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ABSTRACT This study proposes an optimization strategy, which is based on a dimension reduction
method with sensitivity analysis, for fast multi-objective optimization of coil design in the wireless power
transmission (WPT) system. The multi-objective optimization process of coil in WPT usually involves
general genetic algorithm (GA) and derivatives that suffer from common problems of slow search speed
and heavy calculation burden, especially in the presence of multiple optimization variables. Moreover, in a
complicated WPT system with ferrite, the optimization objective, such as the coupling factor k, is difficult to
calculate analytically; in practice, it is acquired numerically using the finite element method (FEM), which
also adds to the optimization complexity and time consumption. As a remedy, we propose the new strategy
by simplifying the original complex optimization problem firstly with sensitivity assessment, and then
applying NSGA-II convergence algorithm for optimization. Firstly, the optimization strategy is introduced,
including the evaluation method, dimension reduction method and entire multi-objective optimization
process. Then the optimization strategy is implemented to optimize the design parameters of a coil system.
The sensitivity of design parameters is assessed with FEM analysis to realize the dimension reduction, and
the optimization framework is established. Afterwards, the high sensitivity parameters will be optimized
utilizing the multi-objective algorithm to obtain the optimal parameters. The simulation results demonstrate
that, compared to the traditional NSGA-II algorithm, the proposed strategy yields a 44% reduction in the
iteration time required for system convergence. Furthermore, the good agreement between the simulation
and the measured sensitivity data and optimal parameters presents additional validation for the optimization
strategy. The experiment further shows that implementation of the proposed strategy could lead to an increase
in the maximum efficiency of the WPT system from 79.85% to 93.2%.

INDEX TERMS Wireless power transfer, coil design and optimization, sensitivity analysis, dimension

reduction, time consumption reduction.

I. INTRODUCTION

In recent years, wireless power transmission (WPT) technol-
ogy has developed rapidly and is being applied to numerous
industries. The magnetically coupled resonant WPT technol-
ogy proposed by the MIT research group provides advanced
research frameworks for the energy transmission of medium-
range. Compared with the traditional WPT system, the
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resonant WPT system has the advantages of high coupling
coefficient and small electromagnetic field leakage value, etc.
The critical factor to the feasibility of medium-range energy
is a pair of coils with the same resonant frequency [1]-[3].
Efficient resonance coil design and optimization work there-
fore become the indispensable trend of WPT research [4]-[6].
Therefore, high efficiency in coil design must be one of the
design goals. Since the coil system utilize electromagnetic
field to transmit energy, the exposure value of electromag-
netic field to the human body will also increase with the
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improvement of WPT power level. However, WPT system
may pose a potential biological threat to adults, children and
pregnant women, which is reflected in the electromagnetic
field (EMF) induced by the human body and the electro-
magnetic wave specific absorption rate (SAR) of the organ-
ism. High EMF and SAR values will lead to severe local
fever in human tissues and even injury to human tissue
structure [7]-[10], hence it is necessary to append human
electromagnetic safety into the optimization objective of coil
design.

Considering the complexity in coil design, it is a multi-
objective and multi-parameter problem which is usually
solved by using intelligence algorithm such as genetic algo-
rithm (GA) or particle swarm optimization (PSO). In the
past researches, there are some studies adopting the GA or
PSO method to solve the related problems in WPT systems.
In the field of algorithms, the evaluation of different algo-
rithms was mainly based on two factors: 1. Its optimiza-
tion performance. 2. Its complexity or time spent [11], [12].
Reference [12] systematically introduced a fast and elitist
multi-objective genetic algorithm (NSGA-II). The algorithm
had better convergence performance at the optimal solution,
and is faster compared with NSGA-I in [11], which has been
widely recognized and applied. Reference [13] used the GA
method to optimize five circuit parameters based on improv-
ing the coupling coefficient of the coil. Nevertheless, it did
not discuss about the time consumption and its optimiza-
tion performance. Reference [14] adopted the GA method to
modify sixteen parameters of the receiving resonator array
to ameliorate the power transmission efficiency and mis-
alignment of coil. It only paid attention to the optimiza-
tion performance but neglect the time comparison. In [15],
the particle swarm optimization (PSO) method was adopted
to optimize five design parameters in the magnetic links
of WPT system and yielded good performance. Moreover,
the time-consuming design parameters combinations were
simplified, but it still needed 1000 iteration computations.
Reference [16] improved the PSO method to reduce the opti-
mization parameters in circular WPT couplers. The eleven
parameters were reduced to six parameters, and the time
cost was reduced under the same optimization performance.
Therefore, regardless of the intelligent optimization method,
the number of optimization parameters is one of the important
factors in determining the complexity and time consumption
of the optimization process. Reducing the number of opti-
mization parameters using the sensitivity analysis can reduce
optimization time consumption exponentially. Moreover, ref-
erence [17] indicated that when a low sensitivity parameter
fluctuates towards the optimal parameters, the convergence
speed of the optimization target may be slower, and even
divergence may occur. If sensitivity analysis is implemented
before optimization design, it can not only distinctly reduce
the computational workload and improve work efficiency, but
also further enhance the engineering guiding significance of
optimization design [18]—-[20]. In addition, good optimizing
performance can not be ignored either.
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In these past researches, up to dozens of optimization
parameters were substituted into the optimization algorithms,
while the problem of time consumption have been ignored.
This might be owing to the availability of clear analytical
formula for the optimization objective as well as the help
of powerful computing tools such as MATLAB. In a prac-
tical WPT system, the coils are usually fitted with ferrite
and aluminum plates, and it is difficult to calculate system
related indicators such as the human induced electromagnetic
field to be optimized in this paper, which will undoubtedly
increase the time required for iteration. Therefore, it would be
cumbersome and time-consuming to employ those previous
methods which depend on many iterations to converge. This
paper proposes an optimization strategy based on dimension
reduction method. The strategy first simplifies the complex
optimization problem by utilizing the sensitivity analysis, and
then performs optimization with mature algorithm, i.e. the
fast and elitist multi-objective genetic algorithm (NSGA-II),
for coil design. Compared to previous researches, the con-
tribution of this paper is two folds. Firstly, the optimization
strategy is capable of reducing the iterations and time con-
sumption required for WPT system optimization. Secondly,
the optimization strategy a good improvement effect on the
system performance(system objectives), and the performance
loss is within acceptable limits. Moreover, the strategy of
this paper has guiding significance for faster and good WPT
engineering design.

The rest of the paper is arranged as follows. In section
I1, the optimization strategy models including the evaluation
model, dimension reduction model and multi-objective opti-
mization model are introduced. In Section III, the optimiza-
tion strategy is implemented to optimize design parameters
of a coil system in the simulation, including the optimization
process in detail. The optimization results are obtained and
discussed. Section IV is the physical system and experimental
verification. The correctness of the sensitivity analysis result
and the optimal parameters of the optimization strategy are
verified by experiments. Section V is the conclusion.

Il. OPTIMIZATION STRATEGY MODEL

This section mainly introduces the entire optimization strat-
egy, including the evaluation model, dimension reduction
model and multi-objective optimization model. The evalu-
ation model mainly introduces the source of the two opti-
mization objectives to be optimized in WPT system. The
dimension reduction model mainly introduces the sensitivity
analysis method. Multi-objective optimization model mainly
introduce the detailed process of the optimization strategy in
this paper, including fitness function, penalty function and
complete iterative process.

A. EVALUATION MODEL

According to the descriptions in introduction, the high effi-
ciency of WPT system and high human electromagnetic
safety are two optimization objectives. The objectives need
to be evaluated by corresponding parameters.
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FIGURE 1. WPT system circuit using a lumped parameter model.

Typical energy transmission process of a WPT system is
as follows: The high-frequency electric energy is applied to
transmitter coil from the AC power source. Subsequently,
the energy is transmitted to the load side (secondary side)
through LC compensation topology and transmitter and
receiver coils. The energy transmitted from the primary side
is employed to charge the load through LC compensation
topology [21], [22]. In the practical application on vehicle of
WPT system, the receiver coil is mostly loaded on the vehicle,
and the transmitter coil is mostly installed under the ground
with a certain energy transmission distance between them.

Figure 1 shows the equivalent circuit model of WPT system
using lumped parameter model when using a series—series
(SS) compensation topology.

In Figure 1, U represents the high frequency AC voltage
source. C1, L1, R represent primary capacitance, inductance,
resistance and C;, Ly, Ry represent secondary capacitance,
inductance, resistance respectively. /1 and I denote the pri-
mary and secondary current. M denote the mutual inductance
of the transmitter and receiver coils. Ry, denotes the equivalent
resistance load. In an ideal analysis process, system is prede-
termined to operate at a resonance status. The equivalent KVL
equations of the circuit can be written by using Kirchhoff’s
Law as follows:

U = Rl — joMI, @
joMIy = (Ry + Rp)D

When the system coil resonates, the efficiency of the sys-
tem n can be derived as follows:

B Rr % (wM)?
(R + Rp)(@M)? + Ry (R + Ry))

We take the derivative of n with respect to Ry, as follows:

n @

9
% = (WM’RiR} + (@M)'R, — (@MP’RiR.  (3)
L

The system efficiency is maximized when equation (3)
equals to zero, so it can be derived that the optimal load Ry (opt)
corresponding to the maximum efficiency can be obtained as

follows:
Ry
Riopy = [ R3 + (wM)ZR—1 “4)
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The mutual inductance calculation equation is M = k X
/L x Ly, and the L and L, are converted by the quality
factor equation of the transmitter coil Q1 = wL1/R; and the
quality factor equation of the receiver coil Q2 = wly/R;.
Afterwards, the mutual inductance M in (4) is converted to
M = k2R1R2Q1 0> and the optimal load Ry (opy) is changed as
follows:

Rropy = V1 +k20102R> 5

The maximum efficiency nmax corresponding to the Ry (opt)

is
_ W1+K010, - 1)? ©
k2010,

When the transmitter and receiver coil are identical (Q =
Q1 = 0,), the k>Q1 Q> can be written as (kQ)>. The equa-
tion (6) is simplified by regulating A equal the reciprocal of
kQ, and we take the derivative of 1,,,, with respect to A as
follows:

nmax

9Mmax _ 1 -1 %
0A 112
1+ (1)
91 max

According to equation (7), —3* is always less than zero,
and nmax Will increase with the decline of A parameter, that
iS, Nmax increases with the increase of kQ1 0>, so it essentially
demonstrates that the efficiency is not determined by k or Q
alone but by their product. Therefore, if the kQ1 Q> parameter
can be augmented by means of optimization, the maximum
efficiency of the entire WPT system will ascend with rea-
sonable load matching, so this paper assigns kQ1Q> as the
evaluation parameter of efficiency optimization.

For another optimization objective (high human electro-
magnetic safety), the internationally authoritative standards
for human exposure to electromagnetic fields are ICNIRP
1998 [23] and ICNITP 2010 [24]. In ICNIRP 1998, the induc-
tive electric field specific absorption rate (SAR) is mainly
adopted for human body safety assessment while the human
body induced electric field value is evaluated in ICNIRP
2010, so this paper takes the induced electric field value E
in human tissue as another evaluation parameter.

Therefore, we can evaluate the coil design by calculat-
ing these two evaluation parameters. The specific evaluation
equation which is called the fitness function will be shown in
Section II C.

B. DIMENSION REDUCTION MODEL

During the iteration process of the population in genetic
algorithm, the optimization parameters of each individual in
the population will mutate just as humans produce genetic
mutation in the next generation. At this point, if the parame-
ters with low sensitivity mutated, the new individual will not
have a good improvement performance on the optimization
objectives, and mutation is meaningless. If multiple optimiza-
tion parameters mutated in a meaningless way, the number of
iterations and time consumption required for system conver-
gence will eventually increase. On the contrary, if the high
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FIGURE 2. The flowchart of the sensitivity analysis.

sensitivity parameters in design parameters of WPT system
are pick out to become the optimization parameters, and the
low-sensitivity parameters are eliminated, every mutation of
optimization parameters will be effective, which will accel-
erate the iteration to the optimal parameters and obviously
reduce the time consumption.

Sensitivity analysis is generally divided into global sen-
sitivity analysis and local sensitivity analysis. Global sensi-
tivity indices should be regarded as a tool for studying the
mathematical model rather than its specified solution [25]
while local sensitivity is mainly adopted to evaluate the influ-
ence of change of a single parameter exerting on optimization
objective, and local sensitivity is principally used to settle
engineering problems. Assuming that there are initially m
design parameters to be optimized, measurement method of
local sensitivity is

Xm ) X

where fi(x,,) represents the value of i optimization objective
and x,, represents the m™ design parameter in an individual
of a population. Every design parameter x,, has a variation
range [a,, by,] and the reasonable step size is set as Axy,.
The maximum sensitivity value Sfm max Which is obtained by
Figure 2 will be taken as the sensitivity measurement index.

The high sensitivity design parameters will be determined
to be the optimization parameters according to the criterion
as follows:

Sl max = C ©)

The C is a constant value and its specific value is depended
on the situation. The detailed sensitivity analysis process of
design parameters is as follows:

Step I: Obtain the variation range [a;,, by, ] of design param-
eter x,, and set x,,(1) = a,,, n = 1.
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Step II: x,,(n + 1) = x,,(n) + Ax,, and calculate Sf;"m(n) =
JiGm(n+1)—fiGxm (1))

Axpy,

Step II: Set S% (0) = 0.1f S% (n) > SI (n — 1), the max-
imum sensitivity value Sf:’m max = Sf’;ﬂ (n) else it goes to the
step IV. ‘

Step IV: If x,,(n) = b,,, output Sfc’m max, €lse setn = n +
1 and return to step II.

Step V: Determine whether the design parameter xp, is high
sensitivity design parameter by equation (9).

Figure 2 shows the flowchart of the sensitivity analy-
sis employed in this paper. Every optimization objective
will generate several high sensitivity optimization parameters
with the corresponding restriction C. The ultimate optimiza-
tion parameters are their intersection. Therefore, the high sen-
sitivity design parameters become optimization parameters
and the low sensitivity design parameters will be fixed to a
constant parameter and eliminated from the iteration process.

utilizing equation (8).

C. MULTI-OBJECTIVE OPTIMIZATION MODEL

For two optimization objectives in this article, classical opti-
mization methods convert the multi-objective optimization
problem to a single-objective optimization problem by setting
one particular Pareto-optimal solution [26]. NSGA-II sim-
ilarly uses the Pareto-optimal solution. The Pareto-optimal
solution mainly use the fitness function(also called the Pareto
non-dominated front) to judge the optimization results. The
differences between NSGA-II and other algorithms are the
fast non-dominated sorting approach and the import of
crowded-comparison approach. NSGA-II has faster opti-
mization speed and preserves the diversity among population
members with a better computational complexity [27]. There-
fore, this paper adopts NSGA-II algorithm as an example to
verify the optimization strategy for the coil design system.

The main fitness function and punish function are intro-
duced in the following and the identical procedures in
NSGA-II such as the procedure of fast non-dominated sort
and crowding distance calculation are omitted.

It is assumed that there are N individuals in the initial pop-
ulation. x; (o) (Vector) represents the j™ original individual
composed of m design parameters X(ori) before dimension
reduction and can be expressed by

Xj(ort) = (X1(ori)> X2(0ri)» - - - s Xmori))j» J=1,...,N (10)

where m denotes the dimension of X;,,;). The optimization
parameters’ dimension of x;(,;) can be reduced by using
the sensitivity analysis of dimension reduction model. High
sensitivity parameters are selected and extracted for subse-
quent optimization. Then the new individual x; is obtained
and expressed by

Y=, X))y j=1 N (11)

where m’ denotes the dimension of x;j. In this paper, high
efficiency of the WPT system and high human electromag-
netic safety are the optimization objectives which are eval-
uated by calculating parameters kQ10Q> and E. Due to the
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unavailability of clear analytical formula for kQ1Q> and E,
the calculation function f1;(x;)(j = 1 to N) are defined
to represent the result of kQ;Q, when substituting the ji
individual x; into calculation. The calculation function f2;(x;)
is also defined to represent the result of E. The larger value
of fij(xj) signifies the higher transmission efficiency of the
system while the smaller value of f5;(x;) brings the higher
safety of human EMF, which means the two objectives have
incompatibility features. Therefore, the f2;(x;) is replaced by
f2j(xj) as(12), and the f”2;(x;) and f1;(x;) have the consistent
optimization direction.

1

oy = —— i=1,... 12
fZJ(Xj) fzj(yj’) sy J ) ’ N ( )

S and fzmax/ are the max value of fi;(x;) and fz’j(xj)
written as follows:

A = max(fyy 3y fiacs)s -

L = max(fy ) foa) -

SSivaz))
-,sz(?N)) (13)

The fitness function F; of 7™ new individual is established
to judge the optimization results as follows:

/
hj@) 2(%)
szwlemajx + wy X ma;/, j=1,...,N (14
1 2
where the w; and wy(w; + wp = 1) are measure factors

determined by the degree of emphasis on kQ1Q» and E.
According to ICNITP 2010 [24], the human body induced
electric field value E is required to be lower than 135V/m,
which means the value of f5j(x;j) should be lower than
135V/m. The D is use to represent this constant value. The
optimization model of the system is built as follows:

/
max By < wi Xftg,? sz/(xj/>7 LN
f] fzmax
st-fz) =D, j=1,....N
an < Xy < by, n=1,...,k
(15)

where the a, and b, are the constant limiting values for opti-
mization parameter x, determined by engineering experience
or circumstance.

Due to the restriction of f5;(x;), the penalty function pf; is
built as (16) to convert constrained optimization to uncon-
strained optimization.

=y—D|, =y > D
Afzj(z,?) _ VZJ(XJ) f2j(xj) j=1,...,N (16)
B hie =D
max Afy = max(Afy ), M) - -+ Maveg)) (A7)
Afsiw
1-— & maxAf, > 0 ,
pfj': max Af> j=1...,N
1, maxAf, =0
(13)

VOLUME 7, 2019

Initiate the initial population of N individuals
{ X1(ori)X2(ori), - XN(ori) }

Extract high sensitivity variables by dimension
reduction model to obtain the new individuals

X120, XN }
|

<

Obtain the optimization objectives value
Suyx) and f(x;) G=1,..N)

of this generation population by FEM simulation

The next generation
population

of N individuals

Calculate the fitness function F’;and obtain the maximum
fitness value of this generation population T

’ NSGA-II algorithm ‘
7

No
continue to optimize

If the number of iterations reaches the
maximum number

Generate the optimal design
parameters in the optimal individual

FIGURE 3. The optimization strategy for multi-objective optimization.

The new fitness function Fj’ is
F/:F,-xp]g-, j=1,...,N (19)

The equations (16)-(18) demonstrate that if the value of
f2j(x;) exceeds the restriction D, the value of fitness function
will be multiplied by a factor pfj less than 1 as a penalty.
Otherwise, the value of pf; is 1, which means the fitness will
not change.

The final optimization model of the system is built as
follows:

max F} = pf;
x(wlx% wo %), j=1,....,N (20)
fl f2

s.t.a, < x, < by, n=1,...,k

After building the optimization model, the optimization
performance will be evaluated by the maximum Fj/ . The larger
the maximum fitness value is, the better the optimization per-
formance of this population generation is. Until the number
of iterations reaches the maximum number, the current gener-
ation population will generate the next generation population
of the same number individuals through the NSGA-II algo-
rithm including fast non-dominated front sorting, crowding
distance sorting, selection, crossover and mutation. Due to
the same procedures, it is not described in detail in this paper.
The integrated optimization procedure used in this paper is
shown in Figure 3.

The two objectives without an explicit formula can be
optimized through the above strategy, and the dimension
reduction can accelerate the iterative procedure, which will be
verified by the following implementation of the optimization
strategy and experiments.
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Ferrite
core
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FIGURE 4. Transmitter circular coil system to be optimized (receiver coil is
the same).

TABLE 1. Basic parameters of the coil model to be optimized.

Object Parameters Value
external diameters length (a;) 360 mm
external diameters width (a,) 360 mm
turn spacing (d) 12 mm
Coil coil turns (n) 8
radius of wire (a) 2.5mm
coil spacing (Z;) 190mm
length (b;) 360 mm
. width (b,) 360 mm
Ferrite thickness (bs) 2 mm
distance from coil (Z,) 0.1 mm
Aluminum lex_lgth (by) 360mm
shield width (b,) 360mm
thickness (b;) 2mm

Human
body

f
f Im .

e - Coil

) 19em I _ system __ ground

Z

(a) Human body system (b) Relative positional relationship

FIGURE 5. The simulation test setup of coil and human body system.

Ill. IMPLEMENTATION OF OPTIMIZATION STRATEGY
A. BACKGROUND OF OPTIMIZATION
Figure 4 shows the magnetically coupled coil model to be
optimized in this paper. It is established by referring to the
SAE J2954 rounded rectangular coil system [28]. The four
corners of the rounded rectangular coil are circular arc which
possessed better characteristics under the offset condition
than the circular coil and the leakage flux in edge is mod-
ified compared to the corner of the rectangular coil [29].
In addition to the coil itself, the model is fabricated with a
ferrite core and an aluminum plate around the coil according
to [28]. The aluminum shield plate is the same size as the
ferrite core and fit the ferrite distribution. The basic values of
parameters in coil model, ferrite and aluminum plate nearly
imitate the WPT2/Z2 circular rectangular coil’s dimensions
in SAE J2954 including the length, width, coil turns, radius
of wire and so on. Specific dimensions are shown in Table 1.
Figure 5 shows the human body model structured in the
simulation and the relative position of the human body to the
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TABLE 2. Electromagnetic parameters of the system materials.

Object Relative Relative Bulk
permittivity Permeability Conductivity
Copper 1 0.99991 58000000 s/m
Ferrite 12 3300 0.01 s/m
Aluminum 1 1.000021 38000000 s/m
Human 1120 1 0.00388 s/m

coil. The simulation adopts a 30-year-old middle-aged male
human body model with a height of 175cm and a weight
of 70kg. Assuming that the coil is applied to an electric vehi-
cle and the transmitter coil is buried in the ground, normally
speaking, the person should be placed in the vehicle and the
coil is placed at the bottom of the car. However, according
to our laboratory test, when the human body is placed in the
car, the human body induced electric field is far less than the
limit due to the shielding performance of the metal material in
the car body. In addition, this paper mainly focuses on static
wireless charging. In the process of static wireless charging,
the human body is mostly distributed outside the vehicle.
Therefore, this article considers the condition of more serious
electromagnetic radiation, that is, the human body is placed
at a position 1m away from the coil to make the optimization
results can guarantee the safety of the human body furthest.
The human foot surface can be set flush with the transmitter
coil as Figure 5(b).

Two optimization objectives need to be observed simulta-
neously. In simulation part, the input voltage of the primary
side is constant. The working frequency is set to 85 kHz, and
85 kHz is a generally resonant frequency accepted by the
SAE [28], IEC [30] and ISO [31] standards. The choice of
the frequency does not affect our optimization and results.
Electromagnetic parameters of each material are tabulated
in Table 2.

B. THE DETAILED OPTIMIZATION PROCESS USING
OPTIMIZATION STRATEGY

The optimization process is performed in strict accordance
with the procedures in Figure 3.

1) THE INITIAL POPULATION

Assuming that the initial population is composed of 60 indi-
viduals, every individual is composed of several design
parameters to be optimized in WPT coil design. The design
parameters and their variation range are required to determine
firstly.

According to the electromagnetic field theory, the mag-
nitude of the electromagnetic field around the coil system
is directly related to the coil current value, and is greatly
affected by the current. In the case of external circuit confir-
mation, modulating the coil parameters should not affect its
conduction current which indicates the coil resistance should
not be altered. Therefore, the length of the coil should not be
altered, which means that the length and width of the coil

VOLUME 7, 2019
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TABLE 3. The design parameters of the coils to be optimized and their
restrictions.

Design parameters Restrictions

turn spacing : d [10mm,12mm]

coil spacing: Z, [170mm,210mm]
length of ferrite(aluminum shield): b, [340mm,380mm]
width of ferrite(aluminum shield): b, [340mm,380mm]

thickness of ferrite(aluminum shield): b3
distance of ferrite from coil (Z,)

[1mm,5mm]
[0.1mm,5mm]

model ay, ap and the number of turns n can not become
design parameters. The coil turns spacing d, the distance
between transmitter and receiver coils Z;, the length, width
and height of the ferrite and aluminum shield »; ~ b3, and
the distance between coil and ferrite Z, are design parameters
to be optimized. Based on the reference [28]-[31] and prac-
tical experience, the optimization parameters have their own
limitations. The spacing of the coil turns can be determined
according to the length and width of the wire, the number
of turns, the radius and the edge of the arc combined with the
actual winding frame. The b1 ~ b3 and Z; should be allocated
to a reasonable range based on the engineering foundation.
All the design parameters of the coils and their restrictions
are shown in Table 3.

The initial population is composed of the 60 individuals
X; (ori) as follows:

x](OI‘])=(d5zlab1’b25b37Z2)ja ,]= 17""60 (21)

2) THE NEW INDIVIDUALS AFTER DIMENSION REDUCTION
Before implementing the sensitivity analysis to realize
dimension reduction, in order to make the simulation and
experiment comparable, this paper decides to designate a
base value On to replace the value of optimization objec-
tive kQ1Q» corresponding to the base size of coil system
in Table 1. All subsequent sensitivity analysis results of
kQ10> will be compared with the On. For another opti-
mization objective (human electromagnetic safety), the value
measured at base size is also designated as the base value
EN, and all subsequent sensitivity analysis results of E will
be compared with Ey. The later experimental verification
section adopts define the same Oy and EN. In this way, the
simulation results can be compared with the experimental
results in the same range to verify the consistency of relevant
results.

Sensitivity analysis is performed utilizing ANSYS finite
element (FEM) electromagnetic analysis software. The anal-
ysis tests are carried out under the experimental conditions
of Figure 4-5 and Table 1. The value of kQ1 Q> under each
design parameter is calculated for sensitivity analysis.

Figure 6 is human induced electric field diagram of the
human body surface under the basic parameters in Table 1,
and other similar diagrams are not displayed. It can be visu-
ally interpreted from the image color distribution that the
electric field of the human body presents high induced values
on both sides of the waist, on both sides of the shoulder and
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FIGURE 6. The simulation test setup of coil and human body system.

in the genital area, and the waist and genital area present the
highest induced value while the shoulder is slightly low. Due
to the demand to observe whether the electric field intensity
satisfies restrictions, the test points are set in these areas pre-
senting higher induced values, which are marked point 1-5 in
Figure 6. The induced electric field value corresponding to
the point under the basic experimental conditions is taken as
the base value Ey;, and the human induced electric field value
E under each design parameter is tested and the sensitivity
analysis is carried out.

The sensitivity analysis of kQ1Q> corresponding to each
design parameter is plotted separately as Figure 7(a)-(f) and
E corresponding to each design parameter is shown in Figure
8(a)-(f).

The maximum sensitivity ka max 18 obtained by Figure 2,
Figure 7(a)-(f) and Figure 8(a)-(f). According to Figure 7,
the optimization objective kQ1Q> is basically inversely pro-
portional to the parameters d, Z; and Z;, and the maximum
sensitivity corresponds to 0.1225 On/mm, 0.01420n/mm
and 0.03990n/mm respectively. Inversely, kQ1Q> is basi-
cally proportional to the parameters by, by and b3, and
the corresponding maximum sensitivities are 0.04490N/mm,
0.00930n/mm and 0.0083Qn/mm respectively.

It can be demonstrated from Figure 8 that the human
body induced electric field intensity E presents a large
value at point 2 and point 4 and fluctuates significantly.
At the optimization parameters d, Zi, Zp and b;, the max-
imum sensitivity Sy, max appears at point 2, which corre-
sponds to 3.5928 En/mm, 0.215EN/mm, 1.748EN/mm and
0.3829ENn/mm respectively. At the optimization parame-
ters by and b3, the maximum sensitivity sz’k max appears at
point 4, which corresponds to 0.248 Ex/mm and 0.834 En/mm
respectively.

Based on equation (9), the value of C for optimization
objective kQ1 Q> is defined as 0.03Q0n/mm, and the value of
C for E is defined as 0.5Ex/mm. Therefore, comparing the
value of maximum sensitivity with the corresponding restric-
tion C, it can be obtained that the high sensitivity parameters
for kQ1 07 are d, Z, and by, and the high sensitivity param-
eters for E are d, bz and Z,. Colligating the intersection of
the sensitivity analysis results of kQ1(Q» and E, the pivotal
optimization parameters are d and Zp, and the values of
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FIGURE 8. Optimization objective E sensitivity analysis result corresponding to each design parameter.

design parameters with low sensitivity are fixed as Table 1.
So far, dimension reduction process has been accomplished.
The new individual x; composed of optimization parameters
after dimension reduction is

X =W 2y, j=1,...,60 (22)
3) THE FITNESS FUNCTION CALCULATION
The new individuals 7]) (d, Z»); in the current genera-

tion will be substituted into the ANSYS FEM simulation of
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coil system, and the values of kQ1(Q> will be obtained as
f1j(xj)(j = 1 to N). According to the discussion of Figure 8,
the maximum sensitivity appears more at point 2, hence the
value of E in point 2 will be taken as objectives value f5;(x;)
of E.

In equation (14), the w; and w; are determined by the
degree of emphasis on kQ1Q> and E. It is observed that the
objectives value E is much less than the limiting value D,
so the kQ1 Q> is relatively more important than E. Based on
the above analysis, the w; and wy are defined as 0.7 and
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0.3. The fitness function F j’ of the jM individual in current
generation is

’
f2j((d»22)_/)
max’

2

Sijwd. 22y

flm ax

Ff:pjj-x(O]x +0.3x ), j=1,...,60

(23)

The calculation method of f{"**, fzmax/ and pf; have been
introduced in the equation (13)-(18).

The final multi-objective model of the simulation system
is

max Fj’=pfj
/
(0-7flj((d,22),-> 0'3f2/((d,22),->) _ 60
= N ¢

s.t. 10mm < d < 12mm

0.lmm < 7 < 5Smm

4) THE ITERATIVE PROCESSING OF OPTIMIZATION

After calculating the fitness value of all individuals in cur-
rent generation, the maximum fitness value is obtained, and
the current population generation will enter the NSGA-II
iterative process to generate the next generation composed
of 60 individuals until the number of iterative reaches the
maximum value. In this paper, the maximum number of iter-
ations is defined as 100. All iterative relevant algorithms are
coded in MATLAB. When the iterations are complete, every
maximum fitness value of every generation will be recorded
to describe the process of system convergence. When the
system converges, the optimal generation and optimal indi-
vidual will be generated, and the parameters in the optimal
individual will become the optimal optimization parame-
ters. Combined with constant parameters, the optimal design
parameters are obtained.

C. THE OPTIMIZATION RESULTS ANALYSIS

We perform 100 independent repeated experiments by using
100 random initial populations for our strategy test to realize
relative good solution. The optimization results among these
repeated experiments are all improved, but the improvement
effect is slightly different. Therefore, we pick up the result
with relative better improvement effect on the system perfor-
mance and show it here.

Based on the implementation of the improvement strat-
egy, the curve of convergence process is shown in Figure 9.
The improvement effect on the system performance is eval-
uvated by maximum fitness value. Afterwards, in order to
highlight the rapidity and correctness of the improvement
strategy in this paper, the improvement process is also exe-
cuted by NSGA-II algorithm without the dimension reduction
step. The initial population individuals with six improvement
parameters as m = (d, Z1, by, by, b3, Z); are substituted
in the improvement process. The convergence process of
NSGA-II algorithm is also plotted in Figure 9. The conver-
gence value of maximum fitness value and the corresponding
ultimate design parameters are shown in Table 4.
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TABLE 4. The comparison of simulation results in the two conditions.

Convergence Optimal design
Condition vah_le of Conv.ergence parameters
maximum time (d,Z1,b1,b2,b3,72)
fitness value (unit: mm)
optimization 0.953 at 38th (10.3,190,360,
strategy ’ iteration 360,5,0.4)
NSGA-II 0.962 at 68th (10.3,188.5,363.1,
algorithm ) iteration 362.8,5.3,0.4)

Comparing the two curves in Figure 8, the number of
iterations required for system convergence increases several
times without the dimension reduction step. Due to the lim-
ited number of individuals and the increase in the number
of optimization parameters, the new individual after iteration
may mutate in the low sensitivity parameters, which has slight
performance on the fitness value evaluation. These similar
mutation processes will slow down the convergence rate
of the optimization parameters to the optimal value, which
verifies the necessity of dimension reduction step. Consider-
ing the time requirements of the ANSYS FEM simulation,
an iteration of an individual will consume plenty of time.
Assuming that every iteration process consumes the same
amount of time without taking the complexity of the extra
parameters into consideration, the optimization strategy can
reduce the number of iterations and iteration time required
for system convergence by nearly 44%. The comparison of
the convergence time in Table 4 verifies that the optimization
strategy has successfully simplified the optimization problem
by reducing the iterations and time consumption required for
system convergence, which is one of the key contributions of
this study.

On the other hand, the optimizing performance should
be taken into consideration. Since the optimization problem
has been simplified, the optimization performance would
inevitably be affected. However, Table 4 shows that the opti-
mization performance of the current strategy evaluated by
the maximum fitness value is nearly the same as the original
algorithm, verifying its good performance on optimization
objectives. The optimization performance loss is merely 1%
compared with the NSGA-II, which is quite satisfactory.
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TABLE 5. The comparison of the strategy in the paper with previous
researches.

Method the number of total iterations
optimization strategy in this paper 38
NSGA-II algorithm 68
PSO method in reference [15] 1000
MORPSO method in reference [16] 150

Due to different optimization scenarios, it is not feasible
to compare directly the optimization performance between
the current strategy and the previous methods. Nevertheless,
we are able to compare the number of iterations required for
convergence as shown in Table 5. It is seen that the proposed
strategy outperforms all the other strategies in terms of reduc-
ing the iterations, which is due to the simplification brought
by the dimension reduction model. Thus, it can be concluded
that this optimization strategy has successfully accelerated
the convergence rate of the WPT system and improved
the iteration time with acceptable loss in optimization
performance.

IV. EXPERIMENTAL VERIFICATION

A case experiment with two identical extended coils is per-
formed to experimentally validate the simulation results.
It should be noting that the results of the iterative process of
optimization parameters in the simulation can not be verified
due to the randomness of mutation. Therefore, this section
mainly verifies the correctness of dimension reduction results
and optimal parameters in optimization results by evaluating
the optimization objectives and fitness function.

Following the model designated in Section III A and
the results of the sensitivity analysis in Section III B 2),
the length, width and thickness of the ferrite and aluminum
plate b1 ~ b3 and the coil parameter Z; have lower sensitivity,
so the experiment fixes them to a constant value. Similar
to Table 1, the outer diameter and width a;, a» of the coil
are set to be substantially same as the length and width by,
b, of the ferrite and the aluminum plate. Table 6 gives the
range of optimization parameters and constant parameters.
The AC input voltage is the same as the variable U defined
in Figure 1. According to equation (6), the value of U will
not affect the optimization of kQ optimization target, but
according to the electromagnetic field theory, the value of
U will affect the value of electromagnetic field. However,
the optimization method in this paper can be applied to
different values of U, that is, the different values of U will
not affect the optimization scheme and results in this paper.
Therefore, typical value of U is adopted in the experiment in
this paper.

Figure 10 is an experimental diagram of the coil
constructed in accordance with Figure 3. The coil, ferrite
and aluminum plate is constructed in terms of the simula-
tion structure, and the dimensions are assigned as values
in Table 6. The transmitter coil adopts a coil winded by a
coil frame independently invented by the laboratory, which
can credibly cooperate with the change of the coil spacing d
to realize the optimization verification. The secondary coil is
structured in a fixed structure and maintain unchanged.
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TABLE 6. The design parameters of the coils to be optimized and their
restrictions.

optimization Min/Max Constant parameters Value
parameters
resonant frequency f 85kHz
length of ferrite b, 600mm
Coil turn 10.1mm/ width of ferrite b, 500mm
spacing: d 12mm thickness of ferrite:bs Smm
external dlameters length 600mm
of coil: a;
external diameters width
. 500mm
distance of of coil: &,
ferrite from 0.1mm/ coil spacing: Z; 190mm
. Smm AC input voltage: V(Vims) 5V
coil: Z, .
coil turns: n 8
radius of wire: a 2.5mm

500mm!

600mm i
Secondary m
Circular coil |

500mm

/J
; ‘ Ferrite
‘ core
\

Aluminum_

Shiel‘\/::}

Aluminum
Shield

FIGURE 10. Physical winding diagram of the coil system.

In order to observe the optimization objective kQ1(Q»
and E, the experiment utilize LCR meter 3522-50 LCR
HiTESTER (HioKi E.E. Corporation, Nagano Prefecture,
Japan) to implement the measurement of kQ1 Q> and an elec-
tric field probe EHP-50G (Narda, Segrate, Italy) with special-
ized computer to measure the E of space. In addition, it also
includes high frequency power source, coil system (including
transmitter and receiver coil, ferrite core, aluminum shield-
ing), compensation capacitor, AC resistance load, oscillo-
scope, current detector, voltage detector and isolating probe.
Complete set of experimental measurement equipment distri-
bution is displayed in Figure 11.

To highlight the consistency between simulation and exper-
iment, we adjust the input source to control the primary input
voltage to maintain 5V (RMS). The oscilloscope, voltage
detector and current detector are operated to capture the orig-
inal secondary voltage and primary current waveform under
the basic parameters as shown in Figure 12(a). The special-
ized computer result example is illustrated as Figure 12(b)
and further results are omitted.

As shown in Figure 13, the optimization parameter d is
changed by adjusting the baffle plate of the transmitter coil
frame invented by the laboratory, and the Z; is increased by
adding a thin plastic sheet.

It should be noted that in the actual experiment, the spatial
electric field strength varies in accordance with the human
induced electric field E and the two trends are basically no
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FIGURE 11. Experimental measurement equipment for multi-objective
optimization test.
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FIGURE 12. Experimental waveforms for measuring optimization resuit.

discrepancy. Therefore, the spatial electric field strength can
replace E to observe the variation trend during the experi-
mental test. To verify the simulation results, d and Z, are
respectively changed. The relationship between optimization
objectives and optimization parameters d, Z is recorded.
On and En represent the corresponding measured values
when applying basic parameters in Table 6. Test results are
recorded in Figures 14 and 15.
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FIGURE 14. Experimental verification of optimization objective kQ1Q2
sensitivity analysis results.

Figure 14 and Figure 15 demonstrate that after unifying the
corresponding On and EN under the basic size parameters
of experimental system and simulation system, the corre-
sponding tendency of the experimental measurement value is
consistent with the simulation whether the objective is kQ1 0>
or E, effectively verifying the correctness of the sensitivity
analysis. However, it can be observed that there is discrepancy
in Figure 14(b) between experimental measurement values
and simulation value. The reason can be derived from the
waveform diagram in Figure 12(a). The operating frequency
of the experimental test is smaller than the simulation value
due to the experimental deviation, and kQ1 Q> is proportional
to w?, so the experimental measurements will be slightly
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FIGURE 15. Experimental verification of optimization objective E
sensitivity analysis results.

smaller than the simulation values. As for the optimization
target E, the tendencies of experiment and simulation are
basically consistent. When d increases, the value of E gener-
ally performs a downward trend. When Z; increases, the value
of E has a tendency to rise firstly and then stabilize. There-
fore, the correctness of the dimension reduction results can
be ensured.

Further experimental tests are conducted to validate the
optimal parameters in optimization results. According to
equation (6), the maximum efficiency 5 is directly related to
kQ10», and equation (6) is used to measure the maximum
efficiency of WPT system corresponding to the load value
in equation (5). Therefore, the corresponding load matching
technology is employed to measure the maximum efficiency.
The maximum efficiency and the E value of space elec-
tric field corresponds to the simulation position under each
parameter are measured to evaluate the optimal optimization
parameters (d, Z>) = (10.3mm,0.4mm) which are shown
in Figure 16. Other design constant parameters are structured
according to Table 6.

Figure 16 indicates that the maximum efficiency of the
system and E can be optimized by the adjustment of d and
Z>. Tt can be seen from Figure 16(a) that the maximum
efficiency point is maintained at (d, Z>) = (10.3mm,0.5mm)
which is basically consistent with the optimal parameters
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FIGURE 16. Experimental verification of optimal parameters.

(10.3mm,0.4mm). Due to the limitation of measurement con-
ditions, Z, value is slightly deviated within the acceptable
range. For electric field strength E, when 75 is 0.5, the value
of E displays lowest, and when d = 10.3, the value of
E is slightly reduced in range [10mm,10.5mm]. The fitness
function values of all test parameters in the experiment sit-
uation are calculated. The fitness value of (10.3mm,0.5mm)
is maximum values of all test parameters which is 0.931, and
the value is slightly lower than simulation due to the deviation
of actual parameters. The results verify the correctness of the
optimization strategy.

In summary, the efficiency can be availably increased from
the lowest 79.85% to the highest 93.2% with the optimization
strategy of this paper, and the electric field strength E can be
restrained to some extent. The correctness of the optimiza-
tion strategy is verified and the experiment proves that the
optimization strategy in this paper can quickly find optimal
parameters in coil design without repeating test experiments.
Through the optimization strategy of this paper, the WPT
coil system can be optimized without clear formula and the
number of trials can be reduced.

V. CONCLUSION

This paper is aimed to solve the problem of fast multi-
objective optimization without a clear objective calcula-
tion formula for complex multi-parameter WPT resonant
systems. An optimization strategy based on dimension
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reduction method is proposed to realize fast convergence with
a good optimization performance.

Our research illustrates that through the dimension reduc-
tion model based on the sensitivity analysis, the iteration time
required for system convergence has been reduced by nearly
44% while maintaining almost the same optimization perfor-
mance as the original algorithm. The dimension reduction
results and optimal parameters are verified experimentally.
The maximum efficiency of the WPT system has been shown
to increase from the lowest 79.85% to the highest 93.2% and
the electric field strength reduce notably. It is emphasized
that the proposed optimization strategy is not confined to the
present system, and it sheds a light on the optimal design
of more general WPT systems. Therefore, the optimization
strategy based on efficiency and safety indicators can facili-
tate the design of complex WPT systems and lay the founda-
tion for its wider application.
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