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ABSTRACT

The purpose of the present study was to simulate the equivalent circuit in the MATLAB software in order to imple-
ment the desired relationships for both continuous-conduction mode (CCM) and discontinuous-conduction mode
(DCM), and to obtain the power and efficiency values at different frequencies. Then, it was necessary to optimize the
effective values on the power by Particle Swarm Optimization (PSO) algorithm. After optimization, the optimization
and pre-optimization results were compared and, if post-optimization results were not desirable, effective parameters
should be reviewed before the optimization stage and the tunable parameters should be changed to achieve the desired
results. This process will continue to obtain the optimization results. The results show that the highest efficiency is
98% in the DCM mode and 95% in the CCM mode. In both methods, we achieved more favorable results than the
with the PSO method. However, the DCM mode provides an improvement which is about 2.6% higher than CCM.
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INTRODUCTION

Non-uniform distribution of fossil fuels and
their contamination has led to a move towards re-
placing fossil fuels with renewable fuels such as
solar energy and wind energy. Electric vehicles
(EVs) are an example of this movement that can
be a good alternative to current vehicles. In this
field, the battery of electric vehicles is the main
problem. High reliability, high lifespan, high en-
ergy density, and affordable prices are the condi-
tions required to compete with conventional elec-
tric vehicle batteries. Lithium-ion batteries are
the perfect choice. Electric vehicles with lithium-
ion batteries have two major problems compared
to fossil fuels. The first is their low energy den-
sity compared to fossil fuels such as gasoline. The
second is their long charge time, which is longer
than the normal refueling time. All of these fac-
tors increase the size of battery and hinder the ad-
vancement of electric vehicle technology [1].
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Using the cable to transfer power to electric
vehicles is the most common way to transfer
power. These cables may be worn and can be dan-
gerous under rainy or humid conditions. In turn,
charging the battery in this way does not provide
isolation between the consumer and the power
supply. Most importantly, these cables are very
bulky and expensive in high power transmission.
All these items can be removed by using a wire-
less charging. The electric charge is isolated from
the power supply in the case of wireless charg-
ing and does not require a physical connection
to initiate the charging process, and as a result
charging the battery is more comfortable for a
user. With this method, power transmission can
be performed under all climatic conditions and
there is no risk of electric shock. Wireless charg-
ing in the static mode does not provide the main
advantage of wireless charging. In other words,
it is expected that this method, which does not
differ much from charging via cable, will solve
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the main problem of electric vehicles, i.e. battery
issues. The proposed solution is dynamic wireless
charging. Obviously, the car can be charged with-
out stopping with this method. It results in the re-
duction of battery size of an electric vehicle. Dy-
namic charging has particular complexity at the
design stage, because the location of the receiver
is not definite. Several structures were proposed
to overcome these complexities [1]. Most studies
are based on the changing structure of the coils.
These coils are designed to provide a uniform
field in a reasonable area and provide the charg-
ing process for the user in that area. The most im-
portant obstacle to dynamic charging is the high
cost of implementation, which requires a large in-
frastructure. Wireless power transfer applications
are not limited to charging electric vehicles and
include medical and home applications [2]. The
Samsung wireless charging pad constitutes an ex-
ample of low-power wireless charging.
Short-range wireless power transfer with high
power is similar to the transformer power transfer.
Inductive power transfer relations are the main
ones in this field. Inductive power transfer is com-
mon in the electricity industry and is performed
in power transformers abundantly. The only dif-
ference in the wireless power transfer is the low
coefficient of coupling, which makes it necessary
to increase the switching frequency and the use of
compensation capacitors [3]. Many studies have to
be conducted to lead to the industrialization and
prevalence of wireless charging. Fortunately, much
attention has recently been drawn to this topic that
led to advances in its various areas. Higher-order
harmonics that is used for power transfer enables
reducing the size of power transfer coils. Obvi-
ously, it is not possible to raise the frequency from
a certain limit in high power applications due to the
switching frequency of electronic power switches.

Therefore, using a transfer method with higher-
order harmonics can multiply the power transfer
frequency, and produce smaller coils, especially on
the charge side. This method requires investigation
and development [4].

Wireless power transfer, due to the high safety
and ease of use, has been widely used in medicine.
In recent years, the advancement of the technology
of power electronic switches has enabled wireless
transfer for higher power, which has attracted the
attention of many researchers. With this technol-
ogy, the initial cost and size of electric vehicle bat-
teries can be significantly reduced and the indus-
trialization of these vehicles can be made easier.
There are many obstacles to industrialization of
wireless charging systems, which require suitable
solutions. Permanent changes of charge, misalign-
ment and parasitic elements are some of them [5].

LITERATURE REVIEW

The history of the electric vehicle dates back
to the middle of the nineteenth century and the
early twentieth century. The high cost, low speeds
and short distance range reduced their use world-
wide in comparison with the later fossil fuel ve-
hicles. Since the early 20th century, the interest in
electric vehicles and alternative fuels has grown,
since concerns about the problems caused by hy-
drocarbon contaminants and vehicle fuels, such
as environmental damages and the sustainability
of hydrocarbon streams, have been raised. The
invention of the first model of an electric vehicle
has been attributed to different people. In 1828,
Anyos Istvan Jedlik invented the first model of a
electric motor and designed a small electric ve-
hicle using his new motor [6]. In 1834, Thomas
Davenport who was a blacksmith from Vermont

Fig. 1. Proposed LCC topology
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invented a similar device that worked on a short
electric route. In 1835, Professor Sibrandus Strat-
ingh and his assistant developed a small electric
machine powered by primary cells [6].

In 1837, the first known electric vehicle was
built by Robert Davidson. Galvanic cells pow-
ered the vehicle. In 1841, he built a larger lo-
comotive called Galvani and exhibited it at the
Royal Scottish Society of Arts Exhibition. These
locomotives dragged a load of 6 tons, which were
tested on the railway in September of next year.
The limited power of batteries put an obstacle in
the way of general use. Between 1832 and 1839,
Robert Anderson also invented a simple electric
carriage. In 1840, a property right was granted for
the use of rails as conductors of electric current in
England, and a similar invention was issued in the
United States in 1847 [7].

Fig. 2. The virtual circuits: (a) the discrete circuit
model, (b) the simplified equivalent circuit model [12]

More recently, attention has been paid to the wireless power transfer for dynamic charging of elec-
tric vehicles while in motion, due to the lower battery requirements for greater energy storage and reli-
ability. In a magnetic resonant coupler coupling, it is customary to use circular resonators. However, due
to the various movement of the vehicle in motion, the alignment of the resonators is removed and, con-
sequently the performance of wireless power transfer is considerably reduced. The use of dipole electric
resonators was proposed to solve the problem of the study. Additionally, they compared the transmission
efficiency in the non-alignment mode of the transmitter and the receiver in two types of circular reso-
nator and dipole resonator (as shown in figure 1). Its result was the high efficiency of dipole resonator
and low changes of transmission efficiency compared to the circular resonator, while the resonators of
transmitter and receiver are moving in front of each other [8].

Ipy = Ii+1crq (1)

The equation above can be rewritten using the voltages and the respective impedances as follows:

UAB_.UCIfle_ ; . .
m—h +jwCrieUcrie (2
Thus
Ucrie = wiriell " (1—w2Lf1eCfle) '+ UAB 1-w2Lf1eCfle (3)

The Kirchhoff Voltage Law provides the following equation:

wLfiely

UCfle =

J(1=w2Lf1eCrie)

1—w2LfleCfle

Hence, replacing (3) with (4) and using a, = 1 - w’L ﬂeC e for the current flow in the coil will result in:

]' — Uap Mal, )
1 jw(Lelal +Lfle) Leja; +lr1e
Similarly, the circuit equations for the receiver side can be described as follows (CMOS, 2015):
. _ M (L)szgllz
Ucre = e, (©)
I' — Uab Mazil (7)
2 jw(Lezaz +Lf2e) Leza,+Lyze
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As it was mentioned, in this study we are going to use two methods of DCM and CCM signal trans-
fer to study power and efficiency in both modes. The formulas related to 7 the power and the efficiency

of each one are presented below [13].

__UablppA 22UpQ(W)cosg

PoutDCM(W) - 2 T (8)
SAUbJUgAZ (w)+U2ZB2(w)—2UaUpA(w)B(w)cosa ©)
Pout,ccm (w) = o
In both cases, using the following equation, the efficiency is calculated:
.. P,
Efficiency = 1‘3’—’“ (10)

DISCONTINUOUS-CONDUCTION MODE
(DCM)

In this system, there are two cases of cross-
sectional conduction the relations of which are
determined through the following equation:

M=Ax +Bu 0=t <y,
Me=Ax +Bu 1, <t<t, (11)
=Ax+Bu t,<t<T/2

CONTINUOUS-CONDUCTION MODE
(CCM)

The equations above can be solved using a
numerical method, and the values of each state
at any time can be obtained. On the basis of the
above-mentioned analysis, the output power and
its efficiency can be easily calculated:

B 2 +T2 ]
Pu =%, @i, @t )

Pom J-OT/2 (L[ab (l).l‘L/2 (t))dt

n= =T (13)
B ], a0, ()

In both equations presented above, the output
power and the efficiency of the WPT (wireless
power transfer) system are related to the system
performance.

In order to explain the CCM and DCM meth-
ods, it can be said that as in CCM systems, the
7 voltage cycle may be zero; it is better to use
the DCM mode to avoid this situation. In this
case, the voltage cycle will vary from the posi-
tive to negative values and never becomes zero.

As a result, power will not be zero at all. Fur-
thermore, the efficiency will also be displayed in
this 10 system.

SIMULATION

In a simulated system, the original coil is fed
by a sine voltage source, while in the second-
ary circuit; the load is calculated by the battery.
At this stage, we first apply the standard initial
values to the simulated system. Then, the results
with the intended changes are applied to the sys-
tem and the effects of each series of the changes
are studied, and MATLAB software is used to op-
timize the parameters which affect the PSO (par-
ticle swarm optimization).

Now, we use the Particle Swarm Optimization
Algorithm (PSO) to determine the optimal values
of Lf, Lf,, Cf,, Cf,, C,, C,, L, and L, parameters as
well as the frequency with the maximum power.
These values lead to the optimized power. Hence,

Table 1. The initial values considered for the system

Lf, 42.8e-6 H
Lf, 39.4e-6 H
Cf, 75.9e-9 F
Cf, 75.9e-9 F
C, 14e-9 F
C, 15.2e-9F
L, 256e-6 H
) 256e-6 H
Lf, 25.8e-6 H
Rf, 1.5e3 Ohm
C, 100e-6 F
L, 10e-3 H
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Table 2. The optimized values calculated for DCM mode

C, Cf, Cf, Lf, Lf,
14e-9 72e-9 75e-9 35e-6 43.1e-6

efficiency P_Max L, L, C,
98% 1470 97 kHz 191e-6 210e-6 15.6e-9

after optimizing the values obtained, the DCM
transfer will be the same as the table 2 shows.

Considering the simulation conducted to opti-
mize the results, we compare the optimized struc-
ture with the results obtained in the initial state.
Figures 1 and 2 show the results before and after
optimization, respectively. At present, due to the
presence of switching elements in this circuit, the
flow wave is not sinusoidal since there is current
harmonics. Therefore, in these statuses, two fac-
tors can be considered for the power:

0.94

0.92

Efficiency (%)

0.78

0.76

0.74
75 8 85 9 9.5 10 10.5

Frequency (Hz) x10*

e The displacement factor is the same phase dif-
ference between the wave form of the voltage
and current.

e The distortion factor which is dependent on
the distortion of the waveform generated by
the arrival of the harmonics.

Figure 3 shows the comparison between ex-
perimental and calculated power. Without consid-
ering power, it is possible to calculate the output
using these equations in which power is set to 1.
In this case, the rectifier losses are also consid-
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Fig. 3. Calculating the power and frequency of the initial DCM mode
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Fig. 4. Calculating the power and frequency of the DCM mode optimized using PSO algorithm
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Fig. 5. Comparing the power and efficiency of DCM initial and the optimized mode
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Fig. 6. Calculating the CCM power and efficiency optimized using PSO algorithm

ered. Output power, regardless of power, is much
higher than the experimental and calculated pow-
er while the two sides are very close to each other.

As it can be seen from the results of this
simulation, low power means low electrical ef-
ficiency which is due to the poor power switch-
ing performance in the network. The lower the
power, the higher the nominal power used by
the network. When the power is not modified,
the system, in addition to providing efficient and
effective active power supply, must provide its
reactive power that is inefficient. As the result,
larger and more expensive elements are used
in the system. If power is modified, these ele-
ments are not needed. Lowering the power to
zero, in addition to increasing the losses, causes
the harmonics to flow in the neutral line and dis-
rupts the performance of the electronic devices.

Therefore, we find that the closer the power to 1
(less 10 phase difference angle and active power
closer to the nominal power), the lower the val-
ue of the useless active power. In the wireless
charge transformation systems, as previously
stated, power is usually considered to be 1.

Finally, in order to compare the optimal result
obtained using the PSO with the initial results ob-
tained in the reference article, the following dia-
grams are introduced for power and efficiency.

As it is seen in this output, the efficiency
obtained from the simulation and the PSO algo-
rithm is optimized in comparison with the initial
state and the result of the optimization obtained
from the simulation is significant since the effi-
ciency obtained in the initial state is almost equal
to 91 percent, while in the optimal mode, it is
about 98 percent.
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Fig. 7. Calculating the CCM power and efficiency in both initial and optimized modes using PSO algorithm
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Fig. 8. Calculating the power and efficiency in both CCM and DCM modes

As it is shown, in the CCM mode, using the
PSO algorithm, we were also able to optimize the
results and to some extent optimize the power and
efficiency. One of the challenges we faced in this
paper was determining the parameters affecting
the power and efficiency as well as comparing the
methods of calculating power and efficiency in
the CCM and DCM modes. Therefore, as shown
in the following figures, after calculating and pre-
senting the graphs related to each of them, we
compared the two modes to find their differences.

As seen in the figure above, the DCM method
performed better than the CCM method. One of
the issues was that in the CCM method, at the
frequency more than 100 kHz, a significant drop
in power and, consequently, in efficiency was ob-
served. It occurred due to the sharp decrease in 8
voltage. Therefore, the voltages and power val-
ues close to zero at a frequency of 105 kHz. This
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means that at the frequencies higher than 100
kHz, power calculation in the CCM mode does
not yield the desired results.

CONCLUSION

According to the results, the obtained power
from simulation in the initial mode is in the fre-
quency range of 75 to 105 kHz that is approxi-
mately 1260 watts. This value is about 1464 watts
in the optimized mode and in the PSO algorithm.
Therefore, the optimization in the proposed simu-
lation is very good and the results are of a higher
quality than for the initial mode. Regarding 16 to
the two methods of DCM and CCM, it can be not-
ed that the highest efficiency is 98% in the DCM
mode and 95% in the CCM mode. In both meth-
ods, we achieved more favorable results than with
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the basic mode using the PSO method. However,
the DCM mode provides an improvement which
is about 2.6% higher than the CCM mode.
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