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In this study, a battery energy management system for electric vehicle (EV)
applications is proposed with a standalone photovoltaic (PV) source and
controlled based on the availability of grid, PV source, load consumption,
and energy stored in the battery. This paper proposes a single-ended
primary-inductance converter (SEPIC) DC-DC converter for charging the
battery through the utility and PV source that provides good load regulation.
The bidirectional nature of the proposed DC-DC converter provides the
charging and discharging of the EV battery in the succeeding modes of
operation, i) grid-tied charging, ii) PV-tied charging, iii) discharging to the
load in the absence of utility and PV source, and iv) regenerative braking.
An improved perturb and observe-based maximum power point tracking
(MPPT) algorithm is proposed to track the maximum power from the PV
source. In addition, to handle the four modes of operation, a dedicated
controller is also proposed. Firstly, the proposed system is validated using
MATLAB/Simulink software by considering different operating conditions,
and the performance is compared with the traditional MPPT algorithms.
Finally, the effectiveness of the suggested system is validated through an
experimental prototype. The result proved the superiority of the converter
and controller over the traditional systems.
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Nomenclature

I : Photocurrent of the cell (A)

lg : Saturating diode current (A)

n . Ideality factor of the diode

Rs : Series equivalent resistance (Q2)

Rp : Shunt equivalent resistance (Q)

Vout : Output voltage of the SEPIC converter
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Vi, and Vs . Input voltage to the converter

Ves : Voltage across the coupling capacitor of the SEPIC converter
Vi, and Vp, : Voltage across the inductors L1 and L2, respectively

Lm : Magnetizing inductance (H)

is : Source current (A)

N : Flux linkage

F; and f_ : Switching frequency and supply frequency, respectively, in Hz
Ps : Power flow on the grid side (W)

ds : Pulse width of MOSFET switch Sa

vy, I, and P, : Battery voltage (V), current (A), and power (W), respectively
Re . Load resistance (Q2)

Vpy and Ppy : PV voltage and power, respectively

Vi and Chy : Voltage and capacitance at the high voltage side of the converter

1. INTRODUCTION

The automation industry's primary concerns are lowering greenhouse gas emissions and the swift
depletion of conventional fuels used in automobiles. Electric vehicles (EVs), which use batteries in place of
traditional sources of energy, were developed as a substitute fuel that produces fewer emissions of carbon
dioxide. Energy is still needed to power the batteries so that automobiles can run without releasing
greenhouse gases into the atmosphere. In EVs, the EV is powered by renewable energy sources like
photovoltaic (PV) and fuel cells, which are also used to store any extra energy for future use. However,
storing hydrogen gas for fuel cells makes the design as intricate as lithium-ion in practice. Although lithium-
ion batteries [1]-[4] outperform previous battery types in terms of performance, there is still potential for
development in terms of thermal properties, which can impact the overall system when utilized for extended
periods. Fast charging procedures are employed to charge the batteries for effective operation, resulting in
decreased capacity and battery longevity. So, to charge the batteries without increasing C-rates, optimization
approaches are required, and estimating of state of charge (SOC) is crucial for such strategies [5], [6]. By
examining the battery's open circuit voltage at various SOCs, a lookup table is created that is utilized to
calculate SOC while the vehicle is in operation. The proposed Luo converter to drive the switched reluctance
motor (SRM) for pumping applications [7]. As the PV functions with a maximum power peak (MPP), its
operation is based on the procedures of charging the battery, and the power produced is provided to the load
[8], [9]. It provides continuous current and voltage through the inductor and capacitor to drive the SRM and
soft starting is done by an appropriate assortment of initial duty cycles besides step change of duty ratio by
the maximum power point tracking (MPPT). The efficiency of the system reduces with the reduction of solar
irradiance. The proposed regulation of grid voltage by online tap changing transformer [10]. This
combination of mechanical and power electronic switches is used for load regulation of the system. The
mechanical switches operate during steady-state conditions, and power electronic switches operate during the
tapping process, and this is done for real and reactive power compensation in high voltage, high power
systems. Mouli et al. [11] and Shariff et al. [12] have proposed a 10 kW EV charging system using a three-
port converter with bidirectional functionality as both vehicle-to-grid (V2G) and grid-to-vehicle (G2V)
modes are implemented. A pulse-width modulation (PWM) boost rectifier cascaded with a bidirectional DC-
DC converter [13] has been proposed for charging the electric vehicle with power factor improvement.
However, huge battery storage is required as the PV provides energy in the daytime only. They proposed an
integrated EV charging system with PV and wind energy sources with voltage regulation control, providing
DC voltage regulation by charging and discharging the batteries depending on loading conditions [13].
Medium-level and high-power devices or equipment have been reported to charge batteries utilizing non-
isolated architectures of the DC-DC converters. With lower and medium DC-link voltages, the interleaved
boost converters and the traditional boost converters are employed for charging EV batteries [14]-[16].

Extreme fast charging techniques are reviewed to meet the growing demand for electric vehicles.
Solid-state transformers can be utilized in place of conventional power line frequency transformers. Modular
DC-DC converters are proposed to allow different battery technologies to be linked to drive inverters
operating independently from each other. Wide-bandgap power semiconductors are used in order to enable
high switching frequencies and reduce the size of passive elements. This leads to a reduction of losses, in
particular at light loads. However, proper passive elements are to be designed, and even slight deviation will
lead to overshoots of DC voltage and stray capacitances in the switches, resulting in a common mode current.
DC micro grid-based electric vehicle charging system is offered to increase productivity and reduce charging
time. Mahmud et al. [17] proposed an algorithm which provides charging and discharging of vehicles based
on the peak loads by coordinating PV sources, battery energy storage systems and EVs. The charging of an
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EV depends upon the distance to be travelled and the SOC of the battery. Monteiro et al. [18] proposed a
multiport converter which integrates PV, EV and grid in which G2V, V2G, PV2G, and PV2V modes are
achieved using the proposed predictive control structure. Singh et al. [19] proposed an integrated-on board
charger in which the external sensors are not required for power factor correction due to nonlinear control
techniques. Venkata and Williamson [20] proposed an onboard charger with buck and boost modes, and a
dual-mode control strategy is used for voltage regulation and power factor correction and enables the smooth
transition between the modes. Jain et al. [21] proposed an incremental conductance-based MPPT algorithm in
place of perturb and observation (P&OQ) algorithm, and the incremental conductance (INC) procedure is more
competent and possesses higher tracking speed over varying solar irradiations. The INC-based MPPT
technique is used for its potency and provides better performance under the varying condition of solar
irradiation. It is based on the slope of the PV power characteristics being zero in the maximum power point,
either positive or negative. It is similar to the working of the P&O-based MPPT technique, and it requires
voltage and current sensors once the MPP is achieved. Further calculation of PV power is not required as the
oscillations are minimized, and the step size of the increment decides the tracking speed of the MPPT. The
algorithms track the peak power and might settle on local peak power instead of global peak power.

In [22], grey wolf optimization (GWO) technique is proposed under partial shading conditions
(PSCs), and it is tried with multiple peaks, and its tracking performance is compared with that of two MPPT
algorithms, namely P&O-MPPT and improved particle swarm optimization. A new algorithm termed as
firefly algorithm was proposed [23] to track the global maximum point. However, the computation speed is
reduced, and the convergence time is increased. A new technique is presented in [24], in which fractional
chaos maps are integrated into the algorithm to increase accuracy and reliability. It can follow the input data
provided with minimized deviation, increased rate of convergence, and requires minimum time for
computation. In [25], a wind-driven optimization-based MPPT is presented, and its effectiveness is
contrasted with that of seven other algorithms, such as differential evolution, genetic algorithm, and particle
swarm optimization. In [26], without considering the PV cell's temperature or the amount of solar irradiance,
the genetic algorithm approximates the PV current and PV voltage at the maximum power point. It provides
stability and reduces the oscillations around the maximum power point as it is not concentrating on power
deviations. A modified cat swarm optimization is proposed to realize global MPPT for the PV system. In
[27], modified cat swarm optimization is proposed, which deals effectively with the partial shading
conditions of the PV system. The accuracy and tracking speed increase by using this MPPT. In [28], an
analytical approach is performed by tracking maximum power under shaded conditions. It is simple and
quick, and the accuracy in predicting the maximum power is improved by integrating the functionality of
reverse blocking and bypass diodes in the circuit model. Also, the proposed technique could be utilized for
any number of series/parallel combinations under partial conditions. In [29], a modified hybrid MPPT
technique is proposed by combining the traditional evolutional algorithms, such as differential evolution and
particle swarm optimizer. Each algorithm is employed to overcome the drawbacks of the other algorithm, and
also it is simple and can be implemented in low-cost controllers.

In [30], various algorithms, such as P&O, INC, particle swarm optimization, and adaptive fuzzy are
studied and compared with each other under single and multiple global peaks caused by partial shading under
various configurations of a DC-DC converter. A new flower pollination algorithm (FPA) method combined
with P&O is proposed in [31]. In this, a new switching technique is used by integrating both FPA and P&O
algorithms. The P&O takes over once the FPA algorithm estimates global power peaks. Hence, the switching
losses are reduced. In [32], the deep reinforcement learning concept addresses solutions for the MPPT issues
under partial shading conditions. A model-free reinforcement learning algorithm is used to increase the
tracking efficiency of MPPT. An adaptive neuro-fuzzy inference system and particle swarm optimization are
hybridized to formulate a hybrid MPPT algorithm [33] to get maximum power with zero oscillation tracking
at a higher tracking speed. This method needs no sensor to measure the cell's irradiance and temperature.
They proposed combining the P&O algorithm and adaptive proportional integral derivative (PID) controller
to track the maximum power. The gains of the adaptive PID controller are designed for various solar
irradiations; hence, the efficiency is increased under all conditions, and the tracking speed is improved [34].
They suggested a simplified hybrid firefly and neighborhood attraction firefly-based MPPT that offers higher
convergence velocity, fast-tracking, accurate responses, higher efficiency, and can track the global maximum
power point in shady areas and through various operating conditions [35]. Based on a thorough literature
study, this paper proposed an effective converter based on SEPIC topology and an intelligent controller to
handle different operating conditions and loads. In addition, a modified P&O algorithm is also proposed to
handle the partial shading conditions. Four different modes of the suggested system are deeply examined, and
experimental findings are provided for all modes of operation.

It is proposed to design and implement a DC-DC SEPIC converter for battery charging applications.
It consists of a solar array at the source side, and the output of the converter is connected to a battery.
Together with the change in current (dI), along with the voltage and power conditional phases, it is suggested
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as a way to enhance the MPPT algorithm. Further, a closed loop controller like a proportional integral (PI)
controller is designed and simulated to maintain the output voltage and current constant for a specific valve.
The primary contribution of this paper is as follows: i) Design and develop SEPIC-based DC-DC converter
for electric vehicle battery charging; ii) Design and develop intelligent controllers for controlling the
operation of the converter in the charging and discharging modes of the EV battery; iii) Design and develop a
new MPPT algorithm based on the P&O algorithm; iv) Verification of theoretical analysis using simulation
and experimental studies; and v) Comparison of the converter operation between the proposed P&O and
other traditional algorithms.

This paper is organized as follows. The proposed topology is provided in section 2. The design
approach of the suggested converter topology is discussed in section 3. The different MPPT techniques,
including the proposed modified P&O algorithm, are discussed in section 4. Section 5 analyzes the controller
strategy for various modes of operation. The simulation and experimental results are provided in section 6.
The conclusions are provided in section 7.

2. PROPOSED EV BATTERY CHARGING SYSTEM

The suggested EV strategy with a photovoltaic energy function is in four phases: i) grid charging,
ii) PV charging, iii) propulsion, and iv) regenerative braking. It includes a built-in SEPIC converter, a PV
source, a battery for energy storage, as well as load parameters like power consumed, power generated,
voltage, and battery state of charge. The SEPIC DC-DC converter, along with the controller, regulates the
load voltage and supplies a pulse to the converter to function for both buck and boost modes. The auxiliary
toggles manage the operational modes. Figure 1 presents the suggested system for recharging the batteries of
electric vehicles.
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Figure 1. Schematic diagram of the suggested EV system

2.1. PV cell modelling
This study uses PV panels of 12 V and 100 W for power production. Figure 2 shows a single-diode
illustration of a PV cell. The following provides a five-parameter PV cell model [36]:

V+IRg ) V+IR
S

I=Is—1d(e"VT—1 . @

p

where R, is the shunt resistance (Q), Ry is the series equivalent resistance (€2), the ideality factor for diodes is
n (ranges from 1 to 2), I, is saturating diode current (A), I, is photocurrent (A), Vr = kT /q denotes the
thermal voltage, g denotes the electron charge, k denotes the Boltzmann constant, and T denotes the absolute
temperature of the cell.

Int J Appl Power Eng, Vol. 12, No. 3, September 2023: 255-276



Int J Appl Power Eng ISSN: 2252-8792 a 259
I
H—
v

Figure 2. Single diode model of solar cell
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2.2. SEPIC converter

The circuit diagram of a SEPIC-based DC-DC converter is shown in Figure 3. The single-ended
primary-inductor converter is a type of DC-DC converter that allows the electrical potential (voltage) at its
output to be greater than, less than, or equal to that at its input. The SEPIC converter has two modes of
operation. When the pulse is high, the MOSFET turns on. Capacitor C1 and input voltage V;, charge the
inductors L1 and L2. The output capacitance C2 supplies the load when the diode is not conducting. When
the gate pulse is zero, the power switch turns off, enabling the current through the inductor to circulate
through the load and the capacitors get charged. Longer charge durations lead to increased inductor voltage;
hence the load voltage rises as the duty cycle does. The duty cycle can be calculated using (2).

D _ Vout (2)

VintVout

Where V.. signifies the load voltage and V;,, represents the source voltage.

- Mode 1: The capacitor C2 is discharged whenever the switch is ON, while the inductors L2 and L1 are
charged. The voltage equation for this mode is provided in (3). The equivalent circuit for the SEPIC
converter for mode 1 is shown in Figure 4.

Vin = Vi1 + Vs + V) 3)

Because the average voltage of V. is equal to V;,, the expression for the voltage across the inductor is
given as (4).

Vii =V (4)

- Mode 2: When the switch is OFF, the inductors start discharging, and the capacitor C2 gets charged. The
output voltage for mode 2 is provided in (5). The equivalent circuit for the SEPIC converter for mode 2 is
shown in Figure 5.

Vout = VQ1 -V ()
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Figure 3. Schematic of a SEPIC-based DC-DC converter
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Figure 4. Equivalent circuit for SEPIC converter - Figure 5. Equivalent circuit for SEPIC converter -
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2.3. Modes of operation of the proposed converter

The conventional SEPIC converter is modified in such a manner that it consists of four ports, two at
the input side (AC supply and PV) and two at the output side (battery and load). When the AC supply is
available, it charges the battery; otherwise, PV charges the battery. When the vehicle is moving, the battery
discharges and supplies the motor. When braking is applied, the energy from motor windings is fed back to
the battery. The proposed converter operates in four modes which are provided as follows:
- Mode 1: Grid charging mode

In this mode, the PV module is not included. P, is ON, while P, and P; remain OFF. The Ly and
inductor L1 are charged when S is turned on, and in Figure 6, the inductor's current path is shown with
bolder lines. The capacitor C, powers the storage device in this state. The energy of the L, and L; has been
released, C; get charged, and the load is provided as S is turned OFF.
- Mode 2: PV charging mode

When the PV power reaches a specified threshold, the suggested system switches to this operation.
During this mode, the switch Sgs is in the ON position. The converter operation in this mode uses logic
comparable to mode 1. The MPPT operates and charges the battery with all of its available power. In mode 2,
the maximum power differs depending on the fluctuating sun irradiation. The analogous circuit for this mode
is shown in Figure 7. The PV module can power other individual batteries when EV charging is not
necessary for the objective. Thus, the switch S, improves the use of the PV module in such circumstances.
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Figure 7. Equivalent circuit of the proposed converter - Mode 2
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- Mode 3: Propulsion mode

The battery discharges to the DC-link capacitor in this setup. The P2 and P3 are ON. Inductor L1 is
charged when S is ON. When Sy is turned -OFF, inductor L1 supplies to Ch and supplies to load. The
current flow is depicted with solid lines. Figure 8 depicts the equivalent circuit of this mode.
- Mode 4: Regenerative braking

In this, regenerative braking is applied, and the motor winding stored energy is used to recharge the
battery. The battery receives the energy that is stored in the DC link. This results in an improvement in the
run time of the vehicle. In this, P2 and P3 are ON, and Sa is ON. The motor load charges the L1, and
Figure 9 depicts the current's path through L1 as a dotted line and when S, is OFF, L1 is discharged and
supplies the battery. Figure 9 depicts the current's path through L1 as a solid line.
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Figure 9. Equivalent circuit of the proposed converter - Mode 4

3. DESIGN PROCEDURE OF THE PROPOSED CONVERTER

The proposed converter parameters are designed as per the following equations. There are elements
utilized only for one mode, and there are also a few elements used in multiple modes. Hence the design
includes all the modes, and a suitable value is assigned to the circuit components.
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3.1. Mode 1

In this state, the battery is supplied by the capacitor Cp. When the S, is switched ON, the inductors
L, and L,, get charged. The L,, and L, get discharged, Cs get charged, and the power to the load is provided
when S, is OFF. Following is the inductor value for this mode.

_ Vsxdq
L= Alp1+Fs (6)

The inductor ripple current is provided in (7). In addition, the expressions for d, and L, is also provided
as follows:

AiLl = N%ls (7)
_ _"

dy = Vs+Vp (8)
Ve2xd

b = e ©)

substituting d, in (9), the inductor is calculated as (10).
Vs Vp

Ll = *
PgxFgxX  Vp+Vs

(10)

Where i = (i—s), V; is grid voltage, Ps is power flow on the grid side, d; is the pulse width of Sa, and Fs is
switching frequency, correspondingly. The L,, is provided in (11).

1-d4

Ln = Vo g (11)
Substituting d, in (11), the magnetic inductance is given as (12).
2
L = gt 8 (12)

= *
PsxFsxmt%  Vp+Vs

Where Ai;,, is 1% of is and iy = (;_S) The expression for the C; with k% of ripple voltage in V. is presented
in (13).

_ dq(t)
CS N Vb kVc(t)*FsRL (13)

Where V, is capacitor voltage. The d, and V.(t) = |V,(t)| and R,= VZ/Py, are substituted in (13). Therefore,
the inductance is calculated using (14).

2

Vs Vb Pp

L1 = * =
Vp+Vs kex|Vs (£)[+Fsx(Vp+V)s

(14)

Vb2
k*|Vs(f)|*Fs*ﬁ

The Vs, max and Vy are considered for the calculation of Cs. The C,, is designed in order to minimize the
second-order harmonic (100 Hz) ripples across C,. Hence, the C,, is provided in (15).

Pp

Ch=—1tb —_ Vo __ Pp (15)
b ™ 2wave, T 208%Vy | 208%V52

Where AV, is 8%Vy, w = 2rf; and f; is supply frequency.

3.2. Mode 2
In this, the switch S,3 is turned on, and the battery is charged using power from the PV system. The
L, is made similar to mode 1 and is as (16).

L, = o (16)

T Al +Fs

Where Al 4, pv=E% Iy The d, is provided in (17).
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—_ ¥
dz - Vpy+Vp (17)
Placing the d, in inductance, the expression for L, is as (18).
2
Ly =2 - (18)

= *
Ppy*Fsxe% Vp+Vpy

Where Ppy and Vpy are the PV power and voltage, respectively. The value of L,, is calculated using (19).

1-d,

Lin = Vo g (19)
Substituting d, in (19), the L,,, is calculated as (20).
2
L,= Vev % Vb (20)

"~ PpyrFsv% Vmp+Vpy
Where AiLm is % of Iy and lp=(Ppv/Vpv).

3.3. Mode 3
In this mode, inductor L, is charged when Sy is ON, and when Sy is turned -OFF, inductor L,
supplies to Cry and supplies to load. The L, in mode 3 is designed as provided in (21).

L, = %;TS (21)
Substituting Fs=1/Ts, the L, is rewritten as (22).

L= (22)
Where Al ;isn% ip and d3 = 1 - V, /Vy,,. The Cy,, is designed as (23).

Cro = RLFdiivh (23)

Vhv
Where AV, is capacitor ripple voltage, d; = 1 - V,,/V},,,, and R, = /Py,

3.4. Mode 4
In this, Sa2 is ON. The L; is charged by motor load, and when Sz, is OFF, L, is discharged and
supplies the battery. The L1, rs in mode 4 is designed and provided as (24).

_ (AVpy=Vp)*dy
L, = T (24)

Substituting V,, in (24), the L, is rewritten as (25).

L = (AVpy=daVpp)*dy _ (1=dg)*Vpypdy (25)

Alpq1*Fs Alpq*Fg

Where Al 1= P% inv and d,= Vp/Vhy.

4. PROPOSED MAXIMUM POWER POINT TRACKING TECHNIQUE
This section discusses the traditional P&O and INC MPPT techniques. In addition, this section also
discusses the proposed modified P&O algorithm for MPPT applications.

4.1. Proposed P&O algorithm

The P&O algorithm is used to track and extract the maximum power from the PV system. In this
algorithm, the PV voltage is perturbed little, and the (AP) is measured. If AP is positive, then the perturbation
of the PV voltage reaches closer to MPP. Thus, the perturbations continue until AP stays in a positive zone,
as presented in (26). If AP is negative, then the perturbation of the PV voltage is moving farther to MPP, and
the direction of the perturbation is to be reversed so that the power reaches MPP [37]. The P&O algorithm-
based MPPT is provided in Figure 10.
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Figure 10. Flowchart for P&O algorithm based MPPT
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Figure 11. Flowchart for modified P&O algorithm-based MPPT

(26)

Since the variables dl and dV seem to be positive, its additional variable, dl, can detect an increase in
solar irradiance. In order to avoid the drift problem, the duty ratio is modified to decrease the operating voltage,
where dV and dl are positive. This is done by moving the switching point closer to the MPP.
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Figure 11 shows the flowchart for the modified P&O-based MPPT technique. As shown in the flowchart for the
adaptive P&O (AMP&O) algorithm, the scaling factor, M, alters the perturbation size, as presented in (27).

— Vpu(t+1)-Vpp(D)] _ [Ppu(t)—Ppy(t—1)] — AVpy x dPpy (27)
[Ppy(t+1)=Ppy(t) [Vpu (£)=Vpy(t-1) APpy  dVpy

In a start-up, the variable M must be tuned appropriately to perform better under all conditions.
Initially, the dP/dV is maximum, but due to lower values of AV/AP, the dP/dV is also reduced. Hence the
performance is better in steady-state conditions. The performance is better in transient conditions due to
automated M tuning than manual tuning or fixed value.

4.2. Incremental conductance (INC) method

This method assumes that a change in output conductance ratio is equivalent to a negative output
conductance ratio. The peak PV power for this technique is over 98% of its incremental conductance.
Figure 12 shows the flowchart for implementing the INC algorithm. The INC algorithm determines the P-V
curve's slope, and the maximum power point is traced by looking for the P-V curve's peak. The INC
algorithm employs the instantaneous conductance 1/V and the incremental conductance dl/dV. In 28 is used
in the traditional incremental conductance algorithm to find the MPP, and the MPPT controller measures the
PV module's voltage and current.

I+VE=0 (28)

|

\ and I values of PV array

Set cycle by i=1

dV=V-V, and di=L-I

Increase cycle by
I=I+1

I D=D-dD | I D=D+dD | l D=D+dD | | D=D-dD

4|_k‘ V=V and I;=1 |§
1<
|

Figure 12. Flowchart for INC-based MPPT

5. PROPOSED CONTROL STRATEGY

In mode 1, the traditional proportional integral (PI) controller is utilized, and the maximum power
point tracking controller is utilized in mode 2. PI controllers are used in two loops for modes 2 and 4. When
the voltage at the source is equal to the inductor voltage, Sa is turned OFF by a flip flop that has been set by
a clock or gating pulse. In mode 3, the output voltage is regulated in order to keep it constant under any
conditions so that the vehicle operation is smooth. In mode 3, the PI controller is given the difference in
voltage between the reference voltage and the measured voltage, and it generates the reference battery
current, which is compared with the measured battery current, and the error is provided to the inner Pl
controller. The inner PI controller generated the duty ratio and subjected it to PWM, and the pulses were
provided to Sa. The control structure for modes 1 and 2 is shown in Figure 13, and for modes 3 and 4 is
shown in Figure 14.
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Figure 14. Control structure for modes 3 and 4

6. RESULTS AND DISCUSSIONS
This section analyses the simulation and hardware results obtained for different MPPT algorithms.

6.1. Simulation results
The entire system has been modelled in the MATLAB/Simulink software suite and evaluated for

various operational scenarios, as was previously stated. In mode 1, the SEPIC converter receives a 150 V
supply voltage between t=0 and t=0.5 s. Next, the source is interrupted, and from t=0.5 to t=2 s, PV serves as
the source. These two possibilities both involve charging the battery, and the motor will be in a standstill
condition. At t=2 s (mode 3), the motor starts to operate in the forward direction, and the battery starts to
discharge. At t=3.5 s (mode 4), the regenerative braking is applied to the motor, and the charge present in the
motor windings is retrieved to charge the battery.

6.1.1. Mode 1: Grid charging mode

Figure 15 shows the voltage and current waveforms of the grid. Grid voltage and current peak levels
are roughly 210 V and 20 A, respectively. The zero-phase transition between the voltage across the grid and
the current causes the boost in power factor. Figures 16 and 17 depict the voltage and current waveforms of
the battery while they are being charged by the grid. In this, the current is roughly 25 A, while the battery
voltage remains at 52 V (which is greater than the 48 V standard battery voltage). Figure 18 depicts the
voltage waveform across the capacitor Cs. Figure 19 depicts the voltage across switch Sa. PV supplies
battery energy while the grid is cut off at t=0.5 s.

0 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 045
Time(s)

Figure 15. Current and voltage waveforms of the grid
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Figure 16. Mode 1 - Battery voltage
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Figure 17. Battery current waveform in mode 1
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Figure 18. Capacitor (Cs) voltage waveform
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Figure 19. Switch (Sa1) voltage waveform

6.1.2. Mode 2: PV charging mode

The battery current is roughly 25 A, and the battery voltage remains stable at 52 \V (which is greater
than the standard battery value of 48 V). At t=0.5 s, the grid is cut off, and PV powers the battery charge.
Figure 20 provides the irradiation for the production of photovoltaic power. Between t=0.5 s and t=1, the sun
irradiation is around 500 W/m?, between t=1 s and 1.5 s, it is 1000 W/m?, and between t=1.5 s and 2 s, it is
lowered to 500 W/m?,

Irradiation is brought down to zero after a period of two seconds. Figure 21 depicts the photovoltaic
electricity produced as a result of the solar irradiation discussed earlier. The photovoltaic power produced
between t=0.5 s and 1 s is approximately 406 W, while between t=1 s and 1.5 s, the amount of power produced
is approximately 809 W (97.94%). Between t=1.5 s and 2 s, the photovoltaic output is 406 W (98.3%); between
t=1.5 s and 2 s, the photovoltaic output is 406 W (98.3%). The incremental conductance algorithm replaces the
P&O algorithm, and the same irradiation levels are applied to the PV array. The PV power with incremental
conductance algorithm is provided below in Figure 22. In this, the photovoltaic power produced between t=0.5 s
and 1 s is about 409 W, between t=1 s and 1.5 s, the photovoltaic output produced is about 809 W (97.94%),
and between t=1.5 s and 2 s, the output of the photovoltaic source is 409 W (99.03%). The Modified P&O
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algorithm replaces the incremental conductance algorithm, and the same irradiation levels are applied to the PV
array. The PV power with the modified P&O algorithm is provided below in Figure 23. In this, the power
produced between t=0.5 s and 1 s is about 412 W, between t=1 s to 1.5 s, the output of the PV is about 809 W
(97.94%), and between t=1.5 s and 2 s, the output of the photovoltaic source is 412 W (99.76%). Here, the
modified P&O algorithm extracts PV power slightly higher than the incremental conductance algorithm under
shaded conditions, whereas both algorithms extract the same power without shading. The modified P&O
algorithm extracts more power than conventional P&O and incremental conductance algorithms under shaded
conditions, and under unshaded conditions, all three algorithms extract the same power. The battery current and
voltage during mode 2 are illustrated in Figures 24 and 25.
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Figure 20. Shading pattern

2

PY Power(W)
&
E

Time in seconds

Figure 21. PV power in mode 2 with conventional P&O algorithm
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Figure 22. Output power of the PV in mode 2 obtained by the INC algorithm
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Figure 23. Output power of the PV in mode 2 obtained by the modified P&O algorithm
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Figure 24. Mode 2 - Battery voltage
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Figure 25. Battery current waveform in mode 2

The current flow at these timings only provides that the PV functions in mode 2. Even without
voltage from the supply, it charges the battery. The current at the battery is about 10 A from t=0.5 s to t=1 s,
and between t=1 s and 1.5 s, the current is 15.6 A, and between t=1.5 s and 2 s, irradiance is minimized
toward 10 A. After t=2 s, the PV is disconnected, and the vehicle starts to operate in forward mode (mode 3).
Table 1 shows the power extracted by modified P&O for different solar irradiations. Table 2 shows the
comparison of MPPT algorithms.

Table 1. Power extracted by modified P&O
Solar irradiation (W/m2)  Rated PV power (W)  Power extracted by MP&O (W)  Efficiency (%)

1000 826 809 97.94
800 660.8 657 99.42
500 413 412 99.76
200 165.2 87.3 52.8

Table 2. Comparison of MPPT algorithms

MPPT Irradiation-1000 W/m? Irradiation-500 W/m?
Algorithms Rated PV Power extracted  Efficiency (%) Rated PV Power extracted by  Efficiency (%)
Power (W) by MPPT (W) Power (W) MPPT (W)
P&0O 826 809 97.94 413 406 98.3
INC 826 809 97.94 413 409 99.03
Improved 826 809 97.94 413 412 99.76
P&O

6.1.3. Mode 3: Propulsion mode

In this mode, the vehicle is accelerated by charging the DC-link capacitor with the energy that was
previously stored within the battery throughout PIN charging and RBG modes. In mode 3, the voltage and
current of the battery are depicted in Figures 26 and 27, respectively. In this mode, the load increases at
t=2.5 s and is reduced at t=3 s. The current at the battery is about 10 A between t=2 s and t=2.5 s, and
between t=2.5 s and 3 s, the current is 15.6 A, and between t=3 s and 3.5 s, the current is reduced to 10 A.
After t=3.5 s, the regenerative braking is applied to the vehicle, and the battery acquires the energy that is
stored in the motor windings. The motor voltage and current are provided below in Figures 28 and 29.

2 25 3 35
Time(s)

Figure 26. Battery voltage waveform in mode 3
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Figure 27. Battery current waveform in mode 3
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Figure 28. Motor voltage waveform in mode 3
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Figure 29. Motor current waveform in mode 3

6.1.4. Mode 4: Regenerative braking

In this, regenerative braking is applied, and the motor windings' stored energy is used to recharge
the battery. The battery receives the energy that is stored in the DC link. At t=3.5 s, the regenerative braking
is applied, and the current flow is in a negative direction, i.e. it is fed back to the battery to charge it. The
battery voltage battery current is provided below in Figure 30, Figure 31 and the motor voltage in Figure 32.
The battery is initially charged by source and PV until t=2 s; hence, the battery voltage is high, and SOC
increases. As the motor starts at t=2 s, the SOC starts to reduce due to discharging of the battery. At t=3.5 s,
the regenerative braking is applied; hence, the battery is again charged and %SOC and voltage increase. The

SOC (%) is shown in Figure 33.
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Figure 30. Battery voltage waveform in mode 4
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Figure 31. Battery current waveform in mode 4
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Figure 32. Motor voltage waveform in mode 4
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Figure 33. State of charge (%)

6.2. Hardware results

The hardware block diagram of the proposed converter is shown in Figure 34. In order to convert
the voltage ratio to 230/12 V, 1 A, 50 Hz and regulate the DC voltage, a single-phase AC supply of 230 V,
50 Hz, is used to power the step-down transformer. A diode rectifier transforms the 12 VV AC voltage to 12 V
DC voltage. The rectified DC voltage is provided to 5 V and 12 V Voltage regulators. The Arduino
microcontroller receives the regulated voltage of 5 V, and the microcontroller produces the pulses in
accordance with the control scheme. The gate pulses that are produced by the controller are matched up with
the 12 V regulated supply that is delivered to the driver circuit. This allows the driver circuit to remain
capable of operating the power electronic switches that are a part of the proposed converter. In this, a single-
phase AC supply of 230 V, 50 Hz, is provided as a supply for the control circuit, which consists of the
microprocessor to generate the pulses and a driver circuit which drives the gate of power electronic switches
using the pulses generated from the processor. A step-down transformer is used. By using this, the 230 V AC
main supply is stepped down to 12/24 VV AC is given to the rectifier, which converts the AC supply to a DC
supply. Basically, rectifiers convert AC to DC. From the step-down transformer, a supply of 12 V AC is
given to the rectifier, which converts AC to DC supply. In the end, we get a 12 VV DC supply. A voltage
regulator is used to maintain a constant voltage level. Two voltage regulators provide 5 V and 12 V DC
supply from 12 VV AC supply, i.e. 5V for the buffer IC and 12 V for the driver circuit. A buffer is a circuit
that produces the same voltage output that is input into it. The high input impedance allows the full voltage to
fall across the buffer. It is used between the controller and the driver circuit. The specifications of the
components are listed in Table 3.
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AC Voltage Integrated
Source |—3 Converter

AN A
1
______________________ 1
1 (] Battery
1 PV Panel 1

Motor
Load

Gate : Pulses

Controller . O/P Y

' 1
'
'
1 : 1
1 '
1
- Single Phase Step Dowm '
- AC Supply »  Transformer '
¢ i 230V, SOHZ 230/12V,1A ' ,
: ' : Tae ! Ve
: v
1 1
Vaer e [
i LM 7808 Diode '
i Voltage Regulator [ Rectifier '
....... o 0 i
5] Y ¥ '
e :
- - Controller 1
'
'
'
1
'

Driver
"""" > Circuit

Figure 34. Block diagram of proposed converter

The experimental prototype is shown in Figure 35. The pulse generated is provided to the buffer IC
(CD 4050), which provides isolation between the controller and the other driver circuit components. The
supply of driver IC is provided by a step-down transformer (230-12 V), which is rectified and provided to V.
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and ground ports. The output of the driver IC is provided to the power electronic switches according to the
modes. In Figure 36, the supply voltage is around 48 V and 2 A. The supply can be used to charge the
battery, and the waveforms of the source voltage can be provided.

Table 3. Hardware specifications

Components Components Components Components Components
name range quantity Components name range quantity

U1560-Diodes 200V, 15A 3 Battery (Lead Acid) 12V, 7.5 Ah 3

1000 pF, 25V 3 TLP 250 - Driver IC 12V,15A 3

. - 220 pF, 100 V 1 CD 4050 Buffer IC 3-18 V, 0.32 mA 1

Capacitors (Electrolytic) 355 \r 00 v 2 Regulator, 7812 12V, 1A 1

1000 pF, 100 V 1 Regulator, 7805 5V,1A 1

12V, 750 mA 1 1N4007 - Diode 700V,1A 3

Transformer (Step-down) 45/ 5'a 1 Arduino UNO Controller  7-12 V/, 20 mA 1

Bridge Rectifier, BR1010 700V, 10 A 1 IRF250N - MOSFET 200V, 30 A 3
Bridge Rectifier, W04M 400V, 1A 2

»

Transformer |

Figure 35. Experimental setup of the proposed system
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Figure 36. Source voltage waveform

In this, the source voltage of 48 V is applied to the proposed SEPIC converter as AC supply. Then the
supply is tripped, and the DC supply (PV) of 12 V, 1 A is connected as the source. During these two modes, the
P1 manual switch is ON while P2, P3, and P4 are OFF, the battery (3*12 V, 7.5 Ah) is charging, and the HV
(High Voltage) DC load is still in the open circuit. In mode 3, the HV DC load is connected as P1 is OFF and
P2, P3, and P4 are ON, and the battery starts discharging. The voltage sensor and current sensor first detect PV
voltage, PV current, and load voltage. Sensed values are provided to the Arduino, where the pulses are
generated according to the operational modes. When AC supply is available, Sa3 is ON, and Sa1 operates at high
frequency for the boost and buck operations. The current limiting resistors reduce the current flow in both the
input and battery sides. The sensor is of lower ratings; hence, the potential divider or voltage divider reduces the
voltage value measured by the sensor, and the actual values are calculated with Arduino for control loops.
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In Figure 37, the supply voltage is measured as 24.4 V of 50 HZ frequency after the current limiting
resistor in which there was an occurrence of voltage drop and the rectified DC voltage is provided in Figure
37. In Figure 38, we get the dc voltage of 32.8 V as the RMS value, the efficiency of the bridge rectifier is
around 71.3%, and the maximum efficiency is claimed to be 81.2%. The switch (Sa1) voltage is provided
when the PV source is connected.

The battery voltage before and after the charging is provided in Figure 39, The voltage of the battery
before the charging starts is around 34.4 V, and when the charging occurs, it is increased to 35.2 V. The
inductor voltage is shown in Figure 40, and the inductor voltage is positive while it is charging, negative
while it is discharging, and the overall inductor voltage is around 18 V, around 55% of the input DC voltage.
The coupling capacitor voltage of the converter is shown in Figure 41. Similar to the inductor, the capacitor
voltage increases gradually from positive while charging and negative while discharging. The overall voltage
is around 10.4 V, which is around 58% of the inductor voltage and 32% of the input DC link voltage. The
high voltage load voltage of the suggested SEPIC converter in mode 3 operation is provided. In Figure 42,
the RMS voltage is around 87.2 V, and the DC link voltage is around 123 VV when mode 3 starts operating.
The battery starts to discharge as it acts as the supply.
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Figure 42. RMS voltage waveform

7. CONCLUSIONS

This article presents the design and analysis of a SEPIC converter intended for use in battery
charging applications as well as for electric vehicle purposes. The operational modes are controlled by a
controller configuration based on the load requirements and PV power generation. The fluctuation in current
(dlI), in addition to voltage and power conditional statements, is recommended to be incorporated into the
MPPT algorithm to create an improved P&O algorithm-based MPPT. The suggested methodology is
simulated, and the suggested method's efficacy is verified with fixed and variable irradiations. Regenerative
braking is applied as the energy stored in motor windings is retrieved to charge the battery and increase the
run time of the vehicle. The modified P&O algorithm replaces the incremental conductance and P&O
algorithms. Because the modified P&O algorithm extracts PV power slightly higher than the incremental
conductance algorithm under shaded conditions, whereas both algorithms extract the same power without
shading. The modified P&O algorithm extracts more power than conventional P&O and incremental
conductance algorithms under shaded conditions, and under unshaded conditions, all three algorithms extract
the same power. Finally, based on the findings, it is proved that the suggested PV system for EV battery
charging application is effective and efficient.

Though the performance of the proposed converter strategy delivers competitive results, it is
essential to validate the performance in a real-time environment. The application of the proposed charging
strategy can be extended to other distributed energy sources. The converter voltage gain and efficiency can
be improved by employing boosting techniques, such as voltage multipliers, voltage doublers, coupled
inductors, and transformers. It is also proposed to the extent of MPPT by employing metaheuristic
optimization-based MPPT techniques.
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