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CHAPTER 1 GENERAL INTRODUCTION

1.General introduction

Nowadays power system is a large complex interconnected network that consists
of many buses and generators. The existing electric power generation systems world-
wide primarily rely on fossil fuels such as coal, oil, and natural gas, as well as nuclear
power and hydropower [1] .The network is developing everyday with the increase in
demand. Currently, the demand for electrical energy has increased and has become an
essential factor in technological, industrial and socio-economic development of dif-
ferent countries. The electrical power system must constantly maintain a balance be-
tween generation and consumption and keep the voltage and frequency within the
limits corresponding to the needs of the consumers and the proper functioning of the
network. Since the demand is higher nowadays the establishment of new power gen-
eration facilities and transmission lines or the expansion of the existing infrastructure
are necessary and many countries prefer to use DG to supply some part of their power
demand. Consequently, the current transmission lines are under significant load,
which increases the risk of stability issues after a disturbance. Therefore, ensuring
voltage stability is an essential aspect of maintaining the normal operation of a power

system .

Voltage instability issues and voltage collapse commonly arise in power systems
that cannot meet the demand for reactive power or are heavily loaded and/or experi-
encing faults. As the load in a typical network increases, there is a corresponding rise
in the demand for reactive power, leading to a further decline in voltage levels. If the
demand exceeds a critical threshold, voltage collapse and network instability become
unavoidable. Consequently, it is essential to incorporate voltage stability considera-

tions in the planning and operation of distribution systems [2].

The concept of Distributed Generation (DG) is gaining increasing attention. The
advancement of DGs presents new opportunities for conventional distribution net-

works.
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2. Distributed Generation
IEEE [1] defines DG as “the generation of electricity by facilities that are sufficiently

smaller than central generating plants so as to allow interconnection at nearly any point in a
power system. ” IEEE compared the size of the DG to that of a conventional generating
plant.DG refers to small sources ranging between 1 kW and 50 MW electrical power genera-

tions, which are normally placed close to consumption centers [2].

2.1. Problem statement

When DG units are integrated into distribution systems, various procedures, including
voltage profile, power flow, power quality, stability, dependability, and protection, may be
affected. Voltage stability, angle stability, and frequency stability are the three problems that
the DG units have an impact on when it comes to stability. VVoltage stability is thought to be
the most important factor in distribution systems because both angle and frequency stability

are uncommon. The following details, however, make this situation different:

e The load demands on distribution networks are rapidly rising as the economy grows.
Distribution networks are therefore working increasingly closely to the bounds of
voltage instability.

e The integration of DG in distribution system introduces possibility of encountering
some active/reactive power mismatches resulting in some stability concerns at the
distribution level. Motivated by these facts, the target of this project is to investigate,
analyze and enhance the voltage stability of distribution systems with penetration of
DG.

3. Objectives
The objectives of this research are:

e To investigate the impact of DG on voltage stability of distribution networks (2 bus
test system, IEEE 9-bus system ).We are going to use one of the static methods which
are the PV and QV curves

e Tosimulate and analyze the voltage stability of distribution systems.
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4. Outline of the Thesis
This thesis contains 5 chapters. It is organized as follows:

Chapter 1 is containing the introduction, problem statement, objective of the thesis.

Chapter 2 presents wind energy, the electrical grid, the structure of a wind turbine and how it
works followed by different methods of interconnection of wind turbine on electric grid.

Chapter 3 represents the study of the impacts of renewable energy(wind energy) production
on electrical networks.

Chapter 4 discusses the power system voltage stability ,impacts of DG on electric networks,

Chapter 4 represents the results of simulation runs using MATLAB.In the last chapters, we
study an IEEE 9bus power system, calculating the power flow from a MATLAB program,
and then we present the results obtained from the voltage stability analysis using the PV and

QV curves. We end our work with a general conclusion.
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1. Wind energy
Wind power is another way of producing electricity using the wind. The force of wind

drives the rotor blades, which in turn drive the generator of the wind turbine.A wind turbine
is a revolving device that uses ac generators of the synchronous and induction varieties to
transform wind energy first into mechanical energy and subsequently into electrical energy.
The wind turbine is connected to these generators. Turbine blades, a rotor, a shaft, a coupling
mechanism, a gear box, and a nacelle make up a wind turbine. A wind farm is a collection of
wind turbines that have been placed in a particular area.A farm should be built in a windy
area since the amount of wind will determine how much electricity it can produce. The wind
turbine's total efficiency ranges from 20 to 40%, and its power output ranges from 0.3 to 7
MW [3]. When compared to other renewable energy sources, wind energy is the least expen-

sive technology and offers the benefits of being a clean energy source.

Intermittency and grid reliability are the key problems with wind power technology [4].
Since wind electricity is produced by natural forces, it cannot be distributed instantly. On the
other side, utilities must balance electricity supply and demand closely. So, the integration of
wind turbines into the electric network will require more consideration as the share of wind
energy increases. The accessibility of transmission is another obstacle. This is due to the fact
that the greatest places for wind farms might occasionally be found in distant regions without

easy access to an appropriate transmission line[4].

2 .\Wind turbine
A wind turbine is a revolving device that uses ac generators of the synchronous and induction

varieties to transform wind energy first into mechanical energy and subsequently into

electrical energy.

3. Structure of a modern wind turbine
e Tower

The nacelle and rotor of the wind turbine are mounted on the tower. In general, having a high

tower is advantageous because wind speeds increase as distance from the ground increases.
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Additionally, the tower's construction must absorb enormous static loads brought on by the
fluctuating wind power in addition to supporting the weight of the nacelle and the rotor

blades. Often, a steel or concrete tubular construction is used.
e Rotor and Rotor blade

The rotor hub is the component that, with the aid of the rotor blades, transforms the energy in
the wind into rotary mechanical movement. The rotor blades catch wind energy and transfer
its power to it. The three-blade, horizontal axis rotor currently reigns supreme.The rotor
blades are mainly made of glass-fiber or carbon-fiber reinforced plastics (GRP, CFRP). The

blade profile is similar to that of an airplane wing.[5]

e Nacelle and drivetrain

The gearbox and electrical generator, two of the wind turbine's most important parts, are both
located inside the nacelle, which also houses the rest of the machinery. It is attached to the
tower by bearings because it needs to be able to rotate in order to follow the direction of the

wind, and the gearbox quickens the generator's shaft's rotation.[5]

e Electronic components

The electronic equipment of a wind turbine is composed of the generator, the system for the
grid in-feed of the electricity, and various sensors. The sensors for measuring temperature,
wind direction, wind speed and many other things can be found in and around the nacelle,
and assist in turbine control and monitoring.[5]
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gear box

anemometer /
= nacelle ; /
PN / ~—
( ~

© Encyclopaedia Britannica, Inc.

Figure 2.1 Schematic diagram of a wind turbine

3.1 How it works

Modern wind-harvesting equipment consists of blades attached to a rotor, a gearbox,
brakes, a turbine, and a generator.The section of a wind turbine that contains the generating
parts is called a nacelle. Figure (2.1) shows how the rotor links the blades to a shaft inside the
nacelle, which in turn links to a generator. When the wind moves towards the turbine, the
aerodynamically constructed blades produce a lifting force that causes the rotor to spin. The
rotational speed of the turning blades is not fast enough to generate electricity, so a gear box
is needed to increase the rotational speed of the shaft.

An anemometer and wind vane connected to the top of the wind turbine measure wind
speed and direction to provide signals to an incoming wind flow and pitch-system[7]. These
systems make sure that the wind turbine is pointed toward the direction of the incoming wind
and that the blades are inclined just enough to effectively exploit the wind's lift power. The
anemometer also alerts the brake system to very turbulent winds in order to guard against
harm to the generator, gearbox, and rotor.

Normally, you will see wind turbines grouped together to make a wind farm.They can
generate bulk electrical power and can be sized to the site, application, and energy needs[8]
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4. Electrical Grid
4.1.Definition:

The electrical grid or power grid is defined as the network which interconnects the genera-
tion, transmission, and distribution unit. It supplies the electrical power from generating unit
to the distribution unit. A large amount of power is transmitted from the generating station to
the load centre at 220kV or higher. The network form by these high voltage lines is called the
super grid.[9]

4.2.Types of Electrical Grid

The power station of the grid is located near the fuel source which reduces the
transportation cost of the system. But it is located far away from the populated areas. The
power which is generated at high voltage is stepped down by the help of step down trans-
former in the substation and then supply to the consumers. The electrical grid is mainly clas-
sified into two types. They are:

1. Regional Grid — The Regional grid is formed by interconnecting the different trans-
mission systems of a particular area through the transmission line.

2. National Grid-It is formed by interconnecting the different regional grid.

Electrical Grid

Figure 2.2 Electrical Grid
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5.Connection of wind energy on electric grid

Power electronics converters are used to indirectly connect DG technologies to the grid,
with the exception of a handful that employ synchronous or induction generators [10].
Photovoltaic panels and fuel cells that use DC current are connected to a DC/DC converter
that is coupled to an AC/DC converter.The ripple current's variations are tamed by the DC
link that connects the two converters. The grid is connected to the DC/AC converter's output
(Figure 2.3).

As micro -turbines and variable-speed (wind turbine) based DG cannot be connected to
the grid directly, an AC/DC converter coupled with a DC/AC converter serves as the link.
Synchronous or induction generators are connected to wind turbines. In the past, wind

turbines ran at set speeds and were directly connected to the grid.

5.1.Wind Turbines depending on the generator

This group of generators, which includes both synchronous and asynchronous models,
is related to the electrical system of the turbine. Any type of three-phase generator can be
installed in a wind turbine, usually with the use of a power electronic frequency converter.
Nonetheless, several generator types that are more popular in wind turbines will be described

below.

5.1.1. Asynchronous Generators

The first group corresponds to the asynchronous or induction generators, which is the
most common type inside the wind turbines. It is cheaper and less complicated than the
synchronous. The fundamental issue with this generator is that it must absorb reactive power
in order to produce a magnetic field, hence reactive power flows in the opposite direction as
active power [11]. When there is not enough reactive power to provide the loads, the system
may collapse, and this may become a serious issue. However, the mentioned issue can be
avoided if this reactive power comes from the grid or a power electronic device.
Asynchronous generators have two alternative rotor designs [12,13,14]:

e Squirrel-cage rotor: corresponds to the Squirrel Cage Induction Generator (SCIG)

10
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and this type is directly connected to the grid. These generators are used in fixed
speed

wind turbines, as they are designed to achieve the maximum efficiency at a certain
wind speed, but sometimes are equipped with two windings so that it is possible to
have maximum efficiency for two different wind velocities. The diagram of this

generator is shown in figure (2.3)

ol ) T

SCIG

Figure 2.3:Example of a typical SCIG wind turbine.

e Wound rotor: corresponds to the Wound Rotor Induction Generator (WRIG), which
is an evolution of the SCIG. Within the group of wound rotor asynchronous genera-

tors there are another two types:

1. Inthe first one, the generator has an additional external variable resistance
that is attached to the rotor windings and is controlled by power electronics.
The inclusion of resistance enables the adjustment of the overall rotor re-
sistance, providing a restricted range for controlling the speed. The extent of
speed control depends on the magnitude of the external resistance and is typi-
cally referred to as a limited variable speed generator. Figure (2.4) illustrates

an example diagram showcasing this concept.

GEAR™. TN ——
GBE’%*?; [ () /1 GrD
l‘uug - \\ \_‘{_f_’/

WRIG

Figure 2.4:Example of a typical WRIG wind turbine.

11
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2. The second type of generator commonly employed in the wind industry is
known as the Doubly Fed Induction Generator (DFIG). It comprises a Wound
Rotor Induction Generator (WRIG) with the rotor windings connected to an
AC-AC converter, typically referred to as a back-to-back converter. The term
"doubly-fed" arises from the fact that the stator voltage is supplied by the
grid, while the rotor voltage is provided by the converter. This generator
allows for variable-speed operation within a limited range.The converter itself
is composed of two converters with distinct functions: the rotor-side converter
and the grid-side converter. Figure 2.5 illustrates a common representation of

this generator.

3

i

8
: -~

GEAR: \ ’/\4_ GRID
d\VW’B\JQX.ﬁ”’ ‘ ﬂ ‘-\ _\‘ ‘/ ] ,P

Figure2.5:Example of a typical DFIG wind turbine.

The rotor side converter is responsible for regulating the active and reactive power
produced by the wind turbine, while the grid side converter maintains the DC link voltage at
a predetermined value. The significant advantage of the Doubly Fed Induction Generator
(DFIG) is its ability to independently control the reactive power without relying on grid
magnetization. This allows the DFIG to supply reactive power to the grid, which is a notable
advantage compared to other types of generators mentioned earlier.

5.1.2. Synchronous Generators

Synchronous generators are the most common ones for power plants but they are more
expensive and complex than the asynchronous generators. On the other side, this kind of

generators don’t have the biggest disadvantage of the induction generators, as they do not

12
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need a reactive magnetising current [13]. In the synchronous generators group there are also
two types [12; 13; 14]:

Wound rotor: Once again, a similar rotor design can be found in synchronous
generators, specifically in the case of the Wound Rotor Synchronous Generator
(WRSG). In this configuration, the stator of the generator is directly connected to the
grid, while the rotor windings are supplied with DC power. The rotor itself generates
the exciter field, which rotates at the synchronous speed determined by the grid
frequency. Some manufacturers have designed this type of generator to operate
without a gearbox, and it is typically connected to a full-scale frequency converter
that serves a similar purpose as the Doubly Fed Induction Generator (DFIG). This
WRSG generator allows for variable speed operation, and its representation can be

seen in Figure (2.6).

O EXCITATION

L AC
DC.

i

GRID

Figure 2.6: Example of a typical WRSG wind turbine.

Permanent Magnet Synchronous Generator (PMSG): This generator is a unique
type that replaces one of its windings, typically the rotor windings, with permanent
magnets. These magnets enable self-excitation, making this generator an appealing
and increasingly popular choice in the wind industry. While it may not always require
a gearbox, it usually necessitates a comprehensive converter.However, this
technology is considered expensive primarily because of the high cost of the

permanent magnets. Figure (2.7) depicts this particular generator.

13
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PMSG

Figure 2.7: Example of a typical PMSG wind turbine.

5.2. Wind Turbines depending on the speed control

This category differentiates the generating system and leads to different types:
fixed-speed and variable-speed wind turbines [12]. Before analysing both types an illustration

of a general wind turbine as a help to follow the text is shown in Figure (2.8 )[15].

HYRAULIC SHRINK DISK

HUB CONTROLLER
SEMIVE CRANE, Gearbox Oil Coller
CONTROLLER | | oy SPEED SHAFT PITCH CYLINDER:

ANEMOMETER GEAR BOX

HYDRAULIC UNIT

BLADE HUB

BEARING  MOTOR

GENERATOR HIGH SPEED PITCH GEARS

TRANSFORMERS SHAFT

MAIN SHAFT

YAW DRIVE/
GENERATOR COOLER
BRAKE BEARING

ROTOR LOCK SYSTEM
YAW RING

Figure 2.8.Diagram of a typical Wind Turbine.[15]

e Fixed-speed wind turbines: these turbines are equipped with an induction generator
(asynchronous machine), either wound rotor or squirrel cage, that is coupled to a fixed
frequency and rotates always almost at the same speed no matter the wind speed
[12; 14; 13].

14
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e Variable-speed wind turbines: In recent years, the variable-speed wind turbine has
become the most prevalent type, although it is considerably more intricate compared
to the fixed-speed variant. It is equipped with either asynchronous or synchronous
generators and is connected to the grid through a grid converter, allowing the
generation to be decoupled from the system frequency. The converter's main function
IS to regulate the generator speed, as it varies based on the wind speed, unlike in other
types where it remains constant[12; 14; 13].

As a result, variable-speed generators have a greater amount of electronic
components within the turbine, making it a more complex and expensive system.
However, this increased complexity also provides greater control over the turbine's
operations. Among the four types of wind turbines, the variable-speed wind turbine
with a Doubly-Fed Induction Generator (DFIG) has been described in detail.

6. Control System of Doubly Fed Induction Generator

A DFIG system is basically a wound rotor induction generator with slip rings, with the
stator directly connected to the grid and with the rotor interfaced through a back-to-back
partial-scale power converter.The converter is made up of two standard converters that is a
rotor-side converter and a line-side converter along with a shared DC bus, as shown in
Figure2.9. The DFIG is doubly fed, which means that the grid supplies the voltage to the
stator and the power converter induces the voltage to the rotor. Depending on the size of the
converter, this technology enables variable speed operation over a broad but restricted
range.The voltage source converter supplies the rotor windings with variable voltage and
frequency.In addition to the DFIG’s ability to feed the rotor with power of variable
frequency, a distinct aspect of the DFIG is that it has a fast current control. This means that
the DFIG control can, within limits, hold the electrical power constant in spite of fluctuating
wind, thus temporarily storing the rapid fluctuations in power as kinetic energy. The use of
partial-scale converter to the generator rotor makes this concept on one hand attractive from
an economic point of view. On the other hand, this converter arrangement requires an
advanced protection system, as it is very sensitive to disturbances on the grid. Without such
protection, high transient currents induced in the rotor can damage the power converter
device. [16]

15
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Figure 2.9: Model of Doubly fed induction generator and its main components of the
controls[16]
Double-fed induction generators (DFIGs) are used in many big modern wind power
facilities because they have important benefits over full-sized converters, including the ability

to manage reactive power and being smaller and less expensive.

6.1. Mechanical System Control of DFIG

Using accurate models for both the electrical and mechanical aspects of wind turbines
is crucial for the development of advanced control strategies in variable speed wind turbines.
It is also important to study their interaction with the power system, particularly during grid
faults. Additionally, it is necessary to design and coordinate the control of the mechanical
system, such as the blade angle control, with the control of the electrical system.

The mechanical components of a wind turbine encompass various elements, including the
wind speed model, the aerodynamic model, the blade pitching mechanism, and the drive train
with gearbox. Figure 2.10 illustrates the mechanical model of a Doubly Fed Induction

Generator (DFIG) wind turbine and its control in dynamic power system studies.

Wind Model

Pwina Aerodynamic Faero | Drive train mod- | Fmec Induction
model el generator Petec | Grid

Figure 2.10: Modelling scheme of mechanical system of DFIG[16]
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6.2. Turbine Speed Control Model

The primary objective of the wind turbine control system is to maximize the power
obtained from the wind. The equipment power ratings serve as the limiting factor that
determines the amount of energy extracted from the wind. To prevent damage to the
mechanical components, the input mechanical power must be restricted when it exceeds the
equipment power ratings. This is achieved by adjusting the turbine blades to reduce the input
mechanical power. This adjustment is known as pitch control of the turbine blades. The
dynamics of the pitch control are reasonably fast and can significantly impact the results of
dynamic simulations.

Conversely, when the available wind power is lower than the equipment ratings, the
turbine blades are set at a specific pitch angle to maximize power generation from the wind.
In this scenario, the turbine control model calculates the power required based on the
available wind speed and sends a power order to the electrical control. The electrical control

system then instructs the converter to deliver the specified power amount to the grid.

7. Aerodynamic and Pitch Control Model

When conducting power system simulations that incorporate grid disturbances and
fault-ride through capability, it is crucial to incorporate the aerodynamic model. The rotor's
aerodynamic behaviour is effectively captured using a quassi-static aerodynamic model,
which is based on the aerodynamic equation (2.1). In this model, the mechanical power

delivered to the turbine is determined by the wind speed, blade pitch angle, and shaft speed.
P =5 Arp¥ Cp (1.0) (2.1)

P, mechanical output power of the wind turbine (W), p is the air density [kg/m3 ], A,is the

area swept by the rotor blades [m?] or A = r?, ¥, is the wind speed [m/sec], and Cpis the is
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aerodynamic power efficiency, which is a function of A and 6. A is the ratio of the rotor blade

tip speed and the wind speed, 6 is the blade pitch angle.

In this wind turbine model the aerodynamic power efficiency C,depends on the actual
pitch angle 6 and the tip speed ratio.
The relationship between blade tip speed and generator rotor speed is a constant (A ) and it is

defined as :

1=2 (2.2)

Where r is the rotor blade radius; e is turbine angular speed; and V,,, is wind speed.

Figure (2.11) depicts the pitch angle controller, which encompasses both the pitch control and
pitch compensation. Additionally, Figure (2.11) also illustrates the block diagram for
controlling active power, incorporating the pitch controller, pitch compensator, and drive
train models.

Within the diagram, various variables are represented: the voltage measured at the wind
turbine terminal, the current injected from the wind turbine to the grid, the wind turbine
rotating shaft speed, the wind speed, the output electrical power measured at the wind turbine
terminal, the mechanical input power to the shaft, the command power, and the pitch
angle.[17]

_ —+ O gy a
Fi Turb P " yemd
e @O PO 0
| - ! -+ Blade Pitch
Angle

.ﬁ}?,ef Fiitch Control

From Conwerter
Control Model

+ -P err
The measurad §= Yy
eleciric power = T PT
-P.l'e_f Pitch Compensation
Set point

Figure 2.11: Pitch control and pitch compensation block diagram
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1. Impacts of DG on power system

Although DG unit integration in electrical systems has several advantages, complexity is
increased. As a result, the DG units have an impact on the performance of the system,
including the voltage profile, power flow, system losses, power quality, stability,
dependability, and protection.[5,19]

e Voltage profile-Customers must receive power from the utility at a voltage that falls
within a certain range. However, if the capacity of the connected DG is quite large or
the connection between transmission and distribution system is relatively poor, the
steady state voltage rise may be an issue[5].

e Power quality-Frequency fluctuation, persistent over voltages, high frequency noise,
harmonic distortions, high voltage spikes, and voltage sags and swells are some of the
most frequently recognized power quality events. When DG has a huge capacity or is
coupled to a poor distribution system, the power quality may decrease.

e Protection -The installation of DG changes the intensity, duration, and direction of a
fault current, demanding equivalent modifications to the current protection system.

e Stability - As DG's capacity increases, it becomes clear that it is becoming
increasingly crucial to the stability of the electricity system. Therefore more
considerations are required in this aspect[19].

e Security-DG energizes the system at numerous locations, complicating the isolation

and earthing procedures for safety before maintenance work is done.

A high penetration of DG will affect the steady-state and the dynamics of the
distribution system. These effects primarily include[20,21]:
e Voltage regulation -The utilities forbid DG from controlling the voltage at the
common connection point (PCC). Only a constant power factor control should be

used for DG operation.
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e Short circuit level- When numerous DG are connected to the same feeder during a
fault, a fuse and breaker coordination issue may arise, which may cause an unforeseen
fuse operation. The system's dependability is severely impacted.

e Voltage flicker-Voltage flicker can be brought on by connecting and disconnecting a
single DG. Moreover, there may be significant illumination flicker due to variations in
the output of each DG and variations in the load. Mitigation strategies can be used to
minimize these swings. Reduced voltage starts are necessary for induction generators,
tighter voltage matching and synchronization for synchronous generators, and a cap
on inrush currents and output changes for DGs with power electronic interfaces.

e Harmonic distortions- Depending on the converter technology and the
interconnection setup, DGs may add harmonics to the system.

The primary goal of this research is to examine the voltage stability as a result of the
widespread use of DG units. The effect of the DG units on system stability is thus presented
in the following section of this chapter.

2. System stability

The supply and demand of electricity must be balanced at all times for a power system
to function properly. Hence, a power system should be able to keep this balance both under
steady-state conditions and following disturbances (transient).The stability of a power
system is defined as a property of a power system that permits it to remain in an equilibrium
state under normal operating conditions and to regain an acceptable state of equilibrium after
being subjected to a disturbance [22].

Physical characteristics, such as the magnitude and phase angle of the voltage at each bus
and the active/reactive power flowing in each line, are used to define the operational state of
a power system. The system is said to be in steady state if these quantities remain constant
throughout time; if not, the system is seen to be in disturbance [23]. Depending on where they
come from and how big they are, the disruptions can be little or massive. Little disturbances
include, for instance, slight variations in load and generation, whereas big disturbances

include faults, significant changes in load, and the loss of generating units [23].
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Distribution system networks are essentially made to take power from transmission lines
and distribute it to clients. Real and reactive power both flow in one direction as a result.
However, the directions of the real and reactive power may be reversed when DG units are
deployed in distribution systems. As a result, stability is affected by the penetration of DG
units into distribution systems and becomes increasingly problematic as penetration levels
rise.

Any fault occurring in the distribution system might cause voltage and angle instability
[24].The primary variables that affect stability in distribution systems with embedded DG
units are the DG units' control techniques, energy storage systems, the kinds of loads in the
system, the locations of faults, and the motor's inertia constant [25].However, in general
system stability describes the ability of power systems to maintain synchronicity and
steadiness at any given key parameter setting. In this regard, there are three classifications
that are often associated with power system stability: rotor or power angle stability, frequency
stability and voltage stability. Figure (3.1) shows overall power system stability classification
[22].

Power system

stability
Rotor angle Frequency stability Voltage stability
stability
Small signal Transient Large disturbance large disturbance Small disturbances
stability stability stability stability stability
Short term stability Long term stability Short term Long term

stability stability

Figure 3.1.Classification of system stability[22]
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2.1. Voltage stability

The capacity of a power system to maintain consistent and appropriate voltages at all
of its buses in the face of a disturbance from a specific initial operating condition is referred
to as voltage stability. The inability to supply the reactive power demand is the main cause of
voltage instability [22].Voltage instability develops when load dynamics try to restore power
demand beyond what the generation system is capable of. This might cause loads to trip,
transmission lines to trip, and certain generators' synchronization to lose [26]. At the final
stage of voltage instability, voltage collapse frequently happens when extremely low bus
voltages cause a partial or complete blackout of the system [22,27].

Depending on the type of disturbance, voltage stability can be divided into minor and big

categories:

e Large disturbance voltage stability refers to the ability of power systems to maintain
and control voltages following large perturbations, such as loss of generation or
system faults.

e Small disturbance stability refers to the ability of power systems to maintain and

control voltages following small perturbations, such as incremental change in loads.

When this is happening, voltage stability issues can occur for a few seconds to tens of

minutes. The degree of voltage stability may therefore be a short- or long-term phenomenon.

2.2.Rotor Angle Stability

Rotor angle or power angle stability refers to synchronous generators' capacity to
re-establish synchronism or return to normal conditions following physical disturbances. The
research of electromechanical oscillation in power systems is necessary to solve the rotor
angle stability problem. The way that synchronous machines behave when their rotor angle
changes is a key factor in this situation. The speed remains constant and each machine's input
of mechanical torque and electrical torque are balanced in a steady state situation. The system
becomes out of equilibrium when a disturbance occurs, which causes the rotor of a machine
to speed up or slow down.The spinning rates of all machines do not synchronize if one
machine is unexpectedly spinning more quickly than another. This results in angular

deviations in location. This usually causes the fast machine to alternately inject or absorb
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power into the slow machine. Also, if angular separation increases, the power transfer will
decrease or the bus voltage will drop, which causes instability. Major power system
components could experience cascade outages and system failure as a result of an unstable
system[29].Rotor angle or power angle stability problems can be categorised into two distinct

areas:

e Small signal rotor angle (steady state) stability is the ability of the power system to
maintain synchronism under small perturbations. The usual problems may cause small
stability disturbances, such as HVDC control, FACTS controller, inter-area oscillation
mode and load changes. The time frame for small signal stability problems is ten to
twenty seconds following perturbations.

e Large signal rotor angle stability (transient stability) is the ability of the power system
to maintain synchronism after having been subjected to severe perturbation, such as
short-circuit and switching operation. The time frame for large signal stability

problem is three to five seconds following perturbation.

2.3.Frequency Stability

The ability of power systems to retain stable frequency within a permitted range in the
wake of a significant system disruption is referred to as frequency stability. Large
fluctuations of frequency, voltage, power flows, and other system parameters are impacted by
unstable frequency because it causes a significant imbalance between generation and load.
Frequency stability issues are usually brought on by poor system utilities, a lack of control
coordination, and advanced protective mechanisms. Depending on how the control and
device react, the time limit for frequency stability issues can be extended from a second to

minutes[29].
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2.4.Transient Stability

Large-disturbance angle stability (Transient stability) is a subcategory of rotor angle
stability and consists of the ability of the power system to maintain angle stability after being
subjected to a large disturbance ( such as a short-circuit on a transmission line, or the
disconnection of a generator). Instability problems are aperiodic and are mainly due to
insufficient synchronizing torque [22,27]. The critical clearing time (CCT) is defined as the
maximum time duration between the occurrence of the fault and itsclearing that the power
system can regain stability. Due to the highly nonlinear characteristics of transient stability,
time domain simulation is used to solve the differential and algebraic equations of a power

system using a step-by-step calculation procedure.

3.Voltage stability analysis

Voltage stability can be evaluated by two different methods of analysis: static and

dynamic, the details of which are presented in the following subsection

3.1. Dynamic analysis

Dynamic analysis can show the real behaviour of the system such as loads ,DG units,
automatic voltage and frequency control equipment, and the protection systems. The overall

power system is represented by a first order differential equation given in equation (3.1).
X =f(x,V) (3.1)
and the following algebraic equation (3.2)
I(x,V)=YyV (3.2)
with a set of known initial conditions (X,, V;)
where:
X: state vector of the system

V: bus voltage vector
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I: current injection vector
Yy: network node admittance matrix

Equations (3.1) and (3.2) can be solved in a time domain using numerical integration
methods. This study provides time domain results; therefore, the system can be modelled and

simulated with the help of different simulation software such as MATLAB.

3.2. Static analysis

This method examines the viability of the equilibrium point represented by a specified
operating condition of the power system. It involves only the solution of algebraic equations
and therefore is computationally much more efficient than the dynamic analysis. Static
analysis captures snapshots of system conditions at various time frames along the
time-domain trajectory [2]. At each time frame, time derivatives of the state variables in
Equation (3.1) are assumed to be zero. Although voltage stability is a dynamic phenomenon
by nature, static analyses are used in many studies, due to its lower computation time and

useful information for voltage stability assessment.

4.Voltage instability

Voltage stability is defined as the ability to maintain a consistently acceptable bus
voltage at each node in the network, under normal operating conditions. The state of the
network is said to be voltage unstable when a disturbance, an increase in load or a change in
the condition of the network leads to a gradual and uncontrollable drop in voltage, resulting

in a loss of power know as voltage collapse[18].

4.1.Causes of instability of the voltage

Voltage instability is due to several causes, among them, an increase in electrical
loads, an increase in reactive power as well as the transport of active power over long
transmission lines. Voltage instability usually occurs in the weak areas/buses of the
power system and leads the system to voltage collapse most of the time.

So the main causes of voltage instability can be listed as follows:
v Lack of reactive power
Voltage collapse typically occurs on heavily loaded power systems that have
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a reactive power deficiency. Voltage collapse is associated with reactive power
demands from loads that are not met due to limitations on the generation and

transmission of reactive power [18].

v Load too high
This is one of the causes of voltage instability that can occur especially when

the load is greater than expected and the risk is even greater when the reactive
consumption is also greater than expected [18].
v Production too far from consumption
In general, the generating units are sufficiently distributed on the grid so that
there are no large transmission distances. However, it may happen that the
generators close to a point of consumption are all shut down, either because
they have broken down or because it is not economic to run them during certain

periods.

5.Power flow analysis

Power-flow analysis, usually referred to as load-flow, is frequently used in big,
complicated networks. In order to better understand the voltage stability indices discussed in
the following chapter, a brief introduction to power-flow analysis and its application to

voltage stability will be provided in this part.

5.1.0bjective of the power flow study

The calculation of the power flow is carried out in order to [28] :

v" Set the status of the network

The purpose of calculating the power flow of a network is to determine the
state of the network according to the connected load and their distribution on all
network accesses. This calculation provides an accurate picture of the active
and reactive power flow of each element of the transmission network and the

voltage level of each node.

This calculation is based on the following assumptions:
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The grid is stable and the generator provides energy in the form of sinusoidal

alternating current and balanced three-phase voltage [28].
v" Calculation of the current flow

The value of the current flowing through each component of the network
(line, cable or transformer) will not exceed the rated current of these
components .If the actual value is too high, the component may over heat and

even explode [28].
v" Calculation of losses in line

Power flow calculations are used to access the power losses in the lines and
transformers due to current flow. Excessive losses can lead to a reconfiguration of the
network in order to minimise the overall network losses .In this study we used

Newton Raphson method.

5.2.Definition of Newton Raphson Method

The Newton-Raphson method is an iterative numerical technique used in power flow
analysis to solve a set of nonlinear equations representing the power flow equations

in an electrical power system.

» Classification of bus sets

Bus bar scan be classified into three categories:

« Reference bus(slack or swing bus) where V and 6 are defined.

* Load bus-bar (type PQ bus) where the active power P and the reactive power Q are
defined.

= Voltage controlled bus-bar (PV bus type) where the active power P and the
voltage modulus V are defined.
» Application of Newton Raphson Method
The Newton-Raphson method is used in this research work because of its faster

convergence that makes it to find its relevance in large power systems. The number of
iterations required to obtain a solution is not dependent on the size of the network. In
addition, the Newton-Raphson method is well suited for software computations. Simply
stated, it has a very high convergence speed compared to other iterative solution

methods.

29



CHAPTER 3 IMPACTS OF DGs ON ELECTRIC POWER SYSTEM

Power flows and voltages of a transmission network are calculated for certain terminal
or bus circumstances as part of the power-flow (load-flow) study. It is assumed that the
system is balanced. Active power P, reactive power Q, voltage magnitude V, and voltage
angle 0 are the four variables linked to each bus. Node equations can be used to visualize the
relationships between network bus voltages and currents [2]. The following are the network

equations expressed in terms of the node admittance matrix:
The complex power and current injected into the ith bus:
S =Vili" =P +jQ; (3:3)
I; = X1 YV (3.4)
In polar form ,equation 3.4 can be written as:
I = Y|V IVil2 (65 + 6;)  (35)
Complex power at bus i is:
Si=P; — jQ; (3.6)
P, — jQi=IVil2(=6)) Xj-4|Vi[IVil2 (65 + 8 (B.7)
Separating real and imaginary parts ,we have
P=Y0|Yi| Vil Vil cos (6;; — 6; + 6)) (3.8)
Qi=— X7 |Yi| Vil lVilsin (6;; — 6: + 6;)  (3.9)
After expanding equations 3.8 and 3.9 in a Taylor series the final equation is

op 0P

[5el-{2 a 5] (3.10)
20 oV

AP and AQ represent differences between specified values and calculated values

respectively, AV and A6 represent voltage magnitude and voltage angle respectively in

op 0P
06 ov
0Q 0Q
06 ov

incremental forms and forms the Jacobian matrix.
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The scheduled and the calculated values of the power residuals of the term AP;*and AQ;*
Are given as:
AP*=p;sch_pk (3.11)
AQ;*=Q;*"-Q;* (3.12)

The new estimates for the voltage angles and magnitudes are respectively given as:

5 =5 +n6;" (3.13)
Vi =vi +a [V (3.14)
The calculation is repeated until
|aAP*| < &
|80, < €

Where € is the tolerence .

6. P-V and Q-V curves in voltage stability analysis

v' PV curves
PV curve is a basic tool of static voltage stability analysis based on voltage stability
mechanism, in which P can be expressed as the total load of a certain area,and V is the key
bus voltage.By establishing the relationship between load and node voltage, PV curve can
visually and continuously show the process of system voltage reduction and even collapse
with the increase of load. At the same time, by calculating the PV curve of each node in the
system, two important parameters about the voltage stability of the system can be obtained:
the critical voltage and the power limit of the load point, which can be used to indicate the
voltage stability margin of the system and to represent the ability of each load node to

maintain the voltage stability.
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A simple example is given using PV and QV curves, which are two widely used power
flow methods to visualize and determine the voltage stability phenomenon in the case of a
two buses system.

Ez0 Vez@

; |
( )—,— X
. | 1 P+iQ

Figure 3.2.Two bus system

The model in Figure.3.2 considers a constant voltage source of magnitude E and a purely
reactive transmission impedance jX. Using the load flow equations:

The voltage across the load is given by:
V=E-jXI (3.15)

The apparent power is given by

S=P+jQ= V_I=I75__;;:_ (3.16)
S= %(EV cos@ + JEV sinf — V?) (3.17)
By identification:
=- %sin 0 (3.18)
Q :(i—v cos 6 — V;) (3.19)

Where :

P is the active power transfer from the source to the load ,Q is the reactive power transfer
from the source to the load , E = E£0 is the voltage at the source,V = V286 is the voltage at

the load,X= impedance of the line,

Summing the equation (3.18) and (3.19),we have

E?V?
XZ

P2+ (Q +5)24= (3.20)
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20QV?2 N vt  E*V?
X X2 X2

P? + Q% +
V* 4+ 20XV? + X?(P? + Q?) = E?V?
After developing ,we have
V*+ V220X —E?) + X?(P2+0%) =0 (3.21)
Let V2=Y

Y2 +Y(20X — E?) + X2(P2 + Q%) = 0 (3.22)

We have a second order equation,
Then: A=(20QX — E?)? — 4(X?(P? + Q%))

e A>0 two distinct real solutions;
e A= 0 double solution;

e A<O0 no real solution;

The solution of equation (3.22) is given by:

ve=y=2—ox + \/Ef—XZPZ — XE2Q (3.23)

We assume that:

PX 4= =L
P=f 4= V=5

substituting in equation (3.23), we have :

v2=%—qi E+p2—q (3.24)

Equation (3.19) will allow us to plot different PV and QV curves

The solutions to this load voltage are often presented in PV or QV curves, also known as
nose curves or voltage profiles.Equation (3.24) produces two voltage solutions for each given

set of load flow, which are illustrated by the upper and lower portions of the PV-curve. In
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equation (3.24), the "+" sign represents the upper voltage solution, which is stable, and the "-"
sign represents the lower voltage solution, which is unstable [3]. The tip of the “nose curve”

is called the maximum loading point or critical point.

It's important to note that there are two solutions for each load power below the loadability
limit: one uses a high voltage and low current, while the other uses a low voltage and high
current. It is rare for a power system to function at the lower section of the curve since it is

preferable to operate at a voltage close to that of the infinite bus.

Operation near the stability limit is impractical and sufficient power margin, that is,

distance to the limit, has to be allowed , as represented in Fig.(3.3b).

In P-V curve shown in Figure (3.3a), there are three regions related to real power load P.
In the first region up to loadability limit, power flow equation has two solutions for each P of
which one is stable voltage and other is unstable voltage. If load is increased , two solutions
will coalesce and P is maximum. If load is further increased, power flow equation doesn't
have a solution. Voltage corresponding to “maximum loading point” is called as critical

voltage.[30]

P P
A Vv act Pmurgr'n nax
14 :
MW distance to
critical point
Stable region
Vit f—— Stability Limit ?
Unstable region
Operating Point P P S P

Figure3.3a:Stable and unstable regions in PV curvesFigure3.3b:Power stability margin

e PV curves for varying power factor

It can be clearly seen from Figure3.4 that the inductive load (AR) has the minimum
power compared to the resistive and capacitive loads, while the capacitive load(AV)
corresponds to the maximum power. On the other hand, it can be noticed that the voltage
drop is improved in the case of (AV) with respect to unitary and inductive.
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VOLTAGE STABILITY CURVE (P-V curve)
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Figure 3.4 :Standardized PV curves for various power factors

e PV curves for different reactance of the line

Figure 3.5. shows the influence of the line reactance on the PV characteristic
obtained, for different values of X, unlike the figure 3.4, it can be seen that when
varying the reactance and increasing the power, the voltage drop remains the same
throughout the three variations and it shows that the voltage stability margin increases
when the line reactance decreases because from the equation 3.13 it’s clear that
increase in the reactance of the line will cause decrease in the transmission power.We

can reduce the value of reactance by applying series capacitor compensation.
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. VOLTAGE STABILITY CURVE (P-V curve)
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Figure 3.5: PV curve for various reactance(X)

v QV curves

Often, a more useful characteristic for certain aspects of voltage stability analysis is the
QV curves. These can be used for assessing the requirements for reactive power
compensation since they show the sensitivity and variation of bus voltages with respect to

reactive power injections or absorptions.

Figure.3.7 shows a Q-V curve. Similar to the P-V curves, Q-V curves have a voltage
stability limit, which is the bottom of the curve, where dQ/dV is equal to zero. The right hand
side is stable since an increase in Q is accompanied by an increase in V. The left hand side is
unstable since an increase in Q represents a decrease in V, which is one of the instability
factors that judges that a system is voltage unstable if, for at least one bus in the system, the
bus voltage magnitude decreases as the reactive power injection in the same bus is

increased.[3]
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Reactive power margin

Reactive power (MVAr)

~~ %zo (Voltage stability limit)

Voltage (pu)

Figure 3.7:QV Characteristic curve

e QV curves for different reactance

Figure 3.8 shows the QV characteristics by varying the reactance. We can clearly see that
the stability margin is increasing as the reactance of the line decreases .The value of the
reactance can be reduced by shunt compensation so that the Q margin can be improved so as

the voltage level and voltage stability.

VOLTAGE STABILITY (@-V curve)
T T

05—

REACTIVE POWER(p)

VOLTAGE(pu)

Figure 3.8:QV curve for different reactance (X)

e QV curves for different power factor
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Figure 3.8 shows the QV characteristics by varying the power factor.
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Figure 3.9:QV curve for different power factor

It can be clearly seen that changing the power factor from lagging to leading can potentially
increase the voltage stability margin, allowing the system to operate at higher voltages before

reaching the stability limit.

7.Impact of the DG size on voltage stability

Currently, most installed DGs are connected to operate at unity power factor to avoid
interference with the voltage regulation devices connected to the system [32]. For this reason,
this study assumes that the DG unit are operating at unity power factor Figure 3.9 visualizes
the impact of a DG unit on voltage stability margin and maximum loadability. The x-axis
represents A, which is the scaling factor of the load demand at a certain operating point.A
varies from zero to the A,,4,. Due to real power injection of a DG unit, the normal operating
point of the voltage increases from V;toV,, and at the same time the maximum loadability

increases from A,,,5,110 Aax2-131,32]
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Figure 3.9: Impact of a DG unit on maximum loadability and voltage stability margin
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Figure 3.10: P-V curve: Enlargement of voltage stability margin[33]

Figure 3.10 shows the impact of a synchronous generator on voltage stability of a
hypothetic node. As can be seen in the figure, the installation of a distributed generator of AP
MW shifts the operation point on the associated P-V curve from point A to point B, which
results in a raise of the node voltage by the amount V,, - V,and enhanced voltage security:
the stability margin increases from m, to mp;. An immediate conclusion to be drawn here is:
the installation of a distributed generation will most likely enhance the voltage stability of the

grid as long as the DG rating is smaller than twice the local loading level.[33]
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1.Introduction

The analysis of voltage stability in power systems is crucial. The purpose of this analysis
is to maintain the balance of the system. In this chapter, we will perform an analysis using the
PV and QV curves on the standard IEEE 9-bus network. First, we will perform a power flow
calculation using the Newton Raphson method. Then, we will implement the program in
MATLAB to visualize, first, the different PV and QV curves of the different buses.

2.Model of power system elements

In this chapter, the steady state models are used:

* The transmission system is modelled as an infinite bus.

* The electrical network is mathematically modelled as a nodal admittance matrix.
* The load is modelled as a constant PQ component.

* The DG is modelled as a PQ generator. However, when enough capacities of the
shunt compensator are assumed in operation, they together will be modelled as a PV

generator.

3.Description of the network

The network studied is the standard IEEE9-bus network shown in figure4.1.1t consists of
one swing bus,two generation PV buses and six load PQ buses.The base power of the
network is 100MVA and the frequency is 60HZ.The line and load parameters are given in the
tablel and table2 with:

Vbase = 230KV,Shase = 100MVA,Zbase=5290hms .
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Figure4.1.IEEE9 bus network

The buses 1,2 and 3 are the strong buses since they are close to the generators .Thus ,the
study will concern buses 5,6 and 8 where there is connected loads.
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4.Parameters of 9bus system

Tablel. Transmission Line Data

Line From | Line Resistance Reactance Susceptance

To (R)pu (X)pu (B)pu
1 4 0 0.0576 0
2 7 0 0.0625 0
3 9 0 0.0586 0
4 5 0.01 0.085 0.176
4 6 0.017 0.092 0.158
7 5 0.032 0.161 0.306
7 8 0.0085 0.072 0.149
9 8 0.0119 0.1008 0.209
9 6 0.039 0.17 0.358

Table 2.Bus Data
Bus number | Bus type Bus Voltage | Bus Voltage | Angle(degree) | Generator Load
(KV) (pu)
P(MW) [ Q(MVar) | P(MW) | Q(MVar)

1 Slack 16.5 1.04 0 0 0 0 0
2 PV 18 1.025 0 163 [0 0 0
3 PV 13.8 1.025 0 85 0 0 0
4 PQ 230 1 0 0 0 0 0
5 PQ 230 1 0 0 0 125 50
6 PQ 230 1 0 0 0 90 30
7 PQ 230 1 0 0 0 0 0
8 PQ 230 1 0 0 0 100 35
9 PQ 230 1 0 0 0 0 0

v Admittance matrix formation

The formulation of the network admittance matrix is the first step in the analysis of the power
system. It is based on the different parameters of the system lines.The admittance matrix is

given as:
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Ybus=|Ys1 Y52 Y53 Ysu VYss Vs Y57 Ysg Yoo

Where :

5 .Application on the standard IEEE 9 bus network

The Simulink model of a standard 9 bus network system was designed and the results on
figure4.2 were obtained.
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Figure 4.2:Simulink model of 9Bus system
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Figure 4.3.Results from 9bus Simulink model
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The implementation of the power flow calculation program on MATLAB software allowed

us to obtain the following results:

Table3:Power flow results

Bus Number Generated Power Load power Bus Voltage Angle
(pu) (degrees)
P(MW) Q(MVar) P(MW) Q(MVar)
1 71.6 27 0 0 1.04 0
2 163 6.7 0 0 1.025 9.3°
3 85 -10.9 0 0 1.025 4.7°
4 0 0 0 0 1.026 -2.2°
5 0 0 125 50 0.996 -4°
6 0 0 90 30 1.013 -3.7°
7 0 0 0 0 1.026 3.7°
8 0 0 100 35 1.016 0.7°
9 0 0 0 0 1.032 2°
Ybus =
17.3611i 0 0 173611 0 0 0 0 0
0 —16i 0 0 0 0 16i 0 0
0 0 —17.0648i 0 0 0 0 0 17.0648i
17.3611i 0 0 3.3074 —39.1419i —1.3652 + 11.6041i —1.9422 + 10.5107i 0 0 0
0 0 0 —1.3652 +11.6041i  2.5528 — 17.0972i 0 -1.1876 + 5.9751i 0 0
0 0 0 —1.9422 +10.5107i 0 3.2242 — 15.5829i 0 0 —1.282 + 5.5882i
0 16i 0 0 —1.1876 + 5.9751i 0 2.8047 —35.2181i —1.6171 + 13.698i 0
0 0 0 0 0 0 —1.6171 +13.6980 2.7722 — 23.1242i —1.1551 + 9.7843i
0 0 17.0648i 0 0 —1.2820 + 5.5882i 0 —1.1551 +9.7843i  2.4371 — 31.870i

We can clearly see that the results from power flow calculations and those from Matlab
Simulink are almost the same.
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5.1.PV and QV curves of 9bus system

PV and QV curves of the 9bus system for different power factor on different buses, was
performed and the results are displayed on the table4.

Table 4:Load voltages at different bus and power factor

Load voltage at bus 5, Load voltage at bus 6, Load voltage at bus 8,
0 =-450 0 = 300 0 =150
P(MW) Q(MVar) | V(pu) P(MW) Q(MVar) | V(pu) P(MW) Q(MVar) | V(pu)
0 0 1.047 0 0 10492 [0 0 1.0437
10 -10 1.055 10 6 10434 |10 3 1.0417
55 -55 1.0886 | 25 14 10352 |30 8 1.0382
105 -105 11217 |40 23 10257 |45 12 1.0351
120 -120 11309 |50 28 10201 |60 16 1.0317
150 -150 11484 |75 43 10031 |75 20 1.0282
165 -165 11567 | 95 55 09885 | 90 24 1.0244
180 -180 11648 | 110 64 09769 | 110 29 1.0193
200 -200 11751 | 130 75 09616 | 135 36 1.0117
215 -215 11826 | 140 81 0.953 150 40 1.007
230 -230 11898 | 170 98 0.9263 | 180 48 0.9967
245 -245 11969 | 190 109 0.907 200 54 0.9887
260 -260 12036 | 210 121 0.8845 | 220 59 0.9808
300 -300 1.2207 | 230 133 0.8594 | 230 62 0.9763
400 -400 12573 | 245 141 0.8397 | 240 64 0.9724
500 -500 1.2857 | 250 144 08322 | 330 88 0.9232
700 -700 13162 | 270 156 07986 | 410 110 0.8558
900 -900 12753 | 290 167 0.7588 | 460 123 0.7841
310 179 0.6988 | 500 134

BLACKOUT CONDITION IS REACHED

Figure4.4 and Figure 4.5 shows the PV and QV curves for the power flow results in table4
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Figure 4.5:QV Curves at different buses

Interpretation

It is observed from the PV and QV curves that the load power factor values have the
significant effects on the enhancement of power system voltage stability.As the load power
factor varies from lagging to leading , the loading capabilities of power systems also go on

increasing due to continuous increment in load angle.The study of such curves also suggests
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that various voltage stability control methods and devices should be properly introduced in
critically affected buses in order to avoid chances of system blackouts.

5.2.Influence of the power factor
Since bus 5 is on of the weakest bus, this study will focus on this bus.

e PV Characteristic

Figure 4.6 shows the PV characteristics of bus 5 for different values of power factor.
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Figure 4.6:PV curves at bus 5
Interpretation

The PV curves of the 5th bus, shown in Figure 4.6, illustrate the influence of different power
factors on the voltage stability. It can be seen that when the power factor changes from an
inductive to a capacitive load, the power transmitted through the line increases and the
voltage drop decreases.

e QV Characteristics

Figure 4.7 shows the QV characteristics of bus 5 for different values of power factor.
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Figure 4.7:QV curves at bus 5
Interpretation

The QV curves of 5th bus shown in figure 4.7, illustrate the influence of different power
factors on voltage stability. It can be seen that for lagging power factors, the load bus
voltages falls rapidly, VAR compensation is necessary to maintain voltage stability. When
the power factor changes from an inductive to a capacitive load, the reactive power decreases,
hence the stability margin increases.

e PV curves at different buses

The PV curves of the different buses for constant power factor are shown in Figure 4.8.
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Figure4.8.PV curves at different buses
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Interpretation

It can be seen that bus 8 is the strongest bus among the three buses because it has the
largest stability margin because it is located between two generators.Bus 5 and 6 have almost
similar stability margin smaller than that of bus 8.1t can be seen that Bus 6 is the weakest bus
because of its weakest stability margin.The further analysis was done on the system by

integrating DG at bus 6.This choice was made since it has the weakest stability in order to

improve it.

6.Influence of the DG on voltage stability

In this study,PV and QV curves are used to examine how DG integration affects a power
system’s voltage stability margin and voltage drop.A series of power flow was done,and then
figure4.9 shows the obtained PV curves .
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Figure4.9.PV Curves of bus 6 for the different DG sizes(different active power injected)

51



CHAPTER 4 SIMULATION AND RESULTS

Interpretation

The analysis was done on the system by connecting different sizes of DGs at bus 6.This
choice was made because the stability margin of bus 6 is the weakest and in order to improve
it.It can be seen that the critical voltage point increase when increasing DG size(power active
injection) hence generates an improvement in the stability of the bus. Also the stability

margin is improving with augmentation of the size of DG.

7.Conclusion

In this chapter, we have performed a static voltage stability analysis for a standard
IEEE 9-bus network in order to study the voltage drop and the stability margin, in a first
step. Then, in a second step, the influence of the power factor on the voltage stability of
this system. The last part we studied the influence of DG on the voltage stability of this
system .We used the Newton Raphson method to make a power flow, as well as to obtain
the PV and QV curves for the analysis of the voltage stability. With the help of these
curves, the impact of the power factor and DG on the voltage stability of this system was

observed.
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General Conclusion

The purpose of the study presented in this thesis was to analyse the impact of DG on
voltage stability of a standard IEEE 9-busnetwork, using one of the static methods, the PV

and QV curves.

In a first step, this study defined the DG, the type of DG and it’s structures, the electric

grid and the different ways of connecting DG to the electric grid.

In a second step, this study defined the stability of electrical networks, exposed the
different types of this stability, voltage instability and its causes and the methods of voltage
stability analysis. Finally the impact of DG on voltage stability and power system in general.

In the third step, this study allowed the power flow to be performed ,PV and QV

curves to be plotted, allowing a static voltage stability analysis.

Finally ,a voltage stability analysis of a standard IEEE9-bus network was performed
using the PV and QV curves analysis.

From these curves, the influence of the power factor on the voltage stability can also be
seen .When the power factor changes from an inductive load to a capacitive load, the power
transmitted through the line increases, the voltage drop decreases and the reactive power

decreases, that means the stability margin increases.

This study allowed us to identify the weakest bus of the network so that necessary

measures can be taken to prevent a black out in a power system.
Concerning the impacts of DG on the voltage stability of power systems, the
following conclusions are drawn:

¢ In general the integration of DG improves the voltage stability of the distribution

system.

e The Location of the DG has main effect on voltage stability.

PV and QV curves are two simple approaches to find the critical voltage point and the

stability margin when the system is in a steady state.
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