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Abstract

The large number of automobiles in use around the world has caused and continues to cause serious problems of environment and
human life. Air pollution, global warming, and the rapid depletion of the earth’s petroleum resources are now serious problems. For solving
these problems, solar electric vehicles (SEVs) and hybrid electric vehicles (HEVs) have been typically proposed to replace conventional
vehicles in the near future. They are high efficient, produces no local pollution, are silent, and can be used for power regulation by the grid
operator. Up to now, SEVs and HEVs have been widely studied to improve vehicle performance. This paper for manage the energy between
photovoltaic (PV) cells, battery and Brushless DC (BLDC) electric motor, proposed a novel topology for SEVs, where using bidirectional
isolated DC-DC converter and boost DC-DC converter for the solar system and battery cells. For analyzing the effects of the proposed
system, all of the components were simulated through MATLAB/SIMULINK environment.
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INTRODUCTION

The use of renewable energy is increased due to
continuous growth in energy consumption and the
continuously decaying fossil fuels [1-2]. PV power has
been a promising renewable energy source due to its zero
pollution, ability to operate with much less restriction on
location, and ease of maintenance [3]. The integration of
PV power systems and energy storage schemes is one of
the most significant issues in renewable power generation
technology.

SEV is a vehicle that uses a combination of different
energy sources to power an electric drive system, such as
PV cells and batteries. In SEV the main energy source is
assisted by one or more energy storage devices. Thereby
the system cost, mass, and volume can be decreased, and a
significant better performance can be obtained. However,
SEVs still have critical issues which need to be solved.

Because the renewable systems in SEVs cannot provide
a stable power for user, the renewable energy systems and
battery can be utilized for the hybrid power systems. In the
conventional PV system architecture, the PV power is
transferred to the load through a unidirectional and a
bidirectional converter where a considerable amount of
power loss occurs in each conversion stage. Hence, the
system efficiency deteriorates with the increasing number
of power conversions. When the renewable energy systems
cannot supply enough power for the load, the battery must
replenish insufficient power. Whereas the whole power of
the renewable energy systems cannot be used completely
by the load, the surplus energy can be used to charge the
battery.

When the battery pack is directly connected to a DC
bus without a converter, efficiency of the system was
reduced. Also, the battery life is degraded without proper
control of charging and discharging of the battery. So
distributed energy resources are not limited to PV and

battery, which generate dc voltage. All of these resources
have to be interfaced with a dc bus and feed power to the
load; therefore, DC-DC power electronic converters are
essential units [4, 5]. Because the bidirectional DC-DC
converters can transfer the power between two DC sources
in either direction, these converters are widely used for
renewable energy hybrid power systems [6, 7, and 8]. Some
cases of combining the solar array with the battery are
investigated in [9]. The topologies of these converters have
the isolated and non-isolated types for different
applications. The isolated types include the flyback type
[10, 11], forward-flyback type [12, 13], half-bridge type
[14, 15] and full-bridge type [16, 17]. These converters can
achieve large voltage gain by adjusting the turn’s ratio of
the transformer.

The bidirectional flyback converter has the advantages
of simple structure and easy control. The appropriate
solutions for large gain converters using a coupled inductor
were presented in [18, 19]. A clamp circuit is proposed for
recycling the leakage energy in a coupled inductor boost
converter [18] or buck-boost converter [20]. The capacitor-
diode clamp circuit acts in a similar way as the active
clamp cell in a flyback converter, but it does not require an
additional transistor. A similar idea is presented in [21],
where the output voltage is obtained as the sum of the boost
capacitor voltage and that of a voltage multiplier which
serves as a rectifier inserted in the secondary winding
circuit.

In this paper as shown in figure 1, for control of energy
storage interface between PV cells, battery pack and BLDC
electric motor, proposed a topology, which consist of a
bidirectional isolated DC-DC converter and high step up
DC-DC converter for the solar system and battery cells.
The rest of this paper is organized as follows, PV cells, the
battery, and proposed topology are modeled. Simulation
results are presented and finally conclusion is given in last
section.
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Figure 1. Energy exchange between PV cell, battery and DC link.
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Photovoltaic Array Model

Figure 2 shows the equivalent circuit of the ideal
photovoltaic cell. The basic equation from the theory of
semiconductors [22] that mathematically describes the I-V
characteristic of the ideal PV cell is:

I=1, -1, (eq(v +IR, )/nKT _1) )

The basic equation (1) of the elementary PV cell does
not represent the -V characteristic of a practical PV array.
Practical arrays are composed of several connected PV
cells and the observation of the characteristics at the
terminals of the PV array requires the inclusion of
additional parameters to the basic equations (2)-(8) [22]:

practical PV device

Figure 2. Single-diode model of the theoretical PV cell and
equivalent circuit of a practical PV device including the series and
parallel resistances.

Figure 3 shows the I-V curve originated from (1). The

net cell current I is composed of the light-generated current
I; and the diode current 7, .
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Figure 3. Characteristic I-V curve of the PV cell.

I-V characteristic of PV array is obtained by the
following equations:
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The following figure shows an example of a 24 volts
and 54 watts photovoltaic arrays.

Figure 4. 24 volts and 54 watts photovoltaic arrays.

Battery Model

Lithium-ion batteries are now generally accepted as the
optimal choice for energy storage in electric vehicles over
lead-acid or nickel-metal-hydride batteries due to their
superior power and energy densities [23]. The behavior of
lithium-ion batteries depends strongly on different states of
the battery like state of charge (SOC), temperature and
current. The battery model used in this paper is based on a
new high-power lithium ion cell [24], which shows high
power density and high efficiency.

Control Voltage Level

A small size of PV system; starts up from a few
hundred watts to a few kilowatts, is more and more adopted
in households due to attention of global warming and
energy conservation. However, output power of PV array is
directly affected by two uncontrollable parameters, i.e. sun
radiation or irradiance (W/M?) and ambient temperature
(C°) [25]. Consequently, output power of PV array has
widely variations. In order to obtaining full utilization of
PV system, a high efficiency converter operated is a need
[26].

PV systems consist of a solar panels, DC-DC voltage
converters, controllers and batteries. DC-DC voltage
converters are used for matching the characteristics of the
load with that of the solar panels [27]. DC-DC voltage
converters are classified into three categories boost
converters, buck converters and buck-boost converters.

As shown as in figure 1, for control voltage level
between solar cell, battery and DC link, high step up DC-
DC converter for photovoltaic system and bidirectional
isolated DC-DC converter for battery cells are used.

Bidirectional isolated DC-DC converter for battery
application

In the bidirectional dc-dc converters, isolation is
normally provided by a transformer [28]. One kind of
isolated bidirectional dc-dc converter is based on the half-
bridge in the primary side and on the current fed push-pull
in the secondary of a high frequency isolation transformer
[29]. The converter operation is described for both modes;
in the presence of dc bus the battery is being charged, and
in the absence of the dc bus the battery supplies power. [30,
31]. A novel hybrid bidirectional dc—dc converter was
derived and presented in [32]. In this paper, characteristics



P. Bayat et al / IJNES, 9 (2): 17-24, 2015

of the proposed converter in [32] will be analyzed in
MATLAB/SIMULINK environment and used in proposed
energy storage Interface.

As seen through figure 5, the boost type half bridge
high frequency inverter with the switches operating by 50%
duty cycle is in the primary side of the transformer. S3 and
S4 are controlled by duty-cycle, d, to change the operating
modes, when input voltage is variable in the wide range.
Two transformers, T1 and T2, with the paralleled primary
windings and series-wound secondary windings are utilized
to realize isolation and boost the low input voltage. Voltage
double circuit in secondary side of the transformer is to get
higher voltage conversion ratio. The leakage inductances of
the transformers are the interface and energy transfer
elements between the two high frequency inverters.
According to different power flow directions, operational
modes of the presented converter can be divided into two
modes, Boost mode and Buck mode. In Boost mode, the
power is delivered from the PV cells to the high voltage DC
bus, which means energy is from low voltage side to the
high voltage side.

In order to verify the operation principle of the
presented converter, performance of the system is studied
through simulation in MATLAB/SIMULINK.

The following figures show switching for this
bidirectional isolated DC-DC converter:
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Figure 6. Switching for bidirectional isolated DC-DC converter.
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Figure 7. The first pulse corresponding to S1, S2, second pulse
corresponds to S3, S4, and the third pulse corresponds to S5, S6.

Figure 8, shows simulation waveforms in
Vpar =30V pc (input power 750 W) and d = & and figure

9, shows simulation waveforms in ¥V, =30V~ (input
power 750 W) and d = 0.65m.
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Figure 8. V| +V7p, (First waveform), V., (second waveform),

i1 o (third waveform), i; | (fourth waveform).
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Figure 5. Bidirectional isolated DC-DC converter for battery application.
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Figure 9. V| +V7p, (First waveform), V., (second waveform),

i1 o (third waveform), i (fourth waveform).

Figure 10 shows the voltage and current for other areas
of the converter in V', =30V p- (input power 750 W)

and d = 0.657.
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Figure 10.7 4y )First waveform), V' ,p (Second waveform),

iy (third waveform), iy, (fourth waveform).

In figure 11, the gate drive signals and the drain—source
voltages of switches S2, S4, and S6 are presented,
respectively. These waveforms demonstrate that the voltage
across switches has decreased to zero before the gate drive
signal is given, which verifies the turn on ZVS operation.

This converter is well suited for battery charging and
discharging circuits. The battery model has to satisfy
different requirements due to the applications, for example
it has to be able to deal with very fast changing as well as
quite static input signals.

High step up DC-DC converter for photovoltaic
system

Very high step-up voltage transfer gains are required by
many modern applications such as high-intensity discharge
ballasts for automobile headlamps, fuel-cell and solar-cell
energy conversion systems, and so on.

The basic DC-DC converters can attain a high voltage
transfer gain but practically the large step-up voltage ratio
is limited due to limitation by the extremely high duty ratio.
The requirements also include good efficiency, little
electromagnetic interference noise, operation at high
switching frequency, and a small count of elements. Many

non-isolated topologies have been presented to obtain high
step-up voltage gain in the past decade [33, 34]. These non-
isolated converters can be used with the coupled inductor
technique [35], cascaded technique [36, 37], and switched-
inductor and switched-capacitor techniques [38] to obtain
high voltage gain with the appropriate duty ratio.

However, non-isolated converters cannot meet the
safety standards needed in galvanic isolation. In order to
meet the safety standards of galvanic isolation, some
isolated converters for high-step-up applications have been
proposed. These converters are secondary-series boost
converters [39, 40], voltage-lift techniques [41, 42], and
boost-type converters integrated with a transformer [43, 44]
to obtain high voltage gain.

In proposed method for manage energy between solar
cells and DC bus, high step-up DC-DC converter with
coupled-inductor and voltage doubler circuits which
proposed in [45] is used. Figure 12 shows the circuit
configuration of this converter, which consists of two active
switches S1 and S2, one coupled inductor, four diodes
D1-D4, and two output capacitors C1 and C2. The coupled
inductor is modeled as a magnetizing inductor Lm, a
primary leakage inductor Lkl, a secondary leakage
inductor Lk2, and an ideal transformer. Capacitors CS1 and
CS2 are the parasitic capacitors of S1 and S2, respectively.
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Figure 11. Drain source voltage vy and gate drive signal vy of the
switches in Via = 30 Vpe and input power 750 W.

(@) S2: vgs2 (blue waveform), and vas (Purple waveform)

(b) S4: vess (blue waveform) and vay (Purple waveform)

(c) Se: vess (blue waveform) and vy (Purple waveform)
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Figure 12. High step-up DC-DC converter with coupled-inductor and voltage doubler circuits.

The following figure shows switching for high step-up
DC-DC converter:
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) >
w

Figure 13. Switching for high step-up DC-DC converter.

h 4

h 4

Under the operating conditions V;,= 24 V, V,= 204 V,
and P,= 250 W, some simulation waveforms are shown in
Figures 14-18. Figures 14, 15 and 16 show some
simulation voltage waveforms. It is seen that V;, Vo, Vp,,
and Vp, are equal to half of the output voltage during the
steady-state period. However, the ringing phenomenon of
Vi and Vg, is caused by the line inductors and parasitic
capacitors of S; and S, when S; and S, are turned off. Thus,
the ringing phenomenon must be taken into consideration
for choosing S; and S,. Figure 17 shows some simulation
current waveforms, which agree with the operating
principle and the steady-state analysis. However, the
ringing phenomenon exists in ips. One must consider this
phenomenon for choosing Dy. As shown in Figure 18, the
voltages across C; and C, are equal, and they are also equal
to half of the output voltage.

Figure 19 shows the DC link voltage which obtained by
battery and solar cells in different radiation, sunlight
intensity in terms of watts per square meter, output voltage
of battery cells and output voltage of PV arrays.
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Figure 14.Simulation waveforms of Vg1 and V).
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Figure 15.Simulation waveforms of Vpy, Vs, Vps and Vpa,
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Figure 16. Simulation waveforms of Vs, and Vg,
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Figure 18. Simulation waveforms for Vo, V¢ and Ve,
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Figure 19. (a) Sunlight intensity in terms of watts per square meter
(b) Output voltage of PV arrays in different radiations
(c) Voltage of battery cells
(d) DC bus voltage

CONCLUSION

The power generation systems using low-DC
renewable energy sources such as photovoltaic module and
fuel cell need a high step-up DC-DC converter to interface
the low-DC voltage to the high DC voltage distribution
network. It is well known that the output voltage of PV
arrays fluctuates with the output current and climate
conditions such as solar radiation and ambient temperature.
In other words, the output voltage of PV arrays has a wide
variation range. It is thus imperative for the front-end dc/dc
converter to achieve a high efficiency over the entire input-
voltage range. Because the bidirectional DC-DC converters
can transfer the power between two DC sources in either
direction, these converters are widely used for renewable
energy hybrid power systems, so this paper for control of
energy storage interface between PV cell, battery and DC
bus, proposed a novel topology. Different parts of this
topology are discussed, eventually various voltages and
currents converters simulated in MATLAB/SIMULINK
environment.

NOMENCLATURE
Iy Saturation current for diode [A]
q Electronic charging [1.6e-19 C]
n Quality factor of diode

K Boltzman’s constant [1.38e-23 Tk ]

T Temperature [ °C ]

T, Reference temperature-1 [ °C ]
T, Reference temperature-2 [ °C ]
G Irradiance [w / m? ]

I, Short circuit current [A]

Ve Open circuit voltage [V]

Ve Gap voltage band [V]
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