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ABSTRACT
Supervisory Control andData Acquisition is a popular control andmonitoring scheme and is pre-
dominantly used inmany industrial systems. Driven by themotivation of extending the usage of
the SCADA systems for microgrid, a novel centralized Supervisory Control and Data Acquisition
System with Distributed Control Systems is proposed and validated for the microgrid. Supervi-
sory instructions are issued from the central control system, whereas the local controllers are
used to implement the exclusive control schemes required for the various subsystems. A wired
sensor network is used to monitor the various vital parameters and a Graphical User Interface
(GUI) is used for monitoring the status of operation of the various subsystems along with their
parametric values. The proposed system is simulated in theMATLAB SIMULINK environment. An
experimental verification prototype has also been carried out where a PC (Personal Computer)
with aGraphicalUser Interfacedeveloped inC#andamicrocontroller is used to act as an interface
between the distributed controllers in the plant and the master control PC.
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1. Introduction

A microgrid is a miniature power system consisting of
a number of power sources brought to a common pool
shared by several loads [1]. Some of the sources may
be derived from renewable energy resources and may
be of different electrical forms like different voltage lev-
els, AC or DC and so on. Similarly, the loads attached
to the microgrid may require electrical power in diver-
sified forms like DC or AC single phase, three phase,
different voltage levels and so on. The special feature
of the microgrid is that all the loads connected to the
microgrid get the appropriate magnitude and form of
power and that there is a provision for converting the
diversified forms of power available to diversified forms
of requirements [2].

Power electronic converters play an important role
in the conversion of power from one form to the other.
Depending upon the form of the available sources and
the specific requirements of the loads to be served,
several power electronic converters are used [3]. The
presence of a large number of sources and loads oper-
ating with different voltage levels, power and so on
makes the control requirements of the microgrid much
complex [4].

There are many parameters to be monitored, and
many to be controlled. The whole control systems are
to be built on some complex decision-making algo-
rithms. The microgrid therefore needs an efficient and

automated Supervisory Control and Data Acquisition
(SCADA) systems. SCADA and Distributed Control
Systems are well-established control schemes used in
the industries. Microgrids and their applications have
received keen attention by many researchers [5–7]. In
addition to advanced control systems, the suitable Pulse
Width Modulation schemes are also required in the
development of the microgrid. The other direction of
research has been the development of PWM (Pulse
width modulation) pulses that ultimately lead to an
improved quality of power delivered to the load [8].
ThePWMtechniques influence the power quality of the
voltage or current produced by the inverters.

There are many research contributions recorded
in the literature in the field of developing various
advanced PWM systems [9–14]. With the advent of
modern digital computer and the advanced software
tools, it has become possible to develop complex
systems in short periods. Fuzzy Logic Control, the
ANN (Artificial Neural Networks)-based control and
the ANFIS (Artificial Neuro fuzzy inference system)-
based control schemes are all useful control algorithms
[15,16]. Many authors have contributed a lot of techni-
cal developments using these techniques. Optimization
is another scheme of selection of operational param-
eters like the constants of the PI controller, etc. that
has also been exploited by a number of researchers
[17–20].
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Figure 1. Block Schematic of the proposed system.

The Supervisory Control and Data Acquisitions
(SCADA) and the Distributed Control Systems (DCS)
play important role in the process and production
industries [21–24]. The motivation behind this work is
to make use of the benefits of SCADA and DCS to be
utilized in the management of the microgrid systems.

In this work, the implementation of the SCADA and
the DCS systems for microgrid is demonstrated. The
proposed system also indicates a battery-based stor-
age system. The block diagram of the proposed work
is shown in Figure 1. The power flow analysis among
the various subsystems could be centrally monitored.
The central control system is implemented in a com-
puter. The complete plant data can be communicated
to this computer. In the industrial environmentmanner
many such independent or inter-dependent microgrids
can be governed by a common computer.

The paper has been arranged as follows. Following
this brief introduction,

Section 2 outlines the various subsystems used in
this system.

Section 3 presents themodelling of the proposed sys-
tem in theMATLAB and the results of simulations have
been presented in this paper.

Section 4 explains the details of the experimental
prototype that has been developed. The implementa-
tion of various control schemes using the embedded
control systems for individual power conversion sys-
tems and the details of the master control scheme and
the PC-based GUI are also explained in this chapter.
In Section 5, important observations in the simulations
and the experimental verifications are presented fol-
lowed by the conclusion and reference sections.

2. Proposed system

2.1. Subsystems of the proposed system

The following subsystems are connected to the
microgrid.

1. Solar PV-based DC-to-DC converter.
2. Wind turbine driven PMSG.
3. Battery system.
4. Grid connected bidirectional AC/DC converter.
5. AC three-phase load.
6. DC load.

The solar PV system delivers power in the DC form
to the DC bus bar. The DC load is also connected to
the DC bus bar through a DC-to-DC converter. The
wind energy harvesting system supplies three-phase
AC power into the three-phase AC bus bar. The power
ratings of each of the subsystems are tabulated and
given in Table 1.

There are different modes of operation possible with
the proposed microgrid system. The various modes

Table 1. System parameters.

System Nominal operating voltage
Nominal power

rating

Solar PV source 120 V 1000W
Wind source Three phase 380 V 50 Hz 2500W
DC load 200 V 4000W
Battery 360 V 3000 Ah
Bidirectional

Converter AC/DC
400 V DC/380 V AC 50 Hz 10000W

AC load Three phase 380 V 50 Hz 3 kW 3 kvar
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Table 2. Modes of operation.

System Bit 1 0

Solar PV source B0 Available Not available
Wind source B1 Available Not available
Auxiliary DC source B2 Available Not available
DC load B3 On Off.
Battery B4 Charging Discharging
Bidirectional Converter AC/DC B5 DC-to-AC AC-to-DC
AC load B6 On Off
Configuration B7 Grid Stand alone

of operation possible with the proposed system are
tabulated and shown in Table 2. The different modes
of operation are binary codified and position of the
individual subsystems in the data string are shown in
Table 2.

Systems that are ON are assigned status 1 and
those OFF are assigned 0. For example, the data string
110101011 gives the following information: Solar PV
ON; Wind ON; Aux. DC Source OFF; DC load OFF;
BatteryCharging; Bidirectional ConverterON;AC load
ON – (BDC) Grid Connected ON.

Mode 1: The different source that are available are
the PV source, theWG Source and the Aux. DC source.
The loads that are operational are the DCL and the
ACL. There is no power export or import with the grid.

Mode 2: The only source available is from the PV
subsystem. The only load is also the DC load. There is
no power export to the grid. The battery is used to store
the excess of renewable energy.

Mode 3: The different sources that are available
are the PV source, the WG Source and the Aux. DC
source. Both the DC load and the AC load are not oper-
ated. Hence the power harvested is totally exported to
the grid. In this mode of operation, the bidirectional
converter is operational and the power harvested is
integrated into the grid through bidirectional power
converter.

Mode 4:The renewable energy sources are not avail-
able. However, the ACL and the DCL demand power.
Hence, the bidirectional convertor import power from
the utility source and the demands at the load are met
with. Similar to the data set shown in Table 3 many
combinations of sources and loads can be included
or excluded and accordingly the data bits are gener-
ated. Thus, many modes are formed. In this work, the
eight-bit data word is logged into the master control
PC through the microcontrollers near the PC. Between
the plant and the microcontroller, the data link is in
the parallel form. Between the PC and the microcon-
troller, the data link is serial. Based on the values of
the vital parameters, the availability of the renewable
sources and the demand the modes are determined
either manually or automatically by the master con-
troller and the status indicated in theGUI on themaster
control computer.

Table 3. Mode code configuration.

Mode Configuration System ON System OFF Mode Code

Mode 1 Stand Alone PV, WG,
Aux.DC, DCL,
Bat. BDC,
ACL, Config.

Utility 01111011

2 Stand Alone PV, Bat, DCL Utility, WG,
Aux. DCL,
ACL

0011001

3 Grid Integrated PV, WG BDC,
Aux DC, BDC

DCL ACL BAT 0100111

4 Grid Connected ACL DCL BDC PV, WG, Aux.
DC Bat

1101000

Table 4. PV parameters.

Parameter Value

Open circuit Voltage 22.2 V
Short circuit Current 5.45 A
Voltage at Pmax 17.2 V
Current at Pmax 4.95 A

Figure 2. The diode model of the PV cell.

2.2. Solar photo voltaic source

The PV source is derived from a solar PV farm of power
capacity 4 kW. The base voltage of the solar farm is
120V and it is stepped up to the required 400V DC
level by a generic Buck Boost Converter. The details of
the solar farm are shown in Table 4.

Ipv − Io[exp{∝ KT} − 1] − V + IRs
Rsh

. (1)

A set of 8 PV panels of rating given in Table 4 are
connected in series to form a string and a set of 6 strings
are used. The maximum power rating of each panel is
85W. The total power rating of the solar PV farm is
85 ∗ 48 = 4080W. The rated output voltage of the PV
farm is 17.2 ∗ 8 = 137.6V. The DC bus bar voltage is
400V. A DC-to-DC generic boost converter is used in
between the PV farm and the DC bus bar.

The circuit arrangement of the PV cell is shown in
Figure 2. The specification of the components used for
the buck boost converter is shown in Table 5.

2.3. Wind energy conversion system using a PMSG

The system includes aWind EnergyConversion System
(WECS). The WECS uses a three-bladed horizontal
type wind turbine. It is coupled to a PMSG (Perma-
nent magnet synchronous generator). The PMSG is a
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Table 5. Buck boost converter specifications.

Parameter Values

Nominal Vin 120 V
Vout 400 V
Power rating 5000W
Switching frequency 20 kHz
MPPT Sliding Mode Controller (SMC)
Inductance L 1mH
Capacitor C 2200mF

20kHz value comes in column section.

Table 6. Wind energy systems rating.

Parameters Value

Wind turbine
Type horizontal 9m/s
Nominal wind velocity 2.5 kW
Nominal power rating
Generator
Type PMSG
No. of phases 3
Power rating 2.5 KVA
Maximum speed 4000 RPM
Rectifier
Type Diode bridge 6 pulse rectifier
Voltage 100 V
Current 50 A
Power
Boost converter
Type Generic boost converter
Vin 100 V
Vout 500 V
Power rating 5000W

three-phase AC generator with variable frequency out-
put. The output frequency of the three-phaseACoutput
of the PMSG is a function of the speed of the shaft and
the number of poles. The wind turbine runs at a slower
speed and the system uses a gear box. The PMSG may
also be run at slow speed in which case the PMSG with
larger number of magnetic pole pairs are used so that
the frequency of the AC output is high even though the
shaft speed is low.

The PMSG-based wind energy conversion system
belongs to the variable speed WECS category. Max-
imum Power Point Tracking is used in this variable
speedWECS. The three-phase AC output of the PMSG,
being a variable frequency AC source, cannot be either
grid integrated directly or is suitable for three-phase
or single-phase AC loads which require fixed 50HZ
supply.

The variable frequency AC output of the PMSG is
therefore rectified into DC by a Diode Bridge Rectifier
(DBR). The DBR is a rectifier with no control degree of
freedom. The output of the rectifier is fed as input to a
DC-to-DC boost converter. The boost converter makes
the output voltage equal to the common DC bus bar
voltage while it includes the MPPT control as well. The
specifications of the WECS are given in Table 6.

There is a battery connected across the DC bus bar
through the battery charge control system which uses
a bi-directional buck boost converter. The battery is
being charged by the DC bus. When the wind, solar
and the utility power supply all fail, the battery is meant

Table 7. Three phase load specifications.

Parameter Specification

Type of load 3 phase RL load
Voltage 380 V LL
Frequency 50 Hz
Power rating real power 5 kW/Phase
Reactive power 5 kvar/Phase

to supply the critical loads including the control sys-
tems. There are separate DCS units responsible for the
MPPT of the WECS, the control of the boost DC-to-
DC converter.Wind velocity, the power delivered to the
DC link, the DC link voltage, the SOC of the battery
and the terminal voltage across the three phase inverter
nodes are monitored by the SCADA. The supervisory
controller can include or exclude theWECS, the battery
system and the three-phase inverter in the WECS.

2.4. AC three-phase load

There is a three-phase AC load with variable real and
reactive power demands. The line voltage of the AC bus
bar is 380V and it ismaintained at a frequency of 50Hz.
The two sources of AC power are the utility source and
the bidirectional power converter.

When the three-phase utility fails, this AC three-
phase load can be driven by making use of the DC
power derived from the DC sources and routed to
the three-phase AC bus bar through the bidirectional
DC/AC converter. There is no local controller in asso-
ciation with this load; however, there is a provision to
disconnect or connect this load to the three-phase AC
bus bar from the central SCADA unit. The ratings of
the three phase load are given in Table 7.

2.5. DC load

The microgrid supports DC as well as AC loads. The
DC load connected to the microgrid is a 4000W resis-
tive load. The operating voltage of the DC load is 200V.
The DC load is powered from the DC bus bar. There
is a buck converter in between the 400V DC bus bar
and the load terminals. The buck converter is provided
with a control system that regulates the voltage across
the load at 200V.

TheDC load can be turnedONorOFF by the central
control system as well. The voltage regulation system is
embedded in a local microcontroller placed close to the
buck converter.

2.6. Bi-directional AC/DC converter

The component that links theACand theDCbus bars is
the bidirectional power converter. The standard Graetz
bridge converter is used for this purpose. The Graetz
bridge converter has a three-phase AC side and a DC
side. The DC side is connected across the DC bus bar.
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Figure 3. The buck boost converter.

The AC side of this converter is connected across the
three-phase AC bus bar through a set of three RL filter
units.

The Graetz bridge converter is a three leg six pulse
converter. It has a set of DC rails and three legs with
two power electronic switches in each leg. The junc-
tion of the two power electronic switches in each leg is
known as a node and thus there are three nodes. These
three nodes are connected to the AC bus bar through a
passive filter section.

The bidirectional converter can draw power from
the AC bus bar and transfer it to the DC bus bar. It
can work in the reverse direction also. Depending upon
the direction and the magnitude of power transaction,
real or reactive, a suitable three-phase reference signal
is generated and this reference signal is used in a sinu-
soidal PWM section to generate the switching pulses.
The master controller or the SCADA system directly
controls this bidirectional power transaction system.

2.7. Solar photo voltaic system

The equivalent circuit and the equation for output cur-
rent of the PV cell are shown in Figure 3 andEquation 1,
respectively [2]. The relationship between the terminal
voltage across the PV panel and the output current of
the PV panel is nonlinear. The VI characteristic and the
PV characteristic of a typical solar cell are different for
different solar insolation levels.

On the PV characteristics there exists a unique point
which corresponds to the maximum power delivered
to the load. This occurs only when the panel voltage
is maintained at a certain specific level. For different
solar insolation levels, the maximum power that could
be harvested and the corresponding terminal voltage of
the PV panel are different.

2.8. MPPT for the solar photo voltaic system

The maximum power rating of the solar farm is 1 kW.
It is expected that the solar insolation levels change
unpredictably in a random manner. It is also assumed
that the entire PVpanel experiences the same solar irra-
diation and temperature and there is no partial shading.
As such, depending upon the solar insolation a fast-
acting MPPT is required so that the harvested power

is maximum at all solar insolation and temperature lev-
els. The SMCmethod of the MPPT is used for the solar
PV system.

2.9. MPPT for the wind energy subsystem

The power extracted from the PMSG is maximum if
and only if the wind turbine that drives the PMSG
is driven at the specific speeds for the different wind

Figure 4. PV Panel Characteristics: (a) I–V Characteristics. (b)
P–V Characteristics. (c) The flow chart of the SMC type MPPT.
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Figure 5. SIMULINK Subsystems: The MATLAB SIMULINK model of the proposed system.

velocities. For any given wind velocity, it is possible that
the wind turbine is run at different speeds by control-
ling the pitch angle of the blades or by controlling the
electrical load on the generator.

3. Simulations in theMATLAB SIMULINK

3.1. SPV energy conversion subsystem

The specifications of the solar farm and the specifica-
tions of the components used in the associated DC-to-
DC boost converter are given in Table 5. In this section,
the complete modelling in the MATLAB SIMULINK
is presented. The various subsystems include the solar
PV subsystem, the WECS subsystem, the three-phase
load, the DC load, the bidirectional converter and the
three-phase utility outlet. PV panel characteristics and
the flow chart of SMC type MPPT are shown in Figure
4.

The solar PV system includes the solar PV unit and
a boost converter. The MPPT is achieved using a SMC
implemented in the boost converter. The buck boost
stage also has a control system to regulate the termi-
nal voltage at 400V DC along with a current limiting
scheme, respectively.

Depending upon the solar insolation, the power har-
vested vary and the harvested power is pumped into
the DC bus bar in the fixed voltage variable current
method. Whenever the solar insolation changes, the
current fed into the DC bus bar changes. The solar
power system has a set of two DC-to-DC converters.
Although it is possible to boost the available DC input
voltage of 120V to 400V in a single stage, it has been
preferred to use a two-stage boost operation so that
the boost converters, in cascade may operate at lower
duty cycles and that they avoid operating in the steep
nonlinear region of operation of the boost converter.

A battery subsystem is also included in this work.
The purpose of the battery is to deliver power to

Figure 6. The family of characteristic curves.

the critical loads like the instrumentation systems in
the absence of the solar wind and the utility systems.
The battery is essential to maintain communication
between the nodes and the master controller so that
the presence or absences of the renewable sources is
updated so as to make control decisions.

The buck converter is active when the renewable or
the utility sources are available so that the battery is
charged. The battery supports the DC bus bar of 400V
when the renewable and the utility sources fail Figure 4.

The electrical load on the PMSG is controlled by
manipulating the duty cycle used by the boost convert-
ers used in the power conversion chain. The MATLAB
SIMULINK subsystems has shown in Figure 5. In this
work, the Perturb and Observe algorithm is used by
monitoring the DC power output and the PWM duty
cycle is adjusted until the electrical power harvested as
monitored across the DC link in the power converter
chain of the PMSG Figure 5.

The family of curves relating wind velocity, the tur-
bine speed and the electrical power harvested for vari-
ous wind velocities is shown in Figure 6.
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Table 8. Power balance for scenario 1.

Source/Load Magnitude

Wind 2.2 kW
Solar 1.1 kW
Total Demand 2.7 kW
To Battery 0.6 kW

Figure 7. Flow chart for Scenario 1.

The following three scenarios were studied in the
simulation,

3.2. Power balance

The main sources of power are the PMSG-based wind
energy source, the solar power source and the utility
source. The capacity of the wind and the solar power
sources is given in Table 8. There is a battery backup
available to be used in case failure of all sources. The
battery backup is primarily meant for supplying the
instrumentation systems that is considered critical.

The maximum total load is 5 kW. There are dif-
ferent scenarios of operations. The different scenarios
arise by the inclusion and exclusion of different loads
and sources. The renewable energy sources that depend
mainly on the environmental conditions cannot pro-
vide output power consistently, depending upon the
wind velocity the power output of the wind turbine gets

Table 9. Power balance for scenario 2.

Source/Load Magnitude

Wind 1.2 kW
Solar 0.8 kW
Total demand 2.7 kW
Utility 0.7 kW

Table 10. Power balance for scenario 3.

Source/Load Magnitude

Wind 0 kW
Solar 0 kW
Utility 0 kW
Critical load 0.4 kW
From battery 0.4 kW

changed and similarly depending upon the solar inso-
lation and the ambient temperature the power output
of the solar farm also gets changed. The magnitude of
power production by the renewable energy systems is
quite unpredictable and many scenarios arise.

3.2.1. Scenario 1
The wind and solar power are fully available. The load
on the grid is less than the total generation. The excess
energy generated by us either routed to the battery or to
the utility grid. A flow chart may be developed for this
scenario and is shown in Figure 7. The power balance
under this scenario is shown in Table 8.

3.2.2. Scenario 2
The wind and the solar sources are available partially
and even when combined they cannot meet the load
requirements. The battery is either full or of partial
SOC. When the wind and solar power sources are par-
tially available, the utility source also supports the load.
The battery is not used now. If the battery SOC is below
a critical value, then it is charged from the utility source.

The total power demand is now shared by the utility
along with the partially available renewable sources as
shown in Table 9.

3.2.3. Scenario 3
The conditions of the third scenario are given in
Table 10. In this scenario, neither the renewable energy
source nor the utility is available. The battery is supply-
ing only the critical load.

We studied the performance of a power balance
depend on the P–Q Control scheme under different
operating conditions that the modernized inverters can
deliver. According to the achieved results, the inspected
P–Q regulation scheme supplies exact and rapid man-
agement of active and reactive power vaccinated to the
grid and furnished from the PV array. Additionally,
inspected harmonic spectra of injected active and reac-
tive power, PV Voltage, DC link voltage and current
verify that the proposed control scheme ensures the
activity at high power quality.
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4. Experimental setup

4.1. Power converters formicrogrid system

The following power electronic converters were used in
the prototype of the microgrid that has been used to
validate the proposed ideas.

a. The boost converter for the SPV system.
b. The buck converter to charge the battery.
c. The boost converter for the fuel cell.
d. The diode bridge rectifier for the PMSG.
e. The boost converter for the PMSG.
f. The three-phase inverter for the PMSG.
g. The bidirectional DC/AC converter.

The system parameters used in the boost convert-
ers were the same. All the boost converters used in
the system are identical so that they can be used inter-
changeably among all boost converter units. The spec-
ifications of the boost converters are the same as used
in the simulation. The inherent resistance of the induc-
tor and the equivalent series resistance of the capacitors
are ignored. The switching frequency was 5 kHz. The
DC bus voltage has been maintained as 48V and the
batteries are of a nominal 12V range.

4.2. Master and local control schemes

The overall system can be viewed as the combination
of a number of local control systems and the master
control system. The master control system takes care
of the energy management. The local controllers are
associated with the individual converters and they take
care of MPPT for renewable sources and local voltage
regulation systems. The master controller is embedded
with the master computer. The local control schemes
are built around the individual microcontrollers. The
master controller is built in the PC with a GUI. The
GUI gives the information of all operational paramet-
ric values and the modes of operation. The user can
override themodes of operations through the GUI. The
GUI on themaster computer is programmed inC#. The
master controller gets all relevant data through amicro-
controller on the PC side. The PC side microcontroller
interfaces the subsystems and the master control PC.

4.3. Data collection system

The microgrid system and the proposed SCADA-
based management system needs a number of physical
parameters to bemonitored by the local controllers and
the master controller. All the vital parameters are mon-
itored by the master controller. The master controller
needs this information because it is responsible for the
overall management of the microgrid including power
transaction. All the vital parameters are brought to the
main microcontroller. Power flow and control scheme

Table 11. Specifications of the subsystems.

Source Nominal power rating

The SPV system 120W
The wind energy system 350W
The DC load 240W
Three phase AC load 350W

waveforms are shown in Figure 8. Themainmicrocon-
troller converts them all into equivalent digital data and
the data are logged into the master control PC through
the USB (Universal synchronous bus) interface. The
output of the main microcontroller is sent out through
the serial port of type RS232 and this data are con-
verted to be suitable to theUSB form by a RS232 toUSB
converter. Since the responsibility of the master con-
troller is power routing, only the vital parameters that
are required for decision-making regarding the flow of
power are to be logged on to the master controller.

In case of renewable energy systems and the battery,
the terminal voltage and the output current are required
to monitor their power output. Eight parameters are
logged into the master controller. The eight parameters
monitored are the PV panel terminal voltage, the PV
current, the fuel cell voltage and current, the three phase
voltage across the AC bus bar, the three phase AC load
current and the terminal voltage across the output of
the boost converter used for thewind power conversion
chain.

A number of PIC (Programmable interface con-
trollers) microcontrollers 16F877A are used. In asso-
ciation with each source or load, a PIC is used. These
controllers are used as local controllers that are used
to make local decisions like voltage regulation, current
limitation and maximum power point tracking. These
controllers do not have any control over other convert-
ers in the network than the one they are exclusively
meant for Figure 8.

Each PIC 16F88777A controller has a couple of
PWM outputs and 8 analogue input channels. The
switching frequency used in a power converter can be
changed by changing the PWM frequency. Both of the
two PWM channels should be of the same frequency.
However, they may operate under different duty cycles.
The voltage regulation and MPPT activities are carried
out by employing the analogue inputs and the PWM
outputs.

The prototype developed, as shown in Figure 9, is a
scaled down version of the model proposed and vali-
dated in theMATLAB simulation.However, all the sub-
systems used in the simulations have been used in the
experimental prototype also. The total power handled
by the experimental verification system was limited to
600W. The specifications of the various subsystems are
shown in Table 11.

In the absence of the solar wind and the fuel cell
sources, the battery gives back up to the DC as well as
the AC loads. In the absence of the AC and DC loads



490 T. SRIKANTH AND S. CHITRA SELVI

and if the battery is full, the power is routed back to the
three-phase utility.

There could be many scenarios possible with the
number of sources and loads. It is clear that any single
renewable source can support the total load. The total
capacity of the renewable sources including the fuel cell
is 590W. The total load to be supplied is also 590W. In
the absence of the renewable sources and the utility, the
battery can support all the loads; as the battery power is
routed to the AC as well as DC loads primarily through
the DC bus bar. The DC bus bar voltage is 48V. The
current requirement for the total load will be

P = V ∗ I; 590 = 48 ∗ I. (2)

I = 590/48 = 12.29A. (3)

Figure 8. Power Flow Waveforms: (a) The PV voltage. (b) The
Three phase reference. (c) P–Q Control schemes. (d) VI Charac-
teristics. (e) The DC link Voltage and Current.

Figure 8. Continued.

For the battery to support for a total period of
12 hours, the required Ah capacity of the battery should
be at least 13 ∗ 12 = 156Ah. In this work, we have used
a signal LeadAcid battery of nominal 12V ratings.With
terminal voltage reduced by 4 times, the Ah require-
ment goes high and as a result the battery of at least
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Figure 9. Experimental verification setup.

Table 12. Parameters of buck boost converter.

Nominal input voltage 120 V
Output voltage 400 V
Power rating 4500 kW
Switching frequency 20 kHz
Output capacitor 2200mF

600Ah will be required for a full power support for
10 hours. However, in the experimental setup, the bat-
tery used is of rating 30Ah with a nominal terminal
voltage of 12V. In between the battery and the 48VDC
bus bar is a buck and boost conversion stage. The buck
converter is used to charge the battery from the DC
bus bar, whereas the boost converter is used to boost
the 12V level of the battery to the required 48V level.
The buck converter is provided with the charge con-
trol feature, whereas the boost converter is equipped
with the 48V regulation systems.When the battery is in
the+ discharge mode even if all the renewable sources
and the utility fail the battery can regulate the DC bus
bar voltage at the 48V level while the full load of 590V
is also working. When one or more renewable sources
come into themicrogrid and contribute power, the bur-
den on the boost converter associated with the battery
gets reduced.

4.4. Buck boost converters

All the Buck Boost converters used in this work are the
generic type and they are all identical. The specifica-
tions of the components used are shown in Table 12.

4.5. Bidirectional AC/DC converter

A three-phase Graetz Bridge bi-directional power con-
verter was used for transacting power between the DC
bus bar and the AC bus bar. The circuit arrangement of
the three-phase converter is shown in Figure 10.

The specifications of the components used in the
bidirectional converter are shown in Table 13.

Table 13. Components of bi-directional converter.

Component Specification

IGBT 16N60 6 Nos.
Snubber R = 47 Ohms C = 0.1mF
Opto coupler MCT2E 6 Nos.
PWM SPWM
Microcontroller PIC 16 F877A 3 Nos.

4.6. Controls of bidirectional converter

An impo rtant novelty of the proposed system is that
for the generation of sinusoidal PWM pulses, a direct
microcontroller-based scheme is used without explicit
carrier. It is the microcontroller that generates the
PWM pulses directly. The microcontroller, using the
built in ADC reads in the signal conditioned reference
and the internal PWM generation unit produces the
corresponding PWM. In the PIC 16F877A microcon-
troller, there are 8 channels of ADC and two PWM
sections. The PWM sections can be initialized with the
required carrier frequency. The width of the individ-
ual pulses is altered by the value of the analogue signal
read by the ADC. After generating the three-phase ref-
erence signal, each of the three-phase reference signals
are individually rectified and attenuated and applied to
the ADC inputs A0 and A1.

A0 reads the positive half cycle. A1 reads the polarity
changed negative half cycle. The two PWM outputs are
applied to the complementary switches in each leg. A
Zero Crossing Detector (ZCD) is also used so that the
upper or the lower switch in each leg can be selected
based on the zero-crossing timing. Three microcon-
trollers are used for the three phases. The signals cor-
responding to this section are shown in Figures 11
and 12.

As far the control schemes are concerned, the bidi-
rectional converter ensures that the voltage across the
DC bus and that across the AC bus are maintained at
the desired level. The AC and the DC voltages are mon-
itored and signal conditioned and read by the ADC
section of the local microcontroller. PI controllers are
embedded in the local controller and the control sys-
tems alter the three-phase reference such that the DC
link voltage and the AC voltage at the point of common
coupling are maintained.

For the regulation of the voltage at the point of com-
mon coupling, the modulation index is used. For the
regulation of the DC link voltage, the phase angle of
the reference signal is altered by the shifting operation
carried out in the data used for the PWM. The power
balance study for the experimental verification system
has been done for three scenarios. For the experimen-
tal verification, the wind energy source was replaced
by a DC power source derived through a DBR drawing
power from the utility.
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Figure 10. Circuit diagram of the three phase converter.

Table 14. Power balance requirement 1.

Source/Load Power supplied/Drawn

Wind source 320W
Solar PV source 108W
Total energy source 428W
DC load 240W
AC load 120W
Power to battery 68W

Table 15. Power balance requirement 2.

Source/Load Power supplied/Drawn

Wind source 0W
Solar PV source 110W
Total energy source 110W
DC load 240W
AC load 120W
Power to battery 0W
Power drawn from utility 250W

4.6.1. Scenario 1
With the wind and the PV source available, the total
renewable energy generated and the loads are shown in
Table 14.

4.6.2. Scenario 2
With the wind source not active and the PV source
available, the total renewable energy generated are
shown in Table 15.

4.6.3. Scenario 3
With the utility, wind and the PV sources unavailable,
the only load to be served was the critical load and
this load was met by the battery. The power balance is
shown in Table 16.

The basic power balance requirement can be met
only if the voltages across the AC bus bar and the
DC bus bars are maintained. The controllers asso-
ciated with the bidirectional converter takes care of

Table 16. Power balance requirement 3.

Source/Load Power supplied/Drawn

Wind source 0W
Solar PV source 0W
Total energy source 0W
DC load 60W
AC load 0W
Power from battery 68W

the DC link voltage as well as the AC bus bar volt-
age. Figure 11(a) shows the DC link voltage when the
renewable energy sources are available. In this case, the
DC link is quite free from ripple.

With the renewable energy sources absent, the DC
bus bar is maintained from the power drawn from the
AC utility source and the DC in this case shows some
ripple as shown in Figure 11(a,b).

One of themajor contributions of thework is that the
sinusoidal PWMis implemented directly by the embed-
ded system and not by an explicit carrier AD (Analogue
Device) comparator. The ADC section and the PWM
section of the PICmicrocontroller generates the SPWM
(Sinusoidal pulse width modulation) pulses directly
and the switching pulses generated for the three-phase
bidirectional converter is shown in Figure 11(c).

The AC bus bar output for one of the three phases
is shown in Figure 11(d). The FFT (Fast Fourier
transform) of the AC phase voltage is also shown in
Figure 11(d).

With the sudden inclusion of additional DC load,
the DC link voltage falls. Also, with the sudden removal
or absence of the renewable sources, the DC link volt-
age falls. However, by the action of the bidirectional
converter, the DC link voltage is restored. The fall and
restoration of theDC link voltage for the two cases were
recorded and are shown in Figure 12(a). ZCD is used for
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Figure 11. (a) DC Bus bar Voltage. (b) Ripple in DC link Volt-
age. (c) Switching Pulses (SPWM). (d) Phase voltage and FFT
of AC Bus. (a), (b) (d) X axis Time 1 cm = 10 milli second; y
axis 1 cm = 20 V; Figure 11 (b) uses 1:10external attenuator.
Figure 11. (c) 1 cm = 5 V Figure 11 (c). X Axis 1 cm = 20 micro
seconds.

this purpose. The waveform pertaining to the reference
signal and the ZCD are shown in Figure 12(b).

When the utility source is absent and the renew-
able energy sources are sufficiently available, the

Figure 12. Important experimental waveforms. (a) DC link
voltage subjected to Source voltage disturbance. x axis time
1 cm = 10ms; y axis (1 cm = 200 V). (b) Zero-Crossing
detection signals x axis 1 cm = 5 milli seconds; y axis
1 cm = 2Volts. (c). Three phase AC voltage x axis 1 cm = 5ms
y axis 1 cm = 100 Volts. (d) R phase voltage and FFT plot. x axis
1 cm = 5 milli seconds, y axis 1 cm = 5 volts (40:1 External
Attenuation).

bidirectional converter feeds the AC load through the
AC bus bar. However, since in this case the sole AC
power supply is from the bidirectional converter, the



494 T. SRIKANTH AND S. CHITRA SELVI

AC voltages of the three phases containing harmonics
are shown in Figure 12(c). With more load on the AC
bus bar, the AC waveform degrades and the resulting
waveform is shown in Figure 12(d).

The special features and novelties adopted and
achieved in this work can be consolidated as follows.

a. The power flow is maintained by the voltage bal-
ance techniques adopted on the AC and DC bus
bars using the P–Q theory.

b. The complete hardware relied upon digital or
embedded systems. This includes the SPWMpulse
generation as well.

c. There is a central supervisory system operated
through the GUI contained in the master con-
trol PC. Power transactions in real time could be
recorded as well.

d. Overriding feature was also included since the
master control unit can directly include or exclude
any source or load.

e. The SlidingMode Controller MPPT is used for the
solar and wind energy sources. This was tested in
simulation for both wind and solar PV systems in
the simulation platform. In the case of hardware,
only the PV system was equipped with the SMC
as it was only a representative DC source used in
place of the Wind Energy Subsystem.

5. Conclusion

A novel system of management of the microgrid using
the SCADA system has been proposed and validated
in this work. Both simulations and experimental ver-
ifications have been carried out. The proposed idea
uses wired data collection between the local nodes and
the master controller. It has been established that the
proposed system monitors the variations that happen
in environmental conditions that influence the gener-
ation of power. The master controller also monitors
the power flowing into the load and issues necessary
commands such that in the sources and the loads an
efficient power transaction is carried out. Essentially the
work suggests the use of local controllers for local volt-
age regulation andMPPT activities, whereas themaster
controller should take care of inter-converter power
transactions.
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