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Abstract

Government incentives (such as Feed-In Tariffs introduced) created a strong economic
impact on individuals to invest in renewable energy sources for power production.
Renewable energy sources are trending for power production, because of their rel-
ative small size and noiseless operation. Photovoltaic are particularly attractive as
a renewable source of energy for distributed power generation. However, there are
various concerns associated with photovoltaic modules, such as the impact of their
interconnection to the grid because of their generic nature. Solar photovoltaic panels
suffer from non-linear behaviour of output. The output of solar PV depends upon
the weather conditions, which are not constant. The intermittent nature of weather
cause the output to keep on changing. Such intermittent power will have the adverse
effect on the power system stability. It is necessary to analyse the solar PV inte-
grated power system stability (small signals stability, transient stability etc.). The
proposed work focuses on developing the 3 phase grid connected solar PV system
in PSCAD/EMTDC simulation software environment. The system is examined for
integration of developed solar PV system. For the proposed work, based upon the

simulation result the behaviour of system is examined for various perturbation.
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Chapter 1

Introduction

The electrical power system is the largest and complex machine ever developed by
mankind. It is quite astonishing that such huge system has operated with a high
degree of reliability. The robustness of a system is defined by its ability to operate in
an equilibrium state under normal as well as in perturbed condition. In past the main
source of power was thermal power station, gas power station etc., as the time passed
the trends of power generation is also got changed. Due to rapid industrialisation the
energy demand has kept on increasing, causing the fast depletion of available fossil
fuels. In order to lower down the dependency on the fossil fuel, renewable source of

energy are now used for power generation.

1.1 Background

Rapid industrialisation of developing countries & improvement in living standards
cause the larger consumption of energy per capita. It can be infer from the statics
shown in the Figl[l.1] of the energy demand/capita of India, there is a phenomenal
growth in the energy demand, and which may be even more in near future. As from
the fig. [[.1} In the year 1947 the demand was only 16.7 kW h, which shows, the ratio
of available fossils fuels for power production to power demand was more but due
to rapid neutralisation, there is significant growth in power demand, the ratio has
reduced, and will be kept on decreasing with increasing living standards.

In order to maintain the reliability of the existing power system, it is necessary to
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Growth in Energy Demand per Capita

¥ =4.4945x% - 26.661x + 68.109
R*=10.9853

Energy Demad per capita in kWH

1947 1950 1956 1961 1966 1969 1974 1979 1980 1985 1990 1992 1997 2002 2007 2012 2013

Year

Figure 1.1: Growth in Energy Demand/Capita

have sufficient sources of power so that the demand could be supplied. Fossil fuels are
limited source of energy and keep on depleting with increasing energy demand. To
lower down the dependency on the fossil fuels, renewable sources trending for power
production. This will not only bridge the gap between the supply and demand but
also let down the dependency on fossil fuels for power production. Till 31.03.2015 the

total installed power plant capacity in India including renewable sources is shown in

fig{l.2)
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ALL INDIA INSTALLED GENERATING CAPACITY
TILL 31.03.2015

Hydro

Total: 267637 MW

RES
12%
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2%
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1%

Figure 1.2: Plant capacity of different power generation sources in india

Figure [1.2] shows the present percentage share of different renewable sources for
power generation in the total generation capacity of India. It is evident from
that the percentage share of renewable sources is considerable over other sources like
diesel, nuclear. As the source of power has kept on changing the dynamics of the
system also getting changed. Previously, there was only synchronous generators to
supply the power demand, So system dynamics limited and characterized by the con-
ventional generator only. But, as the sources have changed the system’s dynamics
also getting changed. So, for such changing scenario it is required to analyzed the

system for various perturbation which generally occurs in existing power system [I].

1.2 Literature Survey

Literature survey helped to get the glimpse of the trends in the area of the proposed

study. The literature review presents the current state of knowledge and examples
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of successful developed technology and recent trends in renewable integrated grid
system, and emerging trends to improve the reliability of the existing power system.

For the proposed work the details of various referred literature are as follows

e “Impact of high Penetration of Solar Photovoltaic Generation on
Power System Small Signal Stability” [3]. This paper investigate the effect
of solar PV on the small signal stability by the help of the modal analysis. Due
to non-inertial solar PV it is required to understand the effect of the solar PV
on the small signal stability. This paper conclude that the location as well as
penetration level have a considerable effect on the system stability. Depending
upon the location and penetration, solar PV fed power has a detrimental or

incremental effect on the system stability.

e “Impact of Integration of Solar and Wind Power on Small Signal
Stability using Wavelet Transform” [4].This paper investigates the conse-
quences of integration of renewable sources on power system small signal sta-
bility of power system. In this paper author has used IEEE 14 bus system for
investing the effect of the wind as well as of solar PV on power system small
signal stability. Investigation is done by replacing the conventional generator
generation with the solar and wind generation. Eigenvalue analysis is used
to compute the frequency and damping factor of oscillatory components. The
oscillatory modes are also identified using discrete wavelet transform, a spec-
tral analysis technique [?, 4] This paper shows that penetration level has both

detrimental and incremental effect on the existing power system.

e “Small signal stability analysis of large scale variable speed wind tur-
bines integration” [5]. This paper discusses the effect of the higher wind power
penetration on the system small signal stability. This paper focuses on analyz-
ing the small signal stability for large scale variable speed wind turbines with
doubly fed induction generator integration. For the analysis purpose two types
of small disturbances considered, which are tripping of line & load variations.
The boundaries of small signal oscillation are examined for such disturbance

with the help of bifurcation analysis. Modal analysis and time domain simu-
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lation are carried to analyse the dynamic behaviour for a small disturbance.

Paper uses IEEE 14 system for analysis.

e “Power system small-signal oscillation stability as affected by large
scale PV penetration”[6]. This paper investigates the impact of a large
photovoltaic (PV) penetration on power system small signal oscillation stability.
A classical model of the of power system is used for the analysis. According to
paper investigation, there exists a limit on the penetration level of power fed
by solar PV power plant for safer operation of power system. This paper also
shows that after a certain operational limit, the PV generation supplies negative
damping torque, thus system becomes oscillatory. Based on the analysis carried
out in this paper, for safer operation of solar PV integrated power system, the

operational limit must be considered.

e “Investigation of small signal stability of a renewable energy based
electricity distribution system”[7]. Market deregulation and renewable en-
ergy sources for power production are gaining significant attention. Therefore
the distribution system is facing new challenges. In the presence of power
from solar PV, Wind and Biogas plant, the dynamics of the existing power
system keep on changing. This paper investigates the small signal stability
of distributed power system. The results shows that wind generator dynam-
ics influences the system oscillations to a larger extent and depending upon the
penetration level solar PV has a incremental effect on power system small signal

oscillation.

e “PSCAD Simulation of Grid-Tied Photovoltaic Systems and Total
Har monic Distortion Analysis”[8]. For analysing power system behaviour
with Solar PV, A simulation model is developed in PSCAD/EMTDC software
environment. This paper investigates a performance of grid-tied solar PV sys-
tem. The developed in the PSCAD consist PV array, DC link capacitor, DC-
DC buck converter, three phase six-pulse inverter, AC inductive filter, trans-

formers and a utility grid equivalent model. Inverter in the developed model



CHAPTER 1. INTRODUCTION

uses SPWM switching technique. This paper shows the performance of devel-
oped model based on the THD analysis.

e "PSCAD Modules Representing PV Generator”[9]. NREL U.S. Depart-
ment of Energy has prepared a grid tied solar PV inverter in PSCAD/EMTDC
simulation software environment. Report shows that the developed model oper-
ates in synchronism with the grid. To ensure the proper operation of the inverter
with grid, Parks’s transformation is used to generate the reference signals. This

Report also shows the behaviour of PV inverter under fault.

1.3 Problem Identification

Power system stability (voltage stability, small signal stability, transient stability)
deals with the study of power system equilibrium state, under perturb condition of
load as well as of the generation. A power system is said to be stable if the inter-
connected synchronous generators remains in synchronism. Stability of the system
is defined as, the ability of power system to control (damp out) the electrochemical
oscillation, caused by any perturb condition.

Now a days, the change in the equilibrium state of the system arises due to sud-
den change in the generation of the integrated renewables sources. This intermittent
power output affects the equilibrium state of the system. Solar PV systems are to-
tally different from the conventional generator. Their characteristics are dominated
by converters and presence of such system reduces the effective inertia of the system.
It is required to investigate the effect of the intermittent power output of solar PV

on power system small signal stability.

1.4 Scope of Work

The scope of the presented work focuses on investigating the small signal stability of

power system having solar PV as one of the source. For the proposed problem, the
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work mainly focuses on achieving the following objectives

e To develop solar PV plant with all power electronics circuitry required to inte-

grate it with grid.

To model the test system for the purpose of analysis in PSCAD/EMTDC soft-

ware environment.

To simulate the test system with developed solar PV for different cases.

To analyse the simulation result for investing the system stability.

1.5 Organisation of Thesis

Work details available in this thesis are sectioned in various chapters. The details are

as follows.
e Chapter 2

Chapter 2 gives the brief introduction about, intermittent nature of solar PV gen-
erated power & small signal stability. Introduction of simulation tool & strategies
of analyzing the developed power system for small signal stability are also given in

chapter 2.
e Chapter 3

Chapter 3 focuses on the detailed modelling of centralized grid connected solar in
PSCAD/EMTDC software environment. This chapter makes a foundation to analyse

the system’s stability for various cases.
e Chapter 4

Chapter 4 discusses about the investing the system’s stability (small signal stability,
transient stability) for various cases, which are high penetration level of PV generated
power, change in radiation level, variable load & a single line to ground fault.and

related analysis are given in Chapter 4.
e Chapter 5

Conclusion based on the simulated result are given in the Chapter 5.



Chapter 2

Simulation Strategy

Based on the previous discussion, for the requirement of proposed work simulation

strategy is adopted, which is given in the following sections.

2.1 Solar PV

Solar photovoltaic cell uses photovoltaic effect to convert the sun energy into electrical
energy. The power output from the solar PV cells is mainly governed by the amount
of the solar radiation available, temperature, photon energy, cell parameter etc. The
requirement of proposed study can be understood from the following figures which

shows the effect of temperature and radiation on the solar PV power output. figure
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Figure 2.1: Effect of temperature and radiation on solar PV characteristics

As can be seen in fig. the optimum voltage moves to the lower values as
the temperature increases from 0°C to 75°C. The change in the solar irradiation
is more rapid than temperature. The phenomena of the decrement in the power
can be understand by the help of the concept of p-n diode. Diode current has a
positive temperature coefficient for change in temperature, with increase in the value
of the temperature the diode current decreases at the same time it has a negative
temperature coefficient for generated voltage, So with increase in the temperature,
there is decrement in the voltage that can be observed from the fig. 2.1 As solar
irradiation and temperature changes, the P-V curves shift down and to the left, this
shifting shows that the power from the solar PV plant depends upon weather condition

and due to intermittent weather the power from the plant is intermittent.

2.2 Small Signal Stability

Small-signal stability refers to the ability of a power system to maintain even after

being subjected to a small disturbances. Instability may arise in two forms:
e Increase in rotor angle due to insufficient synchronization torque,
e Increase in rotor oscillations amplitude due to insufficient damping torque.

These particular oscillations, when accumulating over certain period of time, not

only limit power transfer within the network but, more crucially, could lead to power
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system breakdown. Thus, it is vital to properly treat the incidents in time. The fre-
quencies and magnitudes of the oscillations under analysis are comparatively small,
e.g. in the range of 0.1 to 1.0 Hz for inter-area oscillations and 1.0 to 2.0 Hz for local
oscillations, hence the name suggested as ’small-signal’ stability. For the purpose of
proposed work is to analyze the small signal stability in PSCAD/EMTDC environ-
ment. For analysing the system small signal stability, the rotor angle of available

machine’s and frequency at point of common coupling will be observed.

2.3 Strategy for Analysis

In order to analyze the system stability, grid connected solar PV plant will be devel-
oped. The details of modelling of grid connected solar PV plant is given in chapter.
After the satisfactory performance of the developed system. Finally a test system

will be developed for analysis.

e Different solar radiation levels
e Variable load

e Single line to ground (SLG) fault at one of the generator side

Details of each analysis are given in the chapter 4.

2.4 Simulation Tool

Selection of the software tool mainly based on the requirement of the work. In the
proposed work, analysis will be done, considering various steady & transient condition
in the system. There are number of software platform available on which the study
can be performed. PSCAD/EMTDC simulation software is selected for performing
all the simulations.

The main advantage of using PSCAD/EMTDC is that the simulation time require-
ment is very less with run time parameter variation as one of the major feature of
this software. The software itself having the renewable energy sources module like

wind,solar PV, So can be used for any analysis.

10



Chapter 3

Modelling of Grid Connected Solar
PV

The solar PV output largely depend upon the solar radiation and ambient tempera-
ture. The effect of different radiation level on solar PV output can be analzed by it’s
non-linear characteristic. Manufacturer used to give the P-V & I-V characteristics
for analysing the performance of solar PV module for given input. Various equiva-
lent circuit has been given for analysing the solar PV module, few of them are single
diode, double diode equivalent circuit model. The single diode model known as five
parameter model is commonly used for analysis. The module of solar PV given in the
PSCAD/EMTDC also developed with consideration of single diode equivalent circuit
model of solar PV cell. The single diode equivalent circuit model is shown in fig

Figure 3.1: Single diode equivalent circuit of PV cell

11
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In fig. the value of photo current /,,, open circuit voltage V,. and short circuit

current [,. is mainly governed by the following equations

G
Ly = —(Ie + K;T) (3.1)
Gstc
V + IR, V + IR,
I=1,—1, exp(L T ey ) (L (3.2)
VT Rsh

In the above equations

L, is the photo generated current (A)

G is the actual solar radiation (w/m?)

Gl is solar radiation available at STC which is T = 25°C,G = 1000 w/m? & at
AM =15

K; is temperature coefficient for current (A/K)

I is short circuit current (A)

R, is series resistance considering the effect of lead resistance drop (§2)

Ry, is shunt resistance considering the effect of Shockley red-hall recombination (€2)
Vr is the thermal voltage (V)

In general the amount of diode saturation current effect is negligible as this is in the

range of e(=19 and can be calculated by following equation

I + KT
I, = : (3.3)
exp( it — 1)

where
n is the diode ideality factor

V,c is the open circuit voltage & can be calculated by

KT I
= DR ) (3.4)

Ve
q I,

where
q is charge of electron 1.6xe™1? Coloumb
K is Boltzman Constant

Based on the above eq. 3.1 — 3.4 the capacity of solar PV array is decided. There

12



CHAPTER 3. MODELLING OF GRID CONNECTED SOLAR PV

are number of solar PV array configuration is available and are selected based on the

requirement. They are shown in the fig.

]
i

DC/DC
Converter

()

DC/AC
Converter
Multi String Configurat

N
L |
PR
[ SOErFY ]
| I
DC/DC
Convert

N
N
[Solar Pv_]
DC/AC
Convert
T

(®)

[ String Configuration Solar PV Plant |

DC/AC
[

N
N
Ce

S

A_| E g 4 3
I () 8¢ QO—+3
3

Figure 3.2: Different Configuration to connect PV system into AC main
(a) centralized configuration (b) string configuration (c¢) multi string configuration

13
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In fig. the centralized configuration gives a low cost per watt. The centralized
configured solar PV array has adequate capacity to maintain the dc-link voltage.
Multi string configuration is generally used, when solar PV has small capacity. In the
proposed analysis, the grid connected solar PV is modelled considering centralized

configuration.

3.1 Centralized Solar PV System

Typical layout of the centralize configured solar PV system connected to AC mains

is shown below

N\ &N
N
M
WO —L DC/AC »|AC
I — Converter
=[] L , , >
Filter Grid
Solar PV DCLink

Figure 3.3: Layout of the grid connected solar PV

In the above figure, the dc voltage at the input side is maintained with the help of
DC link capacitor. Then it gets converter into AC with the help of inverter. Details
of each component used for developing the grid connected solar PV system is given

in the following subsections.

3.1.1 DC link

The output voltage & current of solar PV is depend upon the radiation and temper-

ature. For any operating condition, the addition of each module will give the total

14
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array voltage. For the successful operation of Inverter, it is required to have constant
DC input voltage. To maintain the input side voltage constant, the DC link capacitor
is used. By using the large value of DC link capacitor the ripples in the source current
can be reduced. In the developed simulation model, the value of capacitor 10000uF'

is chosen.

3.2 Inverter

The PV inverter converts the DC into AC quantity, at the same time it decouples
the PV from the grid. For large-scale solar PV plant, PV inverter usually comes in
three-phase arrangements. The PV inverter consists of three legs of power electronics
switches ( IGBT,GTO etc.). nti parallel diode is connected across each of the IGBT

to allow reverse flow of current.

{%ﬁ {25 ":Z‘i Load
—|:zs A

Figure 3.4: Layout of 3¢ inverter

As shown in figure the top switches connect the terminals of phase A, phase
B, and phase C to the positive of the DC bus, and the bottom switches connect the
phases to the negative of the DC bus.
There are various configuration is available for 3¢ inverter. Few of them are given

below.
e Current Regulated Voltage Source Inverter (CR-VSI),

e Current Regulated Current Source Inverter (CR-CSI),

15
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e 7 Source Inverter

CR-CSI has better performance compared to CR-VSI. Due to the limitations of CR-

VSI and CR-CSI the Z source inverter is getting attention [I7]. However for proposed
work, analysis is done with CR-VSI. The switching of IGBT is done with the help of

SPWM technique. The complete control strategy for switching of IGBT’s is given in

following sub-section.

3.2.1 Control of CR-VSI

Inverter operation is achieved using current controlled inverter, which enables the con-

trol over real and reactive power. The real and reactive component is independently

controlled [9]. The complete control scheme is given in fig. [3.5

1]
- [~
[ L D¢/
o
| . Conv
Ly | T erter
o

=]

PWM

abc

abc

o ——9

I |dqo

Vabc

Vdgo

Control for SPWM

Figure 3.5: Control structure for generating PWM pulses for CR-VSI

For controlling the real and reactive power, voltage & current which are in time

domain are sensed from the inverter output side and converted synchronous reference
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Vvt
Yo

Figure 3.6: Voltage drop occurring at filter impedance

frame.
Vy cosd  cos(0 — %) cos(0+ %) v,
2
Vil = 3 —sinf  —sin(0 — %’r) —sin(0 + %“) Vi (3.5)
" b 2 7 Ve
Where

6 is the angle at which the grid is operating.
These signals V; & V, are sent to the control block. The real and reactive power can
be calculated as

3
P = 5(%1(1 + V;lfd) (3-6)

Q= S(Valy—Valy) (37)

As can be seen in the figure [3.6] A considerable amount of voltage drop occurring at
filter impedance. So PV should be capable to generate the voltage which also include
the drop occurring across the X,. The governing equations to generate the required
voltage is

‘/t - ‘/o +.szIs (38)

Park’s transformation is used to implement the eq. in control loop. Park’s trans-
formation converts the current and voltage (which are in time domain) to dg axis in

synchronous reference frame. In dg axis the voltage drop is included as

‘/;q = V;] + IdXs (39)

17
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Vig = Vi — I,X, (3.10)

As given in the eq. & [3.10} the signals Vi, & Vi4 are again converted back into

time domain quantities with the help of inverse Park’s transformation.

Varef 5 cosf) —sin(f) 2| Vg
%ref = g cos( — %’r) —sz'n( — 2?”) 32 Vig (3,11)
Veres cos(6 + %”) —sin(f + %”) ?2 Vy

The control loop developed in the software environment is shown in fig. [3.7-B.8 The
d axis reference (Igef) is calculated after comparing the the actual dc link voltage
with the reference voltage. Generally, at the place of reference voltage, V,,,, is used
to extract the maximum power from solar panel. For the unity power factor operation

of inverter, the I..r is taken as 0.

Vmppt Switch

£
Tqre’ Igref

For unity power factor operation Iqref
is taken as "0"

Figure 3.7: Ijef & Iger for controlling the real and reactive power

18
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Figure 3.8: Generation of modulated signal after inclusion of voltage drop across filter
impedance

These modulated signal as shown in fig. m (mq & m,) are again converted into
time domain reference frame with the help of inverse Parks transformation. The
converted signal Viyes,Virer & Verer are used to generate the switching signals for the
operation of inverter.

PWM signal are generated by comparing the reference wave Vi,er,Viper & Vipep with
carrier wave. Carrier wave is generally having the frequency in the range of kHz.

Figure [3.9| shows the generation of PWM signals in software environment.
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— A
Carr.

Varef & Ek i§
By e
D 2
Vbref ) Ek I
o P B
g——e B
Vc?i't ‘ A> m _Iqx
39 C;Jtlg,ruar-

Figure 3.9: Switching signals for inverter IGBT’s

3.2.2 Smoothing inductor & transformer

The inductor at the output side of the inverter provides the filtering action. Keeping
the higher value of the inductor will lead to the voltage drop across the impedance.
Hence, appropriate value of inductor shall be chosen.

Transformer is used to provide the galvanic isolation and at the same time to step up
the voltage. Here in the simulation, transformer is used to step up the voltage to 11

kV which is equal to the grid voltage.

3.3 Simulation of 3 Phase grid connected solar PV

Based on the discussion made in the previous section, Modelling of the grid tied solar
PV test system is developed. The plot step used for the analysis is 200usec. The
developed model is shown in fig. [3.10
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Figure 3.10: 3 phase grid connected solar PV

The solar PV array parameter used for simulation is given in table
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Table 3.1: Solar PV array parameters

PV Parameter Value
No. of modules connected in series / array 100
No. of module string in parallel / array 46
No. of cells connected in series / modules 30
No. of string in parallel / module 50
Reference irradiation (w/m?) 1000
Reference cell temperature (°C) 25
Effective area (m?) .01
Series resistance / cell (2) .02
Shunt Resistance / cell (2) 1000
diode ideality factor 1.627
Band gap energy 1.103
Saturation current at reference conditions / cell (A) | le™!
Short circuit current at reference conditions / cell (A) | 2.5
Temperature cofficient of photo current (A/K) .001

For the above parameters, the simulation results are as follows. The available
voltage at the output side of solar PV is shown in fig. [3.11] As shown in figure, DC

link capacitor of value 10000uF' is maintaining the output voltage constant.
Main : DC link Voltage
3.00 ——
2.50 :—
2.00 1
1.50 -

1.00 H

0.50

0.00

2 0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0

Figure 3.11: DC Link Voltage
X-axis=2.5sec/Div, Y-axis=0.50kV /Div

For the successful operation of the inverter the DC link voltage is required to be

constant. Voltage shown in fig. is available to the input of inverter.
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The closed system described in fig. [3.5is used to generate the reference waves. Phase
locked loop (PLL) is used to fetch the system frequency, required to maintain the
synchronisation. Based on the loop structure, the reference voltage is generated with
the help of the inverse Park’s transformation. The generated reference wave of phase

A, B, and C are shown below in figure [3.12

Main : Reference signals
= aref = \href = oref

x 8810 8820 8830 8840 8850 8850 8870 8880 B8 5900

Figure 3.12: Modulated reference signal Vs of phase a
X-axis=0.010sec/Div, Y-axis=0.50/Div

Varefs Vires & Verey as shown in figure [3.12} are compared with the triangular wave
of frequency 6 kHz. The comparison of the two signal for generation of switching

signals is shown in the figure 3.13
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Main : Comparizon of Signals
= Yaref = Yhref m oref = Carr

2.00 +
1.50
1.00 H
0.50

0.00 i

-0.50
-1.00 +

-1.50

-2.00 -

==E 5.6950 56975 57000 57025 57050 5F0F5 S5T100 57125 57130 57175

Figure 3.13: Comparison of reference wave and triangular wave
X-axis=0.0025sec/Div, Y-axis=0.50/Div

In figure [3.13| comparison of all the phases are shown. Based on the comparison
the triggering signal T, T3 & T5 are generated. In order to avoid the short circuit
of DC bus, two switches of same phase are never be turned on at the same time.
Triggering of two switches of a phase is 180° apart. Based on the triggering signal,
the output voltage of inverter is shown in fig. [3.14]

Main : Inwverer Voltage
= Vab

-3.0

x 6620 6640 6660 6680 6700 6720 6740 6760 6780  6.500

Figure 3.14: Inverter output voltage
X-axis=0.020sec/Div, Y-axis=1kV/Div
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The inverter output current is shown in figure [3.15

Main : Solar PV fed Current
8.0
6.0
4.0

2.0+

0.0
-2.0 7
-4.0 +

5.0 +

-8.0 -

sec  7sg 7590 7.600 7610 7620 7630 7640 7650

Figure 3.15: Output current of inverter
X-axis=0.010sec/Div, Y-axis=2kA/Div

Total power generated by solar PV is more than the total power available at the
point of common coupling (PCC). This is because of the switching losses occurring
in the system. The simulated system is a single stage system, so the losses are less
compared to the two stage system (DC-DC & DC-AC). The power generated and

power available at PCC are shown below [3.16
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Main : PV generated Power

14.0

12.0 H

10.0

(a),, m
6.0 -
4.0

2.0+
0.0

-2.0-

x 0.0 25 5.0 75 10.0 125 15.0 175 20.0

Main : Power at PCC
-p
T A T A P T B ST TP
7.0+
6.0
(b)=o-
4.0 4
3.0
2.0 4

1.0 4

0.0

Figure 3.16: (a) Power generated by solar PV (b) Power available at PCC

(a)X-axis=2.5sec/Div, Y-axis=2.0MW /Div
(b)X-axis=2.5sec/Div, Y-axis=1MW/Div



Chapter 4

Stability Analysis of System

For the purpose of analysing the system, A test system is simulated for various cases.

The details of simulated system is given in the following sections.

4.1 Test System

In a system to have a relative oscillation more than one machine is required. Test
system is developed, in which three generating sources are considered. Two of the
generating sources are synchronous generators and Solar PV is considered as the third

generating source in the test system. Details of the system is given below.

e Each of the conventional generator is of capacity 6 MVA,
e Inertia constant of one machine is 3.5 Sec. and of the other machine is 1.2 Sec.
e Solar PV is considered of capacity of 8 MW

For analysis, PV penetration level (PVu) is considered. The PV penetration
(PVyiever) level is defined as the ratio of power generated by the solar PV to the

total power generated of the system.

Py,
4.1
Ptotal ( )

P‘/glevel =
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where

PViever= PV penetration level (%),

P,,= Total PV generation (MW),

P,ora=Total generation (MW)

PV penetration level can also be defined on the basis of the total energy served or
the basis of the peak load. With the increase in the penetration of PV power, more
power from the conventional generators is displaced. For maintaining the adequate
quantity of reactive power in the system conventional generator kept on-line. Typical

layout of the system under study is shown below.

Ic—b—:—- [
NN

Synchronus generator 1
6 MVA

@—¥

3 Phase Grid Connected
Solar PV (6 MW) «— @ ]

3Phase Load | Synchronus generator 2

20 MW & 5 6 MVA
MV AR

Figure 4.1: Layout of Test System

Test system parameter are as follows
1. Machine:1 has total capacity of 6 MVA with inertia constant of 3.5 Sec.

2. Machine:2 has total capacity of 6 MVA with inertia constant of 1.5 Sec.
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3. Solar PV has total capacity of 6 MW.
4. 3¢ static load on the system is 20 MW and 5 MVAR.

Few cases are considered to analyse the system’s small signal stability. These cases
considered for the analysis are more general cases and occur in day to day life. The

details of each case and the behaviour of system for the particular case is discussed.

4.2 Case:1 Penetration level

The output of the solar PV plant highly depends upon the radiation level. As the
weather is intermittent, the power from solar PV varies. As the change in radiation is
more rapid then change in temperature, for purpose of analysis the change in radiation

is considered. The considered change in radiation level is given below in fig. 4.2

IMain : Radiation

m Radiation

1.2k

1.0k ——
D.Ek——l-l-l-

0.6k et

.4k

0.2k

0.0

-0.2k-

Figure 4.2: Change in Radiation

X-axis=10sec/Div, Y-axis=200 (w/m?)/Div

Based on the available radiation level, the solar PV output keeps on changing.

The changed solar PV output power is shown below in fig[4.3]
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Main : Solar P\ generated Power

(@) o0 meex

12.0 4
10.0 4
8.0 -
£.0 1
4.0 1
2.0 -
0.0 4

-2.0 1

-40-

x 0 10 20 30 40 50

(b) 12.0 1o

11.0 4

Main : Solar PV generated Power

10.0 4
8.0
7.0 4

6.0 4

5.0~

X 25450 26500 26550 26600 26650 26700 26750 26.800 26.850 26900 26.950

Figure 4.3: Power generated by solar PV

(a)X-axis=10sec/DIv, Y-axis=2M W /Div
(b)X-axis=.050sec/DIv, Y-axis=1MW /Div

The total available power at PCC fed by solar PV is shown below in fig. [4.4]
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Main : Solar Power at PCC

= Ppv
14.0 4 —

12.0 4
10.0 4
8.0 -
6.0 +
4.0 1
204
0.0 4

-2.0 1

-40-

x 0 10 20 30 40 50
Main : Solar Power at PCC

= Ppv
12.0 4 —

11.0 4

10.0 +

2.0

8.0+

7.0+

6.0 -

X 23550 23600 23650 23700 23750 23800 23850 23900 23950

Figure 4.4: Power available at PCC fed by solar PV

(a)X-axis=10sec/Div, Y-axis=2MW /Div
(b)X-axis=.050sec/Div, Y-axis=1MW /Div

In the figure .4 power below 0 shows the reversal of the power flow due to insuf-
ficient radiation. When power goes negative inverter will not function. As the power
from solar PV keep on changing with radiation level, generator made on-line when
there is insufficient radiation. In the developed system the two machine shared load
based on their respective droop characteristics. For the reduced radiation level, the

power generated by synchronous machine’s are shown below in fig[4.5]
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Main : Power generated by machine 1
= Pm
12.0 4————
10.0

8.0

6.0 4

4.0

2.0 4

0.0

-2.0-

Figure 4.5: Power generated by machine 1
X-axis=10sec/DIv, Y-axis=2MW /Div

Main : Power generated by Machine 2

10.0 4——

8.0

6.0 4 -

4.0

2.0+

0.0

Figure 4.6: Power generated by machine 2
X-axis=1sec/Div, Y-axis=2MW /Div

It can be seen from figure & that synchronous machine’s are balancing
available load (after losing the kinetic energy), when the power from the solar PV is
not sufficient. For variable power output of solar PV, the variation of rotor angle of

each machine is shown below.
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Main : Rotot angle of machine 1

(a)u.suu Bt

0.250
0.200 4
0.150 +
0.100

0.050 4

0.000
x 0 10 20 30 40 50

(b)

0.1850 4

Main : Rotot angle of machine 1

01800 4

0.1750 4

0.1700

0.1650 -

0.1600

0.1550 -
X 14825 14850 14875 14900 14925 14950 14975 15000 15025 15.050

Figure 4.7: Rotor angle of machine 1

(a)X-axis=10sec/Div,Y-axis=.050rad /Div,
(b)X-axis=0.025sec/Div, Y-axis=0.050rad/Div

and of the machine 2 the variation in rotor angle is shown.
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Main : Rotor angle of machine 2

(3)0.225 &

0.200 4
0.175 4
I:I.1EEI-1
0.125 4

0.100 4 / N

0.075 -
0.050 - /
0.025 \

0.000 _. ,f . .. 1 ~

x 0 I 10 20 N 40 50

/ AN

(b) Main : Rotor angle of machine 2
0.1680
0.1680
0.1640
0.1620
0.1600
0.1580
0.1560
0.1540

0.1520
0.1500

X 14900 14950 15000 15050 15100 15150 15200 15250 15300 15350 15.400

Figure 4.8: Rotor angle of machine 2

(a)X-axis=10sec/Div, Y-axis=0.025rad/Div
(b)X-axis=.050sec/Div, Y-axis=0.020rad/Div

It can be seen from the figure [4.7] & [4.8 that both of the machines are experiencing
the continuous oscillations, even when the power from the solar PV is very less. These
figures also shows that whenever the radiations fall below a minimum limit, reversal
of current take place. For each reversal, current machine is experiencing a huge rotor
oscillations. This situation will be more prominent for the case, when the load demand

is high and radiations keep on changing.
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For simulated system, the frequency at PCC is shown below.

Main : Frequency at PCC
™ Freq

(a)
60.20 4

60.10 4

60.00

58.90 -

59.80 \
59.70 - \

x 0 w 20 30 40 50
b Main : Frequency at PCC
( 20.0?5 = Ireg \
60.050
o= '“'Mn “-l- m’ﬂ}' | H' HH il u"||||*i"=“| ""“' wvn”
s 0o IR ||||_“|| A
59.975 - |
£9.950 4
59.925 4
59.900 -
59 875 -
x 5.00 5,50 6.00 6.50 7.00 7.50 8.00 8.50 9.00

Figure 4.9: Frequency at PCC

(a)X-axis=10sec/Div, Y-axis=0.10H z/Div
(b)X-axis=.50sec/Div, Y-axis=0.025H z/Div

It can be observed from the figure that the frequency of the system is not
maintaining constant. As shown in fig. [£.10] the amplitude of oscillations is depends

upon the penetration level. As the penetration level rises, the amplitude of frequency

35



CHAPTER 4. STABILITY ANALYSIS OF SYSTEM

oscillation increases. The increase in the amplitude of oscillation shows that, excess
penetration of PV power cause reduction in the damping torque, so rotor of the

synchronous generator oscillates.

Main : Frequency at PCC
= Freq

60.20
60.10
60.00
39.90 +

39.80 +

28.70 -

x 2410 5.0 260 27.0 280 29,0

Main : Frequency at PCC
= Freg

60.0:20 +
60.000
59.980
59.960
59.940
59.920 4

38.900

39.880 -

x 38 50 19,00 39,50 40.00 4050 41.00 4150

Figure 4.10: Frequency at PCC

(a)X-axis=1sec/Div, Y-axis=0.10H z/Div
(b)X-axis=.050sec/Div, Y-axis=0.020H z/Div
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4.3 Case:2 Variable load

The next case for analysing the system is varying the load. The solar PV plant has
the maximum penetration of 6 MW at 1000 w/m?. For this case, static load of the
system are 15 MW 2 MW, 2 MW, 8 MW & 5 MV AR. For load variation in the
system, two 2 MW loads are removed from the system at 5 sec. and 10 sec. , and
after 15 sec. the 8 MW load is suddenly applied to the system. The power available
at PCC, fed by solar PV is shown in .11}

Main : Pv Power at PCC

x 0.0 5.0 10,0 15.0 20,0 250 30.0 35.0

Figure 4.11: Power at PCC

X-axis=5sec/Div, Y-axis=1MW /Div

For analysing the system behaviour, the system is simulated with solar PV and
without solar PV. When the system is not having the solar PV, all load is shared

by the synchronous machine’s. The generated power, deviation of rotor angle &

deviation of frequency at PCC for change is load are shown in fig. [4.12][4.14] & [4.16]

respectively.
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Main : Power fed by Machine 1

-m —

14.0

12.0

10.0

e.0

6.0

4.0

2.0

0.0 —

x 0.0 5.0 100 15.0 200 250 0.0 5.0 400

Figure 4.12: Power generated by machine 1

X-axis=bsec/Div, Y-axis=2M W /Div

Main : Power fed by Machine 2

12.0 4——

10.0 H

e.0

6.0

4.0

2.0

£ 0.0 >0 10.0 15.0 200 250 30.0 35.0

Figure 4.13: Power generated by machine 2

X-axis=5sec/Div, Y-axis=2M W /Div

As the load is changing, the machine output is keep on changing. When system is
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not having the solar PV the rotor angle of the synchronous machine 1 & 2 are shown

in & respectively.

Main : Rotor angle (Machine 1}

0.400 4—

0.350 4 \
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o] / \
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Main : Rotor angle (Machine 1}
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Figure 4.14: Rotor angle of machine 1

(a)X-axis=5sec/Div, Y-axis=0.050rad/Div
(b)X-axis=.50sec/Div, Y-axis=0.020rad/Div
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Main : Rotor angle (Machine 2}

m |42
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Figure 4.15: Rotor angle of machine 2

(a)X-axis=5sec/Div, Y-axis=0.050rad/Div
(b)X-axis=1sec/Div, Y-axis=0.020rad/Div

It can be observe from the figure & that in the absence of solar PV, ma-

chine is having minimum oscillations. The machine’s rotor angle keep on decreasing

as the load reduce with negligible oscillation. This shows that the machine is having
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sufficient damping torque. For the considered case the frequency at PCC for change

in load is shown in fig. |[4.16]

Main : Frequency at PCC

60.150 1= Freq

£0.100 -
£0.050 -
601,000 —prem——r—
59.950 -
59.900 -
59,850 -
59.300 -
59.750 -
59.700 -
59,650 -

x 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Figure 4.16: Frequency at PCC when load is variable

X-axis=bsec/Div, Y-axis=0.050H z/Div

The same graphs again plotted with solar PV system. The rotor angle of the
machine in presence of solar PV is shown below in fig.

Main : Reter angle (Machine 1)

0.250

0.200 4

0.150

0.100

0.050

0.000

x 0.0 50 100 150 200 250 30.0 35.0

Figure 4.17: Rotor angle of machine 1

X-axis=bsec/Div, Y-axis=0.050rad/Div
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Main : Rotor angle (Machine 2}
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Figure 4.18: Rotor angle of machine 2

(a)X-axis=5sec/Div, Y-axis=0.025rad/Div
(b)X-axis=.20sec/Div, Y-axis=0.025rad/Div

It can be observed that in presence of solar PV, the machine’s are having oscil-
lations. In presence of solar PV system, the effect of load variation on generation of

power by synchronous machine is shown in fig.
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Main ; Power fed by Machine 1
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Figure 4.19: Power delivered power machine 1 & machine 2

(a)X-axis=bsec/Div, Y-axis=1MW /Div
(b)X-axis=bsec/Div, Y-axis=1MW /Div

The frequency plot at PCC for changing load is shown in fig.
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Main ; Frequency at PCC
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Figure 4.20: Frequency (Hz) at PCC for changing load

X-axis=5sec/Div, Y-axis=0.050H z/Div

It is evident from the case:1 results, there is a significant reduction in damping
torque of the system, which cause continuous rotor angle oscillation. Based on the
frequency plot & possible conclusion can be made about he behaviour of
the system, when load is variable. In the presence of solar PV, the reduction in the
system inertia can be checked by observing the peaks occurring at transition of load.
The solar PV integrated system having higher peak compare to system having only

synchronous generators.

4.4 Case:3 Transient stability analysis

A contingency analysis is done for investigating the behaviour of solar PV integrated

system under fault condition. The details of analysis is shown in following subsection.
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4.4.1 Single line to ground fault

A SLG fault is created at 5 Sec. of the duration of .09 Sec.. To check the system
behaviour, system is simulated without solar PV system and in the next simulation

it is simulated with solar PV system. The typical layout of the test system is shown

in fig.

(6 MVA)

<«—a [
NN

Synchronous Generator 1

3 Phase Grid Connected

Solar PV (6 MW) < e [
3Phase Load <
20 MW & 5 1

(6 MVA)

Synchronous Generator 2

MVAR

Figure 4.21: Layout of the system for SLG fault study

Based on the figure the system is simulated at 200 puSec. plot step. The
simulation results of system having no PV power penetration is shown in fig/4.22|
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Figure 4.22: Frequency at PCC without solar PV SLG fault

(a)X-axis=10sec/Div, Y-axis=5H z/Div
(b)X-axis=.20sec/Div, Y-axis=b5H z/Div
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Figure 4.23: Rotor angle oscillations of machine 1 at SLG fault

(a)X-axis=10sec/Div, Y-axis=.050rad/Div
(b)X-axis=.020sec/Div, Y-axis=.025rad/Div
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Figure 4.24: Rotor angle oscillations of machine 2 at SLG fault

(a)X-axis=10sec/Div, Y-axis=.050rad/Div
(b)X-axis=.025sec/Div, Y-axis=.020rad/Div

From the figure 4.22] [4.23| & [4.24] at the time of SLG fault, frequency of the

system is dropping down to 22 Hz with the rotor angle oscillation of .087 rad of both

machine. The graph again plotted for the system with solar PV. The current fed by
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solar PV at the time of fault is shown in fig. [4.25]
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Figure 4.25: Current fed by solar PV at SLG fault

(a)X-axis=bsec/Div, Y-axis=2kA/Div
(b)X-axis=.025sec/Div, Y-axis=2kA/Div

At the time of SLG fault, the system frequency is shown in fig. [4.26]
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Figure 4.26: Frequency at PCC with solar PV at SLG fault

(a)X-axis=10sec/Div, Y-axis=5H z/Div
(b)X-axis=.20sec/Div, Y-axis=b5H z/Div

At the time of fault the rotor angle oscillations of machine 1 & machine 2 are

shown in fig. & respectively.
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Figure 4.27: Rotor angle machine 1 at SLG fault with solar PV

X-axis=.050sec/Div, Y-axis=.50rad/Div
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Figure 4.28: Rotor angle of machine 2 at SLG fault with solar PV

X-axis=.050sec/Div, Y-axis=.50rad/Div

As can be observed from fig. [4.23] [4.24] [4.27] & [4.28| that the system experiencing

higher rotor oscillation with solar PV, compare to the system having only conventional
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generator. The possible reason for the higher rotor oscillation is because of the PV
power penetration level. Higher penetration level of PV power reduces system inertia.
Hence, system becomes more vulnerable and rotor will have larger oscillation at the

time of fault. Higher rotor angle deviation will take longer time to settle down.
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Chapter 5

Conclusion and Future Scope

Based on the simulation results, the possible conclusion can be made about the sta-

bility of the solar PV integrated system.

e Developed grid tied solar PV system can be used to analyze the impact of solar
PV on power system stability. In order to fed power from solar PV to grid, it
should have capacity more the grid connected in the system, otherwise reverse

flow of power will take place & inverter will not function.

e Power system stability greatly influenced by the penetration level. As the pen-
etration level is increasing, system experiences more rotor angle oscillation. For
higher penetration level reduces the system inertia, Hence system behaviour

becomes oscillatory.

e Reduction of system inertia reduces the damping torque of the system, So solar
PV integrated system have higher peaks of frequency for load variation com-

pared to the frequency of the system having no PV power penetration.

e At higher penetration level, for SLG fault synchronous generators of system’s
experienced higher rotor oscillation compared to the one when system is not

having solar PV system.
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5.1 Future Scope

The proposed work can be extended for analysing the system performance, which

includes
e System stability when system is having PSS,
e Effectiveness of active & passive power filter to reduce the THD,

e Effect of location on solar PV penetration in any reference system,
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Appendix

e Simulation model to analyse the system for changing radiation
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Figure 1: PSCAD model of system under study
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e Simulation model to analyse the system for SLG Fault
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Figure 2: PSCAD model of system under fault study
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