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Abstract—In this paper, a two-layer adaptive Differential 

Evolution (ADE) algorithm is adopted to monitor the parameters 

of the receiving resonators and the mutual inductances of 

series-series (SS)-compensated wireless power transfer (WPT) 

systems. By only measuring the primary coils’ voltages and 

currents, the proposed monitoring method can be applied for 

multiple-coil SS-compensated WPT systems without any feedback 

signals from the receivers. Compared to the conventional 

monitoring method based on the Genetic Algorithm (GA), which 

may find local optimal solutions by the manually tuned 

parameters of the mutation rate, the crossover rate, and the 

generations, the proposed method based on the two-layer ADE 

can always find global optimal solutions by the automatically 

tuned parameters of the differential weight, the crossover rate, 

and the generations. Experimental results validate that the ADE 

and the proposed two-layer ADE can monitor the parameters of 

both two- and three-coil SS-compensated WPT systems more 

steadily and accurately than the conventional GA. Additionally, 

the proposed two-layer ADE is verified to monitor the parameters 

of three-coil SS-compensated WPT systems with three different 

arrangements more accurately than the ADE. 

Index Terms—Parameter monitoring, series-series 

(SS)-compensated wireless power transfer (WPT) system, Genetic 

Algorithm (GA), adaptive Differential Evolution (ADE), two-layer 

ADE. 

ABBREVIATION AND NOMENCLATURE 

WPT   Wireless power transfer 

EV   Electric vehicle  

SS   Series-series 

SP   Series-parallel 

PP   Parallel-parallel 

PS    Parallel-series 

GA  Genetic algorithm 

DE   Differential evolution 
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ADE  Adaptive differential evolution 

DC  Direct current 

AC  Alternative current 

ESR  Equivalent series resistance 

DSP  Digital signal processor 

Lp          Inductance of the transmitting coil 

Cp         Capacitance of the compensated capacitor of the 

transmitting coil 

Rp          ESR of the transmitting coil 

Lsi          Inductances of the receiving coils 

Csi         Capacitances of the compensated capacitors of the 

receiving coils 

Rsi          ESRs of the receiving coils 

RLi         Load resistances 

Mi          Mutual inductances between the transmitting coil and 

the receiving coils 

Mij          Mutual inductances between the receiving coils 

Req1i        ESRs of the receiving resonators 

Zp1l         Equivalent impedance of the WPT system at the 

fundamental frequency 

ωl           Switching angular frequency 

ωo          Resonant switching angular frequency 

ωL, LsiL, CsiL, Req1iL, MiL, MijL  Lower bounds of ωl, Lsi, Csi, Req1i, 

Mi, Mij 

ωH, LsiH, CsiH, Req1iH, MiH, MijH  Upper bounds of ωl, Lsi, Csi, Req1i, 

Mi, Mij 

Psize        Population size of the heuristic algorithms 

Csize        Number of bits in each chromosome of GA 

maxgen    Maximum generations of the heuristic algorithms 

Pc           Crossover rate of GA 

Pm          Mutual rate of GA 

Xpi(g)   Randomly selected vectors of ADE and the two-layer 

ADE 

Fα          Adaptive differential weight of ADE and the two-layer 

ADE 

Flow        Lower bound of the adaptive differential weight 

Fup         Upper bound of the adaptive differential weight  

fα Fitness of the individual α 

fmin         Minimum fitness 

fmax         Maximum fitness 

fave          Averaged fitness 

Hα(g)     Yield of offspring 

Pcα         Crossover rate of ADE and the two-layer ADE 
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Plow        Lower bound of the crossover rate 

Pup   Upper bound of the crossover rate 

rα A random number for the individual α 

Rα          A random index for dimensionality 

ζ  Damping ratio of the second-order bandpass filter 

D           Distance between the coils 

nvar   Number of the monitored variables 

I. INTRODUCTION

VER since the two coil nonradiative WPT system was first

reported by Nicola Tesla in 1914 [1], the WPT technique 

based on the near-field magnetic coupling has been broadly 

applied in medical implants [2]−[4], EVs [5]−[7], induction 

heaters [8], and wireless cell phone chargers [9]−[14]. All these 

applications adopt Tesla’s principle to compensate the leakage 

inductance in the power flow path and to ensure good 

transmission efficiency by various compensation topologies, 

which include SS, SP, PP, PS, and hybrid compensations [15]. 

Among them, the SS-compensation is widely adopted for its 

design being independent of load and coupling coefficient [16]. 

In recent years, research activities to improve the 

controllability, transmission efficiencies and dynamic 

performances of SS-compensated WPT systems are intensified 

[17]−[24]. Accurate values of the parameters, including mutual 

inductances, impedances of the receiving resonators, and load 

conditions, are usually required for the controllers of 

SS-compensated WPT systems to achieve optimal efficiency 

operations and better dynamic performances. For instance, 

real-time mutual coupling conditions are needed for the optimal 

efficiency operations of the WPT system with movable loads 

[25]. Load conditions are needed for the nonlinear control of 

the WPT system to reduce the overshoot/undershoot of the 

output voltage [26]. Therefore, accurate online monitoring of 

the parameters can prevent the transmission efficiency and the 

dynamic performance of an SS-compensated WPT system 

being deteriorated by the variations of operating conditions.  

Besides, front-end parameter monitoring can also (i) reduce 

the complexity and costs of communication devices that are 

often adopted in WPT systems for feedback control [27], [28]; 

(ii) detect the ageing effect of receiving coils and loads by

monitoring their equivalent resistances. By far, several

front-end parameter monitoring methods have been proposed to

replace the communication channels of SS-compensated WPT

systems to achieve the optimal operations [29]−[34]. In [29], an

envelope detector and a phase detector are used to extract the

required information of the transmitting current to estimate the

load resistance. In [30], a transient model of a SS-compensated

WPT system is used to detect the initial load condition by

injecting a series of high-frequency signals before startup. In

[31] and [32], both the load resistance and the coupling

coefficient can be uniquely determined by measuring the input

voltage and the current at only one frequency. In [33], a

computation-based estimation strategy for the load impedances

and the coupling coefficients of a SS-compensated WPT

system with two loads is demonstrated. These pioneering

strategies are primarily designed to monitor the load

impendences and the coupling coefficients of SS-compensated

WPT systems, whereas few of them monitor the parameters of 

the resonant tanks. As a matter of fact, most of these strategies 

are designed based on the known values of the parameters of 

the resonant tanks, which is impractical as the front-end users 

are unlikely to measure such parameters. The mutual 

inductance values are highly sensitive to the coils’ dimensions, 

locations and orientations. Particularly for the SS-compensated 

WPT systems with multiple coils, any slight change in the 

distances and orientations of the coils can lead to significant 

errors in the mutual inductance values. Besides, the inductances 

of the coils and the capacitances of the compensated capacitors 

are usually close but not exactly equal to the rated values. 

Consequently, using nominal values of the parameters can lead 

to inaccurate prediction of optimal operations. Therefore, 

accurate online monitoring of the parameters is critical. In [34], 

a front-end parameter monitoring method based on the 

conventional GA is presented to identify the compensated 

capacitances and the distances between the coils. The proposed 

method avoids the requirement of prior knowledge of all 

parameter measurements and overcomes the component 

tolerance issue. The method based on the heuristic algorithm 

can find optimal solutions more efficiently than the traditional 

optimization methods (e.g. linear programming) for complex 

systems with multiple variables [35]. However, conventional 

GA has the risk of being trapped in local optimal points. Thus, 

unsteady performances with strong randomness can always 

occur when the number of iterations increases [36]. Besides, 

various parameters of the conventional GA, including the 

crossover rate, the mutation rate, and the generations, are 

difficult to tune [37]. Thus, the method in [34] requires rich 

experience in tuning the parameter selection ranges and designs 

of constraints and objective functions for SS-compensated 

WPT systems. 

DE is a simple, yet powerful evolutionary algorithm 

developed by Storn and Price for continuous space 

optimization. It can find global optimal solutions with a faster 

and smoother convergence, as compared to the algorithms of 

the adaptive Simulated Annealing and the Nelder-Mead 

method [38]. More importantly, DE has shown to outperform 

conventional GA regarding numerous single-objective and 

multi-objective problems in different areas [39]-[44]. Based on 

the DE, the ADE with the adaptive differential weight and the 

crossover rate is further proposed by the evaluations of 24 

benchmark functions [45]. Compared to the conventional GA, 

the ADE can obviously exhibit more efficient explorations in 

the decision space. In this paper, based on the ADE, a two-layer 

ADE is designed and applied to monitor the parameters of the 

receiving resonators and the mutual inductances of 

SS-compensated WPT systems. The primary layer is to monitor 

the coil inductances and the compensated capacitances of the 

receiving resonators. Then, based on the identified coil 

inductances and the compensated capacitances of the receiving 

resonators, the secondary layer is to monitor the equivalent 

resistances of the receiving resonators and the mutual 

inductances. The motivation of designing the two-layer ADE is 

that the ADE can accurately monitor the coil inductances and 

the compensated capacitances of the receiving resonators but 

may fail to monitor the equivalent resistances of the receiving 

resonators and the mutual inductances for multiple-coil WPT 

systems. This is due to the high randomness of the monitored 

E 
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parameters for the ADE. As a result, the identified values of the 

dominant parameters vary negligibly while the identified 

values of the minor parameters vary significantly. To this end, 

the major parameters of the coil inductances and the 

compensated capacitors of the receiving resonators are initially 

identified as the known parameters. The randomness of the 

monitored parameters is reduced by halving the number of the 

monitored parameters. Then, the minor parameters can be 

accurately monitored based on the objective function of the 

secondary-layer of the two-layer ADE. The two-layer ADE 

monitor the parameters more accurately than the ADE. 

Compare the two-layer ADE to the conventional GA, stabilities 

and accuracies of the monitoring are significantly improved. 

The proposed front-end parameter monitoring method based 

on the heuristic algorithm of ADE or the two-layer ADE, to the 

best of our knowledge, has not been investigated. Compared to 

the conventional method based on GA to monitor the 

compensated capacitances in [34] and the method based on 

estimation equations to monitor the mutual inductances and 

load conditions in [31]−[33], the proposed method can 

simultaneously monitor the mutual inductances, the load 

conditions, and the parameters of receiving resonators. Besides, 

the proposed method can be used to monitor the parameters of 

two identical receiving coils located symmetrically with respect 

to the transmitting coil, which is invalidated for the 

conventional method using least square approximation [33]. 

II. DERIVATIONS OF THE IDENTIFICATION MODEL 

A typical SS-compensated WPT system with multiple 

outputs is shown in Fig. 1. At the transmitting side, a full-bridge 

inverter is controlled by a phase shift control with the fixed duty 

ratio of 0.5 to convert the DC voltage source Vdc to a 

high-frequency alternating voltage vp. The transmitting 

resonator comprises a coil with the inductance of Lp, a 

compensated capacitor with the capacitance of Cp, and their 

ESR of Rp. At the receiving sides, the receiving resonators 

comprise the coil inductances of Lsi (i=1, 2,…, m), compensated 

capacitances of Csi (i=1, 2,…, m), their ESRs of Rsi (i=1, 2,…, 

m), and the load resistances RLi (i=1, 2,…, m). Here, the 

resistive load can be an AC load or an equivalent load of a 

diode bridge rectifier and a DC load [22]. Mi (i=1, 2,…, m) are 

the mutual inductances between the transmitting coil and the 

receiving coils. Mij (i=1, 2,…, m, j=1, 2,…, m, i≠j) are the 

mutual inductances between the receiving coils. 

idc

Rp Cp

Lp

M1

Ls1

Cs1

ip

is1 Rs1

vp

vo1

Vdc

RL1

S1

S4

S2

S3

Ls2

Cs2is2 Rs2

vo2 RL2

Lsm

Csmism Rsm

vom RLm

M2

Mm

M12

M2m

M1m

 
Fig. 1.  Topology of an SS-compensated WPT system with multiple outputs. 
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Fig. 2.  Equivalent circuit of an SS-compensated WPT system at the 

fundamental frequency with multiple outputs. 

 The input voltage of the transmitting resonator vp is 

generally pulse or pseudo-pulse waveforms, which contain 

plentiful odd-harmonics. For the currents of both resonators ip 

and isi (i=1, 2,…, m), high-order odd-harmonics may also exist 

at some operating conditions. Hence, to simplify the analysis, 

the equivalent circuit of a multiple-coil SS-compensated WPT 

system at the fundamental frequency can be depicted by 

decoupling the parameters of vp, voi, ip, and isi (i=1, 2,…, m) into 

the respective harmonics, as shown in Fig. 2. Here, vp1, vo1i, ip1, 

and is1i are fundamental components. Req1i (i=1, 2,…, m) are the 

equivalent resistances of the receiving resonators, Req1i. Besides, 

the “self-mutual inductances” are physically null (i.e. 

M11=M22=…=Mmm=0). Based on the equivalent circuit in Fig. 2, 

{
𝑣p1 = [𝑅p + (𝜔𝐿p −

1

𝜔𝐶p
) 𝑗] 𝑖p1 − 𝜔𝐌T𝐢𝐬𝟏𝑗

𝜔𝐌𝑖p1𝑗 − 𝜔𝐌𝟏𝐢𝐬𝟏𝑗 = 𝐙𝐬𝐢𝐬𝟏

,         (1) 

where 𝐢𝐬𝟏 = [𝑖s11, 𝑖s12, ⋯ 𝑖s1m]T, 𝐌 = [𝑀1, 𝑀2, ⋯𝑀m]T , 𝐌𝟏 =

[

0 𝑀12 ⋯ 𝑀1m

𝑀21 0 ⋯ 𝑀2m

⋮
𝑀m1

⋮
𝑀m2

⋱
⋯

⋮
0

] , 𝐙𝐬 = [

𝑍s1 0 ⋯ 0
0 𝑍s2 ⋯ 0
⋮
0

⋮
0

⋱
⋯

⋮
𝑍sm

] , and 𝑍s𝑖 =

𝑅eq1𝑖 + (𝜔𝐿s𝑖 −
1

𝜔𝐶s𝑖
) 𝑗  (𝑖 = 1,2,⋯ 𝑚). 

Simplify (1) by cancelling the term is1, 

𝑣p1

𝑖p1
= 𝑍p1 = 𝑅p + (𝜔𝐿p −

1

𝜔𝐶p
) 𝑗 + 𝜔2𝐌T(𝜔𝐌𝟏𝑗 + 𝐙s)

−1𝐌  (2.1) 

where Zp1 is the equivalent impedance of the SS-compensated 

WPT system at the fundamental frequency. By rearranging (2.1) 

by separating the real and imaginary parts, 

𝑣p1

𝑖p1
= 𝐑𝐞(𝑍p1) + 𝐈𝐦(𝑍p1) = (𝑅p + 𝜔2𝑃(𝐌,𝐌𝟏, 𝐙s, 𝜔)) +

                 (𝜔𝐿p −
1

𝜔𝐶p
+ 𝜔2𝑄(𝐌,𝐌𝟏, 𝐙s, 𝜔)) 𝑗                                (2.2) 

where the real and imaginary parts of Zp1 are 

𝐑𝐞(𝑍p1) = 𝑅p + 𝜔2𝑃(𝐌,𝐌𝟏, 𝐙s, 𝜔)             (2.3) 

𝐈𝐦(𝑍p1) = (𝜔𝐿p −
1

𝜔𝐶p
+ 𝜔2𝑄(𝐌,𝐌𝟏, 𝐙s, 𝜔)) 𝑗      (2.4) 

P(M, M1, Zs, ω) and Q(M, M1, Zs, ω) are scalars, which are 

determined by the values of M, M1, Zs and ω. Theoretically, the 
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values of M, M1 and Zs can be obtained by numbers of vp1 and 

ip1 being measured at different ω. In other words, the equivalent 

impedance Zp1 of the SS-compensated WPT system at the 

fundamental frequency varies by sweeping the switching 

angular frequency ω from the lower bound ωL to the upper 

bound ωH. The equivalent impedance Zp1 depends on the 

parameters of Lp, Cp, Rp, Lsi, Csi, Req1i, M, and M1, 

{

𝑣p1𝑙

𝑖p1𝑙
= 𝑍p1𝑙 = 𝑓(𝐿p, 𝐶p, 𝑅p, 𝐿s𝑖 , 𝐶s𝑖 , 𝑅eq1𝑖 , 𝐌,𝐌1, 𝜔𝑙)

𝜔L ≤ 𝜔𝑙 ≤ 𝜔H

,     (3) 

where n is the number of the measured vp1 and ip1 for the 

monitoring. With practical considerations, Lp, Cp and Rp of the 

transmitting coil are preliminarily known parameters. Then, the 

identification model for the parameters of the receiving 

resonators and the mutual inductances can be derived as 

min 𝐽 = ‖𝐯p1est − 𝐯p1‖                           (4) 

s.t. 𝐯p1est = 𝐢p1𝐙p1 , 𝜔L ≤ 𝜔𝑙 ≤ 𝜔H , 𝐿s𝑖L ≤ 𝐿s𝑖 ≤ 𝐿s𝑖H , 𝐶s𝑖L ≤

𝐶s𝑖 ≤ 𝐶s𝑖H , 𝑅eq1𝑖L ≤ 𝑅eq1𝑖 ≤ 𝑅eq1𝑖H , 𝐌L ≤ 𝐌 ≤ 𝐌H , and 

𝐌1L ≤ 𝐌1 ≤ 𝐌1H  (𝑖 = 1,2,⋯𝑚) (𝑗 = 1,2,⋯ 𝑛) , where  

𝐙𝐩𝟏 =

[
 
 
 
𝑍p11 0 ⋯ 0

0 𝑍p12 ⋯ 0

⋮
0

⋮
0

⋱
⋯

⋮
𝑍p1m]

 
 
 

. The estimated input voltages of 

the transmitting resonator vp1est=[vp1est1, vp1est2,…, vp1estn] are 

calculated by the equation vp1est=ip1Zp1 based on the measured 

transmitting currents ip1=[ip11, ip12,…, ip1n] and the searching 

parameters of Lsi, Csi, Req1i, M, and M1 at the switching angular 

frequencies ωl (l=1, 2,…, n). The expressions of Zp1l are given 

in (2). The objective of the identification model is to minimize 

the norm of the voltage differences between the estimated input 

voltages vp1est and the measured input voltages vp1. The 

identified parameters Lsi, Csi, Req1i, M, and M1 are searched 

within the lower bounds of LsiL, CsiL, Req1iL, ML, M1L and the 

upper bounds of LsiH, CsiH, Req1iH, MH, M1H. The values of the 

bounds are determined empirically. 

III. DESCRIPTIONS OF THE ALGORITHMS 

Based on the identification model, three evolutionary 

algorithms, including the conventional GA, the ADE, and the 

proposed two-layer ADE are adopted in this paper to minimize 

the objective function in (4), thus monitoring the parameters of 

the receiving resonators and the mutual inductances. 

A. Brief Reviews of the Conventional GA 

For the conventional GA [34], the individuals, being 

encoded in strings of bits (0s and 1s), also known as the 

chromosomes, are randomly generated for each parameter (Lsi, 

Csi, Req1i, M, and M1) with the population size of Psize initially. 

Each chromosome contains Csize bits. Then, by decoding the 

binary chromosomes into the decimal solutions, the objective 

function J=||vp1est-vp1|| can be evaluated based on the decimal 

individuals. If either of the terminal conditions of (i) the 

generations reaching the maximum generations maxgen or (ii) 

the algorithm being convergent, is satisfied, the algorithm stops 

and output the optimum solutions and the corresponding fitness 

value. On the contrary, if none of the terminal conditions is 

satisfied, the algorithm goes to the operations of selection, 

crossover, and mutation. For the selection operation, first two 

parent chromosomes in the current population are selected 

based on the sorted fitness (greater opportunities to be selected 

in the roulette for smaller fitness). For the crossover operation, 

two selected parent chromosomes cross over at every two loci 

(positions in two chromosomes) to generate an offspring with 

the crossover rate of Pc. If no crossover operation is performed, 

the parent chromosomes are copied. For the mutation operation, 

the new offspring mutates at each locus (position in the 

chromosome) to generate another offspring with the mutation 

rate of Pm. If no mutation operation is performed, the parent 

chromosome is copied. Then, the newly generated population is 

applied for the next iteration. 

B. ADE 

The process of the ADE algorithm can be described in detail 

as follows: [Initialization] Generate a random population of 

Psize individuals in the search-space (within the lower and the 

upper bounds in (4)) for the parameters of Lsi, Csi, Req1i, M, and 

M1. [Fitness] Evaluate the fitness of each individual using the 

objective function J=||vp1est-vp1||. [Checked] If both the 

termination conditions of (i) generations reaching the 

maximum generations maxgen and (ii) the algorithm being 

convergent, are satisfied, the algorithm stops and output the 

optimum solutions and the corresponding fitness value. On the 

contrary, if any one of the termination conditions is not satisfied, 

the algorithm repeats in the adaptive mutation operation, the 

adaptive crossover operation, and the selection operation. [New 

population] Create a new population by repeating the 

following steps: i) Adaptive mutation operation: Randomly 

select three vectors of Xp1(g), Xp2(g), and Xp3(g) with distinct 

indices of p1, p2, p3, where g indicates the number of the 

iterations. Then, apply the three vectors into the adaptive 

function 

𝐹𝛼 = 𝐹low + (𝐹up − 𝐹low)
𝑓2−𝑓1

𝑓3−𝑓1
,                   (5) 

where Fα is the adaptive differential weight; Flow and Fup are the 

lower and upper bounds of the differential weight, respectively; 

f1, f2, and f3 are the fitness of Xp1(g), Xp2(g), and Xp3(g), f1< f2< f3. 

Consequently, a new offspring using the differential strategies 

of DE/rand/1 (mutation operators are based on randomly 

chosen base vectors and one vector difference is used) can be 

obtained as 

𝐻𝛼(𝑔) = 𝑋𝑝1(𝑔) + 𝐹𝛼 (𝑋𝑝2(𝑔) − 𝑋𝑝3(𝑔)),       (6) 

where Hα(g) is the yield of offspring. If Hα(g) is invalid, the 

adaptive mutation operation needs to be performed again until 

it is in the search-space. ii) Adaptive crossover operation: Cross 

over the two selected parents to generate a new offspring Hα(g) 

with the crossover rate Pcα, 

𝑃𝑐𝛼 = {
𝑃low +

(𝑃up−𝑃low)(𝑓𝛼−𝑓min)

(𝑓max−𝑓min)
     𝑓𝛼 < 𝑓ave

𝑃low     𝑓𝛼 ≥ 𝑓ave

,          (7) 

where Plow and Pup are the lower and upper bounds of the 

crossover rate; fα is the fitness of the individual α; fmin and fmax 

are the minimum and the maximum fitness; fave is the averaged 

fitness. If rα< Pcα or α=Rα, where rα is a random number; Rα is a 

random index for dimensionality, then set 𝐻𝛼(𝑔) = 𝑋𝑃1(𝑔) +
𝐹𝛼(𝑋𝑃2(𝑔) − 𝑋𝑃3(𝑔)). If no crossover operation is performed, 
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the parents are copied. (3) Selection operation: Compare J(Xα+1) 

to J(Xα). If J(Xα+1) < J(Xα), then replace the solution in the 

current population by the improved candidate solution Xα+1 

based on the greedy selection method. [Replace and loop] If 

the termination conditions are not satisfied, the algorithm goes 

to the operations of the adaptive mutation, adaptive crossover, 

and selection, to generate a new population for a further run. 

C. Proposed Two-Layer ADE 

Compared to the ADE, the proposed two-layer ADE checks 

the termination conditions twice. As shown in Fig. 3, the 

dominant parameters of the coil inductances Lsi and the 

compensated capacitances Csi of the receiving resonators are 

primarily identified in the primary layer when the first 

terminated conditions are satisfied. Then, the identified 

parameters Lsi and Csi are considered to be known parameters, 

such that the identification model for the secondary layer is 

min 𝐽 = ‖𝐢p1est − 𝐢p1‖                           (8) 

s.t. 𝐢p1est =𝐯p1/𝐙p1 , 𝜔L ≤ 𝜔𝑙 ≤ 𝜔H , 𝑅eq1𝑖L ≤ 𝑅eq1𝑖 ≤ 𝑅eq1𝑖H , 

𝐌L ≤ 𝐌 ≤ 𝐌H , and 𝐌1L ≤ 𝐌1 ≤ 𝐌1H  (𝑖 = 1,2,⋯𝑚) (𝑗 =
1,2,⋯ 𝑛) , where the estimated currents of the transmitting 

resonator ip1est=[ip1est1, ip1est2,…, ip1estn] are calculated by the 

equation ip1est=vp1/Zp1 based on the measured input voltages 

vp1=[vp11, vp12,…, vp1n] and the searching parameters of Req1i, M, 

and M1 at the switching angular frequencies ωl (l=1, 2,…, n). 

Based on (8), the fitness of each individual in the secondary 

layer can be evaluated for the check of the second terminated 

conditions. If the secondary termination conditions are not 

satisfied, the algorithm goes to the operations of the adaptive 

mutation, the adaptive crossover, and the selection, to generate 

a new population for a further run of the secondary layer. On 

the contrary, if the secondary termination conditions are 

satisfied, the algorithm output the identified parameters of the 

equivalent resistances of the receiving resonators and the 

mutual inductances. 

Start

Initialize the population with the size of Psize for the parameters

Max generations 

maxgen

Population size Psize

Termination condition satisfied?

• Generations>maxgen?

• Convergent?

Yes

Output the optimum solutions of Lsi and Csi and the 

fitness value

Calculate the fitness of each individual 

using the objective function (4) 

End

Min and Max 

crossover rate plow 

and pup

Calculate the fitness of each individual using the 

objective function (8) 

Yes

No

Output the optimum solutions of Req1i, M and M1 

and the fitness value  

Adaptive crossover operation

Selection operation

Adaptive mutation operation

Min and Max differential 

weight Flow and Fup

Termination condition satisfied?

• Generations>maxgen?

• Convergent?

No

Adaptive crossover operation

Selection operation

Adaptive mutation operation

Min and Max differential 

weight Flow and Fup

 
Fig. 3.  Flowchart of the proposed two-layer ADE. 

IV. EXPERIMENTAL VERIFICATION 

Experiments are carried out on both two- and three-coil 

SS-compensated WPT systems, as shown in Fig. 4. To 

demonstrate the general applicability of the heuristic 

algorithms to accurately monitor the parameters of 

SS-compensated WPT systems, the coil dimensions are not 

optimized. The transmitting coils of both systems are 11 turns 

with the diameters of 31 cm. The receiving coil of the two-coil 

system is 11 turns with the diameter of 31 cm. Both the 

receiving coils of the three-coil systems are 11 turns with the 

diameters of 20 cm. 

Load

Coils

Inverter

DSP
 

Coils

Inverter

DSP

Loads

 

           (a) Two-coil                            (b) Three-coil (arragement-1) 

Inverter

DSP
Coils Loads

 

Inverter

DSP Coils

Loads

 

 (c) Three-coil (arragement-2)          (d) Three-coil (arragement-3) 

Fig. 4.  Experimental setups of the SS-compensated WPT systems. 

The schematic diagram of the three-coil SS-compensated 

WPT systems are depicted in Fig. 5. Fig. 5(a) shows the main 

circuit of the systems (For the two-coil system, only one load 

RL is adopted), where the input voltage and current of the 

transmitting resonator, vp and ip, are measured. Fig. 5(b) shows 

the isolators and drivers used for the full-bridge inverter. Both 

vp and ip are measured by the oscilloscope InfiniiVision 

DSOX3024T and transmitted to Matlab via National 

Instrument’s VISA. Fig. 5(c) shows the strategy of deriving the 

complex form of the fundamental components, vp1 and ip1, from 

the measured vp and ip. The second-order bandpass filters are 

designed as 

𝐻(𝑠) =
2𝜁𝜔o𝑠

𝑠2+2𝜁𝜔o𝑠+𝜔o
2,                           (9) 

where the damping ratio ζ is 0.05 for all the experiments. The 

complex values of ip1 are used to calculate vp1est based on (2), 

which are further adopted to monitor the parameters of the 

SS-compensated WPT systems using the conventional GA, the 

ADE, and the two-layer ADE with the measured vp1 in Matlab 

(For the two-layer ADE, vp1 are used to calculate ip1est based on 

(8) for the secondary layer). The switching signals PWM1, 

PWM2, PWM3, and PWM4 are provided by a DSP of Texas 

Instruments’ TMS320F28335 with fixed duty ratio of 0.5. The 

parameters of the resonators are accurately measured by an 

Agilent E5061B Network Analyzer, which are listed in Table I 

(Tx: transmitting resonator; Rx: receiving resonator of the 

two-coil system; Rx1: receiving resonator 1 of the three-coil 

system; Rx2: receiving resonator 2 of the three-coil system). 

All the compensated capacitors are designed to compensate the 
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self-inductances of the coils around the resonant frequency of 

100 kHz. 

470 μF

Vdc
2.2 μF

IPB110N20N3LFATMA1

GS1
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Resonators

vp+
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vp  

RL2

TMA1215S

Vin+

Vin  
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12V
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GND1 GNDA
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Drivers  

                (a)                                                              (b) 

ip

vp
Bandpass 

filter
vp1
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Fourier 

analysis

Vp1

Ip1

+
  θ 

cos

sin
sinθ 

cosθ 

j 

+
+ ip1

Bandpass 

filter

Fourier 

analysis  

(c) 
Fig. 5. Schematic diagrams in experiment. 

TABLE I. PARAMETERS OF THE RESONATORS 
Description Symbol Value 

The inductance of the Tx Lp 91.78 μH 

The capacitance of the Tx Cp 27.62 nF 

The ESR of the Tx Rp 0.7 Ω 

The inductance of the Rx Ls 92.05 μH 

The capacitance of the Rx Cs 27.2 nF 

The ESR of the Rx Rs 1.01 Ω 

The inductance of the Rx1 Ls1 48.3 μH 

The capacitance of the Rx1 Cs1 52.38 nF 

The ESR of the Rx1 Rs1 0.24 Ω 

The inductance of the Rx2 Ls2 48.8 μH 

The capacitance of the Rx2 Cs2 51.18 nF 

The ESR of the Rx2 Rs2 0.26 Ω 

A. Two-Coil SS-Compensated WPT Systems 

For the two-coil SS-compensated WPT system, the DC 

voltage source is 5 V and the switching frequency sweeps from 

90 kHz to 110 kHz with the interval of 1 kHz. The distance 

between the coils D are changed from 10 cm to 20 cm with the 

interval of 2 cm. The corresponding mutual inductances are 

preliminarily measured, which are listed in Table II. 

TABLE II. DISTANCES AND THE CORRESPONDING MUTUAL INDUCTANCE 
D (cm) M (μH) D (cm) M (μH) D (cm) M (μH) 

10 15.515 14 10.194 18 7.021 

12 12.333 16 8.431 20 5.935 

The comparisons between the waveforms of vp and ip 

measured in the oscilloscope (Fig.6(a)-(c)) and vp and ip 

obtained in Matlab via National Instruments’ VISA (Fig. 

6(d)-(f)) for two-coil SS-compensated WPT systems with 

RL=10 Ω and D=10 cm at the switching frequency of 90 kHz, 

100 kHz (resonant frequency), and 110 kHz are shown in Fig. 6. 

Obviously, the waveforms obtained in Matlab are identical to 

the waveforms measured in the oscilloscope. The 

corresponding waveforms of the fundamental components of 

vp1 and ip1, and the peak values of Vp1 and Ip1 are shown in Fig. 

6(d)-(f). The fundamental components are well-extracted. The 

peak values are accurately measured. 

vp
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vp ip vp1 ip1 Vp1 Ip1

Time (μs)

vp
 (

V
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ip
 (

A
)

 
(a) fs=90kHz                                        (d) fs=90kHz    
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)

ip
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)

 
(b) fs=100kHz                                        (e) fs=100kHz   

vp

ip

vp
 (

V
)

ip
 (

A
)

Time (μs)

vp ip vp1 ip1 Vp1 Ip1

 
(c) fs=110kHz                                        (f) fs=110kHz   

Fig. 6. Measured waveforms of two-coil SS-compensated WPT systems with 

RL=10 Ω and D=10 cm. 

TABLE III. CONSTRAINTS OF THE PARAMETERS FOR 2-COIL SYSTEMS 
Lower bounds Value Upper bounds Value 

LsL 80 μH LsH 100 μH 

CsL 20 nF CsH 50 nF 

Req1L 0 Ω Req1H 12 Ω 

ML 5 μH MH 20 μH 

TABLE IV. PARAMETERS OF THE ALGORITHMS 
Description Symbol Value 

Chromosome size Csize 10 

Population size Psize 64 

Maximum generations maxgen 2000 

Crossover rate Pc 0.26 

Mutation rate Pm 0.2 

Lower bounds of the differential weight Flow 0.1 

Upper bounds of the differential weight Fup 0.8 

Lower bounds of the crossover rate Plow 0.2 

Upper bounds of the crossover rate Pup 0.6 

Lower bounds of the differential weight Flow 0.1 

The searching constraints of the monitored parameters Ls, Cs, 

Req1, and M are identically designed for the conventional GA, 

the ADE, and the two-layer ADE, as listed in Table III. The 

parameters of the algorithms are given in Table IV. In this 

paper, the parameters of the secondary layer of the two-layer 

ADE are identical to the parameters of the primary layer of the 

two-layer ADE. 

1) Conventional GA 

For RL=10 Ω and D=10 cm, the parameters are monitored by 

the conventional GA ten times independently. The comparisons 

between the monitored and the actual parameters of Ls, Cs, Req1, 

and M, and their relative errors are shown in Fig. 7(a)-(d), 

respectively. Despite the relative errors of the monitored Ls and 

Cs by the conventional GA are within 5%, the variations are 

significant. For the relative errors of the monitored Req1 and M, 

the relative errors can be greater than 10% and the variations 

are significant as well. Furthermore, the conventional GA are 

adopted to monitor the parameters for the other 11 cases of RL 

and D. The 12 investigated cases are (Case 1~6: RL=10 Ω and 

D=10, 12, 14, 16, 18, 20 cm; Case 7~12: RL=4.7 Ω and D=10, 

12, 14, 16, 18, 20 cm). The fitness values of the conventional 

GA for the 12 cases are depicted in Fig. 8. Apparently, the 

fitness values are unsteady, which exhibits the drawbacks of the 

conventional GA to find local optimal points. The maximum 

relative errors and the standard deviations of the parameters Ls, 
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Cs, Req1, and M monitored by the conventional GA for the 12 

cases are shown in Fig. 9. Due to the maximum relative errors 

of Ls and Cs are less than the maximum relative errors of Req1 

and M mostly, the monitoring performances of the conventional 

GA for Ls and Cs are better than the monitoring performances 

for Req1 and M. However, the maximum relative error of Ls and 

Cs monitored by the conventional GA can still reach 11.09% 

and 10.01%. The maximum relative errors of Req1 and M 

monitored by the conventional GA can reach 45.73% and 

27.36%. The standard deviations of the monitored parameters 

are substantial. The percentages of the standard deviations over 

the actual values of the parameters can be 3.88%, 3.62%, 

18.72%, and 8.24%, respectively, which reveals the 

uncertainties of the monitoring by the conventional GA. 

 
(a) Ls                                                      (b) Cs 

 
(c) Req1                                                  (d) M 

Fig. 7. Monitored results by the conventional GA for the two-coil 

SS-compensated WPT system with RL=10 Ω and D=10 cm. 

 
(a) 10 Ω                                            (b) 4.7 Ω 

Fig. 8. Fitness values of the conventional GA for the 12 cases. 

 
(a) Maximum relative errors 

 
(b) Standard deviations 

Fig. 9. Maximum relative errors and standard deviations of the parameters 

monitored by the conventional GA for the 12 cases 

2) ADE 

The parameters are monitored by the ADE with the 

population size of Psize=7*nvar. Here, nvar indicates the 

number of the monitored variables. The maximum generations 

maxgen are tuned to implement fast convergence. For RL=10 Ω 

and D=10 cm, the comparisons between the monitored and the 

actual parameters of Ls, Cs, Req1, and M, and their relative errors 

are shown in Fig. 10(a)-(d), respectively. Since the generations 

of the ADE converges at 233, the parameters of Ls, Cs, Req1, and 

M can be steadily monitored for the generations of 233, 500, 

1000, and 2000. After the convergence, the relative errors of the 

monitored Ls, Cs, and M are less than 0.5% and the relative 

errors of the monitored Req1 are less than 1%. The ADE are also 

adopted to monitor the parameters for the other 11 cases. The 

fitness values of the ADE for the 12 cases are depicted in Fig. 

11. Obviously, these fitness values are steady after the 

convergence (233, 240, 200, 90, 250, 240, 250, 160, 200, 350, 

230, 360 generations for cases 1~12), which validates the ADE 

can find global optimal points. The comparisons of the average 

relative errors and the standard deviations of the parameters Ls, 

Cs, Req1, and M monitored by the conventional GA and the ADE 

for all the 12 cases are shown in Fig. 12. Both the average 

relative errors and the standard deviations of the monitored 

parameters for the ADE are smaller than the ones for the 

conventional GA. The average relative errors of the monitored 

parameters for all the 12 cases can be reduced about 1% for Ls, 

0.8% for Cs, 10.4% for Req1, and 4.6% for M. The standard 

deviations of the monitored parameters for all the 12 cases can 

be reduced about 42.01% for Ls, 40.75% for Cs, 78.84% for 

Req1=10 Ω, 75.6% for Req1=4.7 Ω, 83.42% for M=15.515 μH, 

88.26% for M=12.333 μH, 78.87% for M=10.194 μH, 96.83% 

for M=8.431 μH, 90.91% for M=7.021 μH, and 98.35% for 

M=5.935 μH. Both results demonstrate that the ADE can 

monitor the parameters of two-coil SS-compensated WPT 

systems more steadily and accurately than the conventional 

GA. 

 
(a) Ls                                                      (b) Cs 

 
(c) Req1                                                  (d) M 

Fig. 10. Monitored results by the ADE for the two-coil SS-compensated WPT 

system with RL=10 Ω and D=10 cm. 

 
(a) 10 Ω                                              (b) 4.7 Ω 

Fig. 11. Fitness values of the ADE for the 12 cases. 

  
(a) Average relative errors                 (b) Standard deviations 

Fig. 12. Comparisons of the monitoring performances between the 

conventional GA and the ADE for all the 12 cases. 
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3) Two-Layer ADE 

The population sizes of the two-layer ADE are tuned to be 

Psize=5*nvar for both layers of optimization. For all the 12 cases 

of two-coil SS-compensated WPT systems, the fitness values of 

the two-layer ADE equalize the fitness values of the ADE. The 

comparisons of the average relative errors and the standard 

deviations of the monitored parameters between the ADE and 

the two-layer ADE are shown in Fig. 13. The results reveal that 

the monitoring performances of the two-layer ADE are almost 

the same as the ADE for two-coil SS-compensated WPT 

systems (the improvements are less than 1%). 

  
(a) Average relative errors                       (b) Standard deviations 

Fig. 13. Comparisons of the monitoring performances between the ADE and 

the two-layer ADE for the 12 cases. 

B. Three-Coil SS-Compensated WPT Systems 

For the three-coil SS-compensated WPT system, the DC 

voltage source Vdc is 5 V, while the switching frequency sweeps 

from 90 kHz to 98 kHz with the interval of 1 kHz, 98 kHz to 

102 kHz with the interval of 0.2 kHz, and 102 kHz to 110 kHz 

with the interval of 1 kHz. Three arrangements of the three-coil 

WPT systems are plotted in Fig. 14. 
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(a) Arrangement-1                            (b) Arrangement -2 
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(c) Arrangement -3 

Fig. 14. Arrangements of the coils in three-coil WPT systems. 

1) Arrangement-1 

For arrangment-1, the mutual inductances between the 

transmitting coil and the receiving coils are 3.288 μH (i.e., 

M1=M2=3.288 μH), while the mutual inductance between the 

two receiving coils is negligible (i.e., M12≈0 μH). The 

comparisons between the waveforms of vp and ip measured in 

the oscilloscope (Fig.15(a)-(c)) and vp and ip obtained in Matlab 

via VISA (Fig. 15(d)-(f)) for three-coil SS-compensated WPT 

systems with arrangement-1 and RL1= RL2=10 Ω at the 

switching frequency of 90 kHz, 100 kHz (resonant frequency), 

and 110 kHz are shown in Fig. 15. The fundamental 

components are well-extracted and the peak values of vp1 and ip1 

are accurately measured. 

The three heuristic algorithms (i.e., GA, ADE, and the 

two-layer ADE) are adopted to monitor the parameters of 

three-coil SS-compensated WPT systems with arrangement-1 

and four different load conditions (Case 13: RL1=RL2=10 Ω, 

Arrangement-1; Case 14: RL1=10 Ω and RL2=4.7 Ω, 

Arrangement-1; Case 15: RL1=4.7 Ω and RL2=10 Ω, 

Arrangement-1; Case 16: RL1=RL2=4.7 Ω, Arrangement-1). 

The searching constraints of the monitored parameters Ls1, Ls2, 

Cs1, Cs2, Req11, Req12, M1 and M2 are listed in Table V. The 

parameters of the three algorithms are the same as the 

parameters for the two-coil systems. 
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(a) fs=90kHz                                           (d) fs=90kHz    
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(b) fs=100kHz                                          (e) fs=100kHz   
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(c) fs=110kHz                                          (f) fs=110kHz   

Fig. 15. Measured waveforms of the three-coil SS-compensated WPT systems 

with arrangement-1 and RL1= RL2=10 Ω. 

TABLE V. CONSTRAINTS OF THE PARAMETERS WITH ARRANGEMENT-1 
Lower bound Value Upper bound Value 

Ls1L 45 μH Ls1H 55 μH 

Ls2L 45 μH Ls2H 55 μH 

Cs1L 40 nF Cs1H 60 nF 

Cs2L 40 nF Cs2H 60 nF 

Req11L 2 Ω Req11H 12 Ω 

Req12L 2 Ω Req12H 12 Ω 

M1L 1 μH M1H 5 μH 

M2L 1 μH M2H 5 μH 

The fitness values of the three algorithms for the cases 13~16 

are presented in Fig. 16. The conventional GA is conducted ten 

times independently. The fitness values of the conventional GA 

vary frequently and do not converge at the global optimum. For 

the ADE, the algorithm converges at 420, 2700, 1850, and 1000 

generations for the cases 13~16, respectively. For the 

secondary layer of the two-layer ADE, the algorithm converges 

at 420, 1660, 1800, 1500 generations for the cases 13~16, 

respectively. 

 
(a) Conventional GA                                       (b) ADE 

 
(c) Secondary layer of the two-layer ADE 

Fig. 16. Fitness values of the three algorithms for the cases 13~16. 
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The comparisons of the maximum relative errors, the 

average relative errors, and the standard deviations of the 

monitored parameters identified by the three heuristic 

algorithms for the cases 13~16 are shown in Fig. 17. All the 

maximum relative errors, the average relative errors and the 

standard deviations of the monitored parameters can be 

significantly reduced by adopting the ADE instead of the 

conventional GA. The maximum relative errors of the 

monitored parameters can be reduced about 43.31% for Ls1, 

80.47% for Cs1, 42.95% for Req11, 80.92% for M1, 41.98% for 

Ls2, 93.87% for Cs2, 57.17% for Req12, and 80.87% for M2. The 

average relative errors of the monitored parameters can be 

reduced about 33.38% for Ls1, 53.42% for Cs1, 64.77% for Req11, 

94.85% for M1, 22.52% for Ls2, 51.73% for Cs2, 80.09% for 

Req12, and 94.94% for M2. The standard deviations of the 

monitored parameters can be reduced about 92.53% for Ls1, 

90.22% for Ls2, 97.79% for Cs1, 98.19% for Cs2, 95.71% for M1, 

93.97% for M2, and nearly 99.9% for the loads of cases 13~16. 

The results demonstrate that the ADE can monitor the 

parameters of three-coil SS-compensated WPT system with 

arrangement-1 more steadily and accurately than the 

conventional GA. Besides, the standard deviations of the 

monitored parameters by the ADE and the two-layer ADE are 

approximately equal, which indicates the stabilities of both 

algorithms can be guaranteed. However, the maximum relative 

errors and the average relative errors of the monitored Req11 and 

Req12 for the two-layer ADE can be remarkably reduced about 

79.63% and 85.52% for Req11 and 66.51% and 77.01% for Req12, 

as compared to the ADE. The maximum relative errors of the 

monitored Ls1, Ls2, and Cs2 are almost identical. The maximum 

relative errors of the monitored Cs1, M1, and M2 can be 

decreased about 18.57% for Cs1 and 26.15% for both M1 and M2. 

In addition, the average relative errors of monitored parameters 

can be reduced about 9.43% for Ls1, 8.76% for Cs1, 8.69% for 

Ls2, 7.33% for Cs2, and 16.34% for both M1 and M2 by adopting 

the two-layer ADE instead of the ADE. Apparently, the 

two-layer ADE can further improve the accuracy of monitoring 

for the three-coil SS-compensated WPT system with 

arrangement-1. 

  
(a) Maximum relative errors                   (b) Average relative errors 

 

  
(c) Standard deviations 

Fig. 17. Comparisons of the monitoring performance among the three 

algorithms for the cases 13~16. 

2) Arrangement-2 

For arrangement-2, the mutual inductances between the 

transmitting coil and the receiving coils are 2.968 μH (i.e., 

M1=M2=2.968 μH) and the mutual inductance between the two 

receiving coils is 2.734 μH (i.e., M12=2.734 μH). The three 

algorithms are adopted to monitor the parameters of three-coil 

SS-compensated WPT systems with four different load 

conditions (Case 17: RL1=RL2=10 Ω, Arrangement-2; Case 18: 

RL1=10 Ω and RL2=4.7 Ω, Arrangement-2; Case 19: RL1=4.7 

Ω and RL2=10 Ω, Arrangement-2; Case 20: RL1=RL2=4.7 Ω, 

Arrangement-2). The searching constraints of the monitored 

parameters Ls1, Ls2, Cs1, Cs2, Req11, Req12, M1 and M2 are the same 

as the constraints in Table V. The lower bound and the upper 

bound of M12 are 1 μH and 10 μH, respectively. The parameters 

of the three algorithms are the same as the parameters for the 

two-coil systems. 

The fitness values of the three algorithms for the cases 17~20 

are presented in Fig. 18. The fitness values of the conventional 

GA do not converge at the global optimum. The fitness values 

of the ADE converge at 450, 3120, 1920, and 880 generations 

for the cases 17~20, respectively. The fitness values of the 

secondary layer of the two-layer ADE converge at 450, 2200, 

1900, and 1630 generations for the cases 17~20, respectively. 

 
(a) Conventional GA                                      (b) ADE 

 
(c) Secondary layer of the two-layer ADE 

Fig. 18. Fitness values of the three algorithms for the cases 17~20. 

The comparisons of the maximum relative errors, the 

average relative errors, and the standard deviations of the 

monitored parameters identified by the three heuristic 

algorithms for the cases 17~20 are shown in Fig. 19. Compare 

the ADE to the conventional GA, the maximum relative errors 

of the monitored parameters can be reduced about 88.91% for 

Ls1, 90.16% for Cs1, 55.24% for Req11, 92.63% for M1, 88.78% 

for Ls2, 90.64% for Cs2, 60.3% for Req12, 92.98% for M2 and 

89.09% for M12. The average relative errors of the monitored 

parameters can be reduced about 20.39% for Ls1, 41.9% for Cs1, 

65.64% for Req11, 93.02% for M1, 26.42% for Ls2, 33.33% for 

Cs2, 80.03% for Req12, 92.01% for M2 and 63.64% for M12. The 

standard deviations of the monitored parameters can be reduced 

about 95% for Ls1, 91.67% for Ls2, 98.36% for Cs1, 98.81% for 

Cs2, 97.5% for M1, 97.37% for M2, 95.45% for M12, and nearly 

99% for the loads of cases 17~20. Apparently, ADE can 

monitor all the parameters, including the mutual inductance 

between the receiving coils (i.e., M12), more steadily and 

accurately than the conventional GA for the three-coil 

SS-compensated WPT system with arrangement-2. 

Furthermore, for the two-layer ADE, the maximum relative 

errors and the average relative errors of Req11 and Req12 can be 

reduced about 76% and 48% for Req11 and 74.22% and 64.75% 

for Req12, as compared to the ADE. The maximum relative 

errors of the monitored Ls1, Ls2, Cs1, and Cs2 are almost identical. 

The maximum relative errors of the monitored M1, M2, and M12 

can be reduced about 20.51% for M1, 9.33% for M2, and 50% 

for M12. Additionally, the average relative errors of monitored 

parameters can be reduced about 4.88% for Ls1, 13.94% for Cs1, 
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6.41% for Ls2, 11.76% for Cs2, 40% for M1, 48% for M2, and 25% 

for M12 by using the two-layer ADE rather than the ADE. 

Obviously, the two-layer ADE exhibits better monitoring 

accuracy than the ADE for the three-coil SS-compensated WPT 

system with arrangement-2. 

  
(a) Maximum relative errors                 (b) Average relative errors 

 

  
(c) Standard deviations 

Fig. 19. Comparisons of the monitoring performance among the three 

algorithms for the cases 17~20. 

3) Arrangement-3 

For arrangement-3, the mutual inductances between the 

transmitting coil and the receiving coils are 8.502 μH and 3.146 

μH, respectively (i.e., M1=8.502 μH and M2=3.146 μH) and the 

mutual inductance between the two receiving coils is 6.039 μH 

(i.e., M12=6.039 μH). The three algorithms are adopted to 

monitor the parameters of three-coil SS-compensated WPT 

systems with four different load conditions (Case 21: 

RL1=RL2=10 Ω, Arrangement-3; Case 22: RL1=10 Ω and 

RL2=4.7 Ω, Arrangement-3; Case 23: RL1=4.7 Ω and RL2=10 

Ω, Arrangement-3; Case 24: RL1=RL2=4.7 Ω, Arrangement-3). 

The searching constraints of the monitored parameters Ls1, Ls2, 

Cs1, Cs2, Req11, Req12, and M2 are the same as the constraints in 

Table V. Both the lower bounds and the upper bounds of M1 

and M12 are 1 μH and 10 μH, respectively. The parameters of 

the three algorithms are the same as the parameters for the 

two-coil systems. 

The comparisons of the maximum relative errors, the 

average relative errors, and the standard deviations of the 

monitored parameters identified by the three heuristic 

algorithms for the cases 21~24 are shown in Fig. 20. Compare 

the ADE to the conventional GA, the maximum relative errors 

of Ls1, Cs1, Req11, Ls2, Cs2, Req12, M1, M2, and M12 are reduced 

about 92.59%, 95.03%, 82.4%, 91.9%, 94.54%, 80.05%, 

87.22%, 90.67%, and 88.73%, respectively. The average 

relative errors are reduced about 44.09%, 38.73%, 88.4%, 

32.56%, 39.81%, 80.69%, 88.61%, 86.93%, and 63.33%, 

respectively. The standard deviations are reduced about 95% 

for Ls1, 91.67% for Ls2, 98.36% for Cs1, 98.81% for Cs2, 97.05% 

for M1, 97.37% for M2, 95.45% for M12, and nearly 99% for the 

loads of cases 21~24. The results demonstrate the ADE can 

monitor the parameters of the three-coil SS-compensated WPT 

system with arrangement-3 more accurately and steadily than 

the conventional GA. Compare the two-layer ADE to the ADE, 

the estimation errors of some parameters are further decreased. 

The maximum relative errors of Req11, Req12, M1, M2, and M12 are 

reduced about 55%, 50.42%, 52.94%, 32.1%, 51.39%, 

respectively. The average relative errors of Ls1, Cs1, Req11, Ls2, 

Cs2, Req12, M1, M2, and M12 are reduced about 19.23%, 18.4%, 

42.86%, 25.86%, 19.35%, 46.77%, 33.33%, 45%, and 60%, 

respectively. The results validate the two-layer ADE can 

monitor the parameters of the three-coil SS-compensated WPT 

system with arrangement-3 more accurately than the ADE. 

  
(a) Maximum relative errors                 (b) Average relative errors 

 

  
(c) Standard deviations 

Fig. 20. Comparisons of the monitoring performance among the three 

algorithms for the cases 21~24. 

C. Computation Time 

The comparisons of computation time among the three 

algorithms are plotted in Fig. 21. The average computation time 

of the conventional GA, the ADE, and the two-layer ADE are 

14.38s, 17.95s, and 33.77s for the two-coil WPT system. The 

computation time is increased about 3.57s from the 

conventional GA to the ADE. It is further increased about 

15.82s from the ADE to the two-layer ADE. The average 

computation time of the three algorithms are 59.4s, 103.84s, 

and 192.53s for the three-coil WPT system with arrangement-1. 

They are 62.2s, 105.05s, and 195.73s for the three-coil WPT 

system with arrangement-2 and 60s, 95.47s, and 186.62s for the 

three-coil WPT system with arrangement-3. The average 

computation time of the three algorithms are 60.53s, 101.6s, 

and 191.63s for the three-coil WPT systems with three 

arrangements. The computation time is increased about 41.07s 

from the conventional GA to the ADE. It is further increased 

about 90.03s from the ADE to the two-layer ADE. Compared to 

the conventional GA and the ADE, the two-layer ADE takes 

longer time for both two-coil and three-coil WPT systems. 

However, due to the stability and accuracy are the primary 

concerns for the parameter monitoring, the two-layer ADE is 

preferred to monitor three-coil WPT systems. For two-coil 

WPT systems, the ADE is suggested to be used. This is because 

the ADE can monitor the parameters as the same accuracy as 

the two-layer ADE but takes much less computation time for 

the two-coil WPT systems. Besides, owing to the computation 

time are much shorter than the charging time of general WPT 

systems, both the ADE and the two-layer ADE can be adopted 

online for two-coil and three-coil SS-compensated WPT 

systems, respectively. 

2-coil 3-coil

(arrangement-1)

3-coil

(average)

3-coil

(arrangement-2)

3-coil

(arrangement-3)  
Fig. 21. Comparisons of the computation time among the three algorithms. 
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V. CONCLUSION 

This paper presents an online front-end parameter 

monitoring method based on a two-layer ADE algorithm for 

SS-compensated WPT systems. The proposed two-layer ADE 

is compared to the conventional GA and the ADE for both 

two-coil and three-coil SS-compensated WPT systems. 

Experimental results validate that both the ADE and the 

proposed two-layer ADE can monitor the parameters of the 

receiving resonators and the mutual inductances much more 

steadily and accurately than the conventional GA for both 

two-coil and three-coil SS-compensated WPT systems. The 

ADE can monitor the parameters as the same accuracy as the 

two-layer ADE for the two-coil WPT systems. However, the 

two-layer ADE can monitor the parameters more accurately 

than the ADE for three-coil WPT systems. For the three-coil 

SS-compensated WPT systems with three different 

arrangements, the average relative errors of the monitored 

parameters can be reduced at the minimum of 4.88% and at the 

maximum of 60%. The computation time of the two-layer ADE 

is longer than that of the ADE. Therefore, the ADE is suggested 

to monitor the parameters of two-coil SS-compensated WPT 

systems and the two-layer ADE is suggested to monitor the 

parameters of three-coil SS-compensated WPT systems. 
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