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The rapid increase in the number of Electrical Vehicles (EVs) will bring
difficulties in the management of charging process and pose serious grid problems
at low voltage levels. Particularly, with employment of wireless power transfer
(WPT) system in a charging station, harmonic interference will increase. The main
reason of that poor power quality lies on high frequency square wave output of
transmitter side of WPT. In this study, a support vector machine (SVM) is
proposed to design an optimal C-type passive filter in order to mitigate voltage
and current total harmonic distortions (THD) of WPT system. Hereby, SVM-based
model is constructed which consists of THD indices and power factor (PF) as
outputs whereas filter parameters are inputs. The main aim of optimization process
is minimization of distortions and correction of PF while searching the filter
parameters. Particle swarm optimization (PSO) algorithm is employed to find the
optimal filter parameters. To show the efficiency of proposed method, simulation
studies are carried out on Matlab®/Simulink™ environment. It is observed that
voltage total harmonic distortion (THDv) and current total harmonic distortion
(THD;) are calculated as 1.03%, 2.23%, respectively, and the power factor is

improved to 0.995% when the designed C-type filter is utilized.
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1. Introduction

In recent years, carbon-based energy generation
systems that cause environmental damage such as
global warming, air pollution, water pollution, etc. have
begun to replace systems that produce electrical energy
through renewable and environmental friendly [1]. In
addition, vehicles using carbon-based fuels are one of
the important causes of environmental pollution. In
order to solve this problem, it is great importance that
vehicles working with electric energy should become
widespread. In the event that the use of electric vehicle
(EV) becomes widespread, another problem, which is
efficient charging station design and easy access to
stations, comes to the fore. According to the IEC61851
standard prepared for electric vehicle charging stations
(EVCS), it is allowed to draw currents up to 32 A in
residential uses and draw up to 250 A in alternating
current in different charging modes. However, the rapid
increase in the number of EVs will bring difficulties in
the management of the charging process and pose
serious grid problems at low voltage levels [2, 3].
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Increasing load demand will create the need for
additional facility investment. By using various
heuristic algorithms, the effects of EVs on the
distribution grid can be reduced and the load profile can
be slightly smoothed [4]. However, it is still difficult to
meet the desired electrical energy need without a
facility investment.

Wireless charging methods, on the other hand, have
come as a major innovation to the EV industry.
Compared to conventional charging units, they do not
require power connection. Wireless power transfer
(WPT) is divided into static and dynamic structures.
Static wireless power transfer systems by placing a
single coil under a parked vehicle were proposed by
General Motors in 1998 [5]. WPT is a safer and more
convenient method for electrical charging due to its
cable-free structure and resistant to environmental
factors such as water and dust. When the reported
studies are examined, it is seen that WPT is frequently
employed in charging EVs. Li and Mi [6] present a
study on magnetic coupling design in wireless power


http://www.ams.org/msc/msc2010.html

152

transfer for EVs. They show the circuit compensation
with power control via converters. Musavi and Eberle
[71 compared the current wireless charging
technologies for EVs on the basis of values such as
efficiency, cost, capacity, and system complexity. They
present two different wireless/built-in fast charging
circuit models which are integrated into the vehicle,
separately for passenger cars and large public
transportation vehicles. Sun et al. [8] review existing
wireless charging technologies for EVs and their
applications. They examine different types of wireless
charging applications for EVs and their economic
feasibility is analyzed. In addition, electromagnetic
field shielding methods for WPTs are also investigated.

Most of the aforementioned WPT applications include
DC-DC or AC-DC converters. In fact, AC-DC
converters in WPT systems are more convenient for
grid-connected applications [9]. However, these
converters contain high-frequency triggering and
induce harmonic distortion on the voltage and current
waveforms. These harmonics may cause unexpected
impacts on the equipment in the system such as heating,
malfunction on the actuator and line loss of the network
[10]. Therefore, filters are generally designed in order
to cope with these harmonics. Among the power filter
types, passive filters are easy to implement and cost-
effective. So, they are widely employed in power
systems. Further, they are preferred to handle the
harmonics particularly in electrical vehicle charging
station. In this regards, Yang et al. [11] design a single-
tuned passive filter which combines reactance and
capacitor and creates a low resistance channel for
specific order harmonics. According to their analyses,
they find that the fifth and seventh orders are the most
part of harmonics of EVCS. By using the designed
single-tuned filter they decrease the THD; to a low
level. Zao and Yue [12] take the effects of the electric
vehicle six-pulse rectifier charger into account and
design single-tuned filter as well as high pass filter.
Their simulation results show that a good harmonic
suppression is achieved with the presented passive
filter. Khudher et al. [13] present the design of output
filter with shunt passive filters to decrease impact of
electrical car charging stations on power grid
harmonics. They reduce the THD; from 46.19% to
3.73% by combining the double-tuned filters with high
pass filter.

Alongside the conventional filters such as combination
of single-tuned LC and high pass filter, parallel
resonance can be avoided in the system by using C-type
passive filter. Furthermore, it has lower loss than high-
pass filter at fundamental frequency [14]. Due to these
advantages, it is widely used in different applications
such as loading capability improvement of transformers
under non-sinusoidal conditions [15], filtration of
higher harmonics injected into the transfer system by
arc furnaces [16] and capacity reduction of hybrid
power quality conditioner in co-phase traction power
system [17].
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According to the author’s knowledge, there is lack of
study in the implementation of C-type passive filter for
WPT system which is the main contribution of this
study. However, an optimal design of a C-type filter
requires the analysis of system with single-phase
equivalent circuit. Therefore, most of the equivalent
circuit parameters such as linear impedance parameters
of load and Thevenin equivalents have to be known.
However, some studies construct a model between
THD values and specified input parameters. In this
context, Response Surface Method [18] and
comparison of artificial neural network and SVM [19]
are reported. However, in [19], SVM method is
employed only for harmonic estimation.

In this study, SVM-based optimal design of C-type
passive filter is proposed for an EVCS which contains
AC-DC converter, a high frequency single phase
inverter and WPT. The main advantage of the proposed
method is no need of equivalent circuit parameters of
the system while determining the model. THD,, THD;
and PF are chosen as output parameters of the model
whereas the filter parameters are assigned as input
parameters. Afterwards, a traditional PSO method is
applied on that model to minimize THD, and THD; as
well as to maximize PF.

The organization of this manuscript is as follows:
Section 2 describes EVCS with WPT. Section 3 defines
the main problem of this study with THD indices.
Section 4 explains C-type passive filter design. Section
5 details SVM-based modeling and PSO based
optimization studies. Section 6 contains results and
discussion. Section 7 is the conclusion.

2. Description EVCS with WPT system

The proposed EVCS basically contains three-phase
rectifier, DC-link buffer, full-bridge resonant inverter,
series-resonant LC tank, vehicle-side rectifier. Figure 1
shows the general scheme of system with C-type filter
which is detailed in the next sections. In this system,
proposed resonant inverter is grouped as Class D and is
most popular for practical WPT systems [20].

As shown in Figure 1, proposed EVCS has series-series
compensation topology. In this method, L, Cp, Ls and
C, stand for primary, secondary coils and compensated
capacitors, respectively. If the primary and secondary
coil currents are defined as I, and Is, effect of the
secondary impedance to the primary side is expressed
asin Eq. (1)

H 2 2
= —j(;)Mls _ cuZM (1)

p s
where M denotes the mutual inductance and calculated
by

z

M =k/L,L, @

where K is the coupling coefficient and ranged between
0 and 1 (0<k <1). The impedance of the secondary
side Zs is determined as in Eq. (3).
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Figure 1. Block scheme of the EVCS

Z, = joL,+——+R, ©)

where Ry is the load resistance and resonant frequency
is calculated by @, =1/,/L,C,. Consequently, the
equivalent load impedance on the primary side is
determined as in Eq. (4).
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p

Alongside the WPT of EVCS, 3-phase, 380 V, 50 Hz
AC grid voltage is rectified to 360 Vg on the DC bus.
Afterwards, it is inverted to 360 V, 30 kHz square wave
AC voltage by means of full bridge resonant inverter.
This signal is transferred to secondary side wirelessly.
Lastly, vehicle-side converter rectifies the AC voltage
to 360 V DC voltage in order to charge the lithium-ion
batteries. Equivalent circuit parameters of the designed
WPT system are given in Table 1. With given circuit
parameters, resonant frequency is calculated as 30 kHz,
approximately.

Table 1. The equivalent circuit parameters of WPT

Z, = jol, +

Parameter Value

Cp 105.74e° F
Cs 109.69e° F
Lp 266.16e° H
Ls 256.79¢ H
M 85.46e H

3. Problem definition

Regarding the presented EVCS, full-bridge resonant
inverter converts the 360 VV DC input into 360 V AC
square wave output. The Fourier transform of the
converted square wave is given by Eq. (5) [21].

4 > 1.
U =—Upe D =sin(nyt) (®)
7 n=135
where Urx is the output voltage of full-bridge resonant
inverter as well as the input voltage of the WPT

transmitter side. Upc is the input of inverter when @,

is chosen as resonant frequency and n is the harmonic
order. It can be seen from Eq. (5) that Urx includes
harmonics. According to the harmonic analysis of WPT
system given in [21], despite the harmonic current is
reduced effectively by adjusting Q value of the resonant

circuit, in some cases, harmonic current required to be
reduced. So, the balance between Q value and harmonic
voltage loaded on the transmitter coil should be
adjusted accurately. Moreover, fundamental energy to
harmonic energy ratio is given by Eq. (6).
F)Harmonic _ 1 1 (6)
P

n’ LY 1, 1
Fundamental now. — k—= 2+7
(o, 5] G

It can be deduced from Eq. (6) that the energy of
harmonic transmission decreases since the k decreases.
However, when the k is chosen around 0.9, maximum
harmonic transmission ratio is observed [21]. It is also
proven that when the harmonic-related reactive power
accumulation increases, efficiency of the inverter-
driven WPT system decreases. So, an appropriate
control for inverter can overcome the harmonic related
reactive power accumulation [22]. Additionally,
aforementioned studies generally employ DC source
and focus on harmonics on the WPT side. Since the
EVCS is fed by the grid, the energy consumed via WPT
draws non-sinusoidal currents from the grid. THD; and
THDy can be calculated as in Egs. (7) and (8)
considering the fundamental frequency active power
(Py), reactive power (Q1), fundamental frequency RMS
current (l1) and sinusoidal-rated supply voltage (V1)

[23].
P
THDi = 22— )
Il
2 Vo
THDy =L ®)
v,

1

where I, and V, stand for n™ harmonic current and
voltage. Additionally, PF can be calculated as in Eq. (9)
in terms of both powers.

PF :i:cosgol 9)
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where ¢, denotes phase angle difference between

fundamental frequency voltage and current. To avoid
drawing of harmonically contaminated currents and
improve PF, C-type passive filter is designed to fulfill
the desired criteria which are minimization of THD,,
THD; as well as maximizing the PF.
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4. C-type passive filter design

Circuit of the typical C-type passive filter is given in
Figure 2. Design procedure of the filter begins with the
determination of reactive power Q. at fundamental
frequency fo, which is 50 Hz, regarding to nominal
voltage U, and tuning frequency f,.

L

Figure 2. Circuit of the C-type filter

After specifying the necessary parameters, C, should be
chosen large enough in order to meet the desired
reactive power of the system. Afterwards, C; is
calculated by means of following equation [24].

o)

Then, series L;-C; are tuned to fo as follows:

fo_ L (11)
* 2zLC,

From Eq. (11), L1 value is calculated since the tuning is
realized. In order to have more effective filter a low
value quality factor Q at the designed frequency f, is
chosen within 2 or 3. Damping resistance Rq is
specified as in Eq. (12).

2rf,
Rd :TLi

It is seen from Egs. (10), (11) and (12) that the design
problem of a C-type passive filter can be solved via
foreknowledge of the system characteristics. In this
study, without knowledge of these parameters an
optimal filter design is aimed which employs a support
vector machine-based modeling technique. Note that,
alongside the C-type passive filter a serial connected
input inductance L; is also employed in the system.

(10)

(12)

5. Support vector machine-based optimization of
C-type passive filter

This study intends to find optimal C-type passive filter
parameters. While searching filter parameters, THD,,
THD; values are aimed to be minimized and PF values
is aimed to be close to 1. Hence, SVM regression
method is utilized to model the system, PSO is operated
to reach optimal filter parameters. The entire modeling
and optimization processes are given as flowchart in
Figure 3. The proposed method mainly targets to obtain
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optimal C-type filter parameters. But, modeling with
high accuracy is the key procedure. Since the SVM is
not able to well perform in estimation, PSO algorithm
will not give the best filter parameters. Therefore, high
accuracy in modeling is necessary to be succesful in
optimization. After ensuring the model certainty, for a
given search space, PSO is employed to reach desired
metrics by means of calculating the best filter
parameters. The details of modeling and optimization

are reported in subsections.
Training data Initial filter parameters;

| Data preprocessing | |r;§;\i;eegfso |

Evaluate SYM model

for each particle for

local and global best
solution

v

Update the velocity
and position of each
particle

SVM model training

Termination criteria

Yes

Grid

[€No-
search on
w,b

SVM model established

Figure 3. Flowchart of SVM-based optimization of C-type
filter parameters

5.1. Support vector machine-based modelling

There are lots of machine learning-based modeling
method in literature such as RSM [25], Artificial
Neural Network [26] and Long Short-term Memory
[27]. Support vector machine is also one of a machine
learning methods and was proposed presented in 1995
by Cortes and Vapnik [28]. The general structure of an
SVM is given in Figure 4. It is widely employed in the
literature for the purpose of estimation, analysis and
regression problems [19]. The main advantage of SVM
is showing better performance against getting stuck
with local minimum problem [29].

nput layer Hidden__ Output layer
K(X,X1)
y ; Bias
1 i
5 . vy

k(%) AT >

k(x,x)

Figure 4. General scheme of SVM

Support vector regression (SVR) is an utilization of
SVM and uses distinct kernel functions such as
polynomial, radial basis function, sigmoid and linear.
Since a training dataset contains input vector x; and
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output vector y,, regression model can be formed as
given in Eq. (13).

Yo—v O(%)+b (13)

where ¥, b, 8() stand for weighting vector, bias and
nonlinear mapping function, respectively. In order to
determine weighting parameters of regression model,
the distance between margin and input vector that lie on
the wrong side must be measured. Furthermore, the
confidence interval and the empirical risk should be
adjusted by penalty parameters. These two
requirements yield a minimization problem as given in
Eg. (14) to be solved [30].

1 N "
TR (14)

where & denotes the slack variable and k; is a constant

penalization parameter. Weighting parameters are
calculated when the function given in Eq. (14) is
minimized. Lastly, Lagrange multipliers are introduced
to solve the support vector regression problem.

Since this study aims to determine optimal C-type
passive filter, input-output data of SVM are appointed
as filter parameters and harmonic values, respectively.
To elaborate more, filter parameters which are given in
Egs. (10), (11) and (12) are denoted as inputs, THD,
THD; and PF values are specified as outputs. Training
dataset is formed by input-output data which is derived
from simulation studies. Matlab®/Simulink™ program
is chosen as simulation platform and min-max values
of inputs are determined as given in Table 2.
Considering the increment (step) values, simulation is
run 180 times and THD,, THD; and PF values are
recorded to be used in modeling procedure.

Table 2. Filter parameters constraints

Parameter min step max
C2 1.2e* 2es 2e*
fn/ fO 3 2 7
Q 3 2 7
Li 5¢ 5e3 2e2

After constructing the input-output training data set
Matlab® “fitrsvm> command is employed to train SVM
regression model. Note that normalization pre-process
on the dataset is applied before training by using
maximum values of each parameter as given in Table
2. Data mapping is occurred with Gaussian kernel
functions and all elements of the predictor matrix
divided by the value of appropriate KernelScale (auto).
Using the chosen specifications, SVM model is
obtained with 0.94 r-squared (R?). To summarize, SVM
predicts harmonic distortions and power factor with the
high accuracy for the given filter parameters. It proves
that the model can be used in optimization precisely.

5.2. Particle swarm optimization

PSO method is used for different applications in
industry such as renewable energy [31], automation
[32] and adaptive wireless power transfer [33].
Specifying the C-type filter parameters is a complex
problem due to the nonlinearity of the EVCS. The
performance of the filter can be improved by reducing
THD; and THD, likewise by approximating to 1 in
terms of PF. Additionally, it is well-known fact that
THD; and THD, should be kept under limitation
defined by IEEE Standard 519-2014 [34]. The THD;
limit is recommended as 8% when the ratio between
maximum short-circuit current (ISC) and maximum
demand load current (IL) at common coupling point
(PCC) is less than 20. On the other hand, THDy limit is
defined as 5% since the bus voltage is less than 1 kV.
Considering these limitations and handling PF as a
percentage, the fitness function (FF) is designed by
taking the limits equal to each other as 5%. Therefore,
in this study, after well modeling of the EVCS with
SVM, a fitness function is identified to be minimized
and as given in Eq. (15). Note that, THD;, THDy and PF
values given in Eq. (15) are predicted by SVM during
the optimization process.

FF =w, THD, + w,.THD, +w,(1- PF)

where Wi, W, ws are weightings of each parameter. As
shown in Eq. (15), optimization problem has two
parameters to be minimized and third parameter to be
maximized which yields multi-objective optimization
problem. However, considering the significance and
goal value of each parameter, the problem can be
converted to a single objective optimization by
choosing the weightings equal. Hereby, minimization
of THD values and maximization of PF can be done
with equal importance. A set of lower and upper bounds
on the design variables are given in Table 2. The
optimization problem to get mentioned values under
predefined constraints can be summarized as given in
Eqg. (16).

In this problem, search space is defined by 2. The
problem has four filter parameters to be optimized,
where their general form can be indicated as
Pin < TP < TP, . Note that C; and Rq are not included
in optimization problem. Because, these two
parameters are calculated by Eqgs. (10) and (12), since
the given parameters are determined.

(15)

Min FF(fp)

12¢*< C, <2¢* (16)
. 3<f 1, <7
subjectto: Q .
le®< Q <7
Se< L, <2e?
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Classical PSO algorithm of Matlab® is used in this
study. The parameters of PSO are given in Table 3. As
mentioned before, applied SVM is done with
normalized dataset during the modelling step.
Therefore, each parameter of fp is normalized using the
same method. After several optimization processes,
best FF is obtained as 3.27 when the filter parameters
are calculated as given in Table 4. By using ‘rng’
function of Matlab®, random number generation is
controlled for reproducibility. Hereby, it is confirmed
in each trial that, PSO is started with different
initialization which yields not trapping by a local
minimum solution.

Table 3. PSO tuning parameters

Parameter Value
Function tolerance le®
Initial swarm span 2000
Min neighbors fraction 0.25
Self-adjustment weight 1.49
Swarm size [100,300]

Table 4. Obtained filter parameters

Parameter Value
C2 1.6e*F
C1 9.6e°F
L1 1.1e®H
Li 2e2H
Ra 121 Q

Regarding to the obtained C-type filter, performance of
the system is analyzed in the next section.

6. Results and discussion

This section presents and compares numerical results
obtained by simulating EVCS with and without C-type
passive filter. Matlab®/Simulink™ environment is
employed for simulation studies. For the simulated
EVCS, the equivalent circuit parameters are chosen as
descripted in Section 2. Additionally, lithium-ion
battery with a rectifier is connected to the secondary
side of WPT. The system is supplied by three phase grid
voltage which is 400 V in fundamental frequency and
specifications of battery are as follows; nominal
voltage=360 V, rated capacity=100 Ah, initial state-of-
charge (SoC)=50%, battery response time=10 s, battery
internal resistance=0.036 Q.

Initially, the system is simulated without passive filter.
Figure 5 shows the charging current and state of charge
of lithium-ion battery. It is seen from figure that battery
drawn around 15 A from DC link and keep being
charged. It is clear that charging process works
effectively.
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Figure 5. Charging of the battery without C-type filter

In the case of operating the EVCS without filter,
waveform of the voltage at the point of common
coupling is demonstrated in Figure 6a with harmonic
spectrum. The magnitude and harmonic spectrum of
current drawn from the grid is obtained as illustrated in
Figure 6b. Itis seen from Figure 6 that THD, and THD;
are measured as 13.99% and 22.23%, respectively. The
system has also low PF which is measured as 0.91. It is
clear that THD values are above the limits and should
be mitigated. Moreover, mitigation of harmonics may
increase the effectiveness of the WPT and may
accelerate the battery charging process.

Measured voltage and current with harmonic spectrums
are illustrated in Figure 7 when the system is operated
with designed C-type filter. In this case, voltage and
current harmonics are reduced to 1.03% and 2.23%,
respectively. PF is improved to 0.995. The absolute
differences between the results show that the designed
C-type filter keeps the THD,, THD; indices and PF
within limits defined by IEEE Standard 519-2014. So,
the results show that optimal C-type filter is determined
effectively by using the SVM-based approach.
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Figure 6. THD values without C-type filter

Figure 8 indicates that performance of the battery
charging process enhances as compared to without
filter operation. As mentioned in [35], after
compensation and harmonic elimination, the dc voltage
may be higher for an uncontrolled rectifier. A slight
increase in Vy Yyields a large increase in the output
power. It is clearly seen from the Figure 9 that with the
mitigation of harmonics and power factor
improvement, output voltage of converter structure
increases from 388.4 to 388.58 Vqc on average. This
observation is reflected in battery charging current too,
while the input power is maintained constant, charging
current increases from 18 A to 23 A on average. The
small change in charging voltage (0.18 V) leads an
increase of 5 A which can be calculated by change in
Vi / battery internal resistance (0.18 V4/0.036 Q). It
can be concluded that speed of the battery charging
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process under the same operation conditions increases
by 21% in case of using C-type filter. Therefore, the
SoC curve as shown in Figure 8a goes up faster than
without filter operation during the charging (Figure 5a).
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Figure 7. THD values with C-type filter

7. Conclusion

WPT systems are widely employed in EVCS.
However, structure of WPT causes current with
harmonics and thus causes non-sinusoidal voltage
drops. In this study, SVM-based optimal C-type
passive filter design problem is taken into account in
order to mitigate these harmonics and to increase PF.
Therefore, firstly modeling of EVCS is realized by
utilizing filter coefficients as inputs where THD;,
THD,, PF are chosen as outputs. Secondly, PSO
algorithm is employed on the SVM to find best filter
parameters.
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Figure 8. Charging of the battery with C-type filter
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Figure 9. Comparison of charging voltage values with and
without filter operation

The main advantage of the presented method is that it
does not require any equivalent circuit parameters of
the WPT system while determining the filter
parameters. However, a single-output FF is employed
in this study which is the main drawback of the method.
It does not have the capability to find solutions in all
objective contributions. After successful modelling and

optimization process, the designed filter is employed in
EVCS by using Matlab®/Simulink™ environment.
Simulation results prove that THD, and THD; decrease
under the limits defined by IEEE Standard 519-2014
and PF approaches to 1. Future works will be directed
to compare different types of passive filter structures as
well as various optimization methods such as chaotic
PSO for the purpose of mitigating harmonics in WPT
system.
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