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Abstract: This paper proposes an inductive power transfer (IPT) system to maintain 

stable power transfer and improve efficiency for battery charging performance across a 

wide range of coupling coefficient variations. The proposed IPT system uses series-

series (S-S) and series-inductor-capacitor-inductor (S-LCL) compensation. In both 

compensation configurations, the rectifier operates in half-bridge (HB) and full-bridge 

(FB) modes. By using the correct switching pattern between compensation networks and 

the rectifier, four transfer power-coupling coefficient (P-k) curves are created. A 400 W 

prototype simulated in MATLAB demonstrates that, with the proposed method, output 

power fluctuation is limited to only 3% for coupling coefficients varying from 0.1 to 0.4, 

with system efficiency ranging from 80% to 95.9%. Compared to other methods, the 

proposed structure provides stable power transfer over an ultra-wide coupling variation 

and does not require special coil design, clamp circuit design, or complex control. 

Keywords: Inductive Power Transfer (IPT), transfer power-coupling coefficient (P-k), 

Misalignment Tolerance, Power Fluctuation, Coupling Variation. 

 

  

1 Introduction 

N recent years, inductive power transfer (IPT) systems 

have become a global research topic due to 

advantages such as electrical isolation, safety, power 

supply flexibility, and reliability [1]-[4]. IPT systems 

enable contactless energy transfer to a load through an 

air gap between the transmitter and receiver coils. Due to 

the lack of physical connections, IPT has been applied in 

many fields, such as electric vehicles, electric bicycles, 

biological implants, and consumer electronics [5]-[7]. 

Misalignment tolerance is a key indicator of IPT 

systems’ flexibility and reliability, which has attracted 

significant research interest. Mobility, one of the most 

attractive properties, affects the relative position of the 

primary coil to the secondary coil. Therefore, 
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misalignment between the primary and secondary coils 

is a common occurrence in IPT systems, usually in three 

directions: lateral, longitudinal, and vertical, causing 

mutual inductance to change over time. These changes 

lead to a change in the coupling coefficient of the 

system, which shifts the optimal operating point; 

thereby, the power fluctuation increases and reduces the 

efficiency of the system. 

To reduce power fluctuation, a common method is coil 

design to achieve a uniform magnetic field against 

misalignment. To achieve this goal, various coil 

structures have been proposed, including double-D coils 

[8] and [9], bipolar coils [10], tripolar pads [11], three-

coil structures [12], unsymmetrical coils [13], solenoid 

coils [14], and antiparallel windings [15]. These 

structures, by utilizing the flux cancellation approach 

between primary and secondary coils, can provide a 

nearly uniform coupling coefficient against 

misalignment. However, these solutions often face 

specific and stringent limitations and requirements, with 

most offering misalignment tolerance in only one or two 

directions. 

As an alternative solution, hybrid compensation 
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networks have been proposed. In these topologies, by 

optimizing the compensation network parameters, stable 

power transfer can be achieved across a wide range of 

coupling coefficient variations [16]-[19]. Hybrid 

compensation networks are typically inductor-capacitor-

capacitor/inductor-capacitor-capacitor (LCC/LCC) [17] 

and series/series (S/S) structures [20], or LCC/S [18] and 

S/LCC structures [21], aimed at achieving a wider range 

of coupling coefficient variations. Additionally, four-coil 

couplers have been introduced to enhance misalignment 

tolerance range [19]-[22]. Generally, these topologies 

demand precise coil design, additional or unique coils, 

numerous passive elements, complex control, and 

consequently, high production costs. Topologies such as 

X/S [23], S/S [24], LCC/S [25], and series/series-parallel 

(S/SP) [26] have been presented with carefully designed 

and optimized parameters for performance in the upper 

regions of the transfer power-coupling coefficient (P-k) 

curve, where power fluctuation exceeds 20% with 200% 

to 250% coupling variation. Therefore, despite the 

reduction in power fluctuation, expanding the 

misalignment tolerance range of these methods remains 

desirable. In these topologies, two compensation 

networks create two unique P-k curves that can expand 

the coupling coefficient range by switching between 

topologies. However, these methods suffer from high 

power fluctuation and reduced system efficiency due to 

loss of impedance matching conditions [27]-[29]. 

Some control methods have been introduced to tolerate 

changes in the coupling coefficient. To manage output 

power fluctuations, DC-DC converters, acting as active 

compensation networks on either the primary or 

secondary side, can adjust the output power against 

coupling coefficient variations through duty cycle tuning 

[30]. Additionally, using a variable inductor, controlled 

by the DC bias current, has been employed to manage 

power fluctuations and maintain output power stability 

against coupling factor changes [31]-[33]. In general, the 

disadvantages of these structures include core saturation, 

the need for real-time communication, precise design 

requirements for the variable inductor, increased weight, 

and compliance with electrical isolation and safety 

standards. 

Recently, new approaches have been introduced to 

improve misalignment tolerance. In these methods, 

diode clamp circuits are employed for the automatic 

adaptability of each operating mode with coupling 

coefficient variations. Diode clamp circuits provide 

primary winding disconnection protection, soft start, and 

short circuit protection. These methods require the use of 

numerous active elements, auxiliary or additional coils, 

precise coupling identification, increased control 

complexity, and consequently, an escalation in total cost. 

Therefore, further investigation and development are 

needed for these methods to achieve simultaneous 

enhancements in efficiency and transfer power [34]-[39]. 

This paper proposes a detuned series-series/inductor-

capacitor-inductor (S-S/LCL) compensated IPT system 

that extends the range of coupling variations to 

simultaneously achieve stable power transfer and 

relatively high efficiency. Compared to previous 

methods, the proposed approach does not require 

complex control or special coil design and demonstrates 

minimal output power fluctuations across a wide range 

of coupling coefficient variations. This paper is 

organized as follows: Section 2 presents the proposed 

detuned IPT topology. In Section 3, a 400 W sample of 

the proposed topology is simulated. Finally, comparisons 

and conclusions are provided in Sections 4 and 5, 

respectively. 

2 Proposed Detuned IPT Topology 

Fig. 1 shows an S-S/LCL compensation system for a 

wide range of coupling coefficient variations. The 

proposed structure consists of a dc voltage source, two 

relays (Sw1 and Sw2), a high-frequency inverter with four 

MOSFETs (S1- S4), where Vin and Vo are the input and 

output dc voltages. Uin (Uo) and I1 (I2) represent the 

high-frequency input (output) voltage and current of the 

proposed topology.  

The loosely coupled transformer consists of the 

primary coil L1 and the secondary coil L2, with M12 as 

the mutual inductance between the two coils. Capacitors 

C1 (C21, C22, and C23) are used to compensate for the 

inductance of the primary (secondary) coils, 

respectively. Three diodes (D1- D3), a MOSFET S5, and 

the capacitor Cf form the output filter of the secondary 

rectifier. Rac and RL are the equivalent ac and dc loads, 

respectively. 

When relays Sw1 and Sw2 are off, the system operates in 

detuned S-S mode; when relays Sw1 and Sw2 are on, the 

system operates in detuned S-LCL mode. Each of these 

two modes can also operate in half-bridge (HB) and full-

bridge (FB) modes, i.e., S-S-HB, S-LCL-FB, S-S-FB, and 

S-LCL-HB, respectively. This topology ultimately 

creates four P-k curves that provide stable output power 

over a wide coupling range. 
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Fig. 1 an IPT system with S-S/LCL compensation topology. 
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2.1 Working principle of the detuned S-S mode 

Fig. 2 shows the electrical equivalent circuit of the 

detuned S-S mode. In this mode, relays Sw1 and Sw2 are 

off, and the system operates in detuned S-S mode. The 

relationship between Vin and Uin can be expressed as 

follows: 

(1) 
2

4
in inV U


=  

Fundamental harmonic approximation is used to 

analyze the system. According to Kirchhoff's voltage 

law, the detuned S-S mode in Fig. 2. can be expressed as 

follows: 
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f and k are the frequency of the inverter and the 

coupling coefficient, respectively. 

RL, Rac-FB and Rac-HB are the dc load, the ac load of the 

FB rectifier and the ac load of the HB rectifier, which are 

expressed as 

(3) 
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In order to achieve a strong anti-misalignment 

capability and attain zero voltage switching (ZVS) of the 

inverter, the transmitter side is not in full resonance.  

For this reason, in all working modes of the proposed 

structure, the ratio of detuning is considered : 

(4) 
1

1

1 C

L

X

X
 = −  

Where α is called the detuning ratio. 

The input impedance Zin and the corresponding phase 

angle θin in the detuned S-S mode are calculated as 

(5) 
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To achieve maximum output power and increase 

system efficiency from the transmitter to the receiver in 

the detuned S-S mode, the secondary compensation must 

be in full resonance. 

(6) 2 21 21 0L C LX X X− + =  

Uin

-jXC21

-jXM I2 -jXM I1

Uo Rac

jXL21
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-jXC1

jXL1

I1 I2

 
Fig. 2 equivalent circuit of detuned S-S mode. 

Then, the output power Po1 of the detuned S-S mode 

can be expressed. 

(7) 

2 2
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1 1 2

1

ac L L in

ac

L ac L L

oP
R X X k U

R I
X R X X k

= =
+

 

According to (7), the output power can be considered a 

function of the coupling coefficient k (0<k<1), denoted 

as Po1(k). Fig. 3 illustrates the P-k curve in the detuned 

S-S mode. To calculate the coupling coefficient (kPmax) at 

the point of maximum output power, the derivative of 

Po1 (k) with respect to k is set equal to 0. 

(8) x

2

maP
ac

L

k
R

X


=  

By turning S5 on and off, the detuned S-S topology 

switches from S-S-HB to S-S-FB, respectively. The P-k 

curve of the S-S-FB and S-S-HB modes under the same 

set of system parameters is shown in Fig. 4. Therefore, 

by inserting (3) into (8), the relationship between KPmax1 

and KPmax3 can be obtained. 

(9) 
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At the inflection point, the output power can reach its 

maximum value Pmax1, which is 

(10) 1

2

1

max max max
2

HB FB

S S S S
in

L

P P P
U

X
− − − −= = =  

According to (9), kPmax3 is twice kPmax1. This means that 

the P-k curve in the S-S-FB mode is shifted to the right 

compared to the P-k curve in the S-S-HB mode under the 

same set of parameters. 

In Fig. 4, it is clear that the hatched areas correspond 

to low output power. Therefore, the structure must be 

generalized and designed in a way that maintains the 

output power curve at its maximum (or near maximum) 

value over a wide range of coupling coefficient 

variations. 
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Fig. 3 the P-k curve of detuned S-S topology. 
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Fig. 4 the detuned S-S topology set in FB and HB modes. 

2.2 Working principle of the detuned S-LCL mode 

In order to simultaneously improve system efficiency 

and achieve maximum (or near-maximum) output power 

over a wide range of coupling coefficients, this 

compensation network is added to the secondary side of 

the detuned S-S structure. Fig. 5 shows the electrical 

equivalent circuit of the detuned S-LCL mode. 

The relationships on this working mode can be 

expressed as. 
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The input impedance Zin and the corresponding phase 

angle θin in the detuned S-LCL mode are calculated as 

(12) 
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To maximize the output power and increase efficiency 

from the transmitter side to the receiver side in the 

detuned S-LCL mode, the secondary compensator 

network should be in full resonance 

(13) 
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Fig. 5 equivalent circuit of detuned S-LCL mode. 

By substituting (13) into (11), the transfer power in 

this mode is equal to 

DisplayText cannot span more than one line! 
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In order to calculate the kPmax at the point of maximum 

output power, the derivative of Po2(k) with respect to k is 

set equal to 0. 

(15) x

2

maP

ac L

k
R X


=  

By turning S5 off and on, the detuned S-LCL structure 

is changed from S-LCL-FB to S-LCL-HB, respectively. 

By inserting (3) into (15), the relationship between kPmax2 

and kPmax4 can be obtained. 

(16) 
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By substituting kPmax2 and kPmax4 in (14), the maximum 

output power is obtained in S-LCL-FB mode and S-LCL-

HB mode. 

(17) max max ma

2

x 2

12

HB FB

S LCL S LCL
in

L

P
U

P P
X

− − − −= = =  

As seen, (10) and (17) are equal. Therefore, the 

maximum power (Pmax) is the same in four working 

modes. 

(18) max1 max 2 m

1

ax

2

2

in

L

P
U

P
X

P


= = =  

It should be noted that the minimum power (Pmin) in 

four working modes can be expressed as 

(19) min1 min 2 minP P P= =  

Fig. 6. illustrates the P-k curve of the detuned S-LCL 

structure in both FB and HB modes. By carefully 

designing the parameters of the secondary compensator 

network, the upper areas of the P-k curves in Fig. 6 are 

configured to fill the lower areas of the P-k curves in 

Fig. 5. 



Iranian Journal of Electrical & Electronic Engineering, Vol. 21, No. 01, March 2025     5 
 

Po2

Pmax

Pmin

k

Pmax_S-LCL-FB Pmax_S-LCL-HB

kPmax2 kPmax4
0

S-LCL-HB

S-LCL-FB

 
Fig. 6 the detuned S-LCL topology set in FB and HB modes. 

Therefore, over a wide range of coupling coefficients, 

the output power can be maintained at the upper points 

of the curve.  

2.3 Boundary coupling coefficient between modes 

To reach the upper regions of the four P-k curves 

during changes in the coupling coefficient, it is essential 

to determine the boundary coupling coefficient between 

the modes of the proposed structure. According to (9) 

and (16), the switching intervals are S-S-HB, S-LCL-FB, 

S-S-FB, and then S-LCL-HB. To describe power 

fluctuations, a variable β is defined as: 

(20) 
max min
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P P
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+
 

Substituting (20) into (18) yields the Pmin in terms of 

the power fluctuation coefficient: 

(21) 
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The transition between working modes across the four 

curves is controlled by coupling coefficients. To 

determine the boundary regions for each operating 

mode, the intersection points of each curve must be 

calculated by equating the output power of the previous 

mode with that of the next mode. 
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In (22), kb1 represents the boundary coupling 

coefficient between S-S-HB mode and S-LCL-FB mode, 

kb2 represents the boundary coupling coefficient between 

S-LCL-FB mode and S-S-FB mode, and kb3 represents 

the boundary coupling coefficient between S-S-FB mode 

and S-LCL-HB mode. 

Determine f,C1,L1,V1,Kmin,Kmax & β  

Start

Calculate

 XL1 & XC1,by (2)

Solve α by (4)

Obtain Pmax by (18)

Calculate XL2 by (23)

Calculate XC23 by (24)

End

 
Fig. 7 Flow chart for calculating design parameters. 

2.4 Circuit parameter design 

To increase misalignment tolerance and maintain 

stable output power with minimal fluctuation, the circuit 

parameters are carefully designed and optimized. In this 

structure, the parameters are chosen to cover the full 

range of the coupling coefficient, from kmin to kmax. 

Therefore, the determination of circuit parameters 

depends on the values of kmin1 to kmax4. 

(23) 
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After determining the value of the XL2 parameter, the 

value of XC23 is determined . 

(24) 
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Notably, the values of α, β, kmin, kmax, and RL are fixed 

and predetermined. Fig. 7 presents the flow chart for 

calculating the design parameters of the proposed IPT 

structure. 

2.5 Switching pattern 

The upper regions of the four P-k curves are color-

coded as follows: green for the S-S-HB mode, red for the 

S-LCL-FB mode, blue for the S-S-FB mode, and black 

for the S-LCL-HB mode. 
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Fig. 8 switching pattern of the proposed detuned IPT. 

When k is in the range of kmin1<k<kb1, S-S-HB mode is 

used; if k exceeds kb1, i.e., is in the range of kb1<k<kb2, S-

S-HB mode is turned off and S-LCL-FB mode is turned 

on; if the coupling coefficient exceeds kb2 slow and is in 

the range of kb2< k < kb3, S-S-FB mode is switched; and 

finally, if the coupling factor k increases from kb3, that is, 

it is in the range of kb3<k<kmin4, S-LCL-HB mode is 

employed. The noteworthy point is that in the four 

working modes, the output power should be in the range 

of Pmin<Po<Pmax, otherwise the proposed IPT structure 

should be turned off. The switching flowchart of the 

proposed IPT structure is shown in Fig. 8. 

3 Simulation results 

To verify the validity of the theoretical analysis and 

confirm the performance of the proposed structure, it has 

been simulated in MATLAB. The parameters of the 

primary and secondary compensation networks are 

considered in such a way that the output power is 400 W 

with a power fluctuation of 3%. Table 1 shows the 

parameters of the proposed structure. 

The P-k curve of all four modes of the proposed IPT 

structure is shown in Fig. 9. 
Table 1 Simulation parameters 

Parameter Value Parameter Value 

f 250 kHz kmin 0.1 

L1 38.16 μH kb1 0.14 

L2 27.65 μH kb2 0.1987 

L21 5.48 μH kb3 0.28 

C1 13.24  nF kmax 0.4 

C22 12.23  nF α 0.19 

C21 6.06  nF β 0.03 

C23 73.80 nF Pmax 400 W 

Vin 100 V RL 15 Ω 

 
Fig.9 the P-k curves of the proposed detuned IPT. 

 
Fig.10 the input impedance and its phase angle of the proposed 

detuned IPT. 

As illustrated in Fig. 9, the coupling coefficient range for 

S-S-HB mode is 0.1-0.14, for S-LCL-FB mode it is 0.14-

0.1987, for S-S-FB mode it is 0.1987-0.28, and for S-

LCL-HB mode it falls within 0.28-0.4. Throughout the 

simulation, the coupling coefficient varied from 0.1-0.4, 

and the simulation results are presented below. 

As shown in Fig.10, the input phase angle of the 

inverter for S-S-HB mode from 72 ֯ to 54 ֯, for S-LCL-FB 

mode from 35 ֯ to 19 ֯, for S-S-FB mode from 70 ֯ to 54 ֯ 

and for S-LCL-HB mode has been reduced from 35 ֯ to 

19 ֯. The input impedance is inductive in the range of 

coupling factor variation from 0.1 to 0.4, which provides 

the ZVS condition for the inverter.  

Fig. 11 displays the coupling coefficient variations 

against the simulation duration. It can be observed that at 

time intervals of 0.0-0.02 s, 0.02-0.03 s, 0.03-0.04 s, 

0.04-0.05 s, 0.05-0.06 s, and 0.06-0.07 s, the coupling 

coefficients are 0.1, 0.15, 0.21, 0.3, 0.36, and 0.4, 

respectively. 

Fig.12 displays the waveforms of the inverter output 

current/voltage and rectifier input current/voltage for the 

proposed IPT structure with various coupling 

coefficients, with a load resistance of RL = 15 Ω. The 

corresponding coupling coefficients in Fig.12 (a)-(d) are 

0.10, 0.15, 0.21 and 0.36, respectively. 
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Fig. 11. The coupling coefficient variations against the 

simulation duration. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12 Inverter input voltage/current waveforms and rectifier 

output voltage/current waveforms; (a) k=0.1, (b) k=0.15, (c) 

k=0.21, (d) k=0.36. 

 
Fig. 13 the VGS and VDS waveforms of MOSFET S4 

It can be seen that the input impedance of the system is 

inductive, which is very effective to implement ZVS for 

high-frequency inverter. 

Fig.13 illustrates the gate-source voltage (VGS) and 

drain-source voltage (VDS) waveforms of MOSFET S4 for 

various coupling coefficients. It is evident that the ZVS 

condition is achieved for the inverter switches within the 

allowed coupling factor range [0.1-0.4]. 

3.1 Dynamic Transient between different modes 

The dynamic transient waveform of the output voltage 

between different operating modes is shown in Fig.14 

(a)-(e). It is worth noting that the output voltage has 

changed slowly in different modes. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

Fig. 14 Dynamic transition of Vo between modes; (a) S-S-HB 

to S-LCL-FB at k=0.15, (b) S-LCL-FB to S-S-FB at k=0.21,  

(c) S-S-FB to S-LCL-HB at k=0.3, (d) S-LCL-HB at k=0.36, (e) 

S-LCL-HB at k=0.4 

3.1 P-k and efficiency -k curves of the proposed 

structure 

Fig. 15 depicts the output power curve of the proposed 

structure versus misalignment. 

 
Fig. 15 Measured P-k curves of the IPT versus misalignment. 

 
Fig. 16 Measured efficiencies of the IPT versus misalignment. 

The coupling range of S-S-HB mode is 0.1-0.14, the 

coupling range of S-S-LCL-FB mode is 0.14-0.1987, the 

coupling range of S-S-FB mode is 0.1987-0.28, and the 

coupling coefficient of S-LCL-HB mode is in the range 

of 0.28-0.4. Pmax and Pmin are about 400 W and 377 W, 

respectively, with a power fluctuation of about 3%. 

Therefore, the proposed structure, exhibiting the lowest 

power fluctuation, demonstrates remarkable resistance to 

misalignment, contributing to enhanced system 

performance. 

Fig. 16 illustrates the overall efficiency of the dc-dc 

system in the proposed structure against misalignment. 

The minimum and maximum efficiency within the 

coupling factor range [0.1-0.4] are 80% and 95.9%, 

respectively. 

4 Discussion and Comparison 

Compared to other methods, the proposed structure 

does not require special coil design, clamp circuit 

design, or complex control, and it can achieve relatively 

stable output power against misalignment. Detailed 

comparison results are provided in Table 2. Compared to 

all methods [12], [16]-[18], [21], [22], [23]-[27], [29], 

[38], and [39], the proposed method demonstrates the 

lowest output power fluctuation, at only 3%, and 

accommodates the widest range of coupling variation, 

from 0.1 to 0.4. 

Additionally, when compared to methods [18]-[20], 

[28]-[29], the system efficiency of this approach is 

comparable and acceptable, and it surpasses that of [26] 

and [27]. It should be noted that, compared to [21], [38] 

and [39] the proposed structure does not require special 

coil design, clamp circuit design, and complex control. 

Therefore, the main goal of the proposed method is to 

achieve maximum power transmission and relatively 

high efficiency against high misalignment, which is 

significantly superior to other methods. 

Due to changes in the relative positions of the coils, 

the coupling coefficient is uncertain. Therefore, it should 

be possible to calculate the coupling factor or mutual 

inductance using certain system voltages or currents; 

mutual inductance can be estimated from either primary 

or secondary side information. Consequently, one of the 

limitations and challenges of the proposed method, 

compared to methods [21]-[24], [27] and [28], is the 

need for accurate online estimation of the coupling 

coefficient. 

5 Conclusion 

This paper proposed an IPT system based on 

impedance matching networks and a semi-symmetric 

active rectifier to tolerate a wide range of coupling factor 

variations. Two secondary compensation networks, 

controlled by two relays, create two P-k curves that 
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enable the system to switch between modes. The two P-k 

curves are shifted to the left and right by the semi-

symmetric active rectifier in FB and HB modes. As a 

result, four P-k curves with highly stable operating 

regions are created, expanding the range of the coupling 

coefficient. With the appropriate algorithm for switching 

between different operational regions, the system can 

achieve maximum efficiency and stable power transfer, 

exhibiting very low fluctuations against wide range 

coupling variations. The simulation results show that for 

400% changes in coupling coefficient (0.1–0.4), the 

output power fluctuation rate of the proposed structure is 

only 3%, and the efficiency varies from 80% to 95.9%. 

Simulation results compared to other methods show very 

good performance against significant misalignment 

tolerance and efficiency improvement, which is suitable 

for battery charging systems under constant power (CP) 

and constant voltage (CV) modes. The proposed IPT 

system does not require complex control, dedicated coil 

design, and clamp circuit. 
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manuscript has been protected under intellectual 

property law. The work has been patented under the title 

"Inductive Power Transfer system with the ability to 
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efficiency with a tolerance approach against a wide 
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