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ABSTRACT

There has been a significant improvement in Micro grid Technology to utilize the local
distributed sources aradso to minimize the transmission losses. In certain cases of power
blackouts they serve as main sources of power for some emergency loads. Bthdition
AC grids are preferred over DC grids to transmit power over long distances even though
there arenanyproblems associated withCAgrids such as frequency dip, voltage drop due

to reactance, charging currents, leakage currents, low power factor problems, skin effect,
Ferranti effect etc. because the voltages can be easily stepped up or steppedimpwn u
transformersWhereas in @ grid systems voltage conversion accounts for switching

losses and equipment casts

But at the micro grid level the supply voltages are low, and most of the sources are DC.
The Rapid development in power semiconductor technology makes it possible to convert
voltages in DC with low cost and reduced power losses. Mdbkeqgiroblems assi@ated
with AC grid can also be ovence by moving to @ grid. AC and DC microgrid models
were developed in MATLAB/SIMULINK environment and the stability and transient
analysis is performed during faults and sudden load variations orthgaticrogrids in
real time using OPAIRT real time digital simulator. Effects of weak main grid on stability

of boththemicrogrids have been analyzed

Vi
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CHAPTER 1

INTRODUCTION

Electricity demand has been significantly increasing over the past few years due to many
factors[1]. In countries such abeUnited States, Energy production will play an important
role because of its power basadlization. Thermal, hydro and nuclear power plants are

the major sources of electricity tdate But the limited availability of resources like coal

and nucleaenergymade us to concentrate cgnewable sources duas wind and solar
energy Even thoughherehas ben arapid developmergoing on inwind and solar power
technology to make us# renewable sources efficiently and to increase the stability of the
system, there are many problems associated with theseatii@nvironmentdependat
sourcesBecause ofhe variations in parameters such as wind speed, intensity of sunlight
etc, the power extracted from these souncases accordingly which in turn imposes series
problems on the stability ofhe main grid system. The problems include voltage
fluctuatiors, oscillations in frequengharmonics, and imbalances in power generation and
load demand etc. The best way to shield this problem is to move towards the smarter
localized grid system which is called as a micro@hitfs). Microgrid can act abackup

powe when there i shortage of supply from the main grid which in turn reduces the
voltage fluctuations caused by high demand. Microgrid can also eperain islanded

mode duringpower blackouts to supply power to localized loads. Microgrids are connected
to the main grid througthe point of common coupling (PCC). Circuit Breakers are used

to isolate MG fromthemain grid during faulty conditions.
1.1Electrical Grid

An electrical grid is an interconnection of generating stations, transmission lines and
distribution lines which provide power supply to customers. At generating stations,
electric power is produced from renewable or-nemewable sources. Then the electric
power is carried from one place to other by the transmission lines. Finally, ebectiec

is dstributed among consumers with the help of distribution feeders
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1.2 Concept ofmicrogrid

Micr ogr i d

S

defined as t hdistribdted enaryyiresoeirdes g r i d

with organized loads and normally operates connected to traditional centrgtided

synchronously. During faulty conditions can act in islanded mode i.e. disconnected from

thec ent r al i[1Z].€Tkhe saurces dhemicrogrid are called as micro sourcesich

can be battery storage, Solid oxide fuel cell, weddar,diesel generatpetc. Each source

is controlled inthe respective manner to connect it to distribution netwhadads are

connected to the distuibed network whosgowerdemand is meby micro sourcegnd

main grid

Market
Operations

Substation

Conventional

Photovoltaics Generation

Centralized
Energy
Manager

Treatment

= MEM: Communication
and Control Network

D] MEM: Local
Control Network
Thermal Network

= Electrical Network

@ Local Protection
Elements

Figurel.1 Example of Ntro Grid, GE MEM framework (source: GE global reseaf2h

Micro grid can operate in two modes.
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1) Grid cannected mode: During normal operating conditidhemicrogrid is connected

to main grid hroughthe point of common coupling (PC@nd a CircuitBreaker (CB)
Voltage and frequencgf the microgrid are synchronized with the main gridifferent

control strategies are used to maintain the synchronization atFR@@r delivered to the
distributedload is sharedby main grid and the mrogrid. The microgrid sources can
deliver excess power to balance the load when there is power shortagkedroain grid.
Similarly, if there is any fault occurred at one of the micro sources, maindgnars the
excess power along with remaining active micro sources to balance the power shortage

caused by faulty source.

2) Islanded modeDuring faulty condiions on the main grid, M@ disconnected frorthe

main grid at PCC by operating the circurebker which separates MG with main grid.
After disconnection from main grid, MG operates on its own to supply power to the load
by stepping up the power delivered from all the micro sources according to the control
strategies that are poefined. In thisvay, theload is powered up even during thewer
blackouts. In islanded mode, some of tlee-emergencyoads can be disconnected if the
load demand exceeds the micro sources capacity. The grid voltage and fregreency
maintained by operating at leasteoconverter in V/f controlAfter fault clearance, to
reconnection of MG with the main grid is possible only when error in voltage is below 3%,

error in frequency is below 0.1Hz and error in phase angle is befi&]10
1.3 Motivation to go for the microgrid

Duringthepower blackoutmany critical loads suffer from tremendous |ld$srth Eastern
power blackout of 2003 is one of the major power blackiouthe history of United States
which affected 45 million people in eight US statd$. Building the microgridsis one of
the objective wayto minimize the severities caused by power blackaish ensures to

provide continuous power to critical loads by generating power at the distribution facilities.

When the power demand is highemicrogridprovide benefits to the utility by dispatching
power to shave the peak loads [blence it helps to maintain system stability when
generati on do eCostd electncaydar thederdmsers dan be reduced when

3
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themicrogrid meet the load demagdpecially when electric prices are hjgh Microgrid

helps to reduce the transmission losses by producing power at local facilities. Mpreover
any upgrades needed by the transmission system to increase its capacity can be postponed.
Many of the sourcesised inthe microgrid like solar array, wind farm, rechargeable

batteries are environmental friendlgnd hence¢here ardess carbon emissions.
1.4 Researchoutline

This report mainly concentrates on modeling and stability analysis of AC Microgrid and
DC Microgrid during fault conditions, sudden load variations and when connected to weak
gridin real time digital simulatoAn overview of real time digital simulatand hardware

in loop simulationare presented in second chapter.the third chapter,moceling of
different distributed remurces used in the microgrid déiscussed The dfferent control
strategies used to control the distribuggebrgyresourcesrediscussedn fourth chapter
which then followed by Stability analysis of AC microgrid and DC microgrid during
different conditions of operatiois discussedn fifth and sixthchaptersFinally seventh

chapter includemy observationsgonclusionsand futurework.
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CHAPTER 2
OPAL-RT REAL TIME DIGITAL SIMULATOR

2.1 Introduction on Real Time digital Simulator

Real time digital simulator provides reliable, high speed, accurate simulation technology
used to perform complex simulations in real time for cost effective study of a complex
system. It las more applications in hardware in loop (HIL) and polgdware in loop
(PHIL) testing Its real time simulation capability is used to test a device in HIL rather than
testing it while connected to the real plant. OPRL is a world leader in providing real
time digial simulators based on PC/FPE8].

2.2 Modelling concepts to run AC/DC Mcrogrid Matlab/Simulink
models in OPAL-RT

There are few process steps involved to run AC/DC Microgrid Matlab/Simuladels in

real time using OPAIRT simulato19]. They are

1. An accurate AC/DC Microgrid models needs to be designed using Matlab/Simulin

software.
2. Microgrid model has to be grouped in to three typfesubsystems

i.  SM_Master subsystem
ii. SS_Slave subsystem
iii. SC_Console subsystem

SM_Master subsystem and SS_Slavesgstem has the computatioredements of the
Microgrid model whereas SC_Consslésystem has the user interface blocks likes scopes
and output displays etc. User can analyze the real time behavior of the system using the

SC_Console subsystem. Each subsystem runs in each different core of the simulator.
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s “3035 . Microgrid model grouped in to subsystems
SM_MASTER SS_SLAVE SC CONSOLE
SUBSYSTEM SUBSYSTEM SUBSYSTEM

Figure 2.1 Microgrid model grouped in to subsystems.

3. All inputs signals to the subsystem must first go through Opcomm ,bhdtkh saves

the communication setup information

4. Microgrid Model has to be run in fixed step timeorder to run the model in real time

by choosing fixed step size according to model requirement and hardware capability.

5. Then RTFLab software is used to convert the Simulink model in4mof@e and to load

each subsystem in to each core of the simulator.

6. Finally, Microgrid model should be executed in fb to analyze the real time behavior

of the system.

While the model is running in real time, the transients can be analyzed using the user
interface window. All the outputs can be visualized in real time to estimate the behavior of

thesystem under different conditions.
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2.3 Hardware in loop simulation using OPAL-RT simulator.

Hardware in loop testing is a technique used to test complex systems in real time. To use
an embedded system in real plant it needs to be tested to check whether it can operate in a
proper way as needed in actual conditions when it is installdt plant. It can be tested

in two ways.

1) Testing it while the embedded system is connected directly to the real plant

2) Testing it in hardware in loop

An embedded system can be tested while connected to the real plant to know the behavior
of the systemn actual conditions, but there are many problems associated with it. Safety

is the major concern when a system is tested in this way. Any fault in the test device might
lead to hazards. Testing an embedded systerormecting it to real plant is mucodlier

process because an embedded system needs to be installed in a real plant and test conditions
need to be created. In some cases the real plant will not be available to test an embedded
system while it is busy. To overcome these prob)emestest an elmedded system gy

hardware in loop techniques [20].

In HIL technique, a real plant model is created by mathematical representation of a real
plant called as plant simulation. Then the system that needs to be tested is interacted with
the plant simulatiomunning in real time with the help of Real time digital simulator such

as RTDS and OPAIRRT. Real Time digital simulator helps the plant simulation to run in

real time to provide input signals to the embedded system and also to receive output signals
from the embedded system in order to run the system in hardware in loop. This technique
has many advantages when coming to applications. This is a simple process which can be
used to test any device in real time accurately. Quality of testing can be improved by
perfaming HIL in real time. Moreover, thdelaytime neededfor the prototype to be

available can be eliminated.
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Case study:
2.3.1 Testing a lowdropout (LDO) in hardware in loop using OPAL-RT simulator.

LDO is a linear voltage regulator used to regulate voltage at the output terminals when the
input voltage is varying. A real plant model is created using the MATLAB/SIMULINK
softwareas shown in figure 2.8 test an LDO in hardware in loop using ORRI real

time digital simulator.

Control p—y

IR /

l switch 1

Control

S < ' | controlled -’g_E/c:ri
voltage source a1

signal

switch 2

Control g

switch 3

Figure 2.2 Plant simulation model.

As seen from plant simulation model, it ha:
load of 50 ohms. Each LDO is active particular for particular range of voltage levels. The
regulated output voltage of each LDO is given in tébleand the rangef voltages for

which the LDOG6s will22be active is given in
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Table 2.1 Output voltage ratings
LDO Regulated Output voltage
LDO1 2.5V
LDO2 3.5V
LDO3 4.5V
A varying periodic voltage signal ranging
in parall el As shown in table 2.2 all t he

LDO 1 is active when the input voltage is in between 2.5 V and 15 V. LDGa&tiige

when the input voltage is in between 15V and 30 V. LDO 3 is active when the input voltage

is in between 30 V to 40 V. the output voltage across the load is same as the output voltage

across the LDO which is active.

Table2.2 Voltage Ranges forwhc h t he LDOG6s ar
Input voltage| LDO1 LDO2 LDO3 Output voltage of
Circuit across R
0-2.5V In-active In-active In-active In-active
2.515V active In-active In-active 25V
1530V In-active active In-active 35V
30-40V In-active In-active active 45V

e

act i

Now the actual LDO hardware device with output regulated voltage of 2.5 V is tested in

HIL which replaces the LDO 1 theplant simulation model to check whether the hardware

9
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device (LDO) is compatible when connected to the real plant. Now the LDO device under
test is interacted with the plant simulation running in real time with the help of GHAL

real time digital simulator. To maintain same load conditions across the L€ deder

test an external resistance of 50 ohms is connected across it. Whenever the input voltage
exceeds 2.5 V, switch across the input terminals of the LDO device under test is closed.
Immediately, LDO device under test operatesh@s/oltage regulair to maintain 2.5 V

across the output until input voltage exceeds 15 V. Now the behavior of LDO device under
test can be analyzed by observing its output.

40 T T T T T T T

3B =

30 —

o )
S &
T I
| |

Input Voltage(V)
|

| 1 1 1 | 1 1 1 1
0
16 16.2 16.4 16.6 16.8 17 17.2 17.4 17.6 17.8 18

Time (Seconds)

Figure2.3Input periodic voltage signalacrassh e L DOG6s connect ed

10
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LDO3

LDO2

LDO1

Output Voltage (V)
T
1

05 I \ I I I I I I I
16 16.2 16.4 16.6 16.6 17 172 174 176 178 18

Time (seconds)

Figure2.4 Output voltage across the load resistance R

0.09 — LDO3 ]
EMP;I» LDO2 |> |> |> ]
E 006 — —
5 005 —
(&) LDO1
5
&ﬂ,ﬂdf —
=]

o 003 |
16 162 16 4 16 6 1Eflrime (szcondsi72 17 4 176 178 18
Figure2.5Output current across the load resistance R
Figure 2.3 shows the input periodic voltag

input voltage across theDO1 is between 2.5 V and 15 V immediately the switch

closed. Hence this voltage appears across the LDOL. As the LDOL1 is connectegitin HIL
11
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takes input signals from the Real time digital simulator (OFAL) and generates
regulated output voltage taide load R. The output voltage of the LDO1 is analyzed to
know how it behaves when it is used in real plant. Figure 2.4 shows the output voltage
across the load when LDOL1 is connected in Hling OPALRT real time digital
simulator It shows that LDO1 dput voltage is 2.5 Wvhen it is activeHence it can be

said that its behavior will be same when connected to the reabpleatse it is undergoing

similar conditions in HIL test as it does when connected to the real plant

12
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CHAPTER 3

DISTRIBUTED ENERGY RESOURCES

Distributed energy resources (DER) are smaller scale power generatigrwhints can
be integrated to provide electricity. These units are small, typically in the range of 1KW to
10000KW to provide power in localized areasodtlof the sources in DER systems are

renewable energy sources like solar, wind, biomass, hgtiro

In this chaptermodel i ng of DEROGs s ucls discisssedMnd a r B ¢

Turbine Induction Generator and Solid oxide fuel cell.
3.1 Modeling of PV Cell:

A photovoltaic array is a series and parallel combination of PV cells that are electrically
connected to produce rated put voltage and current for tHeV array. Each PV cell
converts sunlight into Electric power by means of photovoltaics (PV). When PV cells are
connected in serigthe resultant output voltage is equal to the sum of individual voltages
of the cells connected in series. Whenever thenf®dules are connected in parallble

output current is equal to the sum of individual currents of parallel connected PV modules.

PV array acts a DC voltage source with output power, voltage and current inter dependent.

P
[.sc =
= =
= 5
o

0 Voltage (V) 2

Figure3.1 Power versugoltage and current of PV cg6]

13
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The inter dependency of voltage versus current and voltage versus power is shown in

Figure3.1.
3.1.1 Mathematical model for photo voltaic cell

Two Diode model

.'/ \ /".\'- -f\' ]
\/ \\./:’ \/I—'_ is
UDI llm Rs
7N @O < y
IP\"' { ﬁ \: \ a/ \\ /"/ Rp ':/:/
\--— d -_t/.- j/‘
Figure3.2 Two diode model of PV cdflf]
The outpt current of PV cell is given by
I=1lpvi larT 1a2T (VHIRS)/Rp [7] (3.2)
Where
lar= loz[exp (V+IRs) / (&VT1) T 1] and (3.2)
la2= loz[exp (V+IRs) / (&VT12) T 1] [7] (3.3)
Where

lo, loo  Reverse saturation current of diodes 1 and 2 respectively
V11,V12 Thermal voltage of diodes 1 and 2 respectively
ai, & Ideality constant of diodes 1 and 2 respectively

This model can be used for greater computational accuracy even thoegyhires
computation of many parameters. Parameterand a can be assumed to be 1 and 2

14
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respectively for simplicity. Even though there are many attempts made to decrease the

computational time of the model, success wasanbteved7].
3.1.2Maximum Power Point Tracking (MPPT)

The output voltage of the PV cell depends on the current flowing through the PV cell. As
the current flow increases voltage across the output tarawcreases as shown in Figure

3.2 For one particular combination oblage and current the output power reaches to its
maximum value and decreases as the voltage increases further. This point is called as
Maximum power point (MPP). Maximum power point tracking (MPPT) is a technique
used to extract maximum available powenh the solar array using charge controllers.

In themicrogrid modelMPPT techniqués applied orthesolar array tdind themaximum
power availablédrom PV array Thena reference signa given toActive/Reactive power
controlled Inverterin order tooperate solar array at MPPence,power output of the

inverter is almosequal tothe maximum available power from PV array.
3.2 Battery Energy Storage system

Battery systems are used to store energy electrical energy in the form of chemical energy.
It consists of series and parallel connected electrochemical cells to get desired rated output
voltage and current. If cells are connected in series then the resultant output voltage will
be equal to sum of individual voltages of electrochemical cells corthecteries and if

the series modules are connected in parallel then the output current limit is equal to the sum
of individual current limits of parallel connected modules. Charging and discharging of

battery is a reversible process.
3.2.1 Lead acid batery

Lead acid battery is good for its capability to supply high surge currents. The series of

reactions that takes place in lead acid battery are as follows

Because sulfuric acid mne amonghe strong acislit decomposes in to

H,SQw ¥ H* + HSQP (3.4)
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Half cell reaction that takes place at the negative plate as battery discharges is as follows:
by b
Pb+HSQ”Y H"'+PbSQ+2 (3.5)

At the same time the other half cell reaction that takes place at positive plate as the battery

discharges is a®flows:

PbQ + 3H" +HSQP + 2P ¥ PbsQ+ 2H:0 (3.6)

Overall reaction during discharge is given by

Pb +PbQ + 2H.SQr Y 2 P h+526,0 (3.7)
Fully Being Fully
Charged Discharged Discharged
+ e R —
I
\H e
2 = H20 X
§ / \ f % diluted %
e o | electrolyte |
«— S04 —>
» and H20

Figure 33 Lead acid batter3]

When fully charged the chemicals present in Lead acid batteries are PbHE®Q and
H20. These chemicals decompose in Ph&@u dilute HSOQy while discharging. In this
way chemical energy is converted to electrical energy.
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3.3 Windi Turbine Induction Generator

Induction generator is mainly used in the wind systems because of its simplicity and
flexibility with wide speed range of operati¢8]. Squirrel cage induction generator

coupled with wind turbinés used in this paper
3.3.1 Principle ofoperation of Induction machine

The main components of induction motor are stator and the rotor. When AC supply is given
to the stator, a rotating magnetic flux is prodyaekiich cuts the rotor winding inducing

rotor currents. A torque is produce on the rotor windings which hiedpstor to rotate in

order to oppose the cause that produced it as per Lenz law. When the external mechanical
load is ©nnected to the rotor shdhe machine act as induction mgtehich rotates with

a speed less thdhe synchronous speed.

Synchronous speed of Induction machine (Ns) is given by

Ns = —— [ref] (3.8)

Where
f: frequency of the AC supply system
P: Number of poles

When the rotor shaft of the Inductiomachine is rotated more than synchronous speed by
applying a external torque on the shdfte induction machine operates as a generator by
supplying electrical power to the grid/henever induction machine operateagenerator

it absorbs reactive power from thad.

Slip is defined as the ratio of difference between synchronous speed and the operating
speed to the synchronoupeed at same frequency. Figurgl 3hows that Induction
machine act as a generator when the slip is negative i.e. if the operating speed is more than
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the synchronous speed. Slip can be negative only when an external torque is applied on the

rotor shaft.

T4 ;

Torque Slip—

I Speed—» |

:Zf_[_'Z-TS (Starting Torque) :

-Ng 0 Ng 2_”_3 | >

(s>1) s=1 (0.<S<‘I-) . - 5:0 N (s<0) i

> Barking > Motoring e Generating >
region region region

Figure 34 Conditions for motong and generating operation of Induction maciiirg
3.3.2 Excitation methods to the Induction generator

Induction machine needs excitation to operate it as a generator apart from driving torque

ontherotor shaft. There are two methods to give excitatioan induction machine

In normal type of Induction generators excitation is provided by the external AC source.
Here the voltage and frequency of the systeesame as AC supply. Whereadhe self
excitedinduction generator excitation is providedthe installed capacitor banfgj. The
frequency and voltage of the system depend on power factor, excitation capacitor, speed
of rotor shaft and loadL[L].
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3.4 Solid oxide Fuel cell (SOFC)

Fuel cells are characterized by the type of electrolyte material used. Solid oxide Fuel cell
has a solid oxide electrolyte. It produces electricity by oxidizing a fuel. SOFC has high

efficiency andt is flexible to operate

Solid Oxide
Fuel Cells
Electron Flow )
1 o !
o ° :

Hydrogen |@ OT o) o [ Oxygen
@%p0 [, of 3 S
—p» .|° ° <— o o <—
®/c o | © oxygen i S

Ions o
Water L | = < o°
S¥B° |5 K
ul ZE, (o) :
<« e © B %
Anode Electrolyte Cathode

Figure 35 Solid oxide fuetell [12]

The basic cell reactions of fuel oxide are given as follows:

At Anode
Ho+O*Y ¥ + 4el (3.9)
CO+0Y CB 2el (3.10)
At Cathode
O+ 4e12Y 20 (3.11)

Overall cell reaction
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Ho+ CO+QY #D+ CQ+ Energy (3.12)
3.4.1 Operation of Fuel cell

It operates at range of temperatures from°C0 1006C. Oxygen is converted into

oxygen ions neahecathode. These ions are carriedht@anode by electrolyte

SOFC uses the mixture of hydrogen, carbon monoxide and air agidant to produce
electricity. Water and carbon dioxide are the end products of this process. The output
voltage of the fuel cell is DC. At anode oxyg@ms react with the hydrogen and carbon
monoxide to form carbon dioxide and water. The open itivoltage of one single cell is

1 Volt and on load will be around 0.5 to 0.7 Volts. Current density of the fuel cell is around
200 to 1000mA/cri[13).

If the cells are connected in series then the resultant output voltage will be equal to sum of
individual voltages of solid oxide fuel cells connected in series and if the series modules
are connected in parallel then the output current limit is equal to the sum of individual

current limits of parallel connected modules.
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CHAPTER 4

CONVERTER CONTROL STRATEGIES USED IN THE
MICRO GRID

Power Electronic converters are connected between the micro sources and the distribution
transmission line system to convert the source side voltage and frequency to grid side
voltage and frequency. Efficient mwol over the converter output is required to maintain
micro grid stability. The main control parameters of the converter output are voltage,
frequency, active power and reactive power. Different control strategies are used to control

these parameters damling up on source type and our requirements.

A typical three phase DC to@\converter is shown in figureX It consists of three legs
and each leg corresponds to one phase. Each leg ougjpubr(Wen or Ven) is a function
of input DC voltage Y andstatus ofthe switch on that particular leg. In this papBulse
Width Modulation (PWM) switching technique is usedcontrol the status of the switch.

SRR

44 OB : ocC

1o +

el +
2 ———

Figure 41 DC to AC converter used in PWM technidé]

4.1 PWM switching techniques
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In PWM, switching a control signal is compared with the periodic and repetitive triangular
waveform. The frequency dhe triangular waveform has frequencgyvihich serve as a
switching frequency of the converter.tlfe control signal is greater thahe trianguar

signal a switching signal is generated to turn on the switch. Othersugech will be in

off condition. All the six switches of the converter are controlled in the same fashion. The
control signal decides the shape of the output waveform and hasfiey f which is the

desired frequency of converter output voltage.

Amplitude Modulation ma is defined as the ratio of peak amplitude of the control signal to
the peak amplitude of the triangular signal. For linear operation of the converter the range
of mais O to 1.

Ma = VcontroI/ Vtri [14] (4-1)
Veontror  Peak magnitude of control signal
Vi Peak magnitude of triangular waveform

The peak value fundamental frequency component of the PWM controlled converter output

voltage (Vo)1 is given by :
(Vo)1= ma*(Vdl2) for m<=1[14] (4.2)

Frequency modulation #1s defined as the ratio of switching frequency to the fundamental

frequency
mi = fs/ fr (4.3)

The output voltage of the converter controlled using Pi&dhniques will have harmonics
at frequencies given by

fr= (jme £ K)f1 [14] (4.4)

Where h is the harmonic order. If $ even k should be odd and wigrsa. Output

harmonics are eliminated by passing it through the low pass LC filter.
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Two types oftonverter feedback control are discussed in this paper

1) Voltage and frequency control (V/f control)

2) Active and reactive power control (PQ control)

Figure 42 Voltage waveforms of DC to AC converf&d]

4.2 Voltage and frequency control (V/f control)

In V/f feedback control technique converter switches are controlled so that the output
voltage and frequency of the converter are equal to the reference voltage and frequency of
the system. The active and reactive power flowwhmgugh the converter depdson the

net output load. Thisype of controlcan be used the distribution source is capable of
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delivering power as required by the load i.e. as the load increases the source should be

capable to provide the increment in power immediately and visaver

— > Three phase LC _ yva
D.C supply D.Cto A.C Kt A
converter ] w:Ve
—
X Voltage

A

Fref measurement
PI b Phase
controller < locked loop
Fact

control Vact

signals l

PWM dq0 to abe PI abe to dq0
| generator ¢ transforma «— controller 4—%‘* transforma
tion tion
abcto dq0
transforma [ Vref
tion

Figure 43 PWM V/f control strategy17]

As seen from the figure.d, In V/f control feedback technique the actual output voltages
are measured at the output of the converter. Part transformation (abc to dqO transformation)
is applied on both measd and reference voltage signals. After Park transformation of
signals the error in measured and reference signals is calculated and gbat to
Proportionalintegral (PI) controller. Reverse park transformation (dqO to abc) is applied
to the output contiasignal from PI controller. After which the transformed control signal

is given as an input to the PWM generator which gjiiggering signals to the converter.

Here PI controller ithefeedback loop helps to minimize the error in reference signal and
measured signal. Finallythe output voltage and frequency of the converter will be

approximately equal to reference voltage and frequency.

In V/f control technique, output voltage and frequency of the converter will not depend on
the load current but onlgepend on the reference signals. Hence it will set fixed voltage
and frequency on the digiution network. Even thoughC filter is usedto remove
harmonics generated by the converter due to PWM switching, the output voltage will have
very small magnituel of harmonics present in it. It must be noted that total harmonic
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distortion should be less than 5 percergrtsure that it would not have negative effect on

sensitive equipment.
Total hamonic distortion = THD V2 + Va2 + €A/ Vi (4.5
Where \4is the fundamental frequency avidis themagnitude of ftharmonic frequency

For the microgrid to operate in the islanded mode at least one source should be controlled
by V/f technique so that particular source can set the reference voltage to the grid.

4.3 Active and Reactive power control (PQ control)

In PQ feedback control techniqueonverter switches are controlled so that the output
active and reactive power through the converter are equal to the reference active and
reactive power set by the user. Accordingly converter output voltage and frequency are
adjusted. This type of contrtechnique is used when distributed source can only provide

fixed amount of power to the system.
Power flowing between two points is giving by

P:Vs.VrSi n(lj) / X

Where \t{,Viar e the voltages at two pointk 1 andc

between Yand V.
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Figure 44 PQ control strategyLp]

In PQ control strategyhe active power and the reactive power is measured and compared
to the reference active and reactive power. The error is passed to Pl controller. The output
control sigral of Pl controller is used as input for PWM generator whichsgnggering

signals to the converter.

4.4 Types of control strategies used during grid connected mode and

Islanded mode

In grid connected modéhe micro grid is connected to the main gHignce the operating
voltage and frequency of the micro grid @t automatically. There withat be any
problem even though PQ control technique is wsedll the converters connected to DES.
But during Islanded modehe micro grid disconnectsdm themain grid. HenceV/f
control strategghould be usedn at least one DER that is compatible with this technique

in order to maintain the microgrid standard voltage and frequency.

Some DEROGs | i ke s ol aronhaby PQepntratdtimiguendcausee c on't

the maximum power available at the input of the inverter depends on the light intensity and
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cannot be controlled as the outpo&ad changes. Henceutput power of the converter

needs to be controlldzthsed on the Maximum available povaethe inverter input.

If the load of the distribution system increadbsg,extra power needed to compensate the

l oad wil |l be shared automatically among
V/f technique. PQ controlled inverters do not contigany excess power to compensate

the loadbecause the output active and reactive powers are constant irrespective of the load
variations Hence to decrease the stressonthe maimgoid e DERO6Ss need t o

by V/f control technique

In a typicalmicro grid that can operate both in grid connected peu#the islanded mode

VI/f control strategyshould be appliedn at least one inverter connected to DER because
whenevethe fault has occurred on the systeime micro grid system operates in isladd
mode. Other Inverters can be controlled in V/f control technique or PQ control technique

as per the requirements.
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CHAPTER 5

MODELING AND STABILITY ANALYSIS OF AC MICROGRID

AC micro grid is defined as the localized grid where the operatinggesdtand currents of
the distribution network are in AC. Power converters are used to Convert AC or DC
voltages from DEROG6s to standard three phas:¢

the AC supply from the distribution feeder.
5.1 Modeling of the ACmicro grid.

In anAC micro grid distributed energy resources D&Rh adattery, fuel celletc. act as

power banks to provide power to loads. If the source type is DC, then DC to AC converters
are used as a medium to connibetsource to thealistribution feeder by converting DC

input voltage from source to AC output voltage to the feeder. If the source, ithé&C
source is directly connected to the distribution feeder or connected via step up or step down
transformer. A discussed earlier chapter 4 PQ control scheme or V/f control schemes

are used to control converter output parameters such as voltage, frequencyefmower

filter is implemented to eliminate most of the harmonics from the output voltage of the

Inverter. A proper tuningtrategy is followed to estimate the values of the LC filter.

5.2 Stability Analysis of AC microgrid when a three phase fault occurred

on main grid

In grid connected mode micro grid shares the load along with the main grid. The power
shared among eadtistributed energy resource should not exceed its maximum power
rating. At least one source likbe storage device should be controlled by V/f inverter
control strategy in order to ensure that micro grid also operates in the islanded mode in

case of faultThe remaining sources should be controlled by PQ inverter control strategy.

When a fault occurs on a main grid immediately circuit breaker is tripped disconnecting
the microgrid fromthe faulty main grid. Microgrid then operates in an islanded mode to
provide continuous power supply to the critical loads.
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Case 1 In this case, A sudden three phase fault is given to the main grid side at t = 10.
Immediatelythe microgrid operates in islanded mode disconnected from the grid. The non
critical loads are digmnected to ensutkat themicrogrid provide enough power to critical
loads for required time.

Table 5.1 Load on microgrid before and after fault

Fault state Active Load Reactive Load
Before fault 550KW 75KVAR
During fault 190KW 50KVAR

Table 51 shows the Active and Reactive loadtbamicrogrid before and after the fault.
Immediately after fault at t=9.9& noncritical active load and reactive load of 360KW
and 25KVAR respectively is disconnected from the microgrid so that it operates it i

islanded mode providing continuous supply to the critical loads connedtexharogrid.
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Figure 51 Voltage response at main grid

Voltage at the main grid drops to zenamediately after fault at t = 9.9%& shown irthe
figure 51. Then the Circuit breaker at PCC trgg2=10to disconnecthe microgrid from
themain grid.
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Figure 52 Current response from main grid

Figure 52 shows a large ripple the current waveform after t=46c. It is a fault current
supplied to thre phase fault othe main grid by microgrid before the circuit breaker trips

all the three phases.
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Figure 53 Voltage response at Point of common coupling (PCC)

Figure 53 shows how the voltage at PCC is recovered after the fault. The batterg storag
system and the fuel cell operate using V/f control strategy to set the rated voltage and

frequency to the micro grid even after it gets disconnected from the grid.
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Figure 54 Output power response from grid

As the main grid is disconnectedifn the microgrid, active and reactive power flow from
the main grid to microgrid is zerotaf t=10sec as shown in figuret5Here the main grid

has maximum share of power befdrss disconnected frorthe microgrid
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Figure 55 Output power response from Battery

Figure 55 shows that after the fault the active power shared by the battery is decreased
even though the main grid has been disconnected because toeiticah loads are
disconnected after the fault to supply poweecritical loads for long time. A25 KVAR

of reactive loadsare disconnectedfter fault which could not compensate the reactive
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power supplied from main grid before fault, the reactive power shared by the battery is

increased after fault.
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Figure5.6 Output power response from Fuel cell

Similar to the battery energy storage system the Fuel cell has the flexibility to supply power
according to the loadariations as shown in figure@® Fuel cell is controlled by V/f control
strategy hence the powextracted from it can be varied by changing the net load across it.
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Figure 57 Output power response from Induction generator
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Mechanical torque to Induction generator is provided by the constant speed wind turbine.
As long as the excitation voltagemains constant the power input to the generator is
constant. Hence even after the fault it shares almost samentanfdoad as seen from
figure 57. Any small changes in its output power is due to changes in excitation voltage

across its terminals becausf distribution line impedance.
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Figure 58 Output power response from solar array

As the solar array is controlled by PQ control stratéigprovides same output power
before and after the fault. As input power to the solar array is constangfuonstdiance

and temperature), the output power is constant before tardttad load as seen in figure
5.8. A small distortion in output power at t=5 and t = 15 is due to changes in irradiance

input tothesolar array.

5.3 Stability Analysis of AC microgrid during sudden load variations in

grid connected mode

When there is sudden load applied on the microgrid, immediately the excess load is shared
among main grid and V/f controlled sources. At the same, tineepower shared by V/f

controlled sources should not exceed its power rating.
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Case 2 A sudden load is applied tbemicrogrid at t= 10. Immediately the excess load is
shared among the sources to maintain stability of the system by balancing powed dema

with power generated.

Table 5.2: Load on microgrid before and after the sudden load variation

Fault state Active Load Reactive Load
Before adding sudden loa 410 KW 62 KVAR
After adding sudden load 500 KW 72 KVAR

Table 52 shows that active load of 90KW and reactive load of 10KW is suddenly applied
on the microgrid at t=10. Immediately increment load is shared among different sources
including main grid to maintain the grid stability.
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Figure 59 Voltage response at PCC
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After providing sudderioad tothe microgrid at t=10 there are no transients in voltage

wavedorm at PCC as shown in figuredgthe transition is smooth and stable.
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Figure 510 Current response from main grid side

Figure 510 shows that there an increment in current from main grid at t=10. There are no

oscillations seen in this transition and is stable.
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Figure 511 Output power response grid side

Figure 511 shows thathere is increment in load shared by the grid with the

increase of load demand.
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Figure 512 Output power response from battery side

As the battery is V/f controlled, it generates power according to the changes in net load
across itgerminals As seen from figure &2 the power generated by battery is raised with

the increment in net load across its terminals after t=10
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Figure 513 Output power response from Fuel cell

Any load variations across the fuel cell results in increment in powerated by fuel cell

as it is VI/f controlledn this case as shown in figurel 8.
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Figure 514 Output Power response from Induction generator

Figure 514 shows the power generated by the Induction generator is constant before and
after the sudden loaidcrement. In factthat there isa very small decrease in its output
power because the power output from battery and fuel cell has been increhmid
results in R drops on distribution line which in turn results in decrease in excitation

voltage aonss the Induction generator.
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Figure 515 Output power response from solar array

Figure 515 shows there is no change in output load shared by the solar array before and
after the load variations because it is controlled by PQ control strategy as dissadises

in this chapter. Whatever might be the distribution feeder voltage, the output power is
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constant. The PQ controlled converter output voltage is adjusted in order to provide

referenced output power.

5.4 Stability Analysis of AC microgrid during temporary fault on main
grid

When a temporary fault occurs on the microgrid, immedidtedymicrogrid enters into
islanded mode during fault timand the noscritical loads are disconnected fratime
microgrid so that power balance is maintained between generation and demand. During
islanded mode the voltage and frequency of the microgrid is maintained by V/f controlled
sources. When the fault is clearetthe microgrid again operates in grid connectadde

providing power to critical and nexritical loads along with the main grid.

Case 3 In this casemain grid suffers from a temporary fafdir ten cycles starting at
t=9.98 Duringthe fault time the microgrid enters into islanded mode by disconingc
noncritical loads from it. Immediately after the fault is cleared after 10 cythes,

microgrid operates in grid connected mode providing power to load along with the main

grid.
Table 5.3 Load on microgrid before, during and after the temporaty faul
Fault state Active Load Reactive Load
Before fault occurred 550KW 75KVAR
During fault 190KW 50KVAR
After fault cleared 550KW 75KVAR

Table 5.3shows that the nearitical active and reactive load of 360KW and 25KVAR
respectively are disconnected fréine microgrid and a critical active and reactive load of

190 KW and 50KVAR is still connected to the microgrid during the fault time for 10 cycles.
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Here during fault timethemicrogrid operates in islanded mode providing power to only
critical loads. Immediately after the fault is cleared the-critical loads are again

connected tohe microgrid to operate in normal conditions.

Figure 516 Voltage Response at main grid

When the three phase fault occurred on the main grid immediately the circuit breaker across
the faults trips to isolate the fault. Fig&rd 6shows that wherhe fault occurred at t=9.98

the grid voltage drops to zero. Durifaplt the micro grid is disconnected from the grid.
When fault is cleared after 10 cycles the voltage at main grid side is bought back to rated

voltage and the microgrid again connected to main grid to operate in normal conditions.

Figure 517 Currentresponse from main grid
39



