
27 Journal of Control (English Edition), VOL. 01, NO. 02, Dec. 2022 

  

Abstract— current study focuses on optimizing the 

efficiency of an LCLCL-T compensated topology in wireless 

power transfer  systems with load-independent output 

current capability for battery charging. Wireless battery 

chargers play key devices in smart homes. To improve 

efficiency in these chargers, various compensated topologies 

are employed. In particular, the symmetric compensated 

LCLCL-T topology has been extensively used due to its 

inherent features, such as constant current output  (CC), 

and high ability to absorb parasitic elements. However, one 

of the main deficits of this resonant compensation is 

decreased load regulation despite controlling the frequency, 

and on the other hand, its efficiency decreases owing to an 

increase in the circulating current. Therefore, in this study, 

the parameters of the proposed topology are reconfigured 

by adjusting the KW/KVA as an index to a reduction of 

voltage/current stresses on their elements without changing 

the specified system-level parameters, such as the system 

operating frequency, and specified CC output. Moreover, 

the circuit performance in the high-frequency response 

under different conditions is analyzed in detail, to optimize 

the system efficiency. Finally, the proposed system is 

simulated in PSIM to design the specific parameter values, 

the sample topology is also carried out. Analytical results 

show that the proposed compensation has the minimum 

output current fluctuation versus variations of the coupling 

coefficient  and other parameters. Moreover, the analysis 

proves that, compared with the conventional design 

method, the proposed method improves the topology 

efficiency under various loads, especially under light loads.  

 
 

Keywords: smart home, constant current application, 

wireless power transfer, optimization, parameter tuning 

method.  

 
NOMENCLATURE 

BR  v  

LP Secondary series resonant capacitor 

 LS Primary leakage inductor 

Lm 
 Magnetizing inductor of transformer 
referred to primary 

V1 output voltage of the inverter 

k coupling coefficient of the transformer 

𝐼𝑅𝐿 Load current 

 𝜔𝑟𝑒 Base resonant frequency  

𝜔𝑛,𝑠 normalized switching frequency 

𝑍0 
base characteristic impedance of 
network 

𝐼𝑜𝑛 normalized output current 

α =  𝐿2 𝐿1⁄ 𝛽
=  𝐿3 𝐿1⁄ , 𝛿 =  𝐿4 𝐿1⁄ , 
𝛾 = 𝐶2 𝐶1, 𝜏 = 𝐶3 𝐶1⁄⁄  

The ratio of resonance tank elements 
 

𝐼𝑜 output current 

𝜃 
phase angle between the LCLCL-T 
input voltage and current 

𝑄𝑜𝑝𝑡𝑖𝑚𝑢𝑚 the optimal Q function 

Romax maximum load resistance 

fs switching frequency 

  
𝑉𝑖,𝑟𝑚𝑠 

RMS value of the fundamental harmonic 

of the RN input voltage 

 Iout Load current 

𝑅𝑜𝑢𝑡 Load resistance 

n transformer turn ratio 
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Q quality factor 

ωsw switching frequency 

 𝑅𝐿 
equivalent AC resistance seen from the 

primary side of transformer 

MPTB 
the maximum power transmission basis 

index 

 

I.INTRODUCTION 

ECENTLY, the wireless power transfer (WPT) 

system is developed and employed in various smart 

home applications, from low-power electronics devices 

to high-power systems such as mobile robots [1,2], and 

electric Vehicles (EV) [3,4], respectively. In comparison 

with conventional plugged-in charging, the advantages of 

WPT systems are safety, portability, flexibility, and 

feeding without the user requirement [5].The proper and 

effective operation of this device requires the use of a 

stable charging system with high-performance capability 

in terms of voltage fluctuation, which increases the life 

of batteries [6]. Some targets for designing an efficient 

WPT system are defined, as follows: 1) Improving power 

level [7];  2) Increasing the power transfer distance [8]; 3) 

considerations between the transmitting and receiving 

sides to achieve a high coupling  coefficient and  

misalignment tolerance [9]; and 4) consideration on coil 

geometry [10]. Therefore, according to these  

considerations, the appropriate WPT technologies can be 

designed for different applications, e.g. EV charging. In 

wireless charging technology, compensation topologies 

with constant output characteristics are an important 

issue. In this context, various topological techniques [11] 

and control strategies [12,13], are investigated to achieve 

a CC characteristic.  Various control methods which are 

proper for WPT systems are used to regulate outputs 

under different load conditions [14–16]. High energy 

losses, dependence on sensors, and occupying a lot of 

space can be the major limitations of these strategies  

[17,18]. However, topological methods are a simpler 

controller design and cost-effective. One of the 

approaches is to apply a Resonant Network (RN) due to 

its considerable advantages [19]. RN is recognized as a 

considerable significant factor in improving the system 

efficiency and quality. It can be proved through the 

addition of two compensation circuits into the primary 

and secondary sides [20–21].  

Presently, due to the simple and high-frequency 

response, two series/series resonance (S/S) and 

series/parallel resonance (S/P) topologies have the most 

attention for use in WPT systems. In [22], the load-

independent output current and input impedance of the 

(S/S) and (S/P) compensations have been studied and 

compared. It has been investigated [22] that the S/S 

compensation can achieve both load-independent output 

current and zero input phase angle (ZPA) at a particular 

operating frequency. Therefore, S/S compensation is 

normally proper for current-source-output WPT systems. 

However, the output current of the S/S compensation is 

inversely proportional to the mutual inductance of the 

WPT transformer, denoted as M. Moreover, when M 

varies, the output current also varies [23]. Moreover, 

series topology has good efficiency but suffers from poor 

load regulation even with frequency control [24]. In 

previous works, the merit and demerit of various third-

order topologies such as the SS, SP, PS, and PP are 

discussed completely [25]. To improve the performance 

of the compensation network, many researchers have 

focused their attention on the advantageous high-order 

compensation topologies for their advantages [26], but, 

these researchers have little attention and focus on the 

coupling coefficient and other parameters of circuits for 

achieving high-efficiency systems. 

On the other hand, according to [27], power transfer 

efficiency is related to the inverter part of a WPT system 

and it can be defined as the power inverter. Fig. 1, 

presents a typical WPT system with a series-series (SS) 

compensation topology. 

 

 

 

 
 

Fig. 1. A general structure of the WPT system block diagram. 
 

In Fig. 1, the full bridge Inverter produces a square 

wave with quite a few harmonics. According to [28], by 

designing the compensation topologies as a passive band-

pass filter, the harmonic components can be significantly 

attenuated.  Several investigations have been performed 

on the analysis of harmonics of the inverter output in 

WPT systems [29–33]. In [29], eliminating the current 

harmonics by employing an LC as a low-pass filter is 

studied, but system efficiency is not the analysis in detail. 

By using an E-class rectifier in the high frequency (MHz) 

range for a WPT system, the THD of input voltage in an 

E-Class rectifier is decreased sufficiently in comparison 

with a conventional rectifier [30]. However, this report is 

only limited to the rectifier part. In [31], the authors 

investigated the reactive power levels for various 

compensation topologies. As a result, the LCC 

compensation was reported as a topology with high 

performance in terms of output reactive power. To 

improve the inverter output power of the WPT system, a 

Cascaded multi-level inverter is proposed in [32,33]. In 

these papers, the reduction of harmonics is discussed, 

but, the relationship between system efficiency and 

harmonic content of the inverter voltage is not 

investigated, in detail. 

Owing to the above works of literature, in the current 

study, which is based on a mathematical method for 

tuning parameters proposed in [34], an identical 

compensation inductance of the LCLCL-T type is first 

established according to the essential parameters of the 

R 
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WPT system. This topology is the most similar topology 

to S/S compensation indirectly (transferring some of its 

reactive elements to the secondary part of the 

transformer).  Without changing the specified system-

level parameters, the resonant network is reconfigured by 

adjusting the ratio of the two compensation inductances 

of the proposed topology. Under these different 

combinations, the system characteristics such as 

current/voltage stress, and high-frequency response with 

respect to input current harmonics are carried out, in 

detail.  LCLCL-T topology to determine an optimal value 

of the reactive components, which can enhance the 

system efficiency. The effectiveness of the proposed 

approach is assessed through simulations, and practical 

experiments, and compared with the conventional design 

method. 

A. Contribution  

This study elaborates on a mathematical method for 

achieving a Load-Independent Output Current. In 

comparison with the conventional design method, the 

proposed method improves the topology efficiency under 

various loads, especially under light loads. 

In this paper, the parameters of the proposed topology 

are reconfigured by adjusting the KW/KVA as an index 

to a reduction of voltage/current stresses on their 

elements without changing the specified system-level 

parameters, such as the system operating frequency, and 

specified CC output. Due to prevent the increase in power 

losses and reduce the damage to the devices, the analysis 

of compensating topologies from the perspective of 

voltage and current stresses are important. 

According to the above works of literature, this article 

has the merit of investigating the relationship between 

system efficiency and harmonic content of the inverter 

voltage. By adjusting the ratio of the two compensation 

inductances of the proposed topology, the system 

characteristics such as high-frequency response with 

respect to input current harmonics are carried out, in 

detail.   

B. Outlines 

The structure of the rest of this article is as follows. In 

Section II, the theoretical analysis and design of an 

LCLCL-T are described, in detail. In Section III, the 

system Property Under these different combinations, 

such as voltage/current  Stress, and high-frequency 

response, are discussed and compared to determine an 

optimal ratio of the reactive components, which can 

enhance the WPT system efficiency. In Sections IV, an 

evaluation of the efficiency of represented design 

methodology is carried out using contemporary feasible 

experiments. 

II.ANALYSIS AND DESIGN OF LCLCL-T 

COMPENSATED WPTS  

A diagram of an LCLCL-T compensated WPTs is 

presented in Fig. 2. Proposed topology is the most similar 

structure to S/S compensation indirectly (transferring an 

LC to the secondary of the transformer). This topology 

comprises two inductors of L1 and L2, which are in series 

with two capacitors C1 and C2, respectively. Moreover, 

L3 is a parallel inductor with a T-composite. The 

proposed topology is the adaptable structure in terms of 

complete modeling of transformers instead of L1, L2, and 

L3. The leakage inductances of the transformer (Lp and 

Ls) are used as components of the resonant network (RN) 

L1, and L2 and primary-side magnetizing inductance (Lm) 

as L3. Therefore, leakage inductors and reactive 

components are decreased, resulting in minimal power 

losses and higher output efficiency. 

 

M4

M3M1

M2

Vi

C1 L1 L2

L3

C2 D1 D3

D2 D4

Cout Rout

1:n

LCLCL-T Topology Coupling
 coils

Io

RL
VDS

+

-

IDS

InL1

IT,sec

VT,sec

+

-

M

 
Fig. 2.  LCLCL-T compensated WPT system for EV charging. 

 

    The full-bridge inverter (FBI) consists of four 

MOSFETs M1-M4 that is utilized to convert a DC-link 

voltage Vi to an AC square-wave voltage V1. This voltage 

is a symmetric square Waveform of which amplitude is 

ideally equal to Vi. The fundamental harmonic analysis 

(FHA) for WPT systems is a general method for 

harmonic analysis in the resonant network (RN) [35]. 

The symmetric square wave can be expressed with 

Fourier series expansion as follows:  

 

{
𝑉1(𝜔𝑠𝑡) =

𝑎0

2
+ ∑ (𝑎𝑚 cos(𝑚𝜔𝑠𝑡)

∞
𝑚=1,2,… + 𝑏𝑚 sin(𝑚𝜔𝑠𝑡)) 

𝑏𝑚 =
2

𝜋
∫ 𝑉1(𝜔𝑠𝑡) sin(𝑚𝜔𝑠𝑡)) 𝑑𝜔𝑠𝑡
𝜋

0
=

4

𝑚𝜋
    𝑚 = 1, 3 , …

(1) 

where, 𝜔𝑠 and m are is the switching frequency and 

harmonic indices, respectively. The zeroth harmonic (a0) 

and Amplitudes of higher harmonics (am) is equal to zero 

for a square wave with a symmetry along time axis. 

Therefore, the Fourier series relation expansion of the 

output voltage can be resulted in: 

𝑉1(𝑡) =
4𝑉𝑖

𝜋
∑

1

(2𝑚−1)

∞
𝑛=1 sin((2𝑚 − 1) 𝜔𝑠 𝑡)            (2) 

where, 𝜔𝑠 is the switching frequency. By operating the 

inverter at the resonant frequency of the circuit, the same 

phase of the output voltage and current is obtained. At 

this frequency, the network impedance generally 

includes the fundamental harmonic and higher harmonic 
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frequencies can be ignored. Therefore, the output voltage 

of the inverter is roughly defined as follows: 

𝑉1(𝑡) ≈ 𝑉1
𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙(𝑡) =

4𝑉𝑖

𝜋
 sin(𝜔𝑠 𝑡)               (3) 

This approximation is more obvious, if the switching 

frequency is near the resonance frequency. By defining 

D as the steady state duty cycle, the output voltage of 

inverter V1 under a PWM control can be derived as: 

𝑉1(𝑡) =
4𝑉𝑖

𝜋
 sin(𝜔𝑠 𝑡) sin(𝜋𝐷)                            (4) 

 

The transformer is consist of a primary and secondary 

coil and Power is transferred from the primary to the 

secondary of its coils, the coupling coefficient of the 

transformer is considered as: 

𝐿𝑝 𝐿𝑠⁄ ≈ 𝑁𝑝
2 𝑁𝑠

2⁄  =
1

𝑛2
 ,  𝑘 = 𝑀√𝐿𝑝 × 𝐿𝑠                         (5)  

Where Lp, Ls, and M are the leakage-inductance 

primary side, leakage-inductance secondary side, and 

mutual inductance of the transformer, respectively. By 

operating RN as a low-pass filter, the following RMS 

load output equations can be given [36]: 

{
𝑉𝑅𝐿 = 

𝜋√2

4
𝑉1

𝐼𝑅𝐿 = 
𝜋√2

4
𝐼1

                                                     (6) 

 

C. LCLCL-T analysis 

To obtain the output current expression of the proposed 

LCLCL-T and consider the above relationships, the 

equivalent circuit of the proposed topology can be 

simplified as Fig. 3.  

L1 L2

RL
V1

C1 C2
IL1

IRLIp Is

Lp Ls

jωMIs jωMIp

Fig. 3.  Equivalent analytical circuit of the LCLCL-T topology. 

To start the design process via resonant conditions, the 

output current expression of the proposed topology, some 

basic parameters should be defined as: 

1) The base resonant frequency, normalized switching 

frequency, the RN quality factor, and equivalent AC 

resistance seen from the primary side of transformer 

equivalent are defined as: 

 ωre =
1

√L1C1,
, ωn,s =

ωsw

ωre
, Q =  

n2Z0

Rout
 , RL = 

8Rout

n2π2
  (7)

  

In which ωsw is the switching frequency and n is the 

transformer turn ratio. 

2) The base characteristic impedance of network, the 

RMS value of the fundamental harmonic of the RN input 

voltage, and the normalized output current can be 

expressed as: 

(𝑍0 = √
𝐿1

𝐶1
), Vi,rms  =  

2√2 Vi

π
, Io = 

2√2

𝜋

IRL

n
, Ion = 

nIo
Vi
Z0

 (8) 

3) The ratio of resonance tank elements is defined as: 

α =  𝐿2 𝐿1⁄  

𝛽 =  𝐿3 𝐿1⁄ , 𝛿 = 𝐿4 𝐿1, 𝛾 = 𝐶2 𝐶1, 𝜏 = 𝐶3 𝐶1⁄⁄⁄        (9)   

α and 𝛽 achieving will be explained in the next sections. 

This point should be noted that the basic capacitive and 

inductive are needed to create resonance conditions. 

Then, other components' relations can be derived 

according to the basic defined components. According to 

Kirchhoff’s voltage and current laws, the expressions of 

the impedances can be derived as given in (9). 

{
 

 𝑍𝑝 = 𝑠(𝐿𝑝 −𝑀) +
1

𝑠𝐶𝑝
,

𝑍𝑠 = 𝑠(𝐿𝑠 −𝑀) +
1

𝑠𝐶𝑠
,

𝑍𝑀 = 𝑠𝑀

                                  (10) 

Next, the RL normalized current can be expressed as:  

𝐼𝑜𝑛 = 
𝑅𝐿𝑍𝑀

𝑅𝐿𝑍𝑀+𝑍𝑠𝑍𝑀+𝑅𝐿𝑍𝑝+𝑍𝑀𝑍𝑝
                            (11) 

 

By writing the resonance network equations as well as 

altering the defined parameters (7-9), the normalized 

output current is illustrated as follows: 

𝐼𝑜𝑛 =
8

𝜋2

𝑗𝛾𝛽𝜔𝑛
3

𝐴1+𝑗𝐴2
                                        (12) 

In which, A1 and A2 are obtained as: 

 

𝐴1 = 1 − (1 + 𝛼𝛾 + 𝛽 + 𝛽𝛾)𝜔𝑛
2 + (𝛼𝛾 + 𝛽𝛾 + 𝛼𝛽𝛾)𝜔𝑛

4 (13) 

𝐴2 =
8𝛾

𝜋2𝑄
 (𝜔𝑛 − (1 + 𝛽)𝜔𝑛

3]                              (14) 

 

From (12), it has been clear that the topology behaves as 

load-independent if A2 is zero. Therefore, under this 

condition, the Normalized Operation Frequency (𝜔𝑛,𝑠) 
under load- condition, is given as follows: 

𝜔𝑛,𝑠 =
1

√1+𝛽
                                                       (15) 

Next, according to (15), the phase angle between the 

LCLCL-T input voltage and current is obtained as: 

 

𝜃 = 𝐴𝑟𝑐𝑡𝑔 (
−𝜋2𝑄(1+𝛽)−𝛾(𝛽+𝛼)

8𝛾(1+𝛽)√(1+𝛽)
)                            (16) 

 

By considering the phase angle (𝜃) equal to zero, it can 

be seen that the losses of the inverter switches are 

minimized. In this case, the relation among reactive 

elements is expressed as: 

   𝛼 =
1+𝛽−𝛽𝛾

𝛾
                                                        (17) 

Utilizing (15) and (17), the desired value of the LCLCL-

T normalized output current can be resulted in: 

𝐼𝑜𝑛 
𝜔𝑛=

1

√1+𝛽
 ,   𝛼=

1+𝛽−𝛽𝛾

𝛾
 
= 

−8√(1+𝛽)

𝑗𝜋2𝛽
                    (18) 
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In this state, the output current only depends upon (𝛽). 

Therefore, achieving the output current can be controlled 

by adjusting (𝛽). Moreover, higher design flexibility is 

one of the achievements of this feature.  

 

A. LCLCL-T design 

     The values of RN inductive/capacitance elements and 

their voltage/current range are the basic key to designing 

compensated WPT systems that lead to a reduction in 

voltage and current stresses and an increase in the 

capability of power transferring [37]. According to this 

concept, kVA/kW ratio is defined as the maximum power 

transmission basis (MPTB) index, which can be given as 

the following index: 

𝑀𝑃𝑇𝐵 =
𝐾𝑉𝐴

𝐾𝑊
=

∑ (𝑉𝑛𝐿𝑥×𝐼𝑛𝐿𝑥)+∑ (𝑉𝑛𝐶𝑥×𝐼𝑛𝐶𝑥)
2
𝑥=1

3
𝑥=1

𝐼𝑜𝑛
2

𝑄

  (19)  

The normalized current and voltage relations of 

LCLCL-T components under load-independent 

condition is obtained as: 

𝑀𝑃𝑇𝐵 =  
16(1+𝛽)√1+𝛽

𝜋2 𝑄 𝛽2
+ 

𝜋2 2𝑄 (𝛽+𝛼)

8 √1+𝛽
                     (20) 

As can be seen from (19), the MPTB value is the 

function of (𝛼, 𝛽, and Q). Given the dependence of Q on 

the load, it is found that Q is the only variable parameter 

throughout the circuit operation that changes the value of 

MPTB; therefore, the optimal Q function can be obtained 

as follows: 

𝑄𝑜𝑝𝑡𝑖𝑚𝑢𝑚 = 
8(1+𝛽)

𝜋2𝛽√𝛽+ 𝛼
                                          (21) 

Using the optimum Q value, MPTB and the physical 

size of the circuit elements are minimized which can lead 

to the maximum power transfer, which is the objective of 

the proposed system. Accordingly, the following 

relationships can be obtained as the following: 

𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑡𝑢𝑟𝑛 𝑟𝑎𝑡𝑖𝑜: 𝑛 =  
𝐼𝑜×𝑅𝑜𝑚𝑎𝑥

𝑉𝑖
√
1+𝛽

𝛽+𝛼
     (22) 

𝐿1 =
4

𝜋3
√
𝛽+𝛼

1+𝛽

𝑉𝑖
2

𝐼𝑜
2𝑅𝑜𝑚𝑎𝑥𝑓𝑠𝛽

                                   (23) 

𝐶1 = 
𝜋𝐼𝑜
2𝑅𝑜𝑚𝑎𝑥𝛽

16 𝑉𝑖
2𝑓𝑠√(𝛽+𝛼)(1+𝛽)

                                    (24)  

 

Where Romax is the maximum load resistance and fs is 

the switching frequency. 

III.PROCESS OF MAXIMIZING THE EFFICIENCY FOR THE  

IV.LCLCL-T TOPOLOGY 

     Using the relationships obtained in the previous 

section, the values of L2, L3, and C2 can be calculated. 

These parameters are a function of (𝛼,𝛽, and 𝛾). 
Furthermore, according to (4), all transformer parameters 

are expressed as functions of coupling coefficient. 

Table.I, the normalized current and voltage values of 

elements in conventional and under independent-load 

conditions. Therefore, in order to achieve the appropriate 

values of (𝛼, 𝛽, and 𝛾) values with respect to their current 

and voltage, the behavior of the circuit should be 

considered in the following scenarios. 

 

A. Voltage and Current Stresses on the elements 

     The current, as well as voltage stresses on the reactive 

elements, are basic remarks while analyzing an RN 

compensated WPT structure because the increase in 

voltage/current stresses has an effect on power losses and 

can be damaged the equipment. 
By choosing the appropriate values of the proposed 

circuit parameters, voltage and current stresses can be 

significantly reduced. Table I shows the values of voltage 

and current of components.  It is clear that selecting the 

proper 𝛽 can considerably decrease the voltage/current 

stress on the elements. The voltage/current parameters 

are directly related to the value of (𝛽). According to the 

previous section, L1 and L2 have a relation to Lp and Ls. 

Therefore, the possible value range of 𝛽 should be related 

to the dimensions of the coils of the transformer. 

According to practical limitations, the values obtained at 

the 30 mm air gap for the proposed ferrite core in the 

laboratory, the value of 0.14 is appropriate for (𝛽). To 

investigate the relationship between the stress of the 

reactive elements and 𝛽, the list of base system 

parameters was selected, as Table II. 

     The frequency of 85 kHz was chosen due to its 

compatibility with the SAE J2954 standard of electric 

vehicle applications [38]. It is noteworthy that regulated 

voltage/current stresses on LCLCL-T elements under 

different (𝛽) values, which are within independent-load 

conditions under the steady-state output circumstances, 

were presented and compared in Figure 4. According to 

fig. 4, the current and voltage stresses decrease with the 𝛽 

reduction. 

 
TABLE I 

BASE PARAMETERS OF THE WPT SYSTEM 

symbols parameters values 

Vi DC-link input voltage 31.5 V 

Fsw switching frequency 85 kHz 

Po Output power rating 170 W 

K Coupling coefficient 0.14 

Lp Primary coil inductance 62.4 µH 

Ls Secondary coil inductance 62.4 µH 
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TABLE II  
NORMALIZED CURRENT AND VOLTAGE VALUES OF ELEMENTS IN CONVENTIONAL AND INDEPENDENT-LOAD CONDITIONS. 

Normalized I & V of components Conventional condition independent-load condition 

𝐼𝑛𝐿1 = 𝐼𝑛𝐶1 =
𝐼𝐿1
𝑉𝑖
𝑍0

= 
𝐼𝐶1
𝑉𝑖
𝑍0

 2√2

𝜋

[
−8𝛾𝜔𝑛

2

𝜋2𝑄
] + 𝑗[𝜔𝑛 − 𝛾(𝛽 + 𝛼)𝜔𝑛

3]

𝐴1 + 𝑗𝐴2
 

16√2 (1 − 𝛽)

𝜋3𝑄𝛽2
 

𝐼𝑛𝐿2 = 𝐼𝑛𝐶2 =
𝐼𝐿2
𝑉𝑖
𝑍0

= 
𝐼𝐶2
𝑉𝑖
𝑍0

 2√2

𝜋

−𝑗𝛾𝛽𝜔𝑛
3

𝐴1 + 𝑗𝐴2
 

2√2√(1 + 𝛽)

𝜋𝛽
 

𝐼𝑛𝐿3 =
𝐼𝐿3
𝑉𝑖
𝑍0

 2√2

𝜋

[
−8𝛾𝜔𝑛

2

𝜋2𝑄
] + 𝑗[𝜔𝑛 − 𝛾𝛼𝜔𝑛

3]

𝐴1 + 𝑗𝐴2
 

2√2√1 + 𝛽

𝜋𝛽
√(
8√1 + 𝛽

𝜋2𝑄𝛽
)2 + 1 

𝑉𝑛𝐿1 = 
𝑉𝐿1
𝑉𝑖

 2√2

𝜋

(𝛾(𝛽 + 𝛼)𝜔𝑛
4 − 𝜔𝑛

2) − 𝑗
8𝛾𝜔𝑛

3

𝜋2𝑄

𝐴1 + 𝑗𝐴2
 

16√2√1 + 𝛽

𝜋3𝑄𝛽2
 

𝑉𝑛𝐿2 = 
𝑉𝐿2
𝑉𝑖

 
2√2

𝜋

(𝛾𝛽𝛼𝜔𝑛
4)

𝐴1 + 𝑗𝐴2
 

2 √2𝛼

𝜋𝛽
 

𝑉𝑛𝐿3 = 
𝑉𝐿3
𝑉𝑖

 2√2

𝜋

(𝛾𝛽𝛼𝜔𝑛
4 − 𝛽𝜔𝑛

2) − 𝑗
8𝛾𝛽𝜔𝑛

3

𝜋2𝑄

𝐴1 + 𝑗𝐴2
 

2 √2

𝜋
√(
8√1 + 𝛽

𝜋2𝑄𝛽
)2 + 1 

𝑉𝑛𝐶1 = 
𝑉𝐶1
𝑉𝑖

 2√2

𝜋

(1 − 𝛾(𝛼 + 𝛽)𝜔𝑛
2) + 𝑗

8𝛾𝜔𝑛
𝜋2𝑄

𝐴1 + 𝑗𝐴2
 

16√2

𝜋3𝑄

(1 + 𝛽)√1 + 𝛽

𝛽2
 

𝑉𝑛𝐶2 = 
𝑉𝐶2
𝑉𝑖

 
2√2

𝜋

(𝛽𝜔𝑛
2)

𝐴1 + 𝑗𝐴2
 

2 √2(𝛽 + 𝛼)

𝜋𝛽
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Normalized voltage and current stresses on the LCLCL-T elements versus 𝛽. (a) Currents; (b) voltages. 

 

 

B. High-Order Harmonic Suppression  

According to the discussion in the previous sections, 

among the functions of compensators is damping the 

leakage inductances of the transformer and also by acting 

as a filter, removing the high frequencies. Therefore, this 

issue weakens the harmonic components  [28]. Based on 

the previous analysis, reconfigurable parameters of the 

LCLCL-T for different (𝛽) are calculated in table III.  

 

 

 
(a)                                                                                  (b) 
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TABLE III 
 CALCULATED RECONFIGURABLE PARAMETERS OF THE 

LCLCL-T WPT COMPENSATED TOPOLOGY 

parameters 𝛽 = 0.14 𝛽 = 0.33 𝛽 = 0.5 𝛽 = 0.75 

L1 (µH) 62.4 26.45 17.46 11.64 

L2 (µH) 62.4 26.45 17.46 11.64 

L3 (µH) 8.74 26 8.73 8.73 

C1 (nF) 49.3 99.63 1.34 17.2 

C2 (nF) 49.3 99.63 1.34 17.2 

n 2.2 2.2 2.2 2.2 

 

 

By substituting (20) in (11), and using the parameters 

listed in Table II, the amplitudes of Ion under different 𝛽 

are presented in Fig. 5. Because the inverter output (Vi )  

includes only odd harmonics, and the higher-harmonic 

are ignorable; therefore, in fig 5, only the fundamental 

(85 kHz), third (255 kHz), and fifth (425 kHz) harmonics 

are considered. It can be seen, that the independent-load 

condition can always be obtained at the specified 

resonant frequency (85 kHz) with respect to 𝛽.  

In addition, to verify the above analysis, under the 

same calculation conditions as above, comparative 

simulations were performed using the PSIM 9.1 

software, as shown in Fig. 6. Furthermore, the fast 

Fourier transform (FFT) tool was used to analyze the 

input current Iin. The fundamental harmonic amplitudes 

of Iin are almost unchanged, whereas those of the third 

and fifth harmonics decrease as 𝛽 increases. Hence, for 

higher performance, the selected 𝛽 value should be as 

large as possible. 

 
Fig. 5. Frequency-response characteristic of the LCLCL-T structure 

under different 𝛽 values. 

 

 
(a) 

 
(b) 

 

Fig.  6. PSIM simulation results of Iin harmonic under different 𝛽. (a) 

𝛽 =0.14. (b) 𝛽 = 0.33.  

 

IV. EXPERIMENTAL VERIFICATION 

A. Practical Result 

To verify the above theoretical analysis and 

comparison, a 170W practical sample of the LCLCL-T 

topology was built, as shown in Fig. 6. In this setup, the 

main system parameters such as Vi, fsw, and IRL are 

consistent with those listed in Table II. The output power 

at 20–50 mm in a U-shaped transformer is transmitted to 

load 30 Ω. With the 30mm air gap and the windings 17 

and 54 (38AWG Litz-wire) that turn onto cores, proper 

values of the proposed topology are obtained. The 

practical parameters with respect to (𝛽 = 0.14) were 

measured in laboratory, as listed in Table III. Four 

MOSFETs IRFP150 and four Schottky diodes 

MBR20100 are chosen as the FB inverter and rectifier, 

respectively. Micro ATmega32A was used to control the 

switches of the WPT system.  

 

 
 

Fig. 7. Experimental prototype of an LCLCL-T. 
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     The practical and simulation graphs at maximum load 

are indicated in Figure 7. It can be seen that the input 

current is in phase with the voltage across the power 

MOSFET M3. According to Fig. 8, The ZVS realization 

for switches and the maximum coherence of the 

transformer output voltage and current result in minimal 

power loss of rectifier. In the output resistance condition, 

the output current is about 2.1A and the efficiency is 

90%.  

 
(a) 

 
                   (b) 

Fig. 8. LCLCL-T waveforms of input current and voltage at the 
maximum load. (a) experimental result (b) simulation. 

 
(a) 

 
(b) 

Fig. 9. LCLCL-T waveforms of voltage across switches and 
current through it.at the maximum load. (a) experimental result 
(b) simulation. 
 

The output power, Pout, and efficiency, η, are 

calculated versus load variations by using: 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
= 

𝐼𝑜
2×𝑅𝑜𝑢𝑡

𝑉𝑖×𝐼𝑖
                     (25) 

     The overall efficiency of the prototype is measured 

via a power meter versus the output power transfer, at 

maximum load condition, as illustrated in Fig. 9. This 

diagram shows the LCLCL-T optimal efficiency for 

different performance powers. Moreover, the current 

decreases with the load power, and it leads to the 

maintenance of increased converter effectiveness over 

the extensive fluctuations of generated power.  

 

Fig. 10. Experimental efficiency of the system in various loads. 

B. Discussion and Comparison 

To evaluate and verify the effectiveness of the 

proposed technique over the conventional approach to 

designing a load-independent output current topology for 

wireless power transfer  (WPT) systems, the LCLCL-T in 

immittance mode and an S/S topology in the 

conventional approach presented in [18] are compared. 

Under the same comparative conditions, the following 

can be deduced: (1) one of the main deficits of S/S 

resonant compensation is decreased load regulation 

despite controlling the frequency [39]. However, the 

protection from short-circuit is achieved through 

LCLCL-T. Also, it is associated with inherent constant 

current characteristics under immittance circumstances, 

which leads to the elimination of deficits of the major S/S 

compensation in the process of light-load regulation. The 

results obtained at 1% of the full load are evidence to 

prove this case. (2) According to [18], efficiency is 

almost linearly decrease with the increase of the load. 

Therefore the expresses of that paper have indicated that 

efficiency is dependent on the load and efficiency is 

around 88% ~ 66% in operating frequency. Therefore, in 

a conventional mode for achieving maximum efficiency, 

it is assumed that proper frequency tracking is performed 

by complex control methods. However, in the method 

discussed in this paper, obtaining the Qoptimum, reducing 

the physical dimensions of the circuit, and increasing the 

efficiency have been achieved.  
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The comparative points mentioned above show that 

the IPRN topologies are superior in terms of load 

regulation, efficiency improvement based on the 

optimal quality factor, and other parameters of 

systems. 

 
V. CONCLUSION AND FUTURE WORKS 

In current study, a mathematical technique is proposed 

to adjust the parameters of the LCLCLC-T compensated 

topology in wireless power transfer  systems with load-

independent output current capability for battery 

charging. Assuming that the basic parameters are 

established at the system level, the LCLCL-T topology 

was reconstructed by adjusting the ratio of compensating 

reactive elements. Therefore, the current/voltage of the 

primary and secondary sides of the transformer can be 

adjusted to create different system properties. The 

analyses under different parameters were conducted and 

an optimum reactive component ratio was investigated 

with high efficiency as the basic remark. Moreover, the 

circuit performance in the high-frequency response under 

different conditions is analyzed, to optimize the system 

efficiency. A practical setup was configured to validate 

the simulation results to design the specific parameter 

values. This hardware prototype ferrite-core was built 

with 90% efficiency at the coupling coefficient of 0.14 

and 30mm air-gap. The analysis proves that, compared 

with the conventional design method, the proposed 

method improves the topology efficiency under various 

loads. The selection of other models of transformer coils 

and the analysis of core losses and copper losses of the 

LCLCL-T topology to improve the efficiency of WPT 

system to battery chargers applications are few topics 

suggested for future research. 
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