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A Novel PSO-Based Transfer Efficiency Optimization Algorithm
for Wireless Power Transfer
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Abstract—To improve the power transfer efficiency in a magnetically-coupled resonant wireless power
transfer (MCR-WPT) system, an efficient particle swarm optimization (PSO) algorithm based on the
change of particle swarm scale is proposed. The transfer efficiency and frequency are used as the
fitness function and particle position, respectively. Therefore, the optimal frequency can be obtained
by adjusting the position of particle. Five types of optimizing process are presented and compared
with the traditional PSO algorithm. It is found that the proposed method has faster convergence speed
than the traditional PSO algorithm. Additionally, the proposed five types of optimizing process with
different regulation parameters are investigated. The results indicate that Type 2 with n = 3 is the
best alternative in finding the optimal frequency with the fastest speed of convergence. Experimental
prototypes have been set up for validation.

1. INTRODUCTION

Magnetically-coupled resonant wireless power transfer (MCR-WPT) makes it possible to transmit
electrical energy in the mid-range without direct wire connection [1-4]. It has been indicated that
MCR-~-WPT can be widely applied in consumer electronics, biomedical applications and portable devices
in the near future [5-7]. There have been extensive reports on the theoretical analysis for MCR-WPT
system using the coupled mode theory, finite element analysis method and circuit theory [8,9]. It is well
known that MCR-WPT operating at a fixed frequency suffers from dramatic variation of power transfer
efficiency when the distance between transmitting coil (Tx) and receiving coil (Rx) varies [10]. The
optimal transfer efficiency is obtained at the original resonant frequency when the transfer distance is
larger than a critical distance [11-13]. In other case, the transfer efficiency is maximal at two different
frequencies where frequency splitting occurs. The influence of transfer efficiency is analyzed in [14],
and it is found that transfer performance can be improved by using different frequencies according to
the transfer distance. In addition, a tunable impedance matching network is helpful to eliminate the
frequency splitting in the over-coupled region [15-19]. However, both of the approaches are realized
by adjusting complex circuit which makes it inconvenient for many applications. Changing the coil
configuration is another method for higher transfer efficiency [20]. However, the efficiency in the long
distance is decreased due to the weak coupling in the under-coupled region.

It has been revealed that the transmission efficiency of the MCR-WPT is merely dependent on
the operating frequency once the parameters of the coils are determined, and the transfer distance is
fixed. The relationship between them can be expressed as a function with one or two extreme points.
In particle swarm optimization (PSO) algorithm, the value of fitness function is only affected by the
particle position [21]. As a result, the transfer efficiency and operating frequency can be used as the
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fitness function and particle position, respectively. By searching for the optimal position of the particle,
the frequency where the efficiency is maximal can be calculated.

In the traditional PSO algorithm, the problems of premature convergence or transient stagnation
appear due to a large particle swarm scale, which results in redundant calculation or failing to find the
optimal value in the global scope [22,23]. In this paper, a novel PSO algorithm is proposed to solve
the issue above. It is based on the change of the particle swarm scale by adjusting the particle number
for a faster acquirement of the optimal results. At the beginning, the equivalent circuit model of MCR-
WPT system is presented, and the power transfer efficiency and mutual inductance are calculated.
After that, a novel PSO algorithm is presented, and the particle swarm scale, fitness function, and
termination condition of the proposed algorithm are also studied for the MRC-WPT system with a
fixed configuration of coils under different transfer distances. Then, the searching for optimal frequency
in the MCR-WPT systems with or without frequency splitting is simulated. The theoretical analysis is
experimentally validated. Finally, concluding remarks are drawn.

2. EQUIVALENT CIRCUIT MODEL FOR MRC-WPT

The equivalent circuit of MCR-WPT model is shown in Fig. 1. Both Tx and Rx can be described as
self-inductance (Ly, Lo), capacitance (C1, C3) and resistance of the resonant coils (R1, Rg) connected
in series. Ug and Rg indicate the voltage and internal resistance of the power source. Ry, is the load
resistance and Ut, the voltage across the load. The mutual inductance M is introduced to describe the
magnetic coupling between Tx and Rx.
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Figure 1. Equivalent circuit model of MCR-WPT system.

For the WPT-MRC system shown in Fig. 1, the circuit equations of the system can be expressed

as
{ US = ZIII —jwMIQ

1
Zoly — jwMI; =0 (1)

where Z; = Rs+ Ry + j(wLi — 1/wCh),Zs = Ry, + Ro + j(wLa — 1/wCy). I and Iy are the currents
flowing in the transmitting loop and receiving loop respectively, and w is the operating frequency of the

system.
Due to the identical configurations of Tx and Rx, it can be assumed that
Ri=R=R
Ci=0C=C (2)
Li=Ly=1L

Additionally, Ry, is the same as Rg (Rs = Ry, = Zp) in this paper. According to Eq. (1) and
Eq. (2), the transmission coefficient So; can be calculated by [10, 24]:

QjWZOM
(WM)? +{(Zo+ R) +j (wL — 1/wC)}*’
The transfer efficiency 7 of the system can be expressed as [24]:

n = ’521’2 X 100%,

So1 =

(3)
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where |Sa1] is the magnitude of So;.

According to Eq. (3) and Eq. (4), the transfer efficiency is only dependent on operating frequency
and mutual inductance when Tx and Rx are fixed.

For circular coils, the mutual inductance can be expressed as [24, 25]:

M = TAn2HoT (”Qf;, (5)
2 (r? + d?)

where r1 and ro are the radii of Tx and Rx, respectively; n; and ng are the numbers of turns for Tx
and Rx; d is the axial distance between Tx and Rx.

The parameters of the WPT-MRC system are listed in Table 1. Combining Eqgs. (3), (4) and (5),
the power transfer efficiency versus the operating frequency of the system is shown in Fig. 3. It should

be noted that the resonant frequency of the MCR-WPT system is set to 8 MHz considering the stable
operation of the power amplifier in this work.

Table 1. Parameters of MRC-WPT system.

Transmitting coil Receiving coil

Radius r1 = 15cm r9 = 15cm
Number of turns N1 =3 Ny =3
Self-inductance Ly =711uH Lo =7.11uH
Resistance R; =0.2Q Ry =0.20
Series capacitor C1 = 56 pF Cy = 56 pF
Wire radius w = 2.5 mm
Resonant frequency fo =8MHz
Critical distance dop = 14.5cm

100 T T T T T T T T T

Power transfer efficiency (%)

4 6 8 10 12 14
Frequency (MHz)

Figure 2. Power transfer efficiency versus operating frequency of system.

As shown in Fig. 2, it is obvious that frequency splitting appears when the transfer distance is
smaller than the critical distance (d < dy). However, when the transfer distance is equal to or larger
than the critical distance (d > dp), the highest efficiency is achieved at the resonant frequency. Thus, the
frequency of the system should be adjusted according to the transfer distance for a better performance.

3. A NOVEL PSO ALGORITHM

PSO is a computational method which can be used for optimization. However, the global optimal
value may not be found, or it consumes too much time without global scope search in the early process



66 Wang et al.

£ ‘
) ~
\ ] N
2 N . \
2 N \
o PR\
5 el
3 \ R
E AN A
z N \ _\v
e AN oo
T N
£ T D - “
“ 0 40 80 P .
Number of iterations
Typel —— Type2 - Type 3
—— Typed — - T}’pes

Figure 3. Particle number versus the number of iterations for five types of optimizing process.

and with slow convergence rate in the late process of the traditional PSO algorithm. Besides, the
scale of particle swarm is uncertain for different objects, and there are no specific rules to obtain the
exact particle number. A large particle number results in redundant computational cost while the
optimal result cannot be acquired with a small particle number. In order to solve the problems of
premature convergence or transient stagnation, a novel PSO algorithm is proposed to search for the
optimal frequency of MCR-WPT based on the variation of particle swarm scale.

3.1. Analysis of Particle Swarm Scale

In the novel PSO algorithm, the maximum and minimum values of particle swarm scale are expressed as
Numax and Ny, respectively. In the algorithm, the particle number N is randomly varied from Ny, .y to
Nuin as the number of iterations k increases. Due to the large particle swarm scale in the early process,
global scope is realized with the proposed algorithm. The particle swarm scale decreases randomly
during the search process, which reduces the number of iterations and achieves a quick convergence.

In the process of optimization, particle swarm scale varies, and five types of particle swarm scale
are investigated and expressed as:

Nmax

N, = T (= (nk) /100)* + N pax

N3 = Npax €xp (_ (113k/T)n)

N3:Nmax_ (Nmax_Nmin)nk/T ) (6)
Nm X

Ny = =2 (= (nk = T/2) /100)? + Npax

N5 = Npax (exp (—k/T))"

where N; (1 =1, 2, 3 ,4, 5) is the particle number of the ith optimizing processes; k and T are the current
number of iterations and the maximum value of iterations respectively; n is the regulation parameter
used to control the change rate of IV;.

Different types of variation have a great effect on the optimization process. The particle number
versus the number of iterations for five types of optimizing process is shown in Fig. 3.

As shown in Fig. 3, the particle number slowly changes in the early process whereas dramatic
change occurs in the late process for Type 1. Instead, for Type 5, the change of particle number is fast
during the early process but slow in the late process. Besides, for Type 2, the rate of particle number
change is small in the early and late processes but is large in the middle process. In the whole process
of Type 3, the particle number changes linearly. The particle number of Type 4 changes dramatically
in the early and late processes of optimization but slowly changes in the middle process.
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3.2. Calculation of Fitness Function

In the study, the power transfer efficiency shown in Eq. (4) is used as fitness function in the proposed
PSO algorithm. The fitness function is only dependent on the frequency of the power source when
the transfer distance is fixed. Besides, the fitness function can be adjusted by substituting Eq. (5) to
Egs. (3) and (4) when transfer distance changes.

3.3. Analysis of Termination Strategy

Two kinds of termination strategy for the proposed PSO algorithm are presented:

(1) The maximum number of iterations Nyax is used as the condition of termination.

2

(2) The sum of variances o2 is applied as the condition of termination. The value of 0% can be

calculated by:
N

ot = ((fi = fa)a)®, (7)
i
where f; is the fitness of the current particle population, and f, is the average value of f;. In addition,
if (fi — fa) > 1, a = max(f; — fq). Otherwise, a = 1.
During the iterative process, the algorithm terminates when 02 = 1 % 10" (—6) or k = Nyay. Then,

the optimal frequency is obtained.

A flowchart of the algorithm is shown in Fig. 4.
Set the maximum and minimum values of

particle swarm scale and initialize the
number of iteration k=1

l

_|Set the frequency of each
particle randomly

4

Update the particle swarm scale, the
speed and position of each particle
I=k+1

Measure the power transfer
efficiency of each particle

Meet termination
condition?

Update optimal values of the
local scope and the global scope

QOutput the
optimal results

Figure 4. Flow chat of the proposed algorithm.

4. NUMERICAL SIMULATION

In order to determine the exact combination of particle swarm scale type and regulation parameter n,
simulation has been carried out. In the research, the initial position of each particle is random. To
obtain the optimal solution in the global scope without too much redundant calculation, the particle
swarm scale is generally set to Npax = 30 and Ny, = 2. For comparison, the traditional PSO algorithm
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is also studied, and the particle swarm scale is set to 30 according to the experience, training speed and
accuracy. The internal resistance of the power source Rg is 50 €2, and the load resistance Ry, is also set
to 50 Q2. Transmitting coil and receiving coil are identical, and both of them are copper wire with wire
radius w = 2.5mm. The number of turns ny = ny = 3 and the radius ;1 = ro = 15cm. Besides, the
two coils are connected with capacitors in series for resonance.

4.1. Search for Optimal Frequency in System without Frequency Splitting

According to Egs. (3), (4) and (5), the critical distance of the system is 14.5cm. When the transfer
distance d is set to 18 cm, the relationship between transfer efficiency and frequency can be expressed
as the function with one extreme point. The power transfer efficiency versus the number of iterations is
presented in Fig. 5. Number 0 represents the traditional PSO algorithm, and numbers 1, 2, 3, 4 and 5
represent five types of optimizing process proposed in this paper. In addition, different markers in the
lines represent the end of algorithms.
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Figure 5. Power transfer efficiency versus the number of iterations for d = 18 cm.

As shown in Fig. 5, identical results are obtained for different kinds of algorithms. The optimal
frequency and the maximum value of power transfer efficiency are 8 MHz and 70.01%, respectively. For
the traditional PSO algorithm, the optimal frequency is obtained when the number of iterations & is
122. However, k is far smaller than 122 in the proposed algorithm by using five types of optimizing
process.

In addition, the convergence rate is different affected by the parameter n. For different n, the
variation of power transfer efficiency against the number of iterations is shown in Fig. 6(a)-Fig. 6(e),
and the variation of particle number against the number of iterations is shown in Fig. 6(f)-Fig. 6(j).

It can be seen from Fig. 6(a) and Fig. 6(f), the particle number changes slowly in the early process
but changes dramatically in the late process for Type 1. Compared with n = 3 and n = 4, the particle
number slowly decreases for n = 1 and n = 2. Besides, the optimal results for n = 1 and n = 2 have
been obtained before the particle number decreases to the minimum. When n is set to 2, the number
of iterations k is the smallest, and thus the optimal results can be achieved firstly. For Type 2 shown
in Fig. 6(b) and Fig. 6(g), the rate of particle number change is small in the early and late processes
but is large in the middle process. The number of iterations k is the smallest when n = 3. For Type
3 illustrated in Fig. 6(c) and Fig. 6(h), the optimal results can be firstly acquired when n is set to 2,
and the number of iterations k is 56. For Type 4 shown in Fig. 6(d) and Fig. 6(i) and Type 5 shown in
Fig. 6(e) and Fig. 6(j), the optimal results are obtained at the same n whose value is 3. For five types
of optimizing process, the numbers of iterations k£ are shown in Table 2.

As shown in Table 2, the number of iterations varies for five types of optimizing process. For the
same type, the number of iterations is varied for different n. From Table 2, it can be observed that the
number of iterations for Type 2 with n = 3 is the smallest for the system without frequency splitting.
The results indicate that Type 2 with n = 3 is the best alternative in all types of optimizing process,
and the optimal results are obtained quickly. As shown in Fig. 6(a) and Fig. 6(f), the particle number
of Type 1 changes slowly in the early process which is similar to the corresponding process of Type
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Figure 6. Power transfer efficiency and particle number versus the number of iterations for different
n.

2 with n = 3 shown in Fig. 6(b) and Fig. 6(g). However, the particle number variation of the late
process is completely opposite for the two Types. Besides, there exists middle process in Type 2. All of
the factors make Type 2 with n = 3 better than Type 1 in the speed of convergence when finding the
optimal frequency. With regards to Type 2, the convergence speed of the middle process for the case
of n = 3 is a little lower than that in the case of n = 4, but the change rate of particle number in the
early and late processes is larger. Therefore, the average speed of Type 2 with n = 3 during the whole
process is higher than others.
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Table 2. Number of iterations for five types of optimizing process.

Typel Type2 Typed Typed Typebd

n=1 99 120 70 180 82
n=2 75 78 o6 103 71
n= 127 42 83 90 99
n=4 185 83 132 193 92

4.2. Search for Optimal Frequency in System with Frequency Splitting

To investigate the performance of MCR-WPT system in the case of frequency splitting, the transfer
distance is set to 10 cm, and then the relationship between power transfer efficiency and frequency can
be expressed as the function with two extreme points. However, there is only one optimal frequency
which corresponds to the maximum transfer efficiency as shown in Fig. 2. The transfer efficiency versus
the number of iterations is shown in Fig. 7.
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Figure 7. Power transfer efficiency versus the number of iterations for d = 10 cm.

As shown in Fig. 7, identical results are obtained for different kinds of algorithms. The optimal
frequency and maximum value of power transfer efficiency are 10.11 MHz and 93.75%, respectively. For
the traditional PSO algorithm, the number of iterations k is 122. However, the convergence speed of
five types of optimizing processes is faster than that of the traditional PSO algorithm.

For different n, the variation of power transfer efficiency against the number of iterations is shown
in Fig. 8(a)-Fig. 8(e), and the variation of particle number against the number of iterations is shown
in Fig. 8(f)-Fig. 8(j).

It can be seen from Fig. 8(a) and Fig. 8(f), for Type 1, the optimal results can be obtained fastest
when n is set to 2. Besides, for the case of n = 3 and n = 4 in Type 1, the particle number has been
reduced to less than Ny, before the results could be obtained. For Type 2 illustrated in Fig. 8(b) and
Fig. 8(g), the optimal results can be firstly achieved when n is set to 3, and the number of iterations k
is 47. For Type 3 shown in Fig. 8(c) and Fig. 8(h), the optimal results can be firstly obtained when n
is set to 3, and the number of iterations k is 71. For Type 4 shown in Fig. 8(d) and Fig. 8(i) and Type
5 shown in Fig. 8(e) and Fig. 8(j), the optimal results are obtained first at the same n.

For five types of optimizing process in terms of frequency splitting, the number of iterations k is
shown in Table 3.

As shown in Table 3, the number of iterations varies for five types of optimizing process and changes
for the same type with different n. Similar to the system without frequency splitting, Type 2 with n = 3
is also the best choice in all types of optimizing process to obtain the optimal results quickly.

According to Table 2 and Table 3, the optimal frequency for the MCR-WPT without or with
frequency splitting can be quickly obtained by using the proposed PSO algorithm with Type 2 and
n=3.
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Figure 8. Power transfer efficiency and particle number versus the number of iterations for different

n.

5. EXPERIMENTAL VALIDATION

An experimental prototype of MCR-WPT system with the equivalent circuit model shown in Fig. 1
has been established to validate the performance of the proposed PSO algorithm, as given in Fig. 9. It
is mainly composed of a function generator, a power amplifier, resonant coils, and an upper computer
(model: Ghost-Win7 SP1x64, CPU: Inter(R) Core(TM) i7-6700 CUP @ 3.40 GHz 3.40 GHz, RAM: 16.0

GB). The transmitting coil is connected to the function generator via a power amplifier. The function

generator is linked to the upper computer by a USB connecting line for a real-time communication.
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Table 3. Number of iterations for five types of optimizing process.

Type 2 Typed Typed Typebd

Type 1
n=1 103
n =2 99
n=3 116
n=4 123

105 103 115 108

101 82 105 85
47 71 79 73
121 120 118 96

Wang et al.

According to the transfer distance, the output frequency of the function generator is calculated by
the proposed PSO algorithm operated with the upper computer. The experimental parameters of the
resonant coils are the same as those listed in Table 1.

Power Source

Function Generator |

¥ -

Oscilloscopel

= Receiving Coil

Figure 9. Photograph of experimental setup.

In the under-coupled region when d is larger than 14.5 cm, the resonant frequency is optimal for
efficient wireless power transfer. As a result, Fig 10 only compares the variations of measured voltage
at three different transfer distances in the over-coupled region when using the fixed resonant frequency
and the proposed optimized PSO algorithm.

d=14 cm d=14 cm
z z
= <3
z 0 Z, 07
) )
t [100ns/div] t [100ns/div]
d=10 cm d=10 cm
=z z
i 2
: O—WV\/\/W\ &
S) S)
1 [100ns/div] t [100ns/div]
d=8 cm d=8 cm
= B
2, 3
) S)
t [100ns/div] ¢ [100ns/div]
(a) (b)

Figure 10. Output waveforms for MCR-WPT systems with (a) the fixed resonant frequency, (b) the

proposed optimized PSO algorithm.



Progress In Electromagnetics Research C, Vol. 85, 2018 73

As shown in Fig. 10(a), the peak of voltage across load drops sharply from 12V to 4.2V as the
transfer distance decreases from 14 cm to 8 cm. However, the voltage remains at a higher value in the
MCR-~-WPT system using the proposed PSO algorithm when transfer distance changes. Especially in
the near region, the peak of voltage increases to 14 V as shown in Fig. 10(b). This is because frequency
splitting exists where the transfer efficiency occurs not at the original resonant frequency. In contrast,
the optimal frequency at each transfer distance can be obtained with the proposed PSO algorithm
eliminating the effect of frequency splitting.

Figure 11 shows the variation of transfer efficiency against the transfer distance for MCR-WPT
system with the fixed frequency and MCR-WPT system with the proposed optimized PSO algorithm.

100 T T T T
x Fixed frequency
90} oocoo, uene:
° e
x R

o Proposed PSO algorithm
80 x 2 .

70 x o
60 x

50 x ®

40 b

30 %
20
10

Power transfer efficiency (%)
%

5 10 15 20 25 30
Transfer distance (cm)

Figure 11. Power transfer efficiency versus transfer distance for MCR-WPT systems with the fixed
resonant frequency and with the proposed optimized PSO algorithm.

As depicted in Fig. 11, the system efficiency gradually decreases when the transfer distance is
larger than the critical distance for both of the systems. The MCR-WPT system with the proposed
PSO algorithm has a much higher efficiency in the over-coupled region and is generally higher than
85%.

Figure 12 compares the variation of measured voltage across load at the transfer distance of 10 cm
when using the traditional PSO algorithm and the proposed optimized PSO algorithm.

As shown in Fig. 12, the output voltage of the two MCR-WPT systems is 14V at the optimal

U [5V/div]

t [500ms/div]

(a)

Algorithm start

UL [5V/div]

1 [500ms/div]

(b)

Figure 12. Output waveforms for MCR-WPT systems with (a) the traditional PSO algorithm, (b) the
proposed optimized PSO algorithm.
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frequency of 10.11 MHz which is larger than that using the fixed resonant frequency. Compared with the
traditional PSO algorithm where the time searching for the optimal frequency is 3.853 s, the convergence
of the proposed PSO algorithm is faster with the time-consuming only 1.718s.

6. CONCLUSION

To address the problem of low transfer efficiency in the over-coupled region of the MCR-WPT system, a
novel PSO algorithm based on the change of particle swarm scale is proposed in this paper. Analytical
calculation, numerical simulation, and experiment have been conducted. Five types of optimizing
process with different regulation parameters n are compared in the proposed algorithm. It has been
found that Type 2 with n = 3 is the best alternative in all types of optimizing process. Compared
with the system operating at a fixed frequency, the transfer efficiency for the system using the proposed
optimized PSO algorithm is more uniform in the over-coupled region with a value generally higher than
85%. Besides, the time searching for the optimal frequency is shorter when using the proposed PSO
algorithm. Therefore, the MCR-WPT system with the novel PSO algorithm is effective in improving
the performance of wireless power transfer.
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