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Abstract — In a microgrid network, it is difficult to supply the
critical load without energy storage, especially when renewable
energy sources are used. The proposed solar PV system with
battery energy storage is used to supply the controllable real and
non-active power to the load. The generated solar power can be
extracted under varying irradiance and temperature condition
and can be stored in the batteries at low power demand hours. In
proposed scheme, inverter control is implemented with active and
non-active power control mode to achieve the faster dynamic
switchover for the support of critical load. The Battery storage
appended with solar PV system synthesizes the output waveform
by injecting or absorbing non-active power and enable the real
power flow required by the load. The system reduces the burden
on the conventional source and utilizes solar PV to supply critical
load constraints. Thus, the system provides fast response to
support the critical loads. The scheme can also be operated in an
islanded mode in case of grid failure. MATLAB/SIMULINK
software is used to simulate the proposed system and results are
presented.
Keywords— Microgrid, solar PV Generator, battery energy
storage, critical load.

I. INTRODUCTION
With high population growth and economic development in
the world, there is a very high demand for energy. Traditional
fossil fuel based power networks are facing confrontation due
to the emerging crisis of these non sustainable resources, poor
energy efficiency and increased environmental pollution. As a
renewable energy, solar energy generation has been focused
as a clean and inexhaustible energy providing a feasible
solution to energy shortage [1]-[5]. The microgrid consisting
of solar PV system with battery back-up is becoming more
prominent with the increasing demand of power generation
[6]. It increases the reliability of the system with reduced
environment pollution. However the sporadic nature of solar
PV source causes fluctuation in output power and will affect
the operation in the distribution network. The residential,
industrial and commercial consumers often operate the
sensitive electronic equipments or critical load that cannot
tolerate voltage deviation or loss of power, which moreover
cause decrease in life of operating equipments or stoppage in
industrial production [7]. Therefore there is a pressing need to
mitigate the output fluctuation so as to supply quality power to
the loads. The battery storage appended with solar PV system
can provide the effective, reliable solution to the distributed
power system. However, to maintain the voltage and
frequency within permissible limit, the operation and control
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of the inverter interface of solar PV in a microgrid is a real
challenge [8]. Researchers in [9] proposed a voltage control
method based on traditional droop control for voltage sag
mitigation. Frequency regulation of a microgrid using solar
power is explained in [10], however the battery storage is not
considered. The coordinated control of solar PV system with
battery back-up in microgrid is investigated in [11]; however
this work lacks consideration of battery SOC constraint. In
summary, the previous work either lack consideration of
battery storage or incorporation of control transition in
different scenarios. The proposed control strategy with
battery storage fulfills these gaps by considering following
objectives.
 To supply real and non-active power from solar PV
system and battery to the load
 To extricate maximum power from solar PV generator
 To maintain State of Charge (SOC) of battery
 Stan-alone operation of microgrid
The rest of the paper is organized as follows. Section II
introduces the proposed microgrid. Section III briefly
presents solar energy extraction with batteries. Section IV
describes proposed active -reactive power (P-Q) control and
battery SOC control strategies. Section V discusses
experimental results. Section VI finally draws the
conclusions.
II. PROPOSED MICROGRID
A microgrid architecture consisting of solar PV generator,
battery energy storage, Diesel Generator (D-G) set and load is
illustrated in Fig. 1. The microgrid consists of renewable
energy resources, which are small units provided with power
electronics (PE) interface. To obtain the maximum power
under varying operating conditions, the solar PV array is
integrated through a DC-DC boost converter and controlled
using a Maximum Power Point Tracking (MPPT) algorithm
[12]. The solar PV array is integrated through a DC-DC boost
converter and controlled using a Maximum Power Point
Tracking (MPPT) algorithm to obtain the maximum power
under varying operating conditions [12]. The Battery Energy
Storage System (BESS) is concatenated through buck boost
converter to maintain state of charge of battery. BESS offers
charging during the daytime when the irradiance is large and
load is less, and discharging when the irradiance is less and
load is more. The converter is used either in buck or boost
mode to charge or discharge the battery respectively. The
control signal provided to the converter switches maintains
the operation mode.
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Fig.2. One diode model of ideal PV cell and equivalent circuit of practical
PV array

The equivalent circuit of practical PV array is illustrated in
Figure 2. Practical PV array consist of several series parallel
combination of PV cells. The equation (2) represents I-V
characteristics of practical PV array [13],

Fig.1. Microgrid Architecture

The D-G set is used to maintain power balance within the
system. To maintain the system frequency within permissible
limit under varying generation and loads, D-G set is used. The
inductor Lc couples the solar PV system to the microgrid. The
coupling inductor makes the PV output current ripple free.
The PV is the active power source, and the capacitor is the
reactive power source.
TABLE 1. MICROGRID SYSTEM PARAMETERS
Description

Values

Point of Common Coupling

3-phase, 415 V, 50 Hz

Solar PV System
Battery

100 kW
Cell capacity 300Ah, TypeLead acid
120kVA, 440/480 V, Y-Δ, 50
Hz
150 kVA, 415 V, 50 Hz
3-phase, 170 kW

Interfacing transformer
Diesel Generator
Load

I PV ,n  K1T  GG

n

(3)
Where, I PV , n 

A. Solar PV Generator
Fig. 2 shows the equivalent circuit of the ideal PV cell.
Equation (1) illustrates the I-V characteristics model of the
ideal PV cell [13].

(1)
where
is the current generated by the incident light,
is the shockley diode equation,
is the diode’s reverse
saturation current, q is the electron charge (1.60217646
),
k
is
the
Boltzmann
constant
(1.3806503
), T is the p-n junction temperature
in Kelvin, and is the diode ideality constant.

  V  IR s
  1 

Rsh
 

Where IPV is the photo current, I0 is the diode saturation
current, Vtherm = NskT/q is the thermal voltage of the array, Ns
is the series connected cells, Rs and Rsh are the series and
shunt resistances of the array, respectively. If the array
consists of Np parallel connected cells, the PV and saturation
current can be modeled as Ipv = Ipv,cell .Np and I0 = I0,cell .Np
The photocurrent of the PV array is a linear function of solar
irradiance and the cell temperature as given in equation (3)
[13].
I PV 

III. SOLAR ENERGY EXTRACTION WITH BATTERIES
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  V  IR s
I  I PV  I 0 exp 
  aVtherm
(2)

Rsh  Rs
I sc is the photocurrent at 25°C and
Rsh

1000W/m2, K1 is the short circuit current / temperature
coefficient, ΔT is the difference between the actual and
nominal temperature in Kelvin; G is the irradiation on the
device surface in W/m2, and Gn is the nominal radiation in
W/m2.
These basic equations and physical parameters, derived
from datasheet, are being employed to develop the PV model.
The I-V characteristics for changing cell temperature at
constant irradiance of 1000 W/m2 are obtained and depicted
in Fig. 3(a) and (b). Fig. 4(a) and (b) illustrates the changing
irradiance at constant cell temperature of 250C.
PV array composed of 20 parallel strings and each string
having 25 series connected modules. In this work Kyocera
Solar KC200GT model is used. The Maximum Power Point
(MPP) for a single module at 1000 W/m2 and 250C (STC) is
200.143 W. Hence the maximum power of solar PV array at
STC is 20 25 200.143 = 100.071kW.
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B. Dc link for battery storage and solar PV generator

Fig. 5. DC link for solar PV generator and battery storage

The battery storage and Solar PV are connected across the dc
link is illustrated in Fig. 5. The dc link consists of capacitor
which dessociate the PV system and ac source (grid) system
[7], [14]. Due to sporadic nature of solar power output and the
fluctuations in load, energy storage is generally needed in
microgrid applications. The deep cycle lead acid batteries are
the most common type of battery storage in microgrid
because maximum charge of the battery can be utilized.
Hence in this paper lead acid battery model [15] is used. The
use of capacitor in dc link is efficient as well as cost effective
and is modeled as follows:
C
(4)

Fig. 3. PV array (a) I-V and; (b) P-V characteristic with varying cell
temperature at 1000 W/m2 irradiance

Where C is dc link capacitance, Vdc is terminal voltage, IPV is
PV current, Idc(inv) is inverter dc-side current, and Ib is the
battery current.
The battery storage is cascaded to dc link and is
represented by a voltage source
connected in series with
an internal resistance . The internal voltage varies with the
charged state of the battery. The terminal voltage
is given
by (5).
(5)
Where, Ib is the battery current.
It is necessary to keep adequate dc link level to meet the
inverter voltage given in (6).
(6)
Figure 4: PV array (a) I-V and; (b) P-V characteristic with varying irradiance
at a cell temperature of 250C

where Vinv is the line-to-neutral rms voltage of inverter (240
Vrms), inverter output frequency 50 Hz, and Ma is modulation
index [16]. Therefore, the dc link is designed for 700 V.
CONTROL SCHEME OF THE SYSTEM
The control scheme with solar PV generator and battery
storage utilizes the dc link to extract the energy from the solar.
The dual combination of solar PV generator and battery
storage is connected through three leg inverter to the
distribution system. The battery facilitates to maintain the dc
bus voltage constant. The schematic is depicted in Fig. 6.
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The measured non-active power injection at PCC is compared
with the reference non-active power and this error signal is
passed to the PI controller,
. Then, the ouput of PI4 is
multiplied by the terminal voltage to obtain the reference
voltage
which is in phase with . The inverter output
voltage is given by (11)
+
(11)

Fig. 6. Schematic of control strategy

The MPPT controller is used to track maximum power point.
Reference Maximum Power Point (MPP) is obtained from
look up table of irradiance verses MPP. Measured Solar PV
output power is compared with this reference MPP power to
generate error for PI1 controller. This controller gives the duty
cycle output for the DC-DC converter to ensure that PV array
will always operates at the reference MPP point. The duty
cycle is given by [17-18].

The solar PV generator is supported by Battery Energy
Storage (BES) for critical load application. When there is
abundant solar power and solar PV output power at MPP
(Ppv) is more than or equal to the active power required for
controlling the frequency (Pinverter) i.e. Ppv >= Pinverter,
then the battery is in charging mode. If there is reduced solar
insolation and the active power required to control the
frequency (Pinverter) is more than the solar PV output power
(Ppv) i.e. Pinverter > Ppv, then the battery is in discharging
mode.
The average power of PV at PCC for a balanced three phase
system is explained in [19]. The average power flow for the
proposed system can be monitored on PCC for active and
non-active power flow (PDG, QDG) of the D-G set, Inverter
power (PI, QI) and the load (PL, QL) is illustrated in Figure 7.

t



δ*  K p1(PMP Pr ef  PPVActual )  K I1 (PMP Pr ef  PPVActual )dt
Fig. 7. Active and reactive power flow at PCC
0

(7)
RESULTS AND DISCUSSION
where, Kp1 is controller proportional gain and KI1 controller
integral gains respectively.
The active power can be controlled by controlling the inverter
side real output power. The actual measured active power is
compared with reference active power and then error is given
to PI2 controller which will give the phase shift α1*.This
phase shift is given by [17-18].
+
(8)
To keep the real power balance at DC and AC side of inverter,
PI3 controller is used. The AC side measured real power is
multiplied by a factor of 1.02 considering efficiency of
inverter as 98%. The DC real power is compared with this
value of AC power and then error is given to PI 3 controller
which will give the phase shift α2*. This phase shift is given
by [17-18].
+

(9)
The phase shift contributions from both sides of inverter are
averaged which will obtain the final phase shift given by (10)
and then it will generates the reference signal of voltage vc*
for the inverter PWM.
(10)
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The microgrid is implemented in MATLAB environment to
analyze the performance of the proposed control strategy.
This system is tested under following conditions:
Switching frequency = 5 kHz;
Supply frequency = 50 Hz;
DC link voltage = 700 V;
Phase to neutral voltage = 240 V;
Critical load = 90 kW;
Filter inductor = 1 mH;
Filter capacitor = 0.5 μF;
The Diesel-Generator (D-G) set is design to supply 150 kVA.
Initially, the microgrid is connected to the utility grid. The
grid is disconnected at t = 4 sec. Fig. 8 illustrates the electrical
parameters at grid before and after grid connection. The D-G
set is operated at t = 4 sec in the synchronous island mode.
The active and non-active power supplied by the D-G set is
shown in fig. 9. It supplies 75kW active and 70 kVAR
non-active power to the load. Fig. 10 shows the reference
active and non-active power of the inverter. The reference
active and non-active power
are 90 kW and 30 kVAR
respectively. The reference
values represents the critical
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load of microgrid. To verify charging and discharging process
of battery energy storage above reference values are selected.
Fig. 11 shows the plot of active power from solar PV
generator, invereter and active power to battery. In this case
1000 W/m2 solar irradiance is considered. The power from
solar PV at MPP is 100 kW. Here, reference critical active
power demanded by load is less than the solar PV power,
inverter supply 90 kW to the critical load and 8 kW to the
battery. The negative power of battery indicates that it is
being charged. Fig. 12 illustrates the voltage at PCC in p.u.
Due to islanding of microgrid at t = 4 sec, voltage suddenly
drops to 0.87 p.u. and recovers within 0.9 sec. When islanding
occurred at t = 4 sec, the power supplied from main grid was
cut, and frequency dropped to 48.9 Hz due generation load
mismatch as shown in fig. 13. The State of Charge (SOC) of
battery is shown in fig. 14. The battery control starts at t = 2
sec. Since solar PV power exceeds the required critical
power, surplus power is fed to charge the battery.

Fig. 10. Inverter active and reactive power

Fig. 11. PV, inverter and battery active power

Fig. 12. Voltage at PCC

Fig. 8. From grid connected to intentional islanding operation

Fig. 13. Frequency at PCC

Fig. 9. D-G set active and reactive power

Fig. 14. State of Charge of battery

IV. CONCLUSION
This paper proposes coordinated voltage-frequency
control strategy for sharing
of power among Distributed
Energy
Resources
in
islanded microgrid. In this
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control strategy MPPT is used to extricate maximum power
from solar PV system, and battery storage is used as a buffer
in order to store or supply deficit power by using the battery
storage. The results clearly show that the battery control
strategy handles SOC constraint of the battery. An effective
smooth transition of control from voltage - control to constant
active power control at the solar PV side and from constant
active power control to frequency control at the D-G side is
validated. This feature helps the controller to adapt with
changing irradiance and battery availability. The proposed
control method shows that the voltage and frequency quickly
settles down to the reference values as compared to diesel
generator control.
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