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Abstract: Nowadays, the usage of renewable energy resources (RER) is growing rapidly, but at the
same time, the effective utilization of RER is also a challenging task. For the better usage of RER and
the reduction of loss, the dual battery storage is proposed. The main aim of this work is to focus
on the design and implementation of a reliable and renewable power generating system under a
robust situation, along with a battery storage system. The perturb and observe (P&O) maximum
power point tracking (MPPT) technique has been applied to improve the solar photovoltaic power
production. In addition, the dual battery storage system is being introduced to improve the life cycle
of the primary storage system. The proposed dual storage system is highly preferable for remote,
location-based application systems, space applications and military operations. In the dual battery
storage system, the batteries are working effectively with a good lifespan, when compared with
the existing methods. To determine the state of charge (SOC) and depth of discharge (DOC), those
batteries” input charging and discharging levels were monitored closely. MATLAB Simulink (R2013)
is used for simulation; finally, a real-time, three-phase inverter was designed and validated. Under
this dual battery storage mode, the life time of battery is improved.

Keywords: renewable energy; boost converter; dual battery; state of charge (SOC); depth of charge
(DOC); battery charge controller and inverter

1. Introduction

Nowadays, solar power generation plays a vital role in industrial as well as domestic
applications. It is a cheap, pollution-free (noise and air) and green energy resource. As
per the Ministry of New and Renewable Energy (MNRE), India, the government of India
states that the average availability of solar irradiation in the southern part of India is
1266.52 W/m?. This irradiation is sufficient to produce an average of 5 kWh of electrical
power per day by implementing 1 kWp (availability of 5.5-h solar irradiation) through
a solar plant. The government of India plans to produce 20 GW of electric power from
solar energy by the year 2020. In 2017, the power sector added 167 GW of renewable
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energy capacity globally; a robust growth of 8.3% over the previous year was seen. Figure 1
clearly shows the implementation of solar PV power generation in India. Renewable power
generation accounted for an estimated one quarter of the total global power generation, a
new record. New records were also set for solar and wind installation, with the additions
of 94 GW in solar photovoltaic (PV) power and 47 GW in wind power, including 4 GW of
offshore wind power.

Solar plant installed in India
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Figure 1. Total installed capacity of solar power sources in India: 2017.

To improve the voltage gain, a single-phase, solar powered inverter is coupled with
a capacitor and an inductor with an inverter circuit; moreover, it has a common ground
between the input and the output. The overall voltage gain is more than two; similarly,
a half-bridge switched boost inverter is also proposed for voltage. Through this method,
the inverter can operate in different load conditions [1,2]. The inverter gate pulses play
a main role in harmonics generation and reactive power generation; by controlling these
input gate pulses, the output parameter will come under control. For that, the MP-PWM
technique is proposed in the active filter [3]. To store high-power density, two different
categories of storage devises are used in the solar power generation scheme, along with
a fuzzy logic controller system [4]. The author [5] designed the dual-ion battery (DIB)
to increase its energy density and to handle power density in a faster way. The method
used in [6] enhances the DIB by developing new structural design electrodes. Under
a dynamic condition, partial shading creates an unexpected error in solar photovoltaic
(PV) energy conversion, which [7] provided a solution. In this condition, the flower
pollination algorithm (FPA) was applied to find a suitable solution for getting the maximum
possible power. The FPA is classified into two groups based on pollination, i.e., the abiotic
process, which has its own self-pollination and the biotic process, which means cross-
pollination [8]. The steady state oscillation is achieved by the FPA, and finally, the author
compares the output with various methods, such as ANN and FUZZY. A single sensor type
MPPT (maximum power point tracking) is used as a solution for partial shading in solar
photovoltaics. The human psychology optimization (HPO) algorithm controls the entire
hardware of the proposed system. A current sensor measured the load current and fed it to
the controller. The HPO is nothing but a positive decision at all time—a positive-thinking
or goal-oriental person always creates positive energy around his/her surroundings. HPO
works based on this statement. It has four factors: excitement, self-motivation, inspiration
and lesson. The drawback of this proposal is its possibility to consider a negative value as
a positive reference [9,10].

The hill climbing (HC) method is meant for overcoming the uniform solar irradiance
problem in solar PV energy conversion. HC is used to improve the output of the solar
system by calculating the power differences of two consecutive cycles and by detecting the
solar irradiance fault occurrence. Based on the fault detection, a pattern structure is marked
in each step. Finally, it will fix the maximum power point. The existing model failed when
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multishading occurred at different places [11,12]. Fuzzy logic with maximum dual power
point tracking is implemented for attaining the maximum solar radiation. ‘Perturb and
observe’ is integrated with new fuzzy logic in this system, and fuzzy is designed with a
five-membership function; the TMS320F 28335 processor controls all parameters [13,14].
The system works towards attaining a steady state stability, and at the same time, it reduces
the oscillation. The drawback of this proposal is that it required a high cost for hardware
implementation [15,16].

The beta method is used to produce the highest power output from solar PV. In
addition, it ensures the tracking time to the maximum power point when compared with
any other method. It considers all environment factors, such as temperature, light intensity,
weather changes and irradiance. The zero-oscillation perturbation and observation methods
have three midpoint-level perturbation; by changing the duty cycle, they maintain the
maximum power at the output point. A dSPACE controller produces a control signal and
controls the entire system [17,18]. A hybrid Weibull pare (WP) to sine-cosine optimization
(SCO) MPPT is implemented for a dynamic and steady state condition. It can find a solution
with less steps; under the partially shaded condition, the boost converter is connected to a
solar PV and the load. The entire work plan is divided into two modes: first, the SCO finds
a place for all the variables; later, the WP updates the required location. The drawback
of this project is that it has a charging battery alone; moreover, it failed to validate with
nonlinear load [19,20].

For four-wire, three-phase, two-stage, grid-connected solar PV, the boost converter
was designed in the first level to get the maximum power generation. The DAND algorithm
is introduced for maximum power point tracking; it has a set of multipliers, integrators
and summers per phase. The simulation designed for the 25 kW dSPACE controller is used
in hardware implementation. It has a solution for load balancing, reactive power compen-
sation and harmonics mitigation [21-23]. The distributed MPPT (DMPPT) technique is
implemented to solve multipartial shading; DMPPT has two main divisions: a full power
processing structure and a differential power processing structure [24]. This focuses the
differential power processing by testing under various topologies, but it has a drawback,
which is its efficiency. The Qatar National Research Fund supported this project under
the NPRP-EP grant. The author made an investigation on various renewable generating
processes, from which he concluded that solar is the best among all other renewable energy
sources [25-27]. Moreover, he conducted research on solar energy conversion under two
categories: first, generating power from a solar heat energy scheme, including a solar heat
collector, steam generator, steam turbine and generator and second, generating power from
a direct solar PV-generating scheme under different conditions [28].

A power electronics tool is used to collect electrical energy from renewable energy
resources. Before designing a power electronics system, we have to analyse factors such
as efficiency, durability of power devices and risk reliability [29,30]. DfR technology was
applied here to examine failure identification, strength analysis, strength modelling and
reliability mapping of tools [31,32]. A mission profile of the system was examined by
various treatments conducted on the tools, and the lifetime was found. The drawback of
this paper is related to the design of the power electronics applications [33,34]. To overcome
these drawbacks, the dual battery storage system is introduced, and its block diagram is
shown in Figure 2. The proposed method controls the charge cycle of the battery, so the
lifetime of the battery is increased, and the effective utilization of RER is also achieved.

The rest of the paper is organised as follows: Section 2 covers the proposed method
and its detailed discussion, Section 3 deals with solar cell design and the Simulink model,
Section 4 discusses the hardware setup of the inverter with its detail control circuits and
the results for both hardware and Simulink under the corresponding sections, and finally,
Section 5 covers the conclusion.



Energies 2022, 15, 2748

4 of 14

COMMON
DC BUS

MPPT —
Based -rl
Boost #
Converter
Control
Inverter/ Brcakas
Main Control Rectifier 3
Battery Breaker Battery
1 Charge
Controller
Auxiliary Control
Battery2 Breaker Load
= 2

Figure 2. Proposed solar power generation scheme with dual battery storage systems.

2. Proposed Method

In the proposed dual battery operation, the first battery (B1) acts as a primary storage
device, and another battery (B2) acts as a standby storage unit. The dual battery algorithm
is proposed to control these two batteries. For that, the state of charge (SOC) of two batteries
are continuously monitored by using two identical circuits. To avoid ADC errors, identical
circuits are used. Based on the SOC percentage and the pervious operating mode, the
controller decides the mode of the battery.

In real time, a dsPIC microcontroller is used to load the dual battery algorithm. It
has an inbuilt, six-channel 10-bit ADC. The proposed general block diagram is shown in
Figure 2. Table 1 explains the mode of operations involved in this system.

Table 1. Parameter-based logical operation for the proposed system.

Solar PV SOC of SOC of L(?a'd G?i.d Power
Battery 1 Battery 2 Position Position Source
ON Max charge Not fully charged ON Ideal Solar PV
OFF Max charge Not fully charged ON Ideal Battery 1
OFF Low charge Not fully charged ON Ideal Battery 2
OFF Charge from grid ~ Charge from grid ON Import Grid
ON Max charge Max charge OFF Export Ideal

Equation (1) expresses the initial condition of batteries:

SOC1>= 96%

SOCy>= 96% @)

At initial condition {

Equation (2) expresses the condition to set battery 1 as an alternative source to the
load. This operation will come under mode 1.

SOC;1>=30% || <= 96%, setref. ==1

SOCy== any value @

B1 as an alternative standby source {

Due to any change on the load side or source side parameter at the K interval of time,
renewable power may be sufficient to meet the load demand. In addition, there is a chance
for a surplus of power at the source side; at that instant, battery 1 stops feeding to the load,
and it acts as a storage unit. This process stays on I, repeating until SOC; becomes less than
the minimum value.

Once the SOC; reaches its minimum value, the batteries will swap their role (see
Equation (3)). Here, B1 acts as a storage device, and B2 acts as an alternative source. Those
batteries will remain in their working mode until the SOC of B2 reaches its minimum value,
i.e., 30% of its charge. In this mode, due to the load parameter or source, the side parameter



Energies 2022, 15, 2748 5o0f 14

may adjust and just keep the system under a renewable-sourced mode for ‘N” number
of times. Nevertheless, the batteries will never change their mode until their own dual
battery controller commands them. In this process, the batteries” charge cycle is reduced,
which increases their lifetime. Figure 3 shows the flow chart of the dual battery algorithm,
and Figure 4 shows the Simulink model of the dual battery controller unit. Table 1 has the
logical parameters for entire system.

Set B2 as an alternative standby source

SOC; < 30% || SOCy >= 30% set.ref. == (©)
SOCy>= 30%, set.ref. == 1

Intilizing all
set values

For easy reference: Assume
Battery B1-DOC Max
Battery B2-SOC wmax

Ps- Solar Power
Pd- Power Demand

Allow B1 to get Direct feeding by solar I
charge energy without battery I
1 support I
v : v |
EYl:S . N Calculate surplus I
: power from solar
_____________ : energy |
Exchange battery’s No Change in — — — |
position Battery Position ;
Connect B2 for y - Connect B2 with Load A I

Disconnect load
from system

.’
charging é

| Exchange battery’s
position
Connect B1 with load

femecccccccccccccccan

Figure 3. Flowchart of the dual battery storage system.



Energies 2022, 15, 2748

6 of 14

powergd

From2
oms

.

Cartrolsigral T
— B1 charging
= : L0AD)
a0 Vin + VOLK_PH'—'—' Moa
'—Dﬂ 2
Fomt ] —a

o < S

B2 detargng D 82 discharging W3 cmt?

TP o

2n Vin-  VouN &
‘ —

K

Inverter

Figure 4. MATLAB Simulink diagram for the dual battery algorithm.

2.1. Dual Battery Mode 1 Operation

The circuit diagram of mode 1 is shown in Figure 5. In this mode, battery no. 1 is
working as an alternative source to the load; on the other end, battery no. 2 behaves as
a storage unit. In this mode, the diodes D1 and D4 operate in a forward bias; similarly,
control switches S1 and S4 are closed. In this condition, battery no. 1 is always ready to
feed the power to the load under any circumstances; likewise, battery no. 2 is also ready to
store surplus power from renewable power source. The process of mode 1 will continue up
to the condition when the SOC; reaches a minimum.

po—

Battery * <ﬁ =
1
_| Battery Charge ™ To Common
y Control DC Bus
J Unit

Battery S3

2 D3>
+ "1 S4

Figure 5. Circuit diagram of the dual battery mode 1 operation.

2.2. Dual Battery Mode-2 Operation

The circuit diagram of mode 2 is shown in Figure 6. In this mode, battery no. 2 is
working as an alternative source to the load; on the other hand, battery no. 1 behaves as a
storage unit. In this mode, diodes D2 and D3 operate in a forward bias; similarly, control
switches S2 and S3 are closed, and the rest of the switches remain open. In this condition,
the SOC of battery no. 2 may be between 30% and the maximum. Now, B2 is configured
to feed power to the load under any circumstances; likewise, battery no. 1 is also ready
to store the surplus power from a renewable power source. The process of mode 2 will
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continue up to the situation when SOC2 reaches the minimum. The functional concept of
the dual battery algorithm is expressed in Table 2.

S1
T
Battery 52
1
;| Battery Charge ™ To Common
) Control DC Bus
J Unit
Battery S3
2
+
S4

Figure 6. Circuit diagram of the dual battery mode 2 operation.

Table 2. Functional concept of the dual battery algorithm.

socC socC Pervious Battery DBS Algorithm
Battery 1 Battery 2 SI;(;:ITS Reztli)rlz:r);::n ¢ (?utput Input
(Discharge) (Charge)
Max Max Nil Yes Battery 1 Battery 2
Max Max Battery:1 No - Battery 2
Not Low Max Battery:1 Yes Battery 1 Battery 2
Low Max Battery:1 Yes Battery 2 Battery 1
Not Low Max Battery:2 No - Battery 1
Max Not Low Battery:2 Yes Battery 2 Battery 1
Max Low Battery:1 Yes Battery 1 Battery 2

From Figures 7 and 8, the illustrations clearly show that the SOC of the main battery has
maintained an optimal way to remove the unwanted charge cycles. For instance, for the load
ON position after 0.2 s but before 0.8 s, the main battery will remain constant on a charging
model until it attains the maximum SOC or the auxiliary battery reaches its maximum
DOC. Furthermore, the Figure 8 shows a better understanding for the above condition.

<S0C (%>
&8 0014

£ -
8 us
O wwe Increasing
Z o in SOC_—— - Increasing in SOC |
- 4../ ' No change in SOC '

-

= Charging ct. of Battery

3

=

&

— &

I" Load ON Position

Load OFF Position

s s
Time in Second

Figure 7. SOC and various load conditions for the main battery.
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Figure 8. SOC and various load conditions for the auxiliary battery.

3. Modelling of Single Diode Cell PV

The proposed system is simulated by the MATLAB Simulink model using a lead-acid
battery, and this study includes the various results, such as the modelling of a single diode
solar PV, three-phase inverter. The PV model consists of a diode (D), shunt resistor (Rg},)
and series resistor (Rs); in some cases, the high value of the shunt resistor can be negligible.

To improve the solar net power output, solar cells are connected with each other in a

series and parallel the w.r.t load demand or generation capacity. The output current of the
solar array is expressed as follows:

Vv Lv Rg
1{)15 pr ) 4 vaNp 4 RSIpV (4)
dkT N; Ry

I = Npnlph = Npr Lo [exp (q

Perturb and observe (hill climbing method) is the best and simplest approach to
meet over the maximum power point tracking in the solar photovoltaic power generation

method. The reason to justify P&O is that it requires a single voltage sensor to calculate the
MPP value.

Solar MMPT Techniques

The proposed system is loaded with the P&O technique to avoid or reduce voltage
fluctuation on the solar output terminal. One of the main reasons to implement this P&O is
that it has a highly simple design and good accuracy when compared with the solar MPPT
technique. The simulation results of the P&O method are discussed below. The actual
voltage and current of the solar PV system is continuously monitored by a P&O controller;
based on those values, the P&O controller generates gate pulses and sends them to the gate
MPPT boost converter. Figure 9 shows the actual design of the P&O controller.

Solar PV

[V]]_ JF
P &0 Kh Mosfet —
mper HH 12

controller

m | o

Figure 9. P&O-based MPPT boost converter design.
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Figure 10 shows the voltage waveform and current waveform of the solar PV system.
Similarly, Figure 11a shows the gate pulse of the MPPT DC-DC boost converter. The P&O
controller compares the voltage reference value with the actual value of the solar output
and decided the duty cycle of MPPT converter’s gate pulse. The controller will make
iteration for every pulse generation; moreover, the P&O controller is purely applying the
new actual data for calculations. In simulation, the sine pulse width modulation (SPWM)
is fused to obtain a smooth sine alternating voltage signal at inverter. Figure 11b shows the
gate pulse of the inverter at various time divisions. It clearly explains switching sequences
of the inverter with a proper timing interval. Figure 12 shows the inverter output voltage
(Vo) and output current (I,). Both I, and V,, are mentioned in the graph; the SPWM inverter
is producing a smooth AC voltage at its output terminal.

Solar PV Current
6 T T T T T
-
v
24— -
£
<
Eb i
2
= 5 I L 5 L
0 0.5 1 L5 2 25 3
| Time in seconds|
Solar PV Voltage
100 T T T
2 80— -
_g. ﬁ(ia I |
=
=40 -
e
> 20 —
0 1 1 1 1 1
0 0.5 1 LS ) 2 25 3

Time in seconds

Figure 10. Output of the solar PV system.

Gate pulse from the P&O controller to the MPPT boost converter

T T T

14

12 X 0.01404
Y1
1 .

Gate pulse in Volts

0.005 0.01 0.015
Time in seconds

(@
SPWM pulse for MOSFET Gate 1 & 2
T T T

"~

in
1

Gate pulse in volts
- |

0 0.05 0.1 0.15 02 025 03 035 04
lTimes in secands‘

SPWM pulse for MOSFET Gate 3 & 4

~

T T

in
1

\Galg pulse in volts‘

0 0.05

0.1 0.15 0.2 025 03 035 04
Time in seconds

(b)
Figure 11. (a) Gate pulse of the P&O-based MPPT controller. (b) Inverter gate pulses.
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4. Control Circuit and Driver Circuit

The dsPIC 30f4011 is used as a main controller for this proposed system, clearly shown
in Figure 13. It is a 40-pin controller; it has features such as a modified Harvard architecture,
high-performance modified RISC CPU with a DSP engine, 16-bit controller, three pairs of
inbuilt PWM chambers, 10-bit ACD accuracy with a conversion rate at 500 Ksps, operation
at 30MIPS, five 16-bit programmable timer/counter and 30 interrupt sources.

35 FFIRAREE

(a)

Figure 13. (a) Schematic layout of the dsPIC 30f4011 controller; (b) real hardware circuit of the dsPIC
30f4011 controller board.

Designing of Driver Circuit

Normally, the proposed main controller (dsPIC 30F 4011) operates in the voltage range
of 4.5 to 5.5 volts, and its control signals are also within the same voltage ranges. The power
electronics switches (IRF740) require a minimum of 12v for the gate pulse. Figure 14a shows
the general block diagram of gate signals’ flow path. Initially, the main controller produces
the gate signal at a prescribed port pin according to the program. The control signals were
directly connected with a opto-coupler (Sth615a) for the electrical isolation purpose.

It will protect the main controller from damage because of a power circuit failure or
short circuit in the power circuit condition. The output of the opto-coupler is inverse to the
actual signals that are produced by the main controller. Inverted gate pulses are applied
to the buffer (HEF4050B); it clears the ripples from the gate pulse. The ripples in the gate
pulses generate harmonics at the inverter output. A driver circuit is used to interface these
control and power circuits for which two low-power MOSFETs (IRF9250 and IRFZ44) are
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used in the driver circuit, which drives a power MOSFET (IRF460). Figure 14c shows the
circuit diagram of the driver circuit, and in Figure 15b, a photograph of the driver circuit
with electrical isolation protection is shown. Here, there is no need to use a boost trap
capacitor.

Controller —»{ Opto-Coupler —» Buffer | Driver Circuit

v

Power Circuit

(a)

VDD

B
N\ MN > e 1 [ ] BUFFER g 45:

' L. —» F > s RESISTOR OUTPUT
E BUFFER o
R S AT
Vss
(b) (o)

Figure 14. (a) Flowchart for the interfacing power circuit; (b) buffer i/p and o/p waveform of the
buffer circuit; (c) circuit diagram of the driver circuit.

Aetion
| B .
é Coupler
\
.

UL ' . .

s

CHT S00Y  CH2 50.0% M 10.0ms
Current Folder is &

(b)
Figure 15. (a). Driver input and output, 14. (b). Signal Photograph of driver circuit.

The entire hardware processes are carried out with neat, expected results; a single-
layer printed circuited board (PCB) is used in all hardware circuits. All components in this
system belongs to the dual-in-line package category.

The schematic circuit of the three-phase inverter and its real photograph are shown
in Figure 16. The inverter is designed as a three-arm, three-phase and three-wire inverter.
Here, power MOSFETs (IRFP460) were used to design the inverter circuit along with a RC
snubber to protect from any sudden change in voltage (dv/dt) and current (di/dt). The
input of this inverter is fed by a common DC bus, which is connected with a dual battery
and with a renewable power source (solar PV system). Figure 17a shows the real-time
programming environmental setup; a dsPIC from the microchip family is used as a main
controller, and a pickit3 is used as a program dump tool.
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Figure 17. (a) Real-time programming environment; (b) gate pulse for the three-phase inverter.

Similarly, Figure 16b shows the gate pulse of the inverter at different K intervals
of time. Instead of IRF240, low-power MOSFETs are used as driver circuits. The dead
time between the outgoing switch and incoming switches are calculated manually and
controlled via programming. Finally, Figure 18 deals with the three-phase inverter output,
the final output of this proposed system; Figure 18a shows the voltages across a two-phase,
no-load condition, and Figure 18b shows the same inverter output with the load condition.

Current Folde

Figure 18. Inverter outputs at various load conditions.



Energies 2022, 15, 2748 13 of 14

The proposed model enhances the lifetime of the battery by avoiding an unwanted
charge cycle. During discharging, the oxidation takes place, and, therefore, lead sulphate
is deposited on the anode; lead 4+ loses 2 electrons, so it forms lead 2+ ions, and here,
also, lead sulphate (PbO2) is deposited on the cathode. Similarly, during charging, the lead
sulphate, which is deposited on the cathode, is converted back to lead peroxide (PbO2),
and the anode layer lead sulphate (PbSO4) is converted into a sponge (porous) and lead
(Pb). Thus, the charging and discharging happens with a slighter time interval, directly
reducing the number of battery charge cycles and further reducing the lifetime of the
battery. Therefore, the proposed system improves the lifetime of the battery by reducing
the ineffective charge cycle.

5. Conclusions

The proposed paper has presented a dual battery storage system with the MPPT
technique to improve the efficiency of solar PV. In addition, the dual battery storage system
introduced a new concept for storage systems; it was simulated by using the MATLAB
Simulink model. Additionally, a real-time, three-phase inverter was designed with a
high protection circuit. Their (protection circuit) results were discussed with its output
waveforms, in which low-power MOSFETs are used as driver circuits to drive the power
MOSFET; dead time is controlled by a switching program, and RC snubber protection is
also implemented to the power switch. The overall performance of the proposed system is a
highly recommended because it enriches the lifetime of battery and high-protection circuit.
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