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Abstract- Autonomous photovoltaic power generation is weather and time dependent which need energy storage to balance
generation and demand. This paper presents modeling, simulation and performance study of a stand-alone photovoltaic system
along with battery back up. The modeling and simulation of the considered system are accomplished in MATLAB/Simulink
environment. The simulation model consists of solar energy source, maximum power point tracking (MPPT) controller, battery
energy storage element with controller with associated power electronics converters. A pulse-width-modulated (PWM) three-
phase inverter controller is developed to regulate three-phase ac bus voltage and frequency. The dynamic load such as a three
phase induction motor and DC load are considered to study the performance analysis of the system. Simulation results show
that under dynamic and steady state condition the control strategies work satisfactorily to supply power to the load.
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1. Introduction

The production of electricity from renewable energy
sources like photovoltaic (PV) increases in recent years due
to environmental problems and the shortage of traditional
energy sources. Sun is the most powerful source of energy
which is readily available, environment friendly and is
widely used in all stand-alone systems. For remote areas,
which are isolated from utility grid, stand-alone operation is
the best option. An energy storage system is essential in all
stand-alone systems to store the excess energy and also
provide power due to increase in load power or reduction in
source powers.

Recently, solar energy has become a promising
alternative renewable source due to the attractive features
of the solar power generation systems, such as direct
energy conversion, ease of integration and low
environmental impacts. Solar panels which are made up of
photovoltaic cells connected in series and parallel. These
cells convert light energy into DC electricity and a silicon
made semiconductor material is used [1, 2]. The conversion

efficiency of the PV cell is low and to increase its operating
efficiency a maximum power point tracking (MPPT)
algorithm is required. There are different methods of MPPT
and are discussed in [3, 4]. The stand-alone hybrid systems
and their performance with battery storage have been
studied and discussed in [5-8]. A battery storage system has
a significant role in all stand-alone hybrid systems.
Batteries are the most promising units for renewable
energies, since their energy density is high and have high
performance. In all stand-alone systems, a battery backup is
needed to get the continuous power supply [9-11]. The
different type of battery energy storage devices includes
Lead-Acid, Nickel Cadmium, Sodium Sulphur, Nickel
Metal Hydride and Lithium-Ion. In this work, Lead-Acid
batteries are used since they are suitable for renewable
energy applications due to its lengthy life span and low
cost. Lead-acid batteries compromise its efficiency for
longer charging and discharging cycles and a life span of
20 years [6-10].

In this paper a control algorithm of the battery charger
for PV applications is presented to keep the DC link
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voltage constant during changes in source power or load.
The continuous power may not be available most of the
time especially during night due to the fluctuating nature of
power supplies of the PV and the changes in load demands.
When the solar energy is not sufficient, a battery backup is
needed to get the continuous power supply. So this problem
can be solved by a solar/battery hybrid system. To interface
PV modules and battery to a common DC-link two DC-DC
converters are used. The control strategy for the battery
maintains the power balance in the system and load
demand. To simulate the real data system, the solar
irradiation values for one day for the month of January was
collected from the innovation centre, MIT, Manipal and
used for simulation. A dynamic load such as a three phase
induction motor and DC load are considered to evaluate the
system dynamic behavior. This type of hybrid system can
be implemented in houses, apartments and industries
rooftops in various parts of India and can contribute for
effective harvesting of renewable energy resources.

2. System Configuration and Modeling

The developed hybrid system shown in Fig. 1 mainly
consists of a solar energy source, battery storage device,
DC/DC boost converters with MPPT controller, inverter
with controller and loads. The objective of the work is to
develop a Photovoltaic system along with a battery storage
for stand-alone residential applications. Solar energy
system along with a battery can provide more stable and
reliable power to the load. In order to analyze the operation,
both modeling and control are important issues. The
simulation model consists of solar energy source, energy
storage element, MPPT control and its associated
conditioning units. A PWM Inverter controller is developed
to regulate three-phase ac bus voltage and frequency. A
Control strategy for DC-DC buck/boost converter is
essential to keep the DC link voltage constant during
changes in source power or load. The PV/battery system
can be implemented in houses, apartments and industries
rooftops in various parts of India and can contribute for
effective harvesting of renewable energy resources.
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Fig. 1. The PV/Battery hybrid system representation

For photovoltaic array modeling, the mathematical
equations are utilized. Due to low conversion efficiency of

PV modules, MPPT controller is used. For modeling of a
PV cell, the electrical equivalent circuit shown in Fig. 2 is
considered. It includes a current source in parallel with a

diode, a resistance in series and shunt resistance.
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Fig. 2. Circuit diagram of the Photovoltaic cell

The net current in terms of the photocurrent I, the
normal diode current I, and leakage current is given by [12,
13]

{Nher@ K= mfmio Fof parallel arfd R= wnber]\g)f erlgs)
connected cells, tha shunt resistance is not tonsidered in the
study. Since both photocurrent I, and diode current I,
depends on temperature, these currents are given by
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3. Control Strategies
A. Photovoltaic MPPT Control

A MPPT controller is essential in all PV systems to
deliver the highest possible power to the load. There are
different approaches like fractional open-circuit voltage
method, fractional short-circuit current method, Perturb and
Observe (P&O0), incremental conductance, etc. to track the
maximum power [3, 4]. In this paper, the incremental
conductance method is used as it has the ability to track the
maximum power under fast changing atmospheric
conditions.
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In this method, the PV module terminal voltage is
adjusted according to the MPP voltage based on the
incremental and instantaneous conductance of the PV
module. The relationship between dI/dV and —1/V is based
on the fact that when MPPT is towards the right side of the
MPP, dP/dV is negative and when it is towards the left side
of the MPP, dP/dV is positive. This algorithm can
determine the MPPT has reached the MPP or not, while
operating point oscillates around the maximum power
point.
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Fig. 3. P-V Curve of 40kW solar module

From Fig. 3 it is clear that at the point of MPP the slope of
the P-V curve is equal to zero, positive on the left of the
MPP and negative on the right of the MPP. The basic
equations are given by [14].

dl I

v =-37 at the point of maximum power )
dl I . . .

v > - e to the left side of maximum power point  (10)
dI I . . . .
v <- p to the right side of maximum power point (11)
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Fig. 4. Flowchart based on IC method

Since dP/dV=0, at the point of maximum power, in terms
of V and I, the equation could be written as dP/dV =
[d(VD]/dV = 0;

dl/dv=-1/V

The PWM control signal of the converter is regulated by
the MPPT until the condition (dI/dV)+(I/V)=0 is occurred.
The Fig. 4 depicts the flowchart for incremental
conductance MPPT method [14].

B. Controller for Buck/Boost Converter

The lead-acid battery used in the system mainly
operates in two modes, in which the battery must be charged
or discharged to store excess energy from solar source or to
supply load power when solar power reduces. To maintain
continuous power flow between the DC bus and battery
storage device with constant DC link voltage, a buck/boost
DC-DC converter is used [15, 16]. The reference DC link
voltage of 780V is considered, so that the DC bus voltage
will remain stable during changes in the source power or
load variations.

Two PI control loops are used to regulate the DC-link
voltage. The inner loop controls battery current against any
parameter variations and the outer loop regulates the
voltage. The power balance between fluctuating source
power and time varying load is mantained by battery
charging or discharging process. The control strategy for
battery converter is shown in Fig. 5.

From the Fig.5, it is clear that there are two IGBTSs in
the configuration of converter in which both operates in
complimentary driven by PWM signal. The voltage V. is
then compared with a reference voltage (Vycref) to get an
error signal, after that the I,.r is compared with battery
current to get a PWM signal and the error obtained is
compensated by the PI controller as shown in the Fig. 5.
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Fig. 5. Control strategy for DC-DC converter
C. Inverter controller

To provide electric power to industrial applications, the
inverter converts the dc bus voltage to a regulated three
phase ac voltage with appropriate amplitude and frequency.
Since no grid exists in the stand-alone system, the output
voltage and frequency have to be controlled based on
rotating reference frame theory [17-19]. By generating a
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reference angular velocity o, the frequency of the system is
controlled. The voltage equations across the RL filter are
given by [19, 20]

Va la ; la Val
Vb =Rf[ib]+LfE ith| +|Vbhb1l (12)
Ve ic ic Vel

Where R;= resistance and L;= inductance of RL filter and
ia, 1p, 1. are 3-phase load currents. The d-axis and g-axis
load voltages are given by:

Va=Vai —igRp- Lf%erLfiq (13)
. diq .
V:]: Vql —lqu— Lf E_O)Lfld (14)

The voltage Vz;and V,;are given to PWM signal generator

so that the output voltage is controlled as shown in Fig. 6.

PWM Inverter

Fig. 6. V/f Control of Inverter
4. Results and Discussions

The simulated responses of the system for different
operating conditions in Matlab/Simulink environment are
presented in this section. A simulation time of 2.4 sec has
been considered. The Solarex MSX60 PV module was used
in this study and the simulation parameters of PV cell and
battery are given in Table 1 [13]. To simulate the real data
system, the daily global solar radiation data at Manipal,
India during January month is considered for the study
[21]. The DC bus voltage is maintained constant by the
battery controller. A PWM inverter controller is developed
to regulate high quality of three-phase AC bus voltage and
frequency. The reference value of DC-link voltage is set at
780V and the initial charge for battery is 70%. The
following different cases are considered for the analysis
with variations in solar irradiation and load conditions.

Case I: Variable AC and DC load

A 3phase resistive load, three phase squirrel-cage
induction motor (10HP, 415V, 50Hz, 1440RPM) load and
DC load are considered to study the dynamic behavior of
the system. In this case, initially the resistive load is 13kW
and is suddenly increased to 18kW at t=1.2sec. The load
torque applied to the shaft of the 3 phase induction motor is
50 N-m initially and is suddenly increased to 70 N-m at

t=1.2sec. The DC load is varied from 0 to 10kW. The
simulated results for active power outputs of PV system,
battery, inverter output power, power consumed by loads
and reactive power requirement of induction motor are
shown in Fig. 7. From figure it is clear that if the PV
system produces more power than load requirement, the
battery stores excess power. If the load demand is more
than power produced by PV system, the battery gives
required power temporarily.

Table 1. The parameters of PV module

Variable | Value

Name
Maximum Power P, 60W
Voltage at MPP Vin 17.1V
Current at MPP I 3.5A
Open-Circuit voltage Voc 21.1V
Short circuit current Ise 3.8A
No of series connected N, 36 X 32
cells
No of Parallel connected | N, 21
cells
Temperature coefficient | -(80i10)mV/0C
of open circuit voltage
Temperature coefficient | o (.0065i0.015)%/0C
of short circuit current
Temperature coefficient -(O.SiO.OS)%/OC
of power
Rated Capacity of 6.5Ah, 600V
battery
Initial State Of Charge % SOC 70%

Fig. 8 shows the simulated results for DC-link voltage.
During any variations in source power and load demand,
the DC-link voltage is nearly constant at 780V. The
simulated results for percentage state of sharge (SOC) of
battery and system frequency are shown in Fig. 9 and Fig.
10 respectively. From Fig. 10 it is seen that the frequency
remains constant during the changes in source or load
power. As the load on the induction motor increases the
electromagnetic torque also increases. The results for
induction motor torques for step change in torque T,, are
shown in Fig. 11.
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Fig. 7. Simulated results for active and reactive power
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Fig. 11. Simulated results for induction motor torques
Case 1I: Constant AC and Variable DC load

In this case 3phase resistive load (13kW) and three
phase squirrel-cage induction motor (SON-m) load are kept
constant and the DC load is varied from 0 to 10kW. The
simulated results for active power outputs of PV system,
battery, inverter output power, power consumed by loads
and reactive power requirement of induction motor are
shown in Fig. 12.
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Fig. 12. Simulated results for active and reactive power

The battery covers the deficiency in generation or load
demand depending on power generated by PV system and
the load requirement as shown.

Case III: Constant AC and DC load

In this case 3phase resistive load (13kW), three phase
squirrel-cage induction motor (S0N-m) load and and the
DC load (5kW) are kept constant. The daily variation in
solar power is considered. The simulated results for active
power outputs of PV system, battery, inverter output
power, power consumed by loads and reactive power
requirement of induction motor are shown in Fig. 13.
Depending on power produced by PV source and the load
demand, battery covers the deficiency in generation or load
demand as shown. From the results it is observed that the
power balance between PV system, battery and loads has
been maintained while extracting maximum power from
PV source. Also, it can be realized that the control strategy
is capable of controlling the voltage and frequency
irrespective of the load variability and PV power
uncertainty.
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Fig. 13. Simulated results for active and reactive power

5. Conclusion

A detailed dynamic model of the system under study
and the control strategy are investigated in the MATLAB
/SIMULINK platform in order to study and analyse the
system behaviour. The dynamic load such as a three phase
induction motor and DC load are considered to analyse the
performance of the system. The requirement of maintaining
constant DC voltage is realized considering different
operating conditions. Also from the simulation results, it
can be realized that the control strategy is capable of
controlling the voltage and frequency irrespective of the
load variability and PV power uncertainty. This hybrid
system can be implemented in houses, apartments and
industries rooftops in various parts of India with PV system
as the major power supply.
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