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ABSTRACT
The ever increasing concerns of environmental pollution due to burning of fuels in
power plants, have ushered in the utilization of distributed renewable energy resources which
include solar, wind and other renewable sources of energy. In order to address this issue, the
concept of Microgrid is introduced as a strategy to integrate renewable energy resource from
various locations with the existing power system. Microgrids could be characterized as a group
of interconnected loads and distributed energy resources (DER) with clearly defined electrical
boundaries that acts as a single controllable entity with respect to the grid and can connect and
disconnect from the grid to enable it to operate in both grid connected or island mode [1] [2].
The coordinated operation and control of DER sources together with storage devices,
such as batteries, and controllable loads are central to the concept of microgrids. From the
grid’s point of view, a microgrid can be regarded as a controlled entity within the power system
that can be operated as a single aggregated load and from a customer’s point of view,
microgrids are similar to traditional LV distribution networks that provide their electricity
needs, but in addition, enhance local reliability, reduce emissions, improve power quality by
supporting voltage and reducing voltage dips, and potentially lower costs of energy supply [3]
[4] [5] [6].
This research focuses on the hardware implementation of a laboratory scale microgrid
test bed. The microgrid test bed is based on the specifications of IEEE 1547, which is a standard
for incorporating distributed resources with the electric power system. Important features
include voltage and frequency control when it operates in an island mode and when in a grid
connected mode [7].
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This microgrid is a plug and play test bed, that includes features like photovoltaic
system (emulator), distributed control, industrial grade controllers, numerical relays, smart
meters, bi-directional converters, battery storage system, various static and dynamic loads and
visualization softwares.
The objective of this project is to provide a test bed on which several emerging
technologies in a microgrid environment could be tested and implemented. This test bed would
provide a platform for carrying out research in studying the effects of integrating distributed
generation in a microgrid, studying the different behavior of the microgrid at instances when
it is connected to the utility and also when it is operating independently.
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Chapter 1
Introduction
Conventional power stations include thermal stations such as coal, gas and nuclear
plants. Hydroelectric power plants are also included in this category. These plants help in
carrying the base load as well as varying demand profiles of any given electrical grid.
These types of power plants have been operating for over a century. These sources of
power generation can be classified as a centralized source of power generation where power is
generated at high voltages (around 25kV). It is then stepped up and transmitted over long
distances to local distribution points, i.e. to electrical substations, where these high voltages
are stepped down to relatively lower voltages (33kV to 110kV) and fed into a local distribution
network, where they are further stepped down to low voltages (around 208V to 11kV) for
distribution to consumers [1].
This process of generating at high voltages and transmitting over several hundred
kilometers to the end user leads to substantial losses due to line drop, corona effect, skin effect,
etc. (Transmission losses account for almost 30% loss in power) [1].
These power plants are located in remote locations, mainly due to easy accessibility of
raw materials such as coal, gas and water. Setting up these plants, if feasible, close to the
required sources would help in reducing the cost involved in transporting these fuels to the
plants. Another important reason for locating these plants far away from consumers is that
these plants emit pollutants which would affect the general public and also may lead to
degradation of the environment in and around these power plants [5] [8].
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The technology involved in generating power at distant power plants and then
transmitting to consumers that are located several hundred kilometers away has grown a lot
over the course of time and had become quite robust by the late 1960’s [1].
With the advent of the 20 century, when rapid industrialization was taking place, the
th

need for power grew tenfold and the existing electrical grid was unable to meet the needs of
the consumers, particularly industrial. This led to the grid becoming weak and there were
instances of load shedding to cater to the needs of various consumers.
This uncertainty in the electrical grid led several industries to employ a concept of
“microgrids” where these industries would set up their own power generating plants, typically
either coal or gas fired with power ratings usually up to 100 MW. As a result, these industries
were capable of generating power to meet their load requirements. These plants also had
provisions to connect to the electrical utility in case of shortage of power and excess power, if
any could be sold to the grid [1].
This situation made the electrical grid, “bidirectional” wherein power can flow in both
directions, versus the traditional unidirectional flow of power from generating stations to the
consumers. This concept was employed at distribution voltage levels of 33kV to 110kV but
had not made inroads to the distribution levels at 208V to 11kV.
Now by the turn of the 21st century, more emphasis is being placed on utilizing a
cleaner source of power generation by employing renewable sources like wind, solar,
geothermal, biomass, etc. Incorporating these sources of power generation into the existing
utility grid has proven to be a big challenge. There have been large scale implementations of
solar and wind power stations that have been connected to the electrical grid at voltage levels
ranging from 11kV to 33kV. Moreover the consumers also felt the need to be independent from
the uncertainty of the electric utility. This encouraged consumers to set up local power
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generation units termed “Distributed Energy Resource” (DER) that include solar, wind,
biomass, fuel cells, etc. As a result, consumers can now generate power to meet their local load
requirements and reduce their dependence on the electric utility. Many such DER’s are grouped
together to form a “Microgrid”, which feeds only the loads connected to the system. As a result
the concept of Microgrid at a distribution level is now being employed. By employing localized
power generation at the consumer end, the issue of transmission losses is addressed, which go
a long way in increasing the overall efficiency of the electrical grid. It also serves to reduce the
cost incurred in setting up the complex transmission and distribution systems [1] [8] [9] [10].
These microgrids also have provisions to be connected to the grid in order to source
excess power generated to the grid and sink power from the grid if there is a shortfall in power
within the microgrid. Several such microgrids can be interconnected together to form a larger
microgrid. The point where all these microgrids come together is called the point of common
coupling on the electrical grid [8].
The concept of microgrid, at the lower voltage levels, is relatively new and attempts
are being undertaken to standardize this system. An example is the efforts undertaken by the
Consortium for Electric Reliability Technology Solutions (CERTS) which was formed to
conduct research, develop and disseminate new methods, tools and technologies to protect and
enhance the reliability of the U.S electric power system, including areas of distributed energy
resources (DER) and decentralized electricity system [11].
Incorporating these new renewable technologies have an impact on the existing
electrical grid, a grid, which was not designed to include renewable sources of energy. For
example, the use of photovoltaic (PV) panels on the electric grid does not inject the required
reactive power due to use of an inverter for connection to the grid. Also, PV panels are not
a source of inertia to support the electric grid, and wind turbines cannot maintain a constant

4

speed of rotation due to varying wind speed, which affects the frequency of the voltage
generated. To sum up, there is difficulty in maintaining the voltage and frequency due to the
varying nature of the renewable source of energy. Further, in a microgrid there is a lack of an
infinite bus, which makes the system prone to instability and the amount of inertia is low
leading to potentially severe fault currents. In order to study the impact of these scenarios,
several microgrid test beds have been set up across the country. Examples of microgrids
developed include U.S Army Fort Bragg, North Carolina; Beach Cities Microgrid Project, San
Diego, New York University Microgrid and several more [10] [11] [12].
Several ongoing attempts are being made to standardize the architecture and operation
of a microgrid. One such standard is the IEEE 1547 which is a standard for interconnecting
Distributed Resources (DER) to the electric utility. This provides a criteria set that governs the
requirements for the interconnection of DER’s to the electrical grid. This standard provides
details on the operating voltages and frequency of a microgrid, overall reliability, power quality
protection, conditions of grid interconnections, and response to a system disturbance of a
microgrid [7].
The impact of microgrids in the electric utility would be tremendous. Visualizing an
electric grid devoid of polluting plants like thermal, nuclear and hydro could be a possibility.
The dependency on a central generation of power would be reduced by an increase in local
generation where several microgrids would be operating in tandem and would generate power
to meet their own requirements and as well as that of the others.
There are also advantages of operating a microgrid, namely independence from utility
disturbances, ease of maintenance, generation controlled to meet local loads, reliability and
localized control.
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Figure 1-1, gives an operational view of microgrids. Each microgrid is envisioned to
operate independently and may or may not be connected to the main utility grid as per its
requirements.

Figure 1-1. Operation of Microgrid

In order to study the technologies involved in microgrids, a microgrid test bed is
developed and set up in the electrical power laboratory of Penn State Harrisburg. By building
a fully operational microgrid we aim to study the impact of integrating DERs like PV, fuel
cells, etc. on the conventional electrical grid. Provision for interconnection with the utility has
also been made, which would help in studying the concepts of load shedding and sourcing or
sinking of electrical power to the grid at times of excess or shortage of power in the microgrid.
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Goal and Purpose
The goal of the project is to design, implement and demonstrate a fully operational
microgrid that embodies several of the essential features of a microgrid. Essential features
include distributed generation (DER), renewable source of power (PV), battery storage system,
DC bus, smart metering, bidirectional converters, provision for interconnection to the utility,
distributed control as well as conformity to the specifications of IEEE 1547.

IEEE 1547

Traditionally, electric power systems were not designed to accommodate active
generators and storages at the distribution level, As a result, there are some major concerns and
obstacles to an orderly transition to using and integrating distributed power resources with the
grid, and IEEE 1547 standard serves as an interconnection standard.
This standard focuses on the technical specifications for and testing of the
interconnection itself. It provides requirements relevant to the performance, operation, testing,
safety considerations and maintenance of the interconnections. It includes general
requirements, response to abnormal conditions, power quality, islanding and test specifications
and requirement for design, production, installation evaluation, commissioning and periodic
tests. The stated requirements are universally needed for the interconnection of a distributed
resource, including synchronous machines, induction machines and power inverters/converters
and would be sufficient for most installations. These criteria and requirements are applicable
to all DER technologies with aggregate capacity of 10MVA or less at the point of common
coupling, interconnected to electric power systems at the typical primary and /or secondary
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distribution voltage. By developing a test bed based on the specifications of IEEE 1547, efforts
can be made to study the impact of interconnecting DER with the electrical grid. Certain
technical specifications like voltage and frequency regulation, clearing of faults, etc. could be
studied with the aid of this test bed. This is one of the key goals of developing such a test bed
in the laboratory, though on a smaller scale [13].
The microgrid is implemented by re-engineering various equipment’s such as an inbuilt exciter and governor control, drives, relays, etc. that were available in the Pennsylvania
Power and Lights (PPL) Lab Electric Utilities Laboratory. Further, industrial grade relays,
smart meters and vacuum circuit breakers are included in the architecture of the microgrid. The
test bed utilizes real time data monitoring for startup and continuous operation of generating
units and loads with the aid of data acquisition units interfaced with MATLAB simulation
environment.
The purpose of this project is to provide a test bed on which several emerging
technologies in a microgrid environment can be tested and implemented. This test bed provides
a platform for carrying out research in studying the effects of integrating distributed generation
in a microgrid, studying the different behavior of the microgrid at instances when it is
connected to the utility and also when it is operating independently, i.e. in an island mode, not
connected to the utility. Another goal is to develop schemes for relay protection coordination
in a microgrid and test new control and protection strategies. This test bed would also provide
real time visualization and analysis of a fully operational microgrid, which could be used in
laboratory experiments for undergraduate courses.
Table 1-1 provides a comparative view of laboratory scale microgrid test beds
developed by a number of universities across the world. The microgrid test bed developed at
the PPL Electric Utilities Lab at the Pennsylvania State University Harrisburg (PSH) is
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compared with those developed by Florida International University (FIU) [4], Missouri
Science & Technology (MST) [14], National Technical University, Athens, Greece (NTU)
[15], ITESCO AC University (ACU) [16] and University of Texas at Arlington (UTA) [17].
The comparison shows the test bed developed at PSH assimilates most of the unique
features in a microgrid. The implementation of wind and fuel cells as a source of renewable
energy resources in the microgrid is planned for the immediate future. The intelligent control
implemented in the microgrid at PSH is the Multi-Agent System based distributive control.
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Table 1-1 Comparison across Various Microgrid Test Beds

Sl. No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Features
Distributed Generation
Intelligent Control
Smart Metering
System Visualization
Type of AC Bus
Real Time DAQ
Photovoltaic Emulation (PV)
Wind Energy Emulation
Fuel Cell
Battery Storage
DC Bus
AC Bus
Interconnection Between AC and DC Bus
Smart Load
Grid Connection
Educational Test Bed
Research and Development Tool

FIU

×
×

3-ϕ


×










MST
×
×
×

3-ϕ

×
×
×
×
×

×
×

×
×

NTU




1-ϕ
×

×
×

×

×
×
×
×
×

ACU


×
×
3-ϕ
×


×




×

×
×

UTA

×
×
×
1-ϕ













PSH




3-ϕ


×
×
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Industrial Grade Relay and Protection



×

×

×

×



FIU: Florida International University; MST: Missouri Science &Technology; NTU: National Technical University, Athens; ACU:
ITESCO AC University; UTA: University of Texas at Arlington
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Chapter 2
Design and Architecture of Microgrid Test Bed
A microgrid is essentially an active distribution network because of different renewable
energy sources and various loads at distribution voltage level. From an operational point of
view, DERs need to be equipped with power electronic interfaces for control, to provide the
required flexibility to ensure its operation as a single aggregated system and to maintain the
specified power quality. This control flexibility would allow the microgrid to present itself to
the main utility power system as a single controlled unit that meets local energy need for
reliability. The main advantage of a microgrid is that it is treated as a controlled entity within
the power system. It can be operated as a single aggregated load or a source [16].
A significant aspect that needs to be considered for power system planning and
operation, is that reliability is challenged more in a microgrid environment. This is because 1.
The renewable energy usually has low capacity factors as well as low correlation with the load
profile; 2. The mismatch between the forecast generation and the actual value still needs to be
reduced; 3. The transmission and distribution congestion are also critical. In order to participate
in the power market in a cost effective way, load management and demand response on the
customer side is necessary. While DERs provide a relatively clean power supply to end users,
a seamless integration of the DERs and the utility grid also becomes important. More important
is the fact that when faults take place in a microgrid, a proper scheme of protection and control
is necessary to ensure the safety of both the customers and the utility providers. All these topics
are conducted and implemented into a test bed before carrying out operations on a larger
microgrid network [17].
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System Design

In order to incorporate the features which are essential in a microgrid environment, a
Single Line Diagram for the laboratory scale microgrid is proposed as shown in Figure 2-1.
This proposed schematic provides a platform to implement the following features:
1. Integration of renewables.
2. Integration of storage.
3. Demand side energy management.
4. Hybrid AC/ DC layout.
5. Voltage and frequency control.
6. Static and Dynamic Loads.
7. Distributed intelligent control.
8. Interconnection to utility.
9. Standard Operation based on IEEE 1547

Integration of Renewables
In the proposed scheme, a PV emulator is built within the architecture of the microgrid.
This PV emulator can emulate the behavior of any given solar panel and give a corresponding
V-I characteristic which is dependent on the amount of insolation received and the temperature
on any given day of the year.
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Figure 2-1. Microgrid Test Bed Single Line Diagram
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Integration of Storage
The proposed layout has a battery storage system rated at 48V DC, 180Ah, which can
be used to store energy in the microgrid at times when the cost of power is low or when excess
power is generated. The battery storage system also has provisions to feed back this stored
power to the microgrid.

Demand Side Energy Management
With the issues of reliability of power increasingly coming under the scanner over the
recent years, demand side energy management is an area of application that is vital for the
satisfactory operation of a microgrid. The proposed layout encompasses various loads which
help in mimicking load profiles related to loads like washers, dryers, heaters, motors, etc. These
loads could be brought online when it is determined that the cost of electricity is right at a given
instant of time or at times when there is no peak load on the grid or they can be brought online
when the demand on the grid is less, during nights, in order to meet the minimum load required
to run the generators. The layout proposed has provisions to incorporate a “Smart Load” which
is a programmable load, with capabilities to interact with the central controller or the utility
through a PLC.

Hybrid AC/ DC Layout
One of the key features in an evolving microgrid is the ability to insert DC generation
into the electric system and feed DC loads. The proposed schematic serves this idea by
employing two DC bus systems, namely, DC load bus and storage bus. A key feature is the
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ability of the microgrid to transfer power between the AC and DC side which would help serve
both AC and DC loads. This is established by employing a Bi-Directional Converter.

Static and Dynamic Loads
In a microgrid environment, various loads, static and dynamic, are in use to serve the
daily requirements of consumers. Loads include motor loads, single or three phase;
synchronous or asynchronous; DC loads, inductive loads, capacitive loads, etc. Loads which
are able to encapsulate different behavior relating to varying load profiles are incorporated in
the proposed microgrid test bed layout. By incorporating these loads, the proposed microgrid
test bed architecture is able to be tested to the fullest by providing various loading schemes to
the generating units.

Interconnection to Utility
Microgrids have to be connected to the electrical grid at times to help serve local
demands. Instances when it has to be connected to the utility include times when the microgrid
is not able to meet the load demand or at times when there is loss of generation, due to fault or
maintenance. Also, the microgrid, when connected to the utility, should have the ability to
disconnect itself from the utility such that faults which occur in the electrical grid do not affect
its normal operation. The proposed architecture put forward has the essential components,
including metering and protection, to enable the microgrid to connect or disconnect itself to or
from the utility.
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Distribution and Intelligent Control
The proposed microgrid architecture is embodied with a multi-agent system based
distributed intelligent control. This enables the microgrid to have a distributed control with the
aid of PLC’s. The architecture enables communication between the PLC’s, central controllers
and also, possibly, with the electrical utility. This would help realize control algorithms
pertaining to buying and selling power between the utility and the microgrid. The concept of
“bidding power generation and consumption” among the generating units and loads and also
possibly with the utility could be realized with this architecture.

Standard Operation based on IEEE 1547
IEEE 1547 is an interconnection standard that is used for integrating distributed power
resources with the electrical power system. In the proposed schematic, four main features of
this standard are realized. Features include:
1. Voltage and Frequency Control
2. Synchronization
3. Protection
4. Islanding
The architecture proposed serves to meet all of the above listed criteria with the
following specifications:
1. Voltage regulation, according to ANSI C 84.1-1995 Range A. i.e. at 120V ± 5%.
2. Frequency of operation of the microgrid within 60.5 Hz to 59.3Hz.
3. Synchronization with the following conditions: Δf = 0.3 Hz, ΔV= 10% and Δφ= ±20%
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4. Islanding: Normal operation of the microgrid should not be disturbed at times when the
microgrid islands itself from the Utility. The microgrid should have ability to maintain voltage
and frequency within the specifications, at times when it is operating in an islanded mode.
5. Protection: Faults that occur within a microgrid have to be cleared within the microgrid itself

and faults that occur outside the microgrid should not affect the operating units within a
microgrid.

Architecture
The test bed is developed for studying microgrid operating concepts in a power system.
This test bed provides a hardware and software integrated power system infrastructure required
for studying issues related to interconnection, control and protection. Most power system
laboratories do not provide this and more emphasis is given to software emulators with limited
or minimal hardware involvement [4]. This test bed integrates major power system components
together for developing a more realistic laboratory scale microgrid for research and education.
The following areas of research can be targeted with the test bed setup [4]:
1. Integration of distributed energy sources, including renewable resources such as wind, solar,
fuel cells, etc. in power generation and their control structure.
2. Intelligent protection schemes and their application in detecting, mitigating and preventing
cascading outages, islanding situations and total grid blackout occurrences.
3. Creating new microgrid solutions for residential and industrial applications.
4. Intelligent real time demand side management based on renewable energy uncertainty.
The total power capability of the test bed is over 12kW from AC, renewable and storage
capability. This test bed uses laboratory scale components in addition to industrial grade
hardware to model the realistic behavior of a large power system. The architecture of the test
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bed is an excellent base not only for innovative research ideas, but also for teaching general
power system concepts to electrical students. This test bed is especially important given the
possibility of the addition of more renewable resource [4].
Figure 2-1 provides the Single Line Diagram of the Microgrid Test Bed. All the
components used for this test bed setup are discussed and illustrated in this chapter. The
architecture contains three main electrical buses: Three phase AC Bus rated at 208V, 60Hz,
20A Copper Bus; DC Storage Bus which contains the Battery Storage System; DC Load Bus
where DC loads and the PV emulator system are tied into the microgrid architecture. In the
architecture of this microgrid, multiple energy sources and storage facilities (such as batteries)
are present, which in many ways resembles an electric power system. Table2-1 provides a
comprehensive view of the major components employed in the architecture of the microgrid.
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Table 2-1. Microgrid Test Bed Features

Sl. Microgrid
No Feature
DER
Bio Fuel Based
1
GenerationEmulator
2

Renewable
Energy System

Equipment in Microgrid

Specification

3-ϕ Motor Driven Synchronous Generator

Manufacturer: Hampden, 3 HP, 208V AC,60 Hz,1800rpm

PV Emulator- Magna Power

Input:187-229V AC, 16A AC, 3-ϕ,50-400Hz. Output: 0-250V
DC,0-16A DC,0-4kW
3-ϕ IM: Manufacturer: Dayton, 0.25HP, 1725 rpm, 208-220V
AC, 1.2-1.4A AC
1-ϕ IM:0.12kW, 120V AC
DC motor:1/25 HP, 75V DC,2500rpm,0.85A DC

Load (AC & DC)
3

Dynamic

Single phase Induction Motor
Three phase Induction Motor
DC Motor

4

Static

Heater and Bulb Loads

Heater (AC /DC): 550W
Bulb (DC): 100W

Programmable
Load

Smart Load

Variable R, L, C and Motor Loads (refer page no. 27 for details)

5

Breakers
6

Grid Connection

ABB Vacuum Magnetic Circuit Breaker

15kV (max), 1200A (continuous), Interrupting Time: 3.0cycles
(seconds), Permissible Tripping Delay: 2 seconds, Reclosing
Time: 0.3 seconds. Control Supply 48V DC.

7

Generator
Breaker

Allan Bradley Contactor

3-ϕ, 18A, 600V AC
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Utility Interface
8

Synchronizing
Relay

Intelligent Electronic Device

Bitronics M571 IED

14

Utility

3-ϕ Synchronous Generator

Manufacturer: GE, 5kVA, 120/240V AC, 3-ϕ 24/12A AC.

DC System
9

Storage System

Lead Acid Battery Bank

48V DC, 180 Ah. Each Battery rated at 12V DC 90Ah
4 x 12V DC battery bank connected in series which is in parallel
with another 4 x 12V DC battery bank connected in series

10

Converters

Magna Power

Input:187-229V AC, 11A AC,3-ϕ,50-400Hz. Output:0-250V
DC,0-10.4A DC,0-2.6kW

11

Bi Directional
Converter/
Battery Charger

SMA Sunny Island

4.5kW, 1-ϕ, 120V AC, 48V DC

Metering and Protection
12

Protection

Numerical Relays

SEL421 and ABB DPU 2000R

13

System
Monitoring

Smart Meters

EEM-600: Phoenix Contact.
M650: Bitronics
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Microgrid DER
The main generator employed in the microgrid is a synchronous generator. The
specifications of the generator are provided in Table 2-2.
Table 2-2. Technical Specification of Microgrid Generator

Description
Voltage
Speed
Frequency
Inertia

2.2kW (3HP), 3-ϕ
208V AC
1800rpm
60Hz
0.0095 kgm2 (approx.)

The prime mover for this generator is a 3HP, 60Hz, 208V AC, 1725 rpm Induction
Motor (IM) which is driven by a variable frequency drive. The automatic voltage regulation
and frequency control of the generator is achieved with the help of an in-house-built exciter
and governor controller. Figure 2-2 provides a layout of this exciter and governor control
system setup. Control of both the loops is achieved through MATLAB. The terminal line
voltage of the generator is fed into MATLAB through National Instruments Data Acquisition
Module (NI 9205) [18]. With the aid of this signal, the amplitude and frequency of the terminal
voltage generated by the generator are obtained. The necessary control action is performed in
MATLAB wherein a PID controller is implemented to provide the necessary control signal
output (through NI 9263 [19]) to maintain the rated terminal amplitude and frequency of the
voltage generated by the generator. Figure 2-3 provides a block diagram representation of

the frequency and voltage regulator. It can be divided into two loops; AGC (Automatic
Governor Control) and AVR (Automatic Voltage Regulator).
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Figure 2-2. Layout of Exciter and Governor Control for Microgrid Generator
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Figure 2-3. Linear Model for Frequency and Voltage regulation
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The AGC loop governs the speed response, i.e. the frequency of the generator with
respect to changes in load. The AVR loop governs the change in terminal voltage of the
generator with respect to changes in load. The entire model is heavily approximated as a lot of
data is not available to model the system. All the systems are approximated by a first order
system as shown in equations (1)-(7) where τg ,τt ,τa ,τe and τr are the estimated time constant
(in sec) for the respective systems, H and Hg are the moment of inertia (in kgm2) of the system
and D and Dg are the damping coefficients. Ka, Ke and Ker are the respective gains. Table 2-3
provides the approximate values of these constants employed in the simulation. A PID
controller is employed in the system and is tuned with the inbuilt MATLAB tool and the values
of Kp (Proportional), Ki (Integral) and Kd (Differential) are obtained.
With these calculated values, a PID controller is implemented in MATLAB which
helps in maintaining the terminal voltage according to IEEE 1547 standard.

Governor:
Turbine:
Inertia & Load:
Amplifier:
Exciter:
Generator:

Sensor:

1
1+𝜏𝑔 𝑠
1
1+𝜏𝑡 𝑠
1
2𝐻𝑠+𝐷
𝐾𝑎
1+𝜏𝑎 𝑠
𝐾𝑒
1+𝜏𝑒 𝑠
1
2𝐻𝑔 𝑠+𝐷𝑔
𝐾𝑒𝑟
1+𝜏𝑟 𝑠

(1)
(2)
(3)
(4)
(5)
(6)

(7)
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Table 2-3.Approximate Values of Data used in Simulation

Sl No.

Constant

Approximate value

1

τg

0.2 (sec)

2

τt

0.5(sec)

3

τa

0.1(sec)

4

τe

0.4(sec)

5

τr

0.05(sec)

6

H

5 kgm2

7

Hg

0.7 kgm2

8

D

0.8

9

Dg

1

10

Ka

10

11

Ke

1

12

Ker

1

Also, as can be seen from the schematic, the control action of the Exciter is given by
equations (8) and (9):
𝑉𝑟𝑒𝑓 − 𝑉𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 = 𝑉𝑒𝑟𝑟𝑜𝑟
(𝐾𝑖 +

𝐾𝑖
𝑠

+

𝐾𝑑 𝑁
1+

𝑁
𝑠

)*𝑉𝑒𝑟𝑟𝑜𝑟 = 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑆𝑖𝑔𝑛𝑎𝑙

(8)
(9)

where Vref is the reference voltage signal and Vfeedback is the feedback signal received
from the sensor Verror is the error signal which is given as input to the PID controller and N is
the filter coefficient of the PID controller.
This control signal to the exciter helps in providing necessary DC excitation voltage to
the field of the generator. With these calculated values, a PID controller is implemented in
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MATLAB which helps in maintaining the terminal voltage and frequency according to IEEE 1547
standard.
The control action of the Governor is given by equation (10):

−𝐾𝑖
𝑠

(

1

− 𝑅)*𝜔𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 = 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑆𝑖𝑔𝑛𝑎𝑙

(10)

where ωfeedback is the feedback speed signal.
The control signal to the governor helps in maintaining the frequency of rotation of the
prime mover i.e. the induction motor at 60.8Hz such that the frequency of the voltage generated
is at 60 Hz ±0. 5 Hz.
The control system for the generator is designed such that it maintains the terminal
voltage of the generator at 208V AC, 60Hz for loads varying from no load to full load
conditions.

Microgrid System Loads- Static and Dynamic
In a microgrid environment at a distribution level, loads of various nature, balanced or
unbalanced, are connected to the system. As a result, in order to mimic this behavior in the test
bed, different loads, static and dynamic, are integrated into the architecture of the microgrid as
shown in the single line diagram. This enables the full potential of the microgrid test bed for
testing. Furthermore, each load is designed with contactors that enable remote closing and
opening from a controller. Loads which are integrated in the test bed are explained in this
section.
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Three Phase Dynamic Load: Induction Motor (ML1)
The technical specifications of the three phase induction motor is as provided in Table
2-4 and has a reactive power demand.
Table 2-4. Technical Specification of Three Phase Induction Motor

Description
Voltage
Speed
Frequency
Inertia

0.25HP, 3-ϕ
208V AC
1750rpm
60Hz
0.00089 kgm2(approx.)

This dynamic load when operating at no load has poor power factor and can be used
to realize highly inductive loads in a microgrid environment. This load has provision of
connecting a variable load box to the shaft of the motor and allowing the motor to be loaded
for various levels of loads. This allows the system to control the loading of the motor for a
required load profile that can be placed on the generator and could be used to model compressor
loads which have varying load patterns over a given operation cycle.

Single Phase Dynamic Load: Induction Motor (ML2)
The single phase induction motor load utilized in the test bed is a single phase fan load
rated as specified in Table 2-5, which is connected to the AC Bus.
Table 2-5. Technical Specifications of Single Phase Induction Motor

Description
Voltage
Speed
Frequency
Inertia

0.12kW, 1-ϕ
208V AC
1200rpm
60Hz
0.0011 kgm2 (approx.)
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This load can be used to model various single phase loads like fans and compressors
which would be employed in a typical microgrid. This single phase load creates an imbalance
in the system which could be used to study the effects of the imbalance created in a microgrid
environment, its effects on the generation, effect on the other phases due to unbalance and
amount of harmonics injected in the system due to this imbalance.

Single Phase Static Load: Heater Load (HL1)
This load is rated as per the specification provided in Table 2-6 and can be used to
emulate the impact of single phase static loads on the system. The system draws a constant
current of 1.5A AC on one of the phases.

Table 2-6. Technical Specification of Heater Load

Description
Voltage
Resistance

550W
208V AC
80ohms

Three Phase Dynamic Load: Synchronous Motor (ML3)
The three phase synchronous motor load is rated as per specification provided in Table
2-7 and draws reactive power at a leading power factor.

Table 2-7. Technical Specifications of Synchronous Motor

Description
Voltage
Speed
Frequency
Inertia

0.25HP 3-ϕ
208V AC
1800rpm
60Hz
0.0011 kgm2 (approx.)

28

This dynamic load can be used to model various capacitive loads in a microgrid
environment. This load could be modeled as a condenser which can be used to control the
amount of reactive power injected into the system and thereby control the overall power factor
of the microgrid system.

Smart Load
For studying system performance, the load levels in a microgrid might have to be
changed to any level as desired. It is this type of load control that makes the implementation of
the microgrid concept in hardware more realistic and achievable.
The microgrid is encompassed with a “Smart Load”. This Smart load is essentially a
programmable load which can mimic different load scenarios. This load is a programmable
load built in with a PLC controller, that enables emulation of various load patterns, as listed in
Table 2-8, to stress the microgrid system to its fullest potential. Figure 2-4 provides a schematic
view of the Smart Load. The switching matrix is essentially a collection of switches configured
in a required layout to enable different load switching schemes. This information could be one
of the following cases; (1) Turn on only when electricity cost is low by communicating with
the utility; (2) Communicate with the utility or a control center to determine what amount of
load can be turned on in the system with regards to the cost of consumption. The Smart load
has a Phoenix Contact PLC (ILC 171) which has Modbus communications capabilities,
enabling it to communicate with other loads, controller or even the utility, facilitating exchange
of information
Several other similar concepts like demand side load management, load balancing, cost
response, etc. could be implemented with this setup.
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Table 2-8. Smart Load: Load Pattern

Case
A

Loads
Resistive Load 1

Description
3 Phase Balanced, Pure Resistive

B

Resistive Load 2

3 Phase Unbalanced, Pure Resistive

C

2 Phase-Unbalanced, Pure Resistive

E

Resistive Load 3
Resistive &
Capacitive Load
Mixture of Load

F

Motor- 1-ϕ

Motor Load

G

Motor- 3-ϕ

Motor Load

H

Lightbulbs-3-ϕ

Light Load

D

Balanced, Resistive & Capactive

Figure 2-4.Schematic Diagram for Smart Load

Unbalanced, R, C & L

Specification
79Ω
79Ω
79Ω
79Ω,50uF
79Ω,50mH, 50uF
0.37kW115V/1.7A/60Hz/172
5rpm/0.00088kgm2
0.37kW/208V/0.86A/60Hz/1
725rpm/0.0088kgm2
100W
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System Breakers and Utility Interface
The microgrid is designed with two industrial grade breakers. The breaker used to
connect and disconnect the microgrid generator from the AC Bus of the microgrid is an Allen
Bradley contactor rated at 18A AC. This breaker has been modified to have local, open and
close, commands along with remote open and close from a PLC and the trip from protective
relay, SEL 421.As this breaker can be controlled by PLC and the protection relays, the breaker
serves as an interface where the PLC and the relay system provide the necessary permissive
commands that would allow the breaker to be connected to the AC Bus. The wiring diagram
of the control circuit is as shown in Figure 2-5.
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Figure 2-5. Control Circuit-Generator Breaker

The second breaker is the grid connection breaker called as the “Grid Tie”. This is an
ABB vacuum circuit breaker that has metering and protection schemes built in to it.
This breaker is rated at 15kV 1200A and is considerably oversized for its current
application. This breaker has been provided in order to facilitate simulation of real time grid
connection and disconnection. This breaker too has provisions for local open, close and trip
commands from the protection relay, ABB DPU 2000R and also has been wired to be tripped
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from a remote device like the controller. The schematic layout of this breaker is as shown in
Figure 2-6.

Figure 2-6. Schematic Layout of ABB Breaker

Generator Synchronization
A synchronizing relay assures that a generator attempting to parallel with the electric
bus does so, in a smooth manner. This has to be carried out without causing any electrical
disturbances to the equipment connected to the bus to which the generator would be paralleling.
It also assures that the generator attempting to parallel with the system will not be damaged
due to improper paralleling action [4].
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For the test bed, an IED (Intelligent Electronic Device) has been configured as a
synchronizing relay, The IED employed is the Bitronics M571. This IED measures voltage
amplitude, frequency and phase angle of the two voltage sources connected to it. There are
four main criteria to be met in order to carry out synchronization for two voltage sources:
1. The magnitude of the two sources should be the same,
2. The frequency of the two sources should be the same,
3. The phase sequence of the two sources should be the same,
4. The phase angle of the two sources should be the same.
The Bitronics M571, has been programmed to carry out the above synchronization tests as
shown in Figure 2-7 and provide a sync permissive signal to synchronize the two voltage
sources only when the above conditions are met. A synchronizing selector switch has been
developed that channels only two voltages to the input of the Bitronics from several sources of
voltage available as input to this selector switch. Figure 2-8 provides the schematic of this
selector switch. This synchronizing selector switch is controlled by the PLC controller, which
determines which two out of the three voltage sources need to be routed to the IED. The PLC
provides the necessary control signals to energize only two sets of relays which are required to
carry out synchronizing checks in the IED
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Figure 2-7. Synchronizing Logic

.
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Figure 2-8. Synchronizing Selector Switch

In the test bed, the following two scenarios of a microgrid are exhibited which signify
the need to carry out synchronizing checks:
1. The microgrid generator has powered the bus and will attempt to connect to the grid.
2. The grid is powering the microgrid and the microgrid generator will attempt to connect to
the microgrid bus.
On carrying out successful synchronization tests, the two power sources can be
connected in parallel and the two sources now share the load connected to the common
synchronized bus.
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Microgrid DC Bus System
The test bed is a hybrid AC/DC power system. The AC side of the system halls all the
AC generators and loads connected in the system. The DC side of the grid is used to connect
renewable energy sources in addition to the battery storage system and other DC loads. The
energy available from the renewable source on the DC side of the network should not only
serve local loads on the DC grid but should also serve loads on the AC side. Power sharing can
be used to mitigate local fluctuations on the AC side [4]. As a result, a bidirectional ACDC/DC-AC converter (SMA Sunny Island) is employed in the architecture of the microgrid. It
is to be noted that this converter is a single phase 120V AC to 48V DC system. Owing to the
high cost of the SMA Sunny Island and financial constraints, only one such system is installed.
The DC Bus in the test bed is composed of two; DC storage bus and DC load bus.

DC storage bus

Renewable energy is the most promising alternative when facing the energy crisis and
environmental issues, however, its intermittent nature will unavoidably bring some new
challenges to the grid. As one of the possible solutions, the integration of energy storage
devices can smooth the variations of the output to a certain extent according to the storage
capacity even though the loads may vary as well. Additionally, the storage device can benefit
the grid by enabling the DERs to perform as dispatchable units and they can also provide
backup power when emergency situations are encountered [17]. The DC storage bus is
connected to the three phase AC bus through an SMA Sunny Island bi-directional converter
which converts single phase 120V AC to 48V DC. The SMA also monitors the state of charge
(SOC) and temperature of the batteries connected to it. Another important feature of the SMA
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is that it can convert the energy stored in the batteries back to a single phase AC, online, and
we are able to control the frequency and voltage of the AC output generated by the SMA to be
in line with the requirements of the microgrid AC bus voltage [20]. The test bed is equipped
with a battery bank consisting of eight lead acid batteries each rated for 12V DC. Four batteries
are connected in series, which in parallel with the remaining four batteries in series give and
effective output voltage of 48V DC. This battery bank is the main storage of the microgrid.
Figure 2-9 provides the schematic view of the operational features of the SMA Sunny Island.

Figure 2-9. SMA Sunny Island Operating Features [20]
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DC Load Bus

Converter
As shown in the microgrid single line diagram, the architecture contains a three phase
AC to DC converter [21] that connects the AC bus of the microgrid to the 48V DC load bus as
shown in Figure 2-10. The rectifier allows power to flow from the AC side to the DC. The
rectifier is able to convert three phase 208V to variable output DC voltage and is rated for 2kW.
This output voltage could be programmed to serve DC voltage up to 200V but it is programmed
to convert three phase AC to 24V DC (as the nominal input to the boost converter is 24V DC)
and then this DC voltage is boosted up to 48V DC with the aid of a boost converter [22].
Though not necessary, this is done in order to match the output voltage and impedance provided
by a similar boost converter connected to this DC bus, which is fed by a PV emulator. Also,
the boost converter has been configured to provide a fixed output of 48V DC for input voltages
varying between 18V DC to 32V DC. The protection system provided is such that only when
the input voltage is within the specified limits, will the boost converter be connected on to the
DC load bus. The schematic of the protection system employed is shown in Figure 2-11. This
boost converter is rated for 5A, thereby limiting the output of this converter.
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Figure 2-10. DC Load Bus

Figure 2-11.Protection Scheme for DC Boost Converter
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PV Emulator

As one of the most promising resources, renewable energy has its specific advantages.
It is inexhaustible, relatively clean and easily accessible. However, the intermittent nature of
renewable energy will unavoidably bring some new challenges when it is integrated to the
microgrid. It is this intermittency that leads to researching areas of seamless integration of
renewable sources into the microgrid test bed. In order to incorporate renewable sources of
power, a 4kW programmable DC power supply [21] is used to emulate a typical I-V
characteristics curve of any given PV panel. It also allows incorporating parameters such as
ambient temperature and solar insolation. The emulator is programmed to simulate the
behavior of a solar panel for varying conditions of insolation and temperature for a specified
location at any given day of the year. The details of the PV panel being emulated are as shown
in Table 2-9 and it V-I characteristics is as shown in Figure 2-12. A screen shot of the
programming environment for the PV emulator is shown in Figure 2-13.

Table 2-9. PV Panel Specification

Parameter
Type
Tref
Iref
Vmp
Imp
Voc
Isc
β
α

Value
Csi
25
1000
24
5
30
6.3
-0.4
0.04

Unit
C
W/m2
V
A
V
A
% V/ `C
%A/`C
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Figure 2-12. V-I Characteristics of PV panel

Figure 2-13. PV Panel Emulator Program
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The emulator provides voltage varying from 24V DC to 32V DC as per the I-V
characteristics of a solar panel. Further, in order to maintain a fixed output voltage of 48V DC,
i.e. the voltage level of the DC load bus, the output of the emulator is fed into a boost converter
that provides a fixed output of 48V DC for varying input voltage levels as provided by the PV
emulator. A protection scheme, similar to that designed for the boost converter connecting the
output of the rectifier unit to the DC bus, is provided here.

Microgrid Instrumentation

Measurement-Current Transformer (CT) and Potential Transformer (PT)
Depending upon the quantity of current to be measured through a conductor and on the
quantity of voltage to be measured across an equipment, CTs and PTs of appropriate ratios, as
indicated in the single line diagram, have been chosen.
The CT wiring is carried out as shown in Figure 2-14 that is in accordance with the
three phase four wire WYE connected systems. The secondary of the CTs is star connected and
terminated at the respective relays or metering devices.
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Figure 2-14. CT Wiring

The PT wiring is carried out as shown in Figure 2-15 which is also in accordance with
the three phase four wire WYE connected systems. The primary and secondary of the PTs are
star connected and terminated at the respective relays and metering device.

Figure 2-15. PT Wiring
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DC Isolating Amplifiers
The NI-DAQ devices incorporated into the microgrid architecture to provide necessary
control signals (DC Voltage) to the exciter and governor drives have a maximum current
sourcing capability of 2mA which is well below that required to drive the control circuit in the
exciter and governor drives in the Microgrid Architecture. In order to overcome this issue, a
DC isolating amplifier is utilized which helps in impedance matching and also provides the
required isolation between the drives and the NI-DAQ. Two such DC isolating amplifiers are
utilized, they are Phoenix Contact Signal Conditioners, MCR-C-UI-UI-DCI [23] and MINI
MCR SL-U-U [24]. Each of these isolators is programmed to provide isolation between 0-10V
DC.

Transducers- Current and Voltage
In order to measure DC currents and voltages, the microgrid is provided with
current and voltage transducers, as listed in the SLD. These transducers are programmed to
measure the appropriate current through a cable and voltage across a device to which they are
connected. These transducers are configured to provide a DC current signal of 4-20mA
corresponding to the voltage or current measured. The output of these transducers is directly
connected to the analog input ports of the PLC. The current transducer incorporated in the
microgrid is Phoenix Contact MCR-S-10-50-UI-DCI [25] and the voltage transducer is the
Phoenix Contact MCR-VDC-UI-B-DC [26].
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It is to be noted that these transducers and DC isolating amplifiers need a separate DC
supply. The DC supply in the microgrid is standardized to +24V DC which is achieved by
utilizing 24V DC power supplies, mounted across various locations as required.

Microgrid System Protection
Incorporating a protection scheme is key to protect various distributed generation and
power consuming equipments in a microgrid. The microgrid protection scheme in an islanded
operation poses a serious problem. It is shown in [27] [28] that the fault current for a grid
connected and islanded microgrid are significantly different. Additionally, high penetration of
inverter connected DG sources lead to conditions where no standard overcurrent protection
methods will suffice. As the penetration of distributed resources increases their systems will
experience two important changes: bidirectional flow in the feeders; and looped operation.
Traditional protection schemes will no longer be adequate as the new protection
schemes will have to be adaptive, since the system switches between grid connected and
islanded modes, the configuration and fault levels will change. Numerous studies have shown
that traditional distribution protection schemes are incapable of detecting and isolating faults
under various modes of operation of a microgrid. This is because the fault current and the load
current vary significantly in both magnitude and direction as mode of operation of a microgrid
changes from islanded mode to grid connected mode. This is one area of research that can be
studied at the microgrid test bed. In the present state, the microgrid is adequately protected
using advanced digital relays deployed at two nodes on the microgrid. The two nodes at are
being monitored are at the grid connection and at the microgrid generator. SEL 421 is used for
providing protection for the microgrid generator connection and ABB DPU2000R is used for
grid connection.
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SEL 421: This relay has been configured to provide protection to the Microgrid Generator.
The protection provided by the relay is Overcurrent Protection, Instantaneous Overcurrent
Protection, Reverse Power Protection, Negative Phase Sequence Protection, Earth Fault
Protection, and Over Voltage Protection as shown in Figure 2-16 [29].

Figure 2-16. SEL 421 Protection Scheme [29]

ABB DPU 2000R: This relay has been configured to provide protection to the microgrid from
the generator which is used to mimic the behavior of the utility. It serves to disconnect the
microgrid from the utility in order to protect the microgrid from faults on the utility side. Apart
from this, the relay has also been programmed to protect the generator which serves to perform
as the utility. The protection provided for this generator is (1) Time Overcurrent (Phase and
Ground); (2) Instantaneous Overcurrent (Phase and Ground); (3) Negative Sequence Time
Overcurrent; (4) Over Voltage; and (5) Reverse Power. The protection features of this relay
are as shown in Figure 2-17 [30].
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Figure 2-17.ABB DPU2000R Protection Scheme [30]

Both relays monitor the status of each generator through the current and voltage signals
received by the respective CTs and PTs mounted for the generators.

System Monitoring Devices
The essence of a microgrid is the ability to carry out and monitor real time measurement
on the electrical power consumption. In the microgrid test bed, smart meters provide real time
information on the electricity consumption for a user to the utility provider. This data can be
used to extract information about the load behavior of a user and the utility could monitor the
energy consumption. Through the smart meters, the utility has direct access to the user’s daily
life habits, such as times when lights are turned on and off, types of equipment used or times
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when nobody is home [31]. The smart meter employed in the microgrid test bed is EEM 600Phoenix Contact. These energy meters have a built-in web server that enables access to data
through an Ethernet network. Data like real and apparent power, voltage, current, power factor,
etc., could be accessed remotely by controller or PLC.
In order to monitor the utility, a smart meter different than the one used in the test bed
is installed. A Bitronics M650 [32], is utilized for this purpose. This meter too provides details
about the power quality of the utility and this data can also be accessed remotely by a controller
or PLC. It also has a built in web server, so that data could be accessed through an Ethernet
network.

Utility Generator
At times when excess power is generated by the microgrid, times when there is a
shortage of power generated, or if there is more demand for power than that generated, the
microgrid has to depend on the utility by connecting itself to the utility. Also at times when
generators in a microgrid are down due to repair work or maintenance, the microgrid has to be
powered by the electrical utility grid. The test bed is equipped with industrial grade breakers,
metering and a protection system that enables it to connect to any electrical utility. As necessary
approvals could not be obtained to synchronize with the electrical utility, a 7.5 HP synchronous
generator is employed to mimic the behavior of the electric utility. This utility generator is a
DC motor driven synchronous generator. The specifications for this synchronous generator are
provided in Table 2-10 and those for the prime mover in Table 2-11.
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Table 2-10. Specifications of Utility Generator

Description
Voltage
Speed
Frequency
.

7.5HP, 3-ϕ
208V
1800rpm
60Hz

Table 2-11.Specifications Of Prime Mover- DC Motor

Description
Voltage
Speed
Inertia

4.5kW, Shunt
125V
1750rpm
0.013kgm2

The DC motor is driven by a DC drive thag has been modified to be controlled by
MATLAB via NIDAQ. This helps in controlling the speed of the prime mover to maintain the
frequency of the voltage generated by the generator at 60Hz. The DC field excitation of the
synchronous generator is provided by a similar DC drive that has been modified to provide
variable DC voltage to the field windings of the generator through a MATLAB/NIDAQ
interface.
The configuration and control action for the exciter and governor control are similar to
those employed for the microgrid generator and are shown in Figure 2-18. The approximate
values of data used in simulating the controller are shown in Table 2-12.
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Figure 2-18. Layout of Exciter and Governor Control for Grid Generator

Table 2-12.Approximate Value of Data used in Simulation

Sl No.

Constant

Approximate value

1

τg

0.4 (sec)

2

τt

0.6(sec)

3

τa

0.1(sec)

4

τe

0.4(sec)

5

τr

0.05(sec)

6

H

5 kgm2

7

Hg

0.8 kgm2
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8

D

0.8

9

Dg

1

10

Ka

10

11

Ke

1

12

Ker

1

Cabling
The cabling system is standardized in the microgrid architecture with an eye for future
expansion. The cabling system is divided into two categories: 1. Power cables and 2. Control
cables. The power cables utilized are 12AWG, 4 core, insulated, rated at 600V/ 300V, and
capable of carrying currents up to 20A in each core. These cables are primarily used to power
loads and generators.
The control cables are rated at 18AWG, 4 core, non-insulated, and capable of carrying
currents up to 8A. These cables are primarily used for CTs, PTs, start, stop and trip command
signals and relay interlock cabling.

Floor Layout for Microgrid System-Cable Ducts
In order to conceal the cabling works in the microgrid, cable ducts made of 16
Gauge Steel and ANSI 61 Gray Polyester Powder Finish are utilized. The layout of cable ducts
employed is as shown in Figure 2-19. This ducting work ensures that the cables are protected
and that the cabling is carried out neatly, giving a good, clean appearance to the microgrid. At
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points where the cables have to exit/enter the ducts, flexible conduits are provided which
prevent damage to exposed cables. (Appendix A shows pictorial layout of the equipments)

Figure 2-19. Cable Duct Layout

Visualization Softwares
The microgrid has several types of visualization software that enables the user to
observe the performance of various units in the microgrid and carry out control action if
necessary. The following visualization software platforms are available in the microgrid:
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1. SCADA-SEL RTAC 3530: Provides a web server based SCADA (Supervisory Control
And Data Acquisition) system as shown in Figure 2-20.

Figure 2-20. Microgrid Test Bed SCADA

2. SEL- ACSELERATOR: Provides a visual operation of SEL 421 relay as shown in
Figure 2-21 and provides a platform to program the SEL relay.

Figure 2-21. SEL-ACSELERATOR
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3. ABB winECP: Provides a visual operation of ABB DPU2000R relay and provides a
platform to program the ABB relay as shown in Figure 2-22.

Figure 2-22. ABB WinECP

4. M650 Web based HMI: Enables visualization of Bitronics M650 meter as shown in
Figure 2-23 through the network and enables the user to carry out programming of this
meter if required.

Figure 2-23.M650-HMI

55

5. BiView: Provides a visual feed of the data available in the either M650 or M571 IED
as shown in Figure 2-24.

Figure 2-24.BiView

6. R3 Configurator. Enables the user to program the M571 IED as per the requirements
of the user as shown in Figure 2-25.

Figure 2-25. R3 Configurator
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7. Phoenix Contact Web based HMI: These smart meters have a web based HMI, as
shown in Figure 2-26, that enables the user to visualize the performance of various
equipments that are being monitored by these meters.

Figure 2-26. Phoenix Contact HMI

Cable Schedule and Tagging
A detailed cable schedule, highlighting the cabling works carried out in the test-bed, has
been developed and is available with the concerned representative of the lab. Table shows an
example of how the cable schedule has been prepared. It is to be noted that, the cables are tagged
as mentioned in the cable schedule at both the end of the cables.

Table 2-13.Sample Cable Schedule

Sl No

Cable Tag

From equipment

1

MG-CT-P

CT-P-MG

Terminal
R
Y
B
N

Cable Core No
1
2
3
4

To Equipment
SEL 751

Terminal
T1-1
T1-2
T1-3
T1-4

Remarks
Protection
CT
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Chapter 3
Operation of Microgrid Test Bed
The microgrid test bed has multiple energy sources, storage facilities and several static
and dynamic loads that in many ways represent an electric power system [15]. The overall test
bed system components are connected as shown in the single line diagram and working of each
device is explained in detail in chapter 2. The operation of a microgrid can be divided into two
modes of operation: (a) Islanded Mode (b) Grid Connected Mode.
In the island mode, the microgrid operates independently without the aid of the utility.
Figure 3-1 provides a diagrammatic representation of a microgrid operating in an islanded
mode. In the grid connected mode the microgrid connects itself to the utility and operates as
an integral part of the utility.

Figure 3-1. Microgrid Operation [33]

The transition to island mode can be a result of scheduled or unscheduled events.
Scheduled transitions are intentional events with the time and duration of the planned island
agreed upon by all parties involved. Unscheduled transitions are inadvertent events that are

58

initiated by loss of utility and may be automatically initiated by protective equipment,
equipment failure, etc [3].
When operating in the island mode, the microgrid must meet the real and reactive
power requirements of the loads within the island and serve the range of loads, from minimum
load to maximum load connected to the microgrid. The microgrid should also provide
frequency stability and operate within the specified voltage ranges. Once in island mode,
generation and load management become key. To balance the load and generation, various
techniques (load management & load shedding) can be used during the island mode. Voltage
stability and dynamic reactive capability must be adequate. For example, if a motor is started
directly on line (DOL) and a large amount of reactive power is required, there should be
sufficient reactive power capacity to correctly bring the system back into stability. During the
island mode, transient stability also should be maintained for load steps, DER unit outages and
island faults. All faults must be cleared within the island.
When reconnecting the microgrid back with the utility system, monitoring systems
should indicate that the proper conditions exist. After a utility disturbance, reconnection should
not happen until the utility voltage is within acceptable limits and phasing is correct ensuring
the utility is stable. The microgrid should parallel with the utility without causing excess power
disturbances. All these above scenarios are simulated in the test bed to test the effectiveness of
the architecture.
The microgrid can be brought online in two ways (i) powering on the microgrid
generator or (ii) connecting the microgrid to the utility.
The microgrid is brought online by starting the prime mover, i.e., the induction motor
of the microgrid generator via the Graphical User Interface of MATLAB, as shown in Figure
3-2, and then taking this prime mover to full speed no load (FSNL) condition, i.e. the motor
running at the rate speed corresponding to 60Hz. Once this operating stage is obtained, the
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generator is now excited by providing it with the required amount of excitation voltage to its
field windings and the terminal voltage of the generator is built up to 208V AC 60Hz as
displayed in the Smart Meter, SM1.The control of the generator is now put in auto mode, where
the PID controller developed in MATLAB carries out the necessary control action to maintain
the amplitude and frequency of the voltage generated at the rated point for the entire operating
range of the generator, from no load to full load. Next, the AC Bus of the microgrid is charged
by closing the generator breaker. In order to close the breaker the following conditions/
permissions have to be met (i) controller to provide permission for the generator to connect to
the AC Bus; and (ii) protection relay, SEL 421, to provide permission indicating the generator
is healthy. The SEL relay provides the necessary permission only when there is no faults in the
generator and the controller would provide the necessary permission only if it determines that
connecting this generator is feasible at the present state of the microgrid. On closing the
breaker, the AC bus is now energized to the voltage level of the generator as indicated in Smart
Meter 2
Next, the following tests are carried out to ensure that the microgrid adheres to IEEE
1547 standard for Interconnecting Distributed Resources with Electric Power Systems.
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Figure 3-2. MATLAB Graphical User Interface

Test 1: System Loading

In a microgrid environment, the DER’s have to serve several varieties of loads ranging
from single phase loads like heaters, lighting, pumps to three phase loads like dryers, washers,
etc. The impact of operating these loads on a microgrid which is not connected to the utility
has to be studied, how turning on or off a load can impact the voltage and frequency levels of
a microgrid. When single phase loads are brought online, the system becomes unbalanced,
turning ON loads causes a dip in voltage and frequency, while turning OFF the load can result
in the voltage and frequency being thrown off to higher levels. These conditions could be
studied in a microgrid test bed environment. The controllers designed for DER’s which are
responsible for maintaining voltage and frequency within operating standards should be able
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to manage such unbalances and swing in system voltage and frequency due to change in load
conditions.
Such a test scenario can be tested on the microgrid test bed developed. The schematic
for this test setup is as shown in Figure 3-3. We consider three loads, a three phase motor load
(ML1), a single phase motor load (HL1) and a three phase balanced resistive load from the
Smart Load setup. These loads depict the actual loading conditions in a microgrid environment.
IEEE 1547 has strict specifications for voltage and frequency variations across varying
load conditions. It specifies that the voltage be limited to vary between ±10 % of the nominal
operating voltage (120V AC, phase voltage) and the frequency to be within 59.3 Hz to 60.5 Hz
throughout the operating range of the microgrid.
After the microgrid generator has charged the AC bus, it is now loaded by bringing on
the loads in a sequential manner. It can be seen that after an initial dip in voltage, due to turning
on loads, the exciter and governor controller is able to maintain the terminal voltage and
frequency within the limits specified in IEEE 1547. This indicates that the system is adhering
to the voltage and frequency regulation specification of IEEE 1547.
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Figure 3-3. Test 1 Scenario

Test 2: Grid Synchronization

Microgrids have several DER’s like, PV, Wind, fuel cells, etc operating in tandem.
There may be times when a microgrid containing such DER’s and feeding local loads might
need to be shut down or turned down to carry out maintenance work or there might not be
sufficient insolation for PV panels to operate at the nominal point or there could be instances
where conditions are favorable for DER’s to generate more power than that required by the
local loads. At such instances, the microgrid would need to be connected to the utility / grid
either to serve local loads or to sell excess power to the utility. The microgrid should be able
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to connect to the utility without disturbing the existing loads that are being powered by the
microgrid. Such instances can be depicted and validated in the microgrid test bed.
The schematic view of the configuration is as shown in Figure 3-4. The three phase
balanced bulb loads of the Smart Load setup are powered on. This load is chosen in particular
as it would help identify if the microgrid connects to the utility smoothly, without affecting the
existing loads in the system.
After the AC bus is charged by the microgrid generator. The grid generator is, now,
brought up to rated speed and voltage i.e. to 60Hz and 208V AC respectively, necessary
synchronization tests are carried out with the aid of the synchronizing relays, and the microgrid
is connected to the utility. It can be seen that the synchronization was carried out smoothly as
there was no flicker in the bulb loads and the load is now being shared between the two sources
without affecting the performance of the loads in the microgrid. This test validates that the
microgrid is compliant with the specifications of IEEE 1547, which dictates that the normal
operation of a microgrid system should not be affected when the microgrid connects itself to
the utility.
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Figure 3-4. Test 2 and 3 Scenario

Test 3: Microgrid Islanding

Microgrid do operate in grid connected modes to help serve its local loads or generate
revenue by selling excess power to the grid. There are several occasions at which the micogrid
would want to island itself from the utility. Occasions include instances when selling power to
the grid is not technically feasible owing to a reduced power production capacity or when at
times the microgrid is itself able to meet the local demands without the aid of the utility. In
such instances, the microgrid would disconnect from the utility provided it is able to meet its
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load requirements. On disconnecting from the utility the entire load now shifts on to the
microgrid DER’s. The DER’s should now be able to meet such sudden increase in load and at
the same time maintain adequate voltage and frequency in the system. Such a condition is
tested on the microgrid test bed as shown in Figure3-4.
In this test, the microgrid is connected to the utility and these two sources, serve to
meet loads on the system. For this test, the bulb load of the Smart Load configuration is being
powered on, which helps give us a visual result of the effects of islanding on the microgrid. By
opening the utility breaker, it can be seen that the entire load is shifted onto the microgrid
generator and it is now able to sustain the loads in the system without disturbing the normal
operation of the loads. Hence, this test indicates that he microgrid meets the criteria put forward
by the IEEE 1547, where the normal operation is not disturbed at times when islanding occurs
in a microgrid environment.

Test 4: Protection

The microgrid operates in two modes-grid connected and island mode. Each DER/
generating units have a protection system associated with it. The point of connection to the
utility also has a relay protection system associated with it. This protection system continuously
monitors the quality of the voltage, current and frequency between the entire microgrid and the
utility.
There could be instances where a DER within a microgrid might develop a fault or
there may be a fault within a microgrid. The fault can vary from a three phase to a single phase
fault and even overcurrent or negative phase sequence fault. In such instances, the relay
protection should have the capability to immediately disconnect that faulty DER or a faulty
section of the microgrid without affecting other sections of the microgrid. Thereby preventing
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a collapse of the microgrid system and damage to equipment’s. The protection system at the
grid coupling point should monitor the status of the microgrid and disconnect the utility from
the microgrid in order to protect the utility such that on an occurrence of a fault in a microgrid,
it should not bring down the utility network. In another instance, a fault developed in the utility
should not affect the normal operation of the microgrid. The protection system at the point of
grid coupling should adequately monitor the grid and disconnect the microgrid from the utility
to prevent a fault in the grid from bringing down the microgrid network.
IEEE 1547 specifies that on the occurrence of any fault in the microgrid, the same has
to be cleared within the microgrid without affecting the normal operation of the microgrid.
This scenario can be tested on the microgrid test bed. Consider an instance when the microgrid
is connected to the utility and is feeding loads ML1, HL1. On simulating a fault on the
microgrid generator, the microgrid gets disconnected from the system with the aid of SEL-421
and the load gets shifted on to the utility. The loads are now being served by the utility. This
verifies that the architecture adheres to the specifications of IEEE 1547. The same is true for
instances when there is a fault in the utility and the microgrid disconnects itself from the utility
with the aid of DPU 2000R, in order to protect itself and carry on the normal operation of the
microgrid without the aid of the utility.

Test 5: Integrating Storage System

The battery storage device is essential in a microgrid environment. Battery storage
system provides a means to store excess energy generated.
There are several instances where it is economically and technically viable to store
energy. At such instances when there is a good source of energy like solar, wind, etc. the DER’s
are capable to produce more power than that required by the loads. This excess energy can
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either be exported to the grid by the microgrid by connecting itself to the utility or it can be
stored in batteries for use at times when there is a shortfall in power generation capacity among
the DER’s. The economics of generation, selling and storage of power would determine
whether power should be stored or not. The test bed developed helps test such conditions with
the aid of an SMA Sunny Island that enables storage of power in a battery bank and return
power back to the grid, if required. Such a test scenario is depicted in Figure 3-5.
The SMA sunny island is brought online and it begins the charging of the battery bank.
The SMA sunny island tests the voltage and its frequency that is present at its input and only
when it is within permissible limits, would it charge the battery bank. For the present test bed
environment, taking into consideration the rating of the generators, the SMA sunny island is
programmed to charge the battery bank at a constant current of 2.5A from the AC bus of the
utility. As this is a single phase equipment, the loading of the generator is studied and it could
be seen that the controller is able to maintain the rated operating conditions, thereby displaying
its effectiveness in maintaining the voltage and frequency of the generator and also that the
system is within the specified range of IEEE 1547. As the bidirectional converter is a power
electronic device, the total harmonic distortion injected into the generator before and after it is
bought online is noted and studied and compared with the specifications of IEEE 1547.
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Figure 3-5. Test 5 Scenario

Test 6: Integrating Converter and PV Emulator

The integration of a DC bus into the microgrid is essential in the electrical utility
environment, considering the present scale of integration of renewable sources which are
primarily DC sources of power. The inclusion of a DC Bus enables the microgrid to meet DC
generation and loads without interlinking an AC Bus in between. With the aid such renewable
sources, it is possible to meet the local load requirements without being connected to the grid.
Such a condition can be tested on the microgrid test bed as shown in Figure 3-6. In order to
accomplish this in the test bed a three phase AC to DC converter has been installed. This power
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converter is rated at 2 kW and is programmed to convert three phase 208V 60Hz AC to 24V
DC. The output of the converter, i.e. 24V DC, is then applied to a boost converter which boosts
this voltage to 48V DC. This boost converter has an operating input voltage range of 18-32V
DC, providing a constant output voltage of 48V DC. Once the DC bus is charged to 48V DC,
loads can be powered on. There are three types of loads that have been included, encompassing
actual DC loads in a system. These loads include DC motor load; to study the effects of
rotational loads on the system; resistive load and static bulb load. The capacity of these loads
have been selected to help in stressing the DC system to its fullest, which is highlighted with
the operation of the PV emulator. These loads are brought online, as required and the current
drawn by these loads is measured with the aid of a current transducer. The effect of bringing
DC loads online on the microgrid generator can be noted by a marked increase in current output
by the generator which is noted by the smart meters. This helps in studying the effects of using
converters in an electric power system that is, the total harmonic distortion injected into the
generator before and after it is brought online is noted and studied and compared with the
specifications of IEEE 1547.
The PV emulator is able to supply loads in parallel with the converter, as it would take
place in an actual microgrid. It can be disconnected from the load bus and re-connected back
without affecting the normal operation of the loads. This syncing of PV emulator is possible as
the output voltage of the boost converter is rated at 48V DC, matching the voltage on the DC
load bus, which is provided by a similar boost converter.
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Figure 3-6. Test 6 Scenario

Further, in order to emulate the behavior of a PV panel for varying insolation and
temperature conditions, actual data from NREL database [34] was obtained for the area around
the University. The database provides insolation and temperature data for every hour of the
day for each day for a year. By selecting a day in winter and summer, the PV emulator was
programmed to emulate the behavior of the PV panel for any one of the two given days. Table
3-1 provides the actual levels of insolation and temperature on 15 January for which the
emulator is programmed. It is to be noted that the emulator can be programmed to mimic the
daily insolation and temperature data over the required time duration.
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Table 3-1. Insolation and Temperature Data for Harrisburg on 15 January

Sl. No

Time

1
2
3
4
5
6
7
8

8am-9am
9am-10am
10am-11am
11am-12pm
12pm-1pm
1pm-2pm
2pm-3pm
3pm-4pm

Insolation
(W/m2)
404
644
673
508
807
738
696
537

Temperature
(celsius)
-6.7
-5.6
-3.3
-2.2
-2.2
-1.7
-1.7
-1.7

After programming the behavior of the PV panel, it is brought online. The output
voltage of the PV panel is such that it would provide a voltage within 18-32V DC. When
sufficient insolation is received by the panel. This voltage is then boosted with the aid of a
boost converter which provides a constant output of 48V DC (for input voltage varying
between 18-32V DC). A protection scheme for the output of this boost converter, similar to
that provided for the AC to DC converter is provided. During the early hours of the day, due
to relatively low levels of insolation, the PV panel is unable to generate the required amount
of voltage at the current levels demanded by the loads. As the voltage falls below the threshold
voltage of around 14V DC the boost converter turns off and disconnects itself and the PV
emulator from the DC bus and the loads are now served by the converter. As the level of
insolation increases, the PV panel is able to supply more load and as the day progresses, the
amount of load that can be served, during the evening hours, reduces due to the decreasing
levels of insolation.
This behavior demonstrates that when the PV panel is serving local loads on the DC
Bus, the load on the microgrid generator is reduced significantly, indicating the impact of using
renewable energy sources in the electric utility.
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Test 7: Startup of Heavy Loads

In a microgrid environment, there could be certain DER’s like PV, wind and bio-fuel
based generators which have a lower capacity in terms of providing the required starting current
to turn on heavy loads. Attempting to turn on such heavy loads might disrupt the voltage and
frequency of the microgrid and in certain cases might bring down the entire microgrid network.
In order to overcome such instances the microgrid would have to connect to the utility, bring
on the necessary heavy loads and then if required disconnect itself from the utility. The heavy
inrush current would now be supplied by the utility without having any or minimal impact on
the DER’s. Such an instantance can be tested in the microgrid test bed as it is equipped with
loads which would help depict such conditions. Schematic layout to carry out this test is as
shown in Figure 3-7.
The microgrid has been equipped with loads which require heavy starting current to
build their internal magnetic field, like the synchronous generator and certain single phase
loads in the Smart Load. These requirements cannot be met by the microgrid generator as it is
unable to serve these large inrush currents and at the same time maintain stability in the
microgrid. In order to overcome this, the microgrid has to be connected to the utility after
carrying out synchronization and then only could these heavy loads be brought online with the
aid of the utility. After these loads have been brought online and the microgrid is stabilized, if
required, the microgrid may or may not be disconnected from the utility as deemed fit by the
operator.
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Figure 3-7. Test 7 Scenario
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Chapter 4
Conclusion and Future Work
In this research, the operation of a microgrid is demonstrated using an actual hardware
implementation. The test results are found to be within the specifications of IEEE 1547. A
unique hardware and software based microgrid test bed facility in a laboratory environment is
presented. This test bed is capable of studying real time power system operation and control
strategies (refer to Appendix B for details of proposed laboratory tests). This test bed can be
used as a platform to study, test and implement electric power grid issues related to renewable
energy sources and validate loads sharing and energy storage ideas [4].
The test bed was achieved by integrating different hardware devices and emulators.
The test bed is applicable for utilization in undergraduate and graduate education providing
students with a realistic hardware platform to experience fundamental and advanced topics. On
one hand, the test bed works in parallel with the utility to increase the reliability for the
customers while on the other hand it may run as an intentional island when the utility is under
fault condition or at times when the utility is not available. The concept of load shedding, which
is vital for the normal and reliable operation of a microgrid can be studied with this test bed [4]
[17].
The test bed was implemented such that it would be easy and convenient to add features
to the microgrid for future expansion of the microgrid. The architecture of the microgrid is
essentially “plug and play”.
The microgrid test bed has been fully implemented and is operational. Tests have been
carried out that have validated its responsiveness and behavior to be in line with the
requirements of the utility. As the test bed is based on the specifications of IEEE 1547, the
technical specifications pertaining to variations in voltage and frequency as per the
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specifications of ANSI C84.1-1995 over the entire operating load conditions have been
verified. Synchronization of microgrid to the utility or any DER to the microgrid has been
carried out without disturbing the existing normal operation of the microgrid.
The following features can be added to the microgrid, which would help in expanding
the current architecture of the microgrid and would serve to mimic a more advanced Power
System layout.

Ring Main Bus
With the current layout of the microgrid, efforts could be made to add a similar
AC bus to the grid and convert the present radial bus to a ring main bus. An addition of a bus
coupler would be required to couple the two buses together. A proposed schematic as shown
in Figure 4-1 could be implemented to accomplish this architecture.

Figure 4-1.Proposed Ring Bus Architecture
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Having a ring main bus will give the ability to study the effects of flow of power from
one section of the microgrid to the other and at instances when one of the main microgrid
generator of a bus section is down. Impact and stability studies could be researched with this
architecture.

Real Time Exciter and Governor Controller
Currently, as designed, the exciter and governor are controlled with the aid of
MATLAB, which samples data for 0.75 seconds, carries out the necessary control action on
the feedback voltage received and gives the corrective signal to the exciter and governor to
maintain terminal voltage and frequency. This instance has sampling delay associated mainly
due to the heavy layers of communication between MATLAB and NI DAQ and attempt to
reduce the sampling time leads to erroneous control action as the system is not able to keep up
with the actual data.
This difficulty can be overcome by using a DSP to carry out the computation work in
place of MATLAB. The DSP controller could give the control signals to the exciter directly
after processing the feedback signal, which would be directly fed into the DSP processor. This
would reduce the interfacing required between MATLAB and NI DAQ. The DSP processor
would be carrying out real time control action on the exciter and the governor and would
increase the computational efficiency. A proposed schematic is shown as in Figure 4-2.
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Figure 4-2. Proposed DSP Controller Architecture

Protection Scheme
The current protection scheme employed is a nodal protection scheme, where
protection is provided to the electrical generators with the aid of numerical relays. As discussed
in chapter 2, the protection scheme for a microgrid is different under different mode of
operations and also due to bi-directional flow of power. With various available relays, areas of
research like distance protection, differential protection, impedance protection, etc. can be
studied and implemented in the present test bed environment. The behavior of the microgrid
for these protection schemes could also be studied.
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Synchronization to the Electrical Grid
As described in chapter 2, the microgrid test bed is equipped with industrial grade
breakers and protection systems. This would enable the test bed to be connected to the electrical
grid on campus after necessary permissions are obtained from the utility service provider. This
would help in providing valuable information in research areas of selling and buying power
(or) exchange of power between the microgrid and the utility.

Increase in capacity
The current capacity of the microgrid generator is 3HP i.e. 2.2kW with a maximum
current rating of around 8A AC. The microgrid at present is designed with a capacity of 12kW.
Increasing the capacity would enable larger loads to be fed and a better understanding of the
system dynamics could be researched to a level closer to that existing in the present electrical
utility. This increase in capacity can be obtained with minimum modifications to the existing
architecture.
Further the SMA sunny island employed is a single phase system. Though this provides
the advantage of studying unbalances, it poses a problem when it back charges into the AC bus
as it connects only to one phase. By integrating two more Sunny Islands and programming
them for three phase operation, a balanced system could be employed, which will charge the
batteries when there is grid availability and transfer balance three phase supply to the AC Bus
when the grid is not available.
The boost converter employed is rated at 5A DC, which restricts the actual capacity of
the converters that are rated for 16A DC. The rating of the boost converter could be increased
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to accommodate the full ratings of the converter and the PV emulator which would enable the
addition of more loads on the DC Bus.

Transmission Lines
Implementing a model of a transmission line will help in studying the impact of
transmission losses and its effect on the power system dynamics. The model could be designed
for emulating different length of a typical π or T model. The required combination of L, R or
C can be used to realize this model for the transmission lines. Necessary protection ought to be
provided in order to prevent damaging the hardware components of the test bed. This model
would help in the researching areas of voltage regulation and transmission efficiency.

Wind Emulator
Wind turbines drive induction generators and these are equipped with power
electronic interfaces that attempt to maintain fixed voltage and frequency across varying speeds of
turbines at the mercy of the nature of wind.
By utilizing the available three phase variable drives, an induction motor could be used to
emulate the behavior of a wind turbine according to varying wind speeds. This induction motor
could be coupled to either an induction generator and thereafter to the AC Bus or to a DC generator
and thereafter to the DC Bus. Power electronic interfaces would be required to maintain a constant
voltage and frequency for an induction generator coupled to the AC Bus and a constant DC voltage
has to be produced by the DC generator for varying levels of speed.
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Appendix A
Microgrid Portrayal
The figures in this section provide a pictorial view of the components implemented in
the test bed.

Figure A-1.Microgrid Control Center

81

Figure A-2. Microgrid Layout-Right View

Figure A-3. Microgrid Layout. Left View
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Figure A-4. 48 V Battery Storage Unit

Figure A-5. SMA Sunny Island
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Figure A-6. Utility Breaker
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Figure A-7. Protection System-ABB DPU2000R-Utility Breaker

Figure A-8. System Metering
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Figure A-9. Converter and PV Emulator

Figure A-10. Microgrid Generator
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Figure A-11. Exciter and Governor for Microgrid Generator
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Figure A-12. Utility Generator

Figure A-13. Microgrid AC Bus
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Figure A-14. Microgrid Generator Breaker
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Figure A-15. System Loads- 3 ph Motor, Heater, 1 ph Motor, Bulbs, Synchronous Motor

Figure A-16. Smart Load
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Figure A-17. Synchronizing Selector Switch

Figure A-18. Protection System
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Appendix B
Laboratory Experiments

As was the main aim, the Microgrid Test Bed could be utilized to carry out laboratory
scale tests for undergraduate courses in electrical power engineering. This section specifies
three such tests that can be carried out on the test bed for educational purposes.

Experiment 1: Synchronous Generators
A synchronous generator is a rotating electrical machine that produce three phase
voltage at rated frequency. The synchronous generator requires a prime mover that is coupled
to the same shaft in order to bring it to the rated speed of rotation, i.e. the prime mover rotates
the generator at synchronous speed determined by the equation, N=120*f/P where P is the
number of pole pairs of the field winding of the generator and f is the frequency of the voltage
that is generated.
In the microgrid, an induction motor serves the need of a prime mover. The induction
motor is coupled to the synchronous generator and with the aid of a variable frequency drive
i.e. the governor, brings the synchronous generator upto a rated speed of 1800rpms which
corresponds to 60Hz. At this moment, the machine is rotating at a condition termed as “Full
Speed No Load”.
The synchronous generator is now excited by providing DC voltage, with the aid of a
computer controlled exciter, to the field windings of the synchronous generator. The built up
of voltage is noted in Smart Meter 1 and the generator is now brought up to the rated operating
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voltage of 208V AC, 60 Hz as displayed at SM1 (Smart Meter 1). The generator is now
generating the required voltage at no load condition.
Now, on increasing the field current of the generator it can be noticed that the voltage
developed across the generator terminals increases and on reducing the excitation, the terminal
voltage reduces. This shows the direct correlation between the DC supply to the field and the
generated voltage across the terminals.
Now, the speed of the prime mover is increased in few steps, it can be noticed that there
is a slight marked increase in the terminal voltage and on decreasing the speed, the terminal
voltage reduces slightly. This test demonstrates the loose coupling between the speed of the
generator and the terminal voltage generated.
From the available steady state parameters at no load, the speed of rotation of the
machine is to be determined.
A 3-ϕ motor load is now turned on, and the current supplied by the generator is noted.
It is to be noted that there is an initial dip in the voltage and frequency of the generator. With
the aid of the controller, the generator is again brought upto rated condition of 208V AC and
60Hz. The current supplied by the generator is noted when the machine is loaded initially and
when it is brought to the rated condition on the load. The power factor, real power, reactive
power and apparent power consumed is noted. Calculations are carried out that validate the
system as per the data available in the Smart Meter.

93

Experiment 2: PV and DC Loading
A DC power converter converts AC Voltage to the required DC Voltage. In order to
accomplish this a three phase AC to DC converter is utilized. This converter converts three
phase 208V 60Hz AC to 24V DC. This 24V DC is then applied as input to a boost converter
which boosts this voltage to 48V DC. This boost converter has an input operating voltage range
of 18-32V DC. Loads can be now be powered on. There are three types of loads that have been
included: DC motor load; resistive loads; and static bulb loads. These loads are brought online,
as required, and the current drawn by these loads is measured. The effect of bringing DC loads
online on the microgrid generator can be noted by a marked increase in current output by the
generator duly noted by Smart Meter 1. There is also a marked increase in the THD of the
generator, as noted by the Smart Meter.
Further, in order to emulate the behavior of a PV panel for varying insolation and
temperature conditions, the PV emulator is programmed to emulate the behavior of the PV
panel for any given day. Table 1 provides the PV panel specifications for which the PV
emulator is programmed. Table 2 provides the actual levels of insolation and temperature on a
given day for which the emulator is programmed. It is to be noted that the emulator can be
programmed to mimic the daily insolation and temperature data over the required time
duration.

94
Table 1. PV Panel Specification

Parameter
Type
Tref
Iref
Vmp
Imp
Voc
Isc
β
α

Value
Csi
25
1000
24
5
30
6.3
-0.4
0.04

Unit
C
W/m2
V
A
V
A
% V/ `C
%A/`C

Table 2. Insolation and Temperature Data for Harrisburg on 15 January

Sl. No

Time

1
2
3
4
5
6
7
8

8am-9am
9am-10am
10am-11am
11am-12pm
12pm-1pm
1pm-2pm
2pm-3pm
3pm-4pm

Insolation
(W/m2)
404
644
673
508
807
738
696
537

Temperature
(celsius)
-6.7
-5.6
-3.3
-2.2
-2.2
-1.7
-1.7
-1.7

After programming the behavior of the PV panel, it is brought online. The output
voltage of the PV panel is such that it would provide a voltage that is within 18-32V DC, when
sufficient insolation is received by the panel. This voltage is then boosted with the aid of a
boost converter to provide a constant output of 48V DC (for input voltage varying between 1832V DC). During the early hours of the day, due to relatively low levels of insolation, the PV
panel is unable to generate the required amount of voltage at the current levels demanded by
the loads. As the voltage falls below the threshold voltage of 18V DC the boost converter turns
off and disconnects itself and the PV emulator from the DC bus. As the level of insolation
increases, the PV panel is able to supply more load and as the day progresses, the amount of
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load that can be served, during the evening hours, reduces due to the decreasing levels of
insolation.
This behavior demonstrates that when the PV panel is serving local loads on the DC
Bus, the load on the microgrid generator is reduced significantly, indicating the impact of using
renewable energy sources in an electric utility. Calculations are carried out to validate the
power supplied into the converter is equal to the power consumed in the DC bus without the
aid of the PV emulator. Also, when the PV emulator is operating, the total power consumed by
the loads is verified to be supplied by the microgrid generator through the converter and the
PV emulator.

Experiment 3: AC Loads and Power Measurement
In a microgrid environment, loads of various nature, balanced or unbalanced, are
connected to the system. As a result, in order to mimic this behavior in the test bed, different
loads, static and dynamic, are integrated into the microgrid. Furthermore, each load is enabled
for remote closing and opening from a controller. Loads which are integrated in the test bed
are as follows:

Three Phase Dynamic Load: Induction Motor (ML1)
The technical specifications of the three phase induction motor is as provided in Table
1 and has a reactive power demand.
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Table 1. Three Phase Induction Motor Specifications

Description
Voltage
Speed
Frequency

0.25HP, 3-ϕ
208V AC
1750rpm
60Hz

This dynamic load when operating at no load has poor power factor and can be used
to realize highly inductive loads. This load has provision of connecting a variable load box to
the shaft of the motor and allowing the motor to be loaded for various levels of loads. An
increase in the amount of the load on the motor leads to an increase in the current consumed
which also increases the operating power factor of the load.

Single Phase Dynamic Load: Induction Motor (ML2)
The single phase induction motor load utilized in the test bed is a single phase fan load
rated as specified in Table 2, which is connected to the AC Bus.
Table 2. Technical Specifications of Single Phase Induction Motor

Description
Voltage
Speed
Frequency

0.12kW 1-ϕ
208V AC
1200rpm
60Hz

This load can be used to model various single phase loads like fans, compressors which
would be employed in a typical microgrid environment. This single phase loads creates an
unbalance in the system which is used to demonstrate the effects of the unbalance created in a
microgrid environment, its effects on the generation, effect on the other phases due to
unbalance and amount of harmonics injected in the system due to this unbalance.
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Single Phase Static Load: Heater Load (HL1)
This load is rated as per the specification provided in Table 3 and can be used to
emulate the impact of single phase static loads on the system.
Table 3. Technical Specification of Heater Load

Description
Voltage
Resistance

550W
208V AC
80ohms

Three Phase Dynamic Load: Synchronous Motor (ML3)
The three phase synchronous motor load is rated as per specification provided in Table
4 and draws reactive power at a leading power factor.

Table 4. Technical Specifications of Synchronous Motor

Description
Voltage
Speed
Frequency

0.25HP 3-ϕ
208V AC
1800rpm
60Hz

This dynamic load can be used to model various capacitive loads in a microgrid
environment. The impact of capacitive loading in a microgrid environment is demonstrated
with the aid of this load. This load could be used to control the amount of reactive power
injected into the system and thereby control the overall power factor of the microgrid system.

Each of the above loads are turned on in tandem and amount of current, active power,
reactive power, apparent power and power factor, on each phase, drawn by these loads, is noted
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as indicated in the Smart Meter. Using the specifications available for each load, the model of
each load is verified by carrying out the required calculations.
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