuation as small as possible, the optimum
load switching point for the system has been designed, and its optimality has been validated by
simulation. Furthermore, the switching control strategy is proposed, considering the effects of the
system no-load and load short-circuit in real situations. Finally, an experimental platform was built
to achieve the high efficiency output of the system with the maximum output voltage of 46.21V,
the maximum output power of 180 W, and the maximum efficiency of 93.4%, which verified the
applicability of the proposed method.

Keywords: wireless power transfer; constant current and constant voltage switching; LCC-LCL/S topology;
zero phase angle; parameter optimization design; optimal switching point

1. Introduction

Wireless power transfer (WPT), a contactless power transmission technology, is free
from traditional physical media constraints. It uses electromagnetic waves as the energy
carrier and transmits power from the transmitting end to the receiving end to supply energy
to the load [1], avoiding the safety issues caused by insulation damage, line aging, and
tip discharging in traditional power transmission [2]. As a result, it has a wide range of
applications, including electric vehicles [1,3-5], autonomous underwater vehicles [6,7],
medical devices [8,9], smart positioning [10-12], and industry [13].

Lithium batteries have emerged as the preferred power source for modern electric
equipment due to their excellent energy efficiency [14], and the safety of the charging
process is critical. To reduce the safety issues associated with repeated plugging and
unplugging, researchers are currently focusing on WPT technology for lithium battery
charging [15]. The charging stages of lithium batteries mainly consist of constant current
(CC) and constant voltage (CV) [16]. As the charging progresses, its resistance gradually
increases due to alterations in the electrolyte concentration. Combined with the charging
characteristics of lithium batteries, the design objective of the wireless charging system for
lithium batteries is to achieve CC and CV output and switching and to ensure that voltage
and current fluctuations are minimized at the moment of switching [17].
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Presently, researchers are putting forth control strategies capable of achieving tran-
sitions between CC and CV in WPT systems. The three most common control methods
are the introduction of power converters, system frequency control, and switching tube
phase control. Refs. [18-21] added AC-AC or DC-DC converters for constant output. The
system can collect real-time voltage and current data from the receiving end and uses them
as feedback signals to control the converter for stable CC and CV output. Although the
method has the advantages of system stability and fast response, the introduction of the
converter increases the size and design cost of the receiver side. Refs. [22-24] realized the
switching of the charging state by adjusting the frequency according to the characteristic of
resonant circuits across various operating frequency points. However, frequency hopping
control may cause frequency splitting, which influences the system operation stability.
Ref. [25] used the method of phase shift control. At a constant frequency, the phase of the
inverter switching tube is controlled based on feedback from sampled values. The scheme
involves communication, and the switching strategy is complex.

To make up for the shortcomings of the control strategy, researchers have started to
investigate how to optimize the compensation topology. Ref. [26] proposed a modelling
method on the basis of the high-order resonance network. The hybrid topology with
LCC and LCV modes was presented. Ref. [27] compounded the LCL-S-type topology
with the bilateral LCL-P-type topology and realized the mode switching by changing
the compensation capacitor, but the system did not satisfy the zero phase angle (ZPA)
characteristic. Ref. [28] proposed either SS and PS compensation or SP and PP compensation
with three switches to convert output modes. However, there will be a voltage spike across
the switch, even damaging the switch, when it is closed with residual energy in the inductor.
Ref. [29] proposed a reconfigurable wireless power transfer system with 3-D misalignment
tolerance. However, the system had many coils and compensation components and a
large device size, which increased the design and application costs. Ref. [30] split the
intermediate coil into two coils and overlapped them with the receiving coil to create a
compact structure. Although the charging mode can be switched during the charging
process, the number of components and switches significantly increased the cost and the
space requirements. Ref. [31] configured four relays to achieve the charging mode transition
by controlling the pertinent pair of relays. However, the number of relays involved in the
system is high, resulting in switching losses.

In summary, the current methods of CC/CV charging based on wireless power transfer
technology can be roughly divided into two categories: one focuses on optimizing the
control strategy; the other focuses on optimizing the topology. Compared with the latter,
the former often involves bilateral communication and is limited by the application space
and cost. Therefore, to reduce the control complexity and the system size as much as
possible, based on the study of the output characteristics of the second-order and high-order
compensation networks, this paper innovatively proposes an LCC-LCL/S compensation
topology. It consists of the LCC-LCL-type network and the LCC-5-type network, which
can be reconfigured by controlling the switches to achieve the switching of charging modes.
The design schemes of system parameters and the optimal switching point are proposed
based on theoretical derivation. The switching flow of the switches is given according
to the analysis of the no-load and short-circuit conditions of the system, which lays the
theoretical foundation for realizing efficient and stable operation.

The rest of the paper is divided into five sections. The first section analyses and verifies
the output constant characteristic and the ZPA characteristic of the single topology; the
second section proposes the parameter design method; the third section designs the optimal
load switching point and proposes the switching control strategy; the fourth section carries
out the simulation and experiment to prove the correctness of the proposed method. The
last section is the conclusion of the paper.
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2. System Topology Analysis

The self-switching of CC and CV characteristics cannot be finished by using a single
compensation topology, which cannot meet the charging requirements of lithium batteries.
Therefore, to better match the charging characteristics of lithium batteries, this paper
combines the second-order S-type network with CV output characteristics and the third-
order LCL-type network with CC output characteristics and proposes an output mode
self-switching WPT system on the basis of the LCC-LCL/S compensation network. The
system circuit is shown in Figure 1.
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Figure 1. LCC-LCL/S-type CC and CV self-switching circuit.

Uy is the DC power supply voltage; the input side circuit adopts a high-frequency
full-bridge inverter circuit driven by MOSFETs; S1, S, and S3, S4 form the bridge arms,
respectively; Lpj, Cp1, Cpp constitute the primary end LCC-type compensation network;
L1, L, are primary and secondary coils self-inductance, respectively; R; is the internal
resistance of Lpj; Ry, Ry are the internal resistance of coils, respectively; M represents
coupled mutual inductance; Ly, Cs1, Lg1 form a secondary LCL-type compensation network,
Ly, Cg1 form a secondary S-type compensation network, and the compensation network
is switched by controlling Kj, K; an uncontrolled rectifier circuit driven by the diode
is adopted, VD1, VD, and VD3, VD, form the bridge arms, respectively; C is the filter
capacitor; qu is the equivalent resistance of the rectifier circuit, the filter circuit, and the
load; Ry is the resistance of the load; Uy, , I, are the load voltage and current.

As mentioned in Ref. [32], as long as the port impedance of the loop is purely resistive,
the current stress in the loop can be reduced. In this case, the system is in resonance,
and its transmission efficiency is significantly improved. To increase the system’s output
efficiency, it is necessary to investigate the resonance frequency in CC/CV mode. The
output characteristics of the LCC-LCL-type and LCC-S-type circuit topologies and the
system resonant frequency are analyzed in the following two subsections to prove the
correctness of the mentioned compensation topology. Let the system operating frequency
be w.

2.1. LCC-LCL Topology Analysis

When the switch Kj is closed and the switch Kj is in contact with point two, the system
is in CC output mode. Figure 2 shows the system equivalent mutual inductance circuit,
where, UM and [ ac represent the input alternating voltage and current. Lpy, Cpy, Cpp and
Ls1,Cs1, Lo constitute the primary and secondary resonant networks, respectively. R,; is
the equivalent resistance, and Uo, I o represent its voltage and current, respectively. I 1, I P

represent the current of coils, respectively. Uy, I acs I 1, I, Uo and [ o indicate the phasors of
corresponding variables, respectively. Furthermore, Uy, lac, I1, I, U, and I, are defined as
the corresponding root-mean-square (rms) values, respectively.
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Figure 2. The LCC-LCL equivalent mutual inductance circuit.

Let the resonant frequency of the LCC-LCL-type topology be wcc. Without consid-
ering mutual inductance M, the impedance Zcc_1 of the input side circuit satisfies the
following equation:

Zep (Zsz +7Z1, + Rl)
Zep +Zep 21, + Ry

Zec1 = +Z1p + R )
where Z; ., Z¢c,,, Z1,, Zc,, are the impedance of each compensation component.
Let the imaginary part of the Z¢c_1 be zero; at this time, the primary compensation
circuit is in resonance, and its resonant frequency wcc satisfies the following equations:
ZLPl + ZCP] = jwecelpy + ]‘UCCCPI =0 X 2
Z1, = Zip, + Zep, = jwee(Ly — Lpt) + s50005, =0
Without considering mutual inductance M, the impedance Zcc_; of the output side
circuit satisfies the following equation:

ZCSl (ZL51 + RE‘%)

©)
Zrg +Zcg; + Reg

Zec—2 =2, +Ro+

where Z;,, Z¢c,,, Z1, are the impedance of each compensation component.
Let the imaginary part of the Zcc_; be zero. The secondary compensation circuit is in
resonance, and its resonant frequency wcc satisfies the following equations:

4)
Zrg + ZC51 = jwccLsy + : =0

jweeCst

{ Zua+ Zey = jwcela + grgmg = 0

To maximize efficiency, the system operating frequency should be equal to the res-
onant frequency, i.e., w = wcc. The secondary impedance in CC mode satisfies the
following equation:

wLe1)?
Zcc—o = (1{751) + R 5)
eq

The impedance Zcc_ ¢ from the secondary side equivalent to the primary side is

wM)? w?M2R
Zee-f = LoM)” _ 27 2 . ©)
Zcc-2 w?Ls1” + RoReg

To achieve full resonance of the circuit, the mutual inductance M is adjusted to meet
the maximum power transfer theorem after the resonance has been realized in the circuit
itself. Let the real part of the primary impedance be equal to the real part of the equivalent
impedance from the secondary to the primary. The optimum mutual inductance resistance
Mo satisfies the following equation:

(1 + wZCplleRi> (w2L512 + Rzqu)

Mopt = 7
o w*Cp1*RegRy 7
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The primary input equivalent impedance Z¢c_ 1y satisfies the following equation:

Zecoin =Zip +Ri+Zc,,// (Zcpz +Zp, + R+ ZCC—f)
 (LiCpp?—1) A+Riw?Cpy Cpy (w2 MPReg + Ry A) (8)
- CUZCplclaz(a)zMszq‘FR]A)

where A = w2L512 + RaReg.
Based on Kirchhoff’s law analysis, the following equations are obtained to solve for
the magnitude of the system output values:

—jwMIcc_q + ( jwLa + W%Sl + R2) Iccoa - w%ﬁICCfo =0

( ]'WLl?l + ]w%m + Ri) Toc — jw%micgfl = U
L _Tccoo+ (jwLst + o= + Reg)Icc—o = 0

7](4}C51 f“’C51 X A .
jwMlIcc_n + (W%m +jwly + Ry )Icc1 = (Iﬂf - ICC—l) jwépl

According to the relationship between the components of the system under resonance

conditions, the primary coil current I cc—1 and the output current I cc—o meet the following
equation, respectively:
- ](UC P1 UHCC

Ieco1 = BR_C (10)
1
| i ‘
ey = [ mES a
1

B = —w*(Cp1Cs1)*R1RoReq — (wCp1)*Ry
C = (wCs1)*RyReq + 1 '

Based on Equation (8), the input and output power for the WPT system in the CC state
satisfy the following equation, respectively:

where

2

P B ’uuc B ch2w2Cp1 Cpp (C(‘JzMzqu + RlA) (12)
CC-IN = ZCcC_IN N (L1Cp2w2 — 1)A + Rl‘OJsz1Cp2 (aJZMZqu + RlA)

WO M?Cp1?Cs1°Upc?
(BR; — C)?

The system output efficiency in the CC mode satisfies the following equation:

2
Reg = —

Req (13)

Pcc—our = ‘ICC—O

_ Pec-our _ _ WOM2Cp1*Co1*Uac® Reg (LiCpow® — 1)A LR
Pec-our (BR; — C)? Ua2w?Cp1Cpy (W2M2Reg + RiA) Uy

nce (14)

The internal resistance of the Litz wire coil is usually on the order of milliohms [33],
which is at least two or more orders of magnitude different from the load resistance, so the
internal resistance of the coil can be ignored. The compensation inductance Lp; satisfies the
equation R; < wLpj, so its parasitic internal resistance R; is also negligible. The system

output current Icc_, satisfies the equation:
Icc—o = —jw®Cp1CsiMUye = ———7— 15
CC—o ] P1%-S1 ac ]a)Lpngl ( )
From the above equation, we can see that when the system satisfies the equation
w = wcc, in the case of the voltage U,,, compensating inductance Lp; and Lg;, mutual

inductance M are constant, the LCC-LCL-type circuit topology can realize CC output, and
the magnitude of the output current remains constant regardless of the load resistance.
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In addition, the system output current will reach its maximum value when the mutual
inductance satisfies the equation M = M.

2.2. LCC-S Topology Analysis

When the switch Kj is opened, and the switch K, is in contact with point one, the
system is in CV output mode. Figure 3 shows the system equivalent mutual inductance
circuit, where, Lpj, Cp1, Cpp and Ly, Csp constitute the primary and secondary resonant
networks, respectively. Let the resonant frequency of the LCC-S-type topology resonant
frequency be wcy.

LCC Resonant Network S Resonant Network
' !
' : | p——
| I, C.. | I,
| s | N
. 1¢L, | .
Um.‘ |_ ______ | Rt’fl I:I Uu
JjoM, -
| p—
—]
RZ

Figure 3. The LCC-S equivalent mutual inductance circuit.

In both charging modes, the primary side topology is the LCC type, and its resonant
frequency wcy in the CV output state satisfies the following equation:
1 1

= = 16
VLpiCpt /(L1 —Lp1)Cp2 (16

wey

Without considering the effect of mutual inductance, the secondary impedance Z¢y_;
satisfies the following equation:

Zey_p = ZLZ + ZCsl + qu + Ry (17)

Let the imaginary part of the Zcy_, be zero. The secondary compensation circuit is in
resonance, and its resonant frequency wcy satisfies the following equation:

1
Z Zcy, = jwcyly + ——— =0 18
L, t4cg; = Jwevla + jweyCst (18)
To maximize efficiency, the system operating frequency should be equal to the res-
onant frequency, i.e., w = wcy, so the secondary impedance in CV mode satisfies the
following equation:
Zcy—3 = Reg + Ry (19)

The impedance Zcy s from the secondary circuit equivalent to the primary circuit
satisfies the following equation:

Zey-f = = (20)
The primary input impedance Zcy_jy satisfies the following equation:

Zevoan = Zip + Ri+ Zoy !/ (Zep + 20, + Zev g+ Ra)

_ (L1Cppw?~1) (Reg+Ra)+R:D (21)
- D

where D :Cp1Cp2a)2 (w2M2 + Rleq + Rle) .
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Based on Kirchhoff’s law analysis, the following equations are obtained to solve for
the magnitude of the system output values:

Ioc — ICV—1> G = Iey s (f(UL1 + by + Rl) +jwMlIcy 2
R; +jwLpr + ﬁ)lac - ]-w%mlcvfl = Uage (22)

—jwacV_l + (ijz + ]w%ﬁ + Ry + Req)ICV—Z =0

Under resonance conditions, the primary coil current Icy,_; and the system output
current Icy_, satisfy the following equation:

[ @ 23
5 :
] 7 —w MCpluaC
Iev_o=Icy o= —— % o4
cv-o = Icv—2 E(R; + Ryy) (24)
where E = — w?Cp >Ry R; + %CRPSRI _1

Based on Equation (21), the input and output power for the WPT system in the CV
state satisfy the following equation:

2
P . ‘uac N UaczD (25)
VINT Zevoin — (LiCppw? — 1) (Reg +R2) +RD
: 2 W*M2Cpy 2 U, >
Pcyv_our = ‘Icv—o Reqg = z—maczReq (26)
E (R2 + Req)

The system output efficiency in the CV mode satisfies the following equation:

Pcv—our _ W4M2CP12uac2Req<(L1CP2w2 - 1) (Req + Rz) + RiD)

(27)
Pey—in E2(Ry + Reg) *Use?D

Similarly, without considering the internal resistance R and R;, the system output
voltage Ucy _, satisfies the equation:

MU,

UCV70 = wchl UacM = I
P1

(28)

From the above equation, it is clear that when the topologies satisfy the equation

w = wcy, in the case of the voltage U, the primary compensation inductance Lp; and
mutual inductance M are constant, the LCC-S circuit can realize CV output, and the
magnitude of the output voltage remains constant regardless of the load resistance.

From Equations (8) and (21), it can be seen that the imaginary part of the input side
impedance of the LCC-LCL-type and LCC-5S-type compensation networks are both equal
to zero, the input impedance is purely resistive, and the system resonant frequency is equal
to the system operating frequency, i.e., w = wce = wcey. The system satisfies the ZPA
characteristic during the whole charging process, which is conducive to improving the
charging efficiency. Therefore, it is reasonable to compound the two topologies and switch
the charging state by switching the topology.

3. System Parameters Design

To maximize the power output of the WPT system, reasonable system parameters
need to be designed. Firstly, the conversion relationship between the input and output
voltages of the inverter circuit should be derived.
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Based on the design principle of the inverter circuit, according to the fundamental har-
monic approximation (FHA), the input direct current voltage U, and the output alternating
current voltage U, of the single-phase inverter circuit satisfy the following equation:

Upe _ 2V2
Udc o 7T

(29)

Based on the working principle of the rectifier circuit, the output direct current voltage
Ug, and the input alternating current voltage U, meet the following equation:

U, 22

30
T (30)
The output current I, and input current I, satisfy the following equation:
2v2
Ig, = —1Ip (31)

7T

According to Equations (30) and (31), the conversion relationship between the equiva-
lent resistance and load resistance satisfy the following equation:
2

"Ry (32)

R p—
L="g

Therefore, to guarantee the security of the charging process, the maximum output
voltage UR, —max and current Ig, _mayx of the system should be specified according to the
actual lithium battery parameters. In the following section, the system parameters are
optimized in terms of the coupling mechanism and compensation components.

3.1. Design of Coupling Mechanism Parameter

The secondary coupling coil is designed according to the output characteristics of
the system in the CC charging stage, and the inductance of the secondary coupling coil is
calculated using Equations (11), (30), and (31). L satisfies the following equation:

Lo = URL —max

= 33
C‘)IRL —max ( )

Firstly, the appropriate size and spacing of the two coils are designed according to
the actual charging space requirements, the coupling coil model is built, and the magnetic
field environment is set in COMSOL Multiphysics 6.0 finite element simulation software.
Then, set a value of N and perform a parametric sweep on N so that its inductance value
satisfies Equation (33). After limiting the range of N,, perform a parametric sweep on
the turns of both coils. Two simulation experiments need to be performed to solve the
self-inductance and mutual inductance, and the mean value of mutual inductance is taken
for the calculation of coupling coefficient K. The number of primary turns corresponding
to the maximum value of the coupling coefficient is selected as the optimal parameter of
the system. The operation flow of COMSOL Multiphysics software is shown in Figure 4.
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Figure 4. The operation flow of COMSOL Multiphysics software.

During the whole charging process, both primary and secondary coil currents should
be less than the maximum current they can withstand, denoted by I —max and In—max.
Their values need to be set in conjunction with the characteristics and parameters of the
coils. In the following, the above condition is used as a constraint on the coil design for the
self-inductance of the primary and secondary sides.

When the system is in the CC charging state, according to Equations (9) and (11), the
following equation can be solved to obtain the current of the secondary coupling coil:

_w4C512MCPl Req ch
BR,—C

I = (34)

The system output current should also be less than the maximum current that the coil
can withstand. According to Equation (24), the secondary coil current during charging
needs to satisfy the following set of equations:

*W4CS]2MCP1Requnc <I

BR,—C = {2—max (35)
*‘UZMCPluac < 12
E(Ry+Ry) — M

Neglecting R, and R;, the L; satisfies the following:

> uf) CSlReq

L, (36)

IZ—max

According to Equations (10) and (23), it can be seen that the primary coil current is
unchanged before and after mode switching when R; is neglected, and combined with the

full resonance condition, the current of the primary coil I; can be expressed as

CPl Uac

I = (37)
VCp2(L1 — Lp1)
The primary side coil self-inductance L1 needs to satisfy the following equation:
257 2, 2
L > Cp1°Une” + "1 _maxCpoLp1 (39)

IzlfmaxCPZ

Equations (36) and (38) serve as constraints to ensure the safety of the system’s primary
side and secondary side circuits, and if the design does not satisfy the equations, the system
parameters need to be redesigned.
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3.2. Design of Compensation Components Parameter

To satisfy the varying voltage level demands of different loads, the compensation
inductance Lp; is determined according to the output voltage equation of the CV stage.
According to Equation (28), the system output voltage gain G satisfies this equation:

u M (39)

G = - -
uac LPl

If the required output voltage is greater than the input voltage, Lp; < M can be set;
conversely, if the required output voltage is lower than the input voltage, Lp; > M can
be set.

Since the primary compensation network realizes resonance, the series compensation
capacitance Cp;, can be expressed as the following equation:

1

2 = w?(Ly — Lpy)

(40)
As Cpy is positive, the compensation inductance needs to satisfy Lp; < L;. In summary,
the constraints on the primary compensation inductance Lp; are

{ M<LP1 <L1,UQC > uO

LPl < M/ uac < uo (41)

With the primary side compensating inductance determined, the maximum input
voltage on the DC side of the inverter circuit is solved based on Equations (28)-(30) as

2
m°Lpy URL —max

Ujge—max = —sM (42)

According to Equations (2), (4), and (18), when the system satisfies the full resonance
condition, each compensation parameter can be expressed as

_ 1
Cp1 = L
Co1 = 20, (43)
Ls; = ——
S1 w2Cqy

On the basis of the above analysis, the parameter design flow of the system is proposed,
as shown in Figure 5.
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Figure 5. The system parameters design flowchart.

4. Mode Switching Point Design
4.1. Analysis of the Load Switching Points

At the moment of lithium battery charging mode switching, the system output voltage
may jump, i.e., the voltage rises or falls sharply in a short period of time. The reason for
this is that the voltage of the same load is different in two different topologies. To minimize
the effect of switching on the system voltage and power output stability, the voltage should
be consistent before and after the switching point.

According to the CC mode output current Equation (15), combined with the equivalent
resistance current and load current conversion relationship shown in Equation (31), the
voltage of the load can be solved to meet the following equation in the CC mode:

2v/2MU,.

44
mwLpyLg (44)

Ug,-cc = Ir,—ccRr =

According to the CV mode output voltage Equation (28), combined with the equivalent

resistance voltage and load voltage conversion relationship described in Equation (30), the
voltage of load in the CV mode can be solved to satisfy the following equation:

\@NM Uge

ALpy #5)

Ug, —cv =
When the equation Ug, _cc = Ug, —cv holds, the optimal switching resistance Ry,
which ensures that the voltage does not jump at the switching point, satisfies the follow-
ing equation:
m?wLg
8
From the above equation, when the load target maximum voltage is 45 V, the optimal
load switching point is Ry,s; = 11.1 Q) corresponding to the equivalent resistance Re; = 9 Q).
The system parameters are detailed in Table 1.

Rpest = (46)
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Table 1. System parameters.

Symbol Variable Value
Uy, DC input 100 V
f Operating frequency 85 kHz
Ly Coil-1 self-inductance 18.9 uH
Ly Coil-2 self-inductance 16.8 uH
Lpy Primary side inductance 11.9 uH
Primary side parallel
Cr capacitance 294.2nF
c Primary side series 498.1 nF
P2 capacitance '

Cs1 Secondary side capacitance 208.1 nF
Lsq Secondary side inductance 16.8 uH
C Filter capacitance 300 uF
M Mutual inductance 5.36 uH

In the following, the optimality of the load switching point obtained from Equation (46)
is verified from the perspectives of the system output power and output efficiency.

4.2. Optimality Verification of the Switching Point

According to Equations (13) and (26), the curves of the variation of output power with
the magnitude of load resistance for both topologies are presented in Figure 6.

180Q T T T
\ ! —— LCC-LCL
§ 1500 \ | ——LCC-S
< 1200 l
il
< T
s (R, =11.1Q
g 60 |
\4</—
//I Tt
0 5 10 15 20 25 30
Load R, (Q)

Figure 6. The system output power curve.

From Figure 6, it is clear that the output power of two topologies changes with the
load in the opposite trend, the power of the LCC-LCL type decreases progressively as
the resistance value increases, with the rate of decrease eventually leveling off towards
zero; while the power of the LCC-S type increases steadily with the load, maintaining
an approximately constant rate of increase. At the optimal load switching point, two
topologies” output power is the same, which suggests that the fluctuations in the load
voltage and current at the optimal load switching point are minimal, thereby ensuring the
safety of both the system and the load.

According to Equations (14) and (27), the curves of output efficiency with the load
size for both topologies are plotted, as shown in Figure 7. At the optimal load switching
point, the output efficiency of the two topologies is approximately equal and above 90%,
indicating that the system maintains a high level of efficiency throughout the entire charge
process, and the fluctuation of the power before and after the switching is small.
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Figure 7. System output efficiency curve.

Based on the load switching point output power and efficiency analysis above, it
can be seen that the topology switching of the system at this point minimizes the output
fluctuation of the voltage and current. Further, to verify the optimality of the system output
when the value of the load resistance is Ry, a simulation platform is built. The load
resistance is set to be 5 (3, 11.1 (), and 20 ), respectively. The simulation time is specified
as 0.04 s and the topology switching at 0.02 s. The waveforms of load current and voltage
before and after switching for different resistance conditions are shown in Figure 8.

30 50 > ' ' ' 0 90 | | | 160
— —_ L ~ 4 — 150 —
> > 4 45.9 40 S 0
= \’\ 45.0 ~ ~ ‘i ] \:
) S 30 g 305 5 oS
N N : T 3 | %
é{) §0 ) 0.019  0.020 0.021 N § ‘%0 130 §
S = 5 12 3 S
A N N S R S
S ’ RO
] =
3 08 5 39 1108 8 {10 3
(—!— S 0019 0.020  0.021 =~ =
o : : ‘ 0 ‘ ‘ ‘ 0 0 ‘ : : 0
0.00 0.01 0.02 0.03 0.04 00 0.01 0.02 0.03 0.04 0.00 001 002 003 004
Time t(s) Time t(s) Time 1(s)
(@ R, =5Q (b) R, =111Q (¢) R, =20Q

Figure 8. The waveforms of load current and voltage before and after switching for different

resistance values.

Comparing and analyzing Figure 8, it is clear that when the load resistance value is the
same as the optimal switching point resistance, the load voltage and current fluctuations
are small and can reach a constant value in a short time, realizing the smooth switching of
the output mode and verifying the optimality of the designed load switching point.

4.3. Design of Switching Control Strategy

Based on the above analysis and verification of the optimal switching point, it can be
seen that controlling the switching state at this point can achieve smooth switching of the
output mode. The CC and CV mode switching control diagram is shown in Figure 9.
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Figure 9. The CC and CV mode switching control diagram.

In this paper, voltage and current sampling circuits are set up on the secondary side to
collect the voltage and current values of the load, respectively. The TMS320F28335 digital
signal processor is used to process the collected data and to obtain the corresponding
load resistance value. Lithium battery charging is a slow process; its sampling frequency
requirements are not high, so the initial sampling frequency is set to once every 5 min.
To accurately find the optimal switching resistance value, when the voltage reaches 90%
of the preset voltage, the data acquisition and processing frequency are increased, and
the sampling frequency is set to once every 1 min. Record N load resistance values to
calculate the average value, when Equation (47) holds, the DSP will control the switch
K1, Ky switching to achieve the switching from CC to CV mode. If the formula is not
satisfied, continue to repeat the above steps.

Mz

. 1RL1'/N - Rbest
i

< 5% (47)

Rbest

Moreover, during the actual running of the mentioned system, the special working
condition of system no-load and load short-circuit may occur. To guarantee the security of
WPT system operations, the following section analyzes the stability of the system under
the two special working conditions and proposes the switching control strategy.

4.3.1. Analysis of System No-Load Condition

First, the influence of an open load on the WPT system during the CC output stage is
analyzed, and its equivalent circuit is shown in Figure 10.

1
1T H
C 1,

Figure 10. The load-open equivalent circuit in the constant current mode.

When the system is in resonance, the secondary impedance in CC mode satisfies
Z'cc2 = Ry. The impedance Z'cc_ s from the secondary circuit equivalent to the primary
side is

(wM)® _ (wM)’

AP = 48
= Zie, R (48)
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The primary input side input impedance is

Rz (L1Cp2w2 - 1) + RiCpl Cp2w2 (CUZMZ + R1R2)

Z'cc_ N = 49
CC-IN Cp1Cp2(U2(aJ2M2+R1R2) ( )

For the constant current output and open load condition, the input current on the
primary side is

Uy Cp1Cpaw? (w?*M? + Ry Ry)

I'ccne = 50
CC—ac Rz(L1Cp2a)2 — 1) + RiCp1Cp2w2(w2M2 + Rle) ( )
The current of the two coils meet the following equations, respectively:
N iwC j
L L 61
-/ w2Cp1 U,;CM
lecoy=—F75—" 2
cc-2 ER, (52)

Since the parasitic internal resistance of the inductor is much smaller compared to
its own impedance, it can be ignored. According to Equations (50)—(52), when the load
is open-circuited, the current on the primary coil remains essentially unchanged, but the
primary input current and the current on the secondary coil tend to infinity. To avoid
system damage, it is necessary to terminate the power supply immediately.

Next, the influence of the load-open circuit on the system during the CV output stage
is analyzed, and its equivalent circuit in this case is shown in Figure 11.

Figure 11. The load-open equivalent circuit in the constant voltage mode.

From the above figure, it can be seen that the system contains only the primary side
circuit, which is equivalent to the fault case where the secondary side is missing. The
secondary side impedance is infinity, and the impedance equivalent to the primary side
from the secondary side is zero. The impedance of primary side input is calculated as

Zep (Zcp, + 21, ) + RiR;
Z/CV—IN: Pl( P2 Rl 1) ! (53)

The primary coil current is

I /CV71 = WCPTluM (54)

Similarly, the inductive parasitic internal resistance is negligible. From Equation (53),

the primary input impedance tends to infinity. When the load is open-circuit in the CV

charging stage, the input circuit current is close to zero. From Equation (54), the primary

coil current is only linked to the input voltage and switching the system frequency but is not

affected by the change in the input current of the system. Therefore, when the load-open

circuit condition occurs in the CV charging stage of the system, the possibility of system
damage is very small.
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4.3.2. Analysis of Load Short-Circuit Condition

When a short-circuit fault occurs on the secondary side of the system due to a burned
rectifier bridge or thermal abuse of the battery, the safe operation of the system may be
threatened. In the following, the magnitude of the primary and secondary side coils and
the inverter output currents are analyzed when the load is short-circuited in CC and CV
output modes, respectively. Figures 12 and 13 show the equivalent circuit diagram of the
system for a short-circuit fault in two modes.

|
1 7
c,,

Figure 13. The equivalent circuit of the system for a short-circuit fault in CV mode.

From Figure 12, the equations Re; = 0 QY and Z;, + Z¢,; = 0 Q) hold under resonant
conditions, so the denominator of the impedance is equal to zero. The secondary impedance
tends to infinity, so the current of the secondary coil is approximated to zero. The impedance
from the secondary circuit equivalent to the primary side is zero. It is similar to the case
of the system with no load in CV mode. From Figure 13, the equations R,; = 0 () and
Z1, + Zcg, = 0 Q) hold, so the secondary equivalent impedance is equal to Rj. It is similar
to the case of the system with no load in CC mode.

Based on the above analysis, it can be seen that when the system is unloaded in CC
mode or when the charging load is short-circuited in CV mode, both the secondary coil
current and the inverter output current will increase substantially at the instant of switching,
which may cause circuit faults, leading to system damage. When a disconnection or short-
circuit fault occurs, if the secondary coil current is higher than the maximum current Ir_nax
can withstand, the coil temperature may rise in a short period of time, or even damage the
circuit due to overheating. So, it is considered that the system is in an unstable operating
state at this time, and it is necessary to terminate wireless charging immediately. A switch
control strategy for short-circuit and open-load faults is shown in Figure 14.
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Figure 14. Switch control strategy for short-circuit and open-load faults.

5. System Simulation and Experiment Verification

To demonstrate the effectiveness of topology based on LCC-LCL/S and the parameter
design method, a system simulation model is built using Simulink, a visual simulation tool
in MATLAB R2021a. Two pulse generators are used to supply the MOSFETs with pulses
at the frequency of 85 kHz, where the MOSFET S; and Sy4, S» and S3 are in phase, and
the phase difference between S and S; is 180 degrees. The step signal is used to switch
the ideal switching state in the simulation process, which can realize the switching of the
topology or simulate the open-circuit and short-circuit conditions of the load. The system
parameters are shown in Table 1.

5.1. Results Analysis of Simulation

To verify the conclusion that this WPT system can switch the output mode from CC to
CV when charging, the circuit model is built in Simulink for simulation experiments. Set
the system working time as 0.06 s. The initial resistance value of the load is set as 20 (), and
0-0.03 s is the CC charging state. Switch the load every 0.01 s. The load resistance value is
20 0, 40 ), 30 ) in turn. Switching topology at 0.03 s, the system enters the CV charging
stage. Switch the load every 0.01 s. The load resistance is 30 (2, 40 , 20 Q) in turn. The
variations of current and voltage at the inverter’s output under varying load conditions are
shown in Figures 15 and 16.

From Figures 15 and 16, when the resistance of the load changes in the range of 20 ()
to 40 (), the current of the load remains essentially unchanged in the CC stage, with the
maximum fluctuation within 0.2 A; in the CV stage, the load voltage remains essentially
unchanged, with the maximum fluctuation within 2.5 V. Therefore, it can be demonstrated
that topology can achieve CC and CV output.
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Figure 15. Output voltage waveforms of inverters with variable loads.
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Figure 16. Output current waveforms of inverters with variable loads.

Next, the primary coil current, secondary coil current, and system output current are
simulated when the load is disconnected in the CC mode. The simulation time is specified
as 0.2 s, and the load is disconnected at 0.1 s. The waveform of the current change before
and after the load disconnection in the CC stage is presented in Figure 17.

40 T T T

Primary coil current I 1
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Current 1 (A)
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| I |
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S
o

0 0.05 0.1 0.15 0.2
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Figure 17. Waveforms of current before and after load disconnection in the CC state.

Figure 17 shows the current waveform with the load disconnected in the CC charging
mode. Among them, the transmitter coil current remains essentially unchanged before and
after the load is opened, while the full-bridge inverter circuit output current and receiver
coil current show an obvious increasing trend at 0.1 s, which confirms the validity of the
theoretical derivation in Section 4.3.

5.2. Results Analysis of the Experiment

To prove the feasibility of the charging system for charging batteries in real situations,
an experimental platform was built based on the system circuit presented in Figure 1, which
is shown in Figure 18. The experiment parameters are shown in Table 1.

The system input side adopts a high-power adjustable DC-regulated power supply;
the system selects an STM32F407 microcontroller as the main controller of the primary side
to realize the control of the inverter circuit; it adopts a high-frequency full-bridge inverter
circuit composed of 60R060P7 low-resistance field-effect transistors; it selects the IR2110S
with a small volume and a high degree of integration as the driver chip of the inverter
circuit; the secondary main controller is a TMS320F28335 DSP processor; it is used to
collect and process the data of the load voltage and current in real-time; an ESPH6012L fast
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recovery diode is used to form the rectifier circuit; a Chroma 11050-5M is used to measure
two coils’ self-inductance and mutual inductance; the Tektronix MSO 2024B oscilloscope
was used to record the experimental waveforms.

Compensatl on
Netwoik 2
-

Network 1
A I -L d [
B — oad |4 ‘
Controller 1

Couplmg Coil l‘

| !

Figure 18. The experiment platform.

To investigate whether the system can achieve constant output under real charging
conditions, the load current and voltage values were recorded during the period when load
resistance increased from 1 () to 20 (). The voltage and current curves of the load during
charging are shown in Figure 19.

5.0
/

14.5
14.0
13.5

Load 130
Voltage 125

Load Voltage U, (V)
Load Current I (A)

0 5 10 15 2(%0
Load R, (Q)

Figure 19. The load voltage and current variation curves during charging.

From Figure 19, throughout the charging process, when the load grows from 1 () to
11.1 ), the load voltage gradually rises, and the load current remains essentially unchanged,
with the current fluctuating within 0.2 A. After switching topology, as the resistance of the
load increases, the voltage of the load remains essentially unchanged and the current of the
load gradually decreases, with the voltage fluctuating within 3 V. The system achieves a
maximum output voltage of 46.21 V and a maximum output power of 180 W.

To verify that the system satisfies ZPA characteristics, the inverter output voltage
and current are analyzed for the single topology under different resistance conditions,
respectively. Figures 20 and 21 show the output voltage and current waveforms of the
inverter when the secondary side is LCL-type and S-type topology, respectively.

From Figures 20 and 21, it is clear that the current and voltage remain in the same
phase with different values of load resistance, which satisfies the ZPA characteristic.

Figure 22 shows the waveforms of the load voltage and current before and after
switching. Analyzing the waveformes, it is clear that when the load resistance meets the
equation Ry = 11.1 (), the load voltage increases, and the voltage fluctuation is within 0.2 V;
the current of the load increases slightly, and the current fluctuation is within 0.02 A. After
the switching is completed, the voltage and current of the load are restored to constant, and
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the magnitude of the values is basically the same as before switching, realizing the stable
switching of the charging mode.

Inverter output voltage UHC(IOOV/diV) Inverter output voltage U, (100V/div)

= A ==

= = & =7

T N 1
Inverter output current I,_(5A/div) Inverter output current I, (5A/div)

=y

Sps / div Sps / div

) R, =5Q (b) R, =10Q

Figure 20. The LCC-LCL topology output waveforms of inverter with different load.
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Figure 21. The LCC-S topology output waveforms of inverter with different load.

L T U, (100V/div)~ = U (100Vidiv)T U, (100V/div e

2063V | | 4050V | 4473V 1,1 Laagdiv «( v) -4 ) 6701vi 1| | 4621V
8 A e e I i

413 A L1 18.07A | slo3a || 1 1405A ' 336A1 || 1 | 25314
T B ) ) o ) i
U 1,.(50A/div) s I.(50A/div) | | I (50A/iv) v
Sw"itching point | | Switching point | Switching point
i Sps / div ‘ ‘ E Sus / div l ‘ N Sus/ div

(a) Ri=59 (b) R, =11.1Q () R =20Q

Figure 22. Load voltage and current waveforms before and after switching.

To verify the conclusion that the system output efficiency at the optimal load switching
point before and after switching remains basically unchanged and in a high-efficiency state,
the system output efficiency is analyzed when Ry increases from 5 Q) to 40 () during the
charging process. Figure 23 shows the variation of the system output efficiency in the
whole charging process.

From Figure 23, it is clear that the system output efficiency in the CC output state
improves as the resistance is increased, reaching a maximum of 91.6%. In contrast, the
efficiency in the CV output state falls as the resistance increases, with a peak efficiency
of 93.4%. The efficiency fluctuation at the switching point is 1.8%, and the system whole
output efficiency is above 83.5%, which verifies the validity of the theoretical derivation in
Section 4.2.
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Figure 23. The system output efficiency curve of the whole charging process.

To further illustrate the superiority of the mentioned topology and methodology, the
conclusions of this study compared to earlier studies are shown in Table 2.

Table 2. Comparison of this scheme with similar schemes that have been proposed.

Ref. [29] Ref. [34] Ref. [35] Ref. [36] Ref. [37] Proposed
Topology Four-coil Three-coil S/LCC-S LCL-LCL/S Four-coil LCC-LCL/S
Coils 4 3 2 2 4 2
Switches 2 1 2 2 2 2
L:wfvifclc:(;gsof Secondary side Primary side Primary side Secondary side Primary side Secondary side
Primary side
compensation 4 2 4 2 3 2
components
Secondary side
compensation 8 1 1 2 1 2
components
Efficiency 93.9% 94.4% 92.58% 84% 91.014% 93.4%

By comparison, the advantages of the system in this study are listed below:

1.  Compared with Refs. [29,34,37], this system uses two coils to achieve wireless energy
transmission, with fewer coils and a smaller overall system size, which is more suitable
for space-constrained application scenarios.

2. Compared with Refs. [35,36], a novel hybrid topology is designed to realize the con-
stant output and switch charging state of the system, using fewer compensation
components and two switches, and the proposed system parameters design method-
ology is used to achieve the efficient output of the system under ZPA conditions.

6. Conclusions

To ensure the stability and high efficiency of wireless charging for batteries, this paper
proposes a novel hybrid compensation topology based on LCC-LCL/S. Smooth switching
of the CC and CV charging states is achieved by controlling the switches to change the
secondary side compensation network, which significantly reduces the control complexity.
Considering the maximum safe current constraints of the system, the parameter design
method under resonance conditions is proposed to effectively avoid potential safety risks.
The system is analyzed from the perspective of the mode switching point and special
working conditions like no-load and short-circuit, and the switching control strategy is
given. The results from the simulation and experiment indicate that the proposed parameter
design method and the optimal load point design are feasible; the battery voltage fluctuation
at the mode switching point can be realized within 0.2 V, and the current fluctuation within
0.02 A, which ensures the safe and stable running of the WPT system. Throughout the whole
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charging process, the system achieves high output efficiency, and the maximum output
efficiency can reach 93.4%, which has good prospects for practical engineering applications.
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Abbreviations

LCC-LCL/S The reconfigurable topology is composed of LCC-LCL and LCC-S.

WPT Wireless power transfer
CC Constant current
CcVv Constant voltage
ZPA Zero phase angle
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