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ABSTRACT

VOLTAGE STABILITY ANALYSIS WITH DIFFERENT TYPES OF SMALL
SIZE GENERATORS INTEGRATED IN POWER DISTRIBUTION
NETWORK

Tameemi, Weam
Master, Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Dogan CALIKOGLU
November 2017, 85 page

The integration effect of different types of Small Size Generators (SSG) units
on the voltage stability of a 33-bus radial distribution network has been investigated.
This is because some of them have features which enhance voltage stability margins
of the distribution network buses. Voltage stability analysis methods of the 33-bus
radial distribution network integrating various types of SSG units into the network
have been done.

The proposed work is implemented using MATLAB/Simulink. The PSAT
(Power System Analysis Toolbox) has been used to determine the best type of the
SSG unit that improves voltage stability and loadability of the radial distribution
network. Different types of SSG units are presented; the first type is Static
(Photovoltaic and Fuel Cells), the second type is Dynamic (Constant Speed Wind
Turbine with Squirrel Cage Induction Generator and Synchronous Generator).

The static SSG unit types have improved the voltage stability and loadability of
the radial distribution network. However, the dynamic ones have a negative impact

on the voltage stability because of their dynamic nature.

Keywords: Small Size Generators, Voltage Stability, Distribution Network, Matlab,
Simulink, PSAT.
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OZET

GUC DAGITIMI SEBEKESINE ENTEGRE EDIiLMiS FARKLI
TURLERDEKI KUCUK BOYUTLU JENERATORLERILE GERILIM
DENGESI ANALIZi

Tameemi, Weam
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Danismani: Prof. Dr. Dogan CALIKOGLU
Kasim, 2017, 85 sayfa

Farkli tiirlerdeki Kiiciik Boyutlu Jeneratér (SSG) iinitelerinin 33 barali bir
radyal dagitim sisteminin gerilim dengesi lizerinde entegrasyon etkisi arastirilmistir.
Bunun nedeni, bazilarinin dagitim sebeke baralarinin gerilim dengesi siirlarini ve
toleransin1 arttiran Gzelliklere sahip olmasidir. Cesitli tiirlerdeki Kiiclik Boyutlu
Jenerator (SSG) fiinitelerinin sebekeye entegre edilmesi ile 33 baraliradyaldagitim
sebekesinin gerilim dengesi analiz yontemleri kullanilmistir.

Onerilen ¢alisma MATLAB/Simulink kullanilarak uygulanmistir. Radyal
dagitim sebekesinin gerilim dengesi ve ylklenebirligini gelistiren en i1yi SSG
tinitesinin belirlenmesi i¢in PSAT (Gii¢ Sistemi Analizi Ara¢ Kutusu)kullanilmistir.
Birinci tip Statik (Giines Pili ve Yakit Pilleri), ikinci tip Dinamik (Sincap Kafesi
Indiiksiyon Jeneratdér ve Es Zamanli Jeneratorlii Sabit HizliRiizgar Tiirbini) olmak
tizere farkli tiplerde SSG finiteleri sunulmustur.

Statik SSG iinite tipleri, radyal dagitim sebekesinin gerilim dengesi ve
yiiklenebilirligini ~ gelistirmistir. Bununla birlikte, dinamik {initeler dinamik

dogalarindan dolayi gerilim dengesi lizerinde negatif bir etkiye sahiptir.

Anahtar Kelimeler: Kiicilk Boyutlu Jeneratorler, Gerilim Dengesi, Dagitim

Sebekesi, Matlab, Simulink, PSAT.
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CHAPTER ONE

INTRODUCTION

1.1 Presentation of the work

A Small Size Generator (SSG) can be a PV, a Fuel Cell, a Synchronous
generator, a wind turbine induction generator or a similar electrical energy
generation device whose capacity is less than 10 MVA in general. Such SSG units
are used in distribution networks by the customers to inject active power into the
network and to improve the voltage stability. Each such SSG is called a local SSG
with respect to the customer who owns it.

In this work, a comparative study of analytical results is made to find out the
best type of SSG unit regarding the improvement in voltage stability of a 33-bus
radial distribution network which was introduced by Singh et el 2007 [56]. Static and
dynamic SSG units are used individually with optimum size and location. Three
types of voltage analysis are performed (static, dynamic and small signal stability
analysis) by using ‘MATLAB/Simulink’ Power System Analysis Toolbox (PSAT)
programming.

The motivation of this undertaking is that every distribution network tends to
lose its voltage whenever the load demand increases during the normal operation or
during a disturbance. So the benefit of integrating the SSG units into distribution
networks is that they help solving the problem of the limited capacity of the tap
changer transformers which is utilized to compensate the voltage drop in the
distribution networks.

What achieved in this work is analytical results which showed that the static
SSG unit types such as a PV and a Fuel cell generators have improved the voltage
stability and loadability of the distribution network. On the other hand, the dynamic

ones such as synchronous and induction generators have a negative impact on the



voltage stability due to their dynamic nature. The benefit of this study is determining
the SSG unit type that improves the voltage stability of the distribution network

regarding the integration of the SSG units into the distribution networks.

1.2 Small Size Generators

Static and Dynamic SSG units are integrated individually into the radial
distribution network in order to obtain the comparisons between the analytical results

which determine the SSG unit type that enhances the VS of the distribution network.

1.2.1 The Importance of the SSG units

SSG units provide many advantages such as enhanced reliability, power
quality, efficiency, reduction of system limitations along with the environmental
advantages. They have much ability to improve distribution system performance.
Some of the SSG unit types strongly participate to improve the VS of the distribution
network. The aim of the VS analysis is to determine the SSG unit type that improves

the VS of the radial distribution network.

1.2.2 The Types of the SSG Units

The SSG unit models which are used in this work as follows;

1. The Static Units

a) PV generator model: generates constant active power and fixed voltage

b) PQ generator model: generates active and reactive powers

¢) Q generator model : generates only reactive power

d) Fuel Cell generator model: generates active power

2. The Dynamic Units

a) Constant Speed Wind Turbine with a squirrel cage Induction Generator
model: generates active power but consumes reactive power from the
network

b) Synchronous generator model: generates active and reactive powers



1.3 Literature Survey Class-1

The following are the main references related to the VS analysis of the
distribution networks;

Ref. [1] defined the stability of power system as “a property of a power system
that enables it to remain in a state of equilibrium under normal operating conditions
and to regain an acceptable state of equilibrium after being subjected to a
disturbance”.

In Ref. [2] the authors explained the impacts of dispersed generation on
distribution networks such as voltage profile, system losses, power flow, power
stability, quality, reliability, and protection. They increase the electric system
complexity.

Ref. [3] classified the stability of power system into VS, frequency stability,
and rotor angle stability. Furthermore, the literature classified the VS as small or
large according to the disturbance sort. Small VS is the capability of the network to
control the voltage when small disturbances happen, such as changing of the loads.
Large VS means that the network able to control the voltage after being submitted to
perturbations such as faults, sudden outages of the load, and big-step changes in the
load.

Ref. [4] proposed a method of placement and sizing SSG units so as to improve
the VS margin of a distribution system by using mixed integer nonlinear
programming (MINLP).

Ref. [5] analyzed the impacts of the SSG units on VS by introducing a guide to
locate and size the SSG units to develop the VS margin in a distribution network and
investigated the influence of high penetration level of SSG units on the proximity of

voltage instability.

1.4 Literature Survey Class-2

The following are the main references related to the SSG units which are
integrated into distribution networks;

Ref. [6] defines SSG units as a small supply of electric power generation (its
ranging from less than a kW to several of MW) that is not related to a central power

system and its location is close to the load.



Ref. [7] mentioned the Internal Compassion Engine (ICE) as the most
commonly used SSG technology and has the least costs among other types. (ICE)
utilizes either a synchronous generator for capacity higher than (300KW) or an
induction generator for capacity lower than (300KW) and they can be connected
directly to the grid without any converter devices.

Ref. [8] defined SSG as the generation of electrical power by utilities which are
smaller than main power plants so as connected at any point in a power system.

In Ref. [9] the authors compared the efficiency of photovoltaic generation
(PVG) with that of wind turbines. The efficiency of (PVG) is still low, less than 20%
and their lifetime can reach over 25 years and its efficiency decreases with aging to

(75-80)% of the rated value. The same literature discussed a fuel cell as one of
the available technologies and regarded alike to a battery. But it differs from a
battery in that it does not require to be charged because its resources are continuously
supplied to the cell, it is unlike a battery which its materials are consumed during the
electrochemical process. Full Cells efficiency is high, about (40-60)% when used for
power generation. Furthermore, when the exothermic heat is combined with
electrical power (CHP), the total efficiency can be more than 80%. The benefits of
fuel cells are their small footprint, noiseless operation, and harmful emissions during
operation are not exist.

Ackerman [10] classifies wind turbines into four types, one of them is a
constant speed wind turbine with a squirrel cage induction generator (SCIG)
integrated directly to the grid using a transformer. In this type, if the grid is a week,
variations in wind speed transformed to electrical power fluctuations which cause
voltage flicker. Other three types are variable speed wind turbines. The second type
uses wound rotor induction generator (WRIG). In this sort, the generator speed
supposed to be increased up to 10% above the synchronous speed of the network.

Ref. [11] presented another type of SSG ‘Micro-turbines’ are a combination of
small (generator and turbine), they differ from the normal combustion turbines in that
their speed is very high, about (50,000-120,000) rpm, in the range. Their advantages
are that they are small in size, so they are suitable in a small area, low gas emission,
low noise, low installation and maintenance costs, and high efficiency. They require

power electronics converter (ac-dc-as converter) because they generate a very high -



frequency power, in the range of (1500-4000 Hz) in order to integrate them into the
grid or to connect them synchronously with other types of SSG power sources.

Li-Shiang et.al. [12] discussed the interfacing of Photovoltaic SSG units to the
power network by utilizing electronic converters with Maximum Power Point
Tracking (MPPT).

The authors in Ref. [13] divided the interface of SSG units into two types;
Direct grid-connected units that consist of synchronous generators and induction
generators. The second type is Indirect grid-connected units which used when the
output power of the generator is DC such as photovoltaic, fuel cells, high - frequency
AC source such as micro-turbines, and variable frequency such as wind turbines
which have power electronics converters.

Ref. [14] grouped SSG units into four major types based on terminal
characteristics in terms of real and reactive power delivering capability. The first
type is capable of generating only active power such as photovoltaic, micro turbines,
fuel cells, which are connected to the main grid with the support of
converters/inverters. However, according to the current situation and grid modes, the
photovoltaic generator can provide reactive power as well. The second type is able to
generate both active and reactive power. SSG units such as synchronous machines
(cogeneration, gas turbine, etc.) classified under this type. The third type is capable
of delivering only reactive power. Synchronous compensators such as gas turbines
are the example of this type and operate at zero power factors. The fourth type
generate active power but consume reactive power. Induction generators, which are
used in wind turbines, come under this class. However, doubly fed induction
generator (DFIG) systems may absorb or generate reactive just like a synchronous

generator.

1.5 Thesis Aspects

The work is consist of the following steps:-

1. Modeling a 33-bus radial distribution network and 32 constant load feeders
using (PSAT) programming.

2. Determining the optimum location and capacity of the SSG units using
Loss Sensitivity Factor (LSF) method, in order to execute the analysis

efficiently.



3. Integrating four types of SSG units individually. Two types are Static
Generation (Photovoltaic and Fuel Cells), and other two types are dynamic
Generation (Synchronous Generator and Constant Speed with Squirrel
Cage Induction Generator Wind Turbine).

4. Performing the Static Voltage Stability Analysis (SVSA) on the model
using power Flow calculations (Newton-Raphson) method and
Continuation Power Flow (CPF) technique.

5. Implementing the Dynamic Voltage Stability Analysis (DVSA) on the
model using Time Domain Simulation (TDS) solved by Trapezoidal
Numerical Integration (TNI) method when the model was subjected to a
fault disturbance at the weakest bus voltage.

6. Investigating the Proximity to Voltage Instability of the network using
Small Signal Stability Analysis (SSSA) which is achieved in the frequency
domain using Eigenvalue analysis.

7. Comparing the analysis results for each proposed SSG unit type to select
the best one that enhances the voltage stability of radial distribution
network during normal operation condition and perturbation condition such
as an earth fault.

Referring to the R. S.A.Abri, E.F.El-Saadany, and Y.M.Atwa, 2011 [4] which
proposed a method of placement and sizing SSG units so as to improve the VS
margin of a distribution system by using mixed integer nonlinear programming
(MINLP). In this work, the contribution is determining the optimum location and
size of DG units using Loss Sensitivity Factor (LSF) method in order to improve the
VS margin.

R. Al-Abri, 2012 [5] analyzed the impacts of the SSG units on VS and
investigated the influence of high penetration level of them on the proximity of VS.
On the other hand, the contribution of this proposed work is to select the best SSG
unit type that enhances the VS of the RDN during normal operation condition and
disturbance condition such as an earth fault using Power System Analysis Toolbox

(PSAT) in MATLAB.



1.6 Thesis Outline

The thesis is organized in five chapters as follows:

1. Chapter one introduces a general introduction of different types of SSG
units, main component of the work, literature survey, thesis objectives, and thesis
outline.

2. Chapter two presents the theoretical background and basic principles of
different types of SSG units and their impacts on system stability. Voltage
contingencies types in distribution network were presented. Also, this chapter
explains different methods of VS analysis.

3. Chapter three covers the mathematical models of different types of SSG
units and modeling 33-bus RDN. Also, it covers the numerical analysis of the voltage
stability.

4. Chapter four introduces the simulation results and discussion of VS analysis
results with integration of different types of SSG units into RDN.

5. Chapter five presents a summary of the work conclusions and presents some

suggestions for future work.



CHAPTER TWO

TYPES OF THE SSG UNITS AND VOLTAGE STABILITY

1.2 Introduction

SSG units are electric power generation source integrated into the DN or near
the customer side to support the economic operation of the distribution grid. They are
relatively small generation units ‘a few kilowatts up to 50 MW, smaller than central
generating plants so as to allow interconnection at any point in power system [15].

It is obvious that SSG unit is not a completely recent invention. Utilities had
their own assigned geographical regions, generating and distributing electricity
locally. Central grids then came along to make large interconnected systems that
made electric power systems more economical, reliable, and robust. Recent interests
are growing in the power industry today. For instance, although hydro power plants
are considered to be environmentally friendly, it is very hard to find new locations
for hydro power station installations in most regions. This issue, prevalence of power
systems and dramatically growing demand for electricity have made SSG the desired
choice that has been pondered by many utilities in the recent electricity market such
as customers, power distributors, power producers, regulators and researchers [16].

Recently, the SSG in distribution networks has raised to high levels, and their

impact on the VS has become crucial.

2.2 Small Size Generators Energy Sources

The main sources utilized in SSG technology are shown in Figure (2.1) as

follows:



SSG Energy Sources
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Renewable Combustion Electrochemical Storage energy
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Photovoltaic & Internal Fuel cells Batteries, Flywheels
Wind turbines combustion & Super CapaCIthrs,
micro turbines Superconducting
magnetic

Figure 2.1: SSG energy sources.

2.2.1 Photovoltaic

Photovoltaic (PV) is the direct transfer of solar rays into electricity.
Photovoltaic has a significant position among renewable energies. PV technology is
modular (existing systems are expandable), its life time up to 25 years, silent and
emission-free during operation [17].

A solar cell is a huge-size semiconductor diode. Sun light falling into the
semiconductor produces pairs of electron-hole, leading to increasing the
accumulation of the minority charge carriers by several orders of magnitude. These
charge carriers disperse

to the gap charge region and are separated by the electric field there. a potential
V is detected amid the contacts of the n-side and p-side. A current I passes through
an applied load resistor R, and electrical power is produced.

The achievable power Puuaxis known the maximum achievable result of V and
I at a working point:

P yiax= Pmp = Imp. Vimp (1)

The “Maximum Power Point” (MPP) is specified by Imp and Vmp. The relation
of P max to P o is known “the fill factor” (FF). It determines the shape
“rectangularness” of the draw of the feature. Figure (2.2) shows the active power P

as a function of the potential V and (I-V) characteristic curve.
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Figure 2.2: P-V characteristics and I-V characteristics of a silicon solar cell. Also shown is the (MPP) at V,, and
Imp

In comparing choice power generation methods, the delivered energy cost per
kilowatt hour is the most essential measure. In PVG power, this cost depends on two
factors: the efficiency of the PVG energy conversion, and main cost per watt
capacity. Together, the economic competitiveness of the PVG electricity indicated by
these two factors [18].

The practical structure of a grid-connected photovoltaic generator is shown in
Fig (2.3). PVG has the photo-voltaic array, the DC/DC and DC/AC converters and
the associated controls as the main subsystems. A storage system generally does not
exist in huge solar photovoltaic generator SPVG installations, except for small
critical and sensitive loads of the power plant such as startup controls. However, in
large-scale SPVGs, there are some exceptions of existing of integrated storage

systems [19].
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Figure 2.3: Grid connected photovoltaic generator.

A DC/DC converter which located at the output of the solar cells array
regulates and boosts the voltage to the acceptable value. This converter is used to
implement the process of tracking the maximum power point in SPVGs. For system
stability analysis, the MPPT can be considered instantaneous because there are no

dynamic devices contribute in this process [19,20].

2.2.2 Wind Turbines

Wind turbines are the most widely used SSG units which utilize the wind
energy source. A wind turbine produces the mechanical energy by converting the
kinetic energy of wind, and utilizing AC induction and synchronous types of
generators, the electrical energy can be delivered. Wind turbines parts are a rotor,
turbine blades, a shaft, a gear box, a coupling equipment, and a nacelle. The total
efficiency of the wind turbine is about 20-40%, and its power capacity range between
300 to 7000 kW.

Four main types of the wind turbine are used in electric power utilities as

shown in Figure (2.4) [10].

11
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Figure 2.4: Types of wind turbines.

The presented work uses fixed speed wind turbine as one of SSG types that are
integrated into DN.

Fixed Speed Induction Generator is widely used in wind turbines. It has many
benefits such as mechanical simplicity, stiffness, and it has a low price. The
induction generator has no permanent magnets and separate exciter, for this reason,
the stator absorbs a reactive magnetizing current. Therefore it consumes reactive
power. The network or a power electronic system device supplies the reactive power
for induction generator [10].

The Squirrel Cage Induction Generator SCIG has been the suitable choice due
to its mechanical plainness, low maintenance requirements, and high efficiency. The
SCIG configuration is directly integrated into the grid.

The SCIG speed increases by only a few percent more than synchronous speed
of the grid. Wind turbine type SCIG is connected with a reactive power
compensation and soft —starter mechanism device because SCIGs absorb reactive
power from the grid. SCIG has steep (vertical) torque speed characteristic, for this
reason, fluctuations in wind power are transferred straight to the network.

In order to limit the inrush current, the SICG must be connected to the grid
gradually. The inrush current could be up to 7-8 times the normal current, this
current can cause excessive Voltage Disturbances. It is very stable and robust during

normal operation when connected to a stiff AC network. If the load increases, the

12



slip of the induction generator increases. The main drawback is that the stator
winding of the induction generator absorb reactive magnetizing current from the
network, so the power factor in full is comparatively low. Definitely, low power
factor generation not allowed due to its negative impact on voltage profile and grid
stability.

By connecting capacitors in parallel to the generator low power factor could be
compensated. Furthermore, in SCIG there is a unique link between the active and
reactive power, terminal voltage, and rotor speed. This means in high winds the
SCIG can deliver more active power on condition the generator consume more
reactive power from the grid. This consumption is uncontrollable because it changes
with wind conditions. Capacitor banks or modern converters should be used to
reduce the reactive power consumption [10].

In the case of fault disturbance, SCIGs can cause voltage instability on the
network. The wind turbine rotor might speed up due to slipping increase. For
example, when a fault happens, this leads to imbalance state occur between electrical
and mechanical torque. When the fault cleared, SCIG draws a lot of amount of
reactive power from the grid, which effects on VS and voltage profile of the grid. (A
simulation in case of fault has been presented in chapter four).

Voltage fluctuating in the grid caused by wind turbines power fluctuation
during normal constant operation. The magnitude of the voltage fluctuation relies on
the power factor of the SCIG and impedance phase angle of the network. The main
reasons lead to Voltage Flicker are; the fast changes in the load or the switching turn
on-off in the network (startup) or wind turbulence or fluctuations in the control
systems.

Figure (2.5) describes the simplified equivalent circuit of fixed speed SCIG.
Where x; and x> are the stator and rotor reactance respectively, x» is the excitation
reactance, 72 is the rotor resistance. The stator resistance is neglected, s is the slip of

the SCIG [21].
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From the Figure (2.5), the following equations can be achieved:
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From equation (3), the active power P is a constant, and Q is a function of

voltage, so, the P-bus power flow model of fixed speed SCIG bus is used [21].

2.2.3 Fuel Cells

It is an electrochemical equipment that converts the chemical energy of a

gaseous fuel into electrical energy and thermal energy, with no combustion process

[22]. FCs capacities diverse from 1 kW to a several MW according on the

application. They have the ability to deliver power and heat at various scales and

operates on different types of fuels such as fossil fuels, biomass based fuels, and

renewable.
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FCs have low emissions and high efficiencies but are likely too expensive for
many applications. Currently, FCs are being utilized in many fields due to their high
efficiency, high power quality, and environmental advantages. FC is an outstanding
small size power generation units that convert Oxygen (air) and Hydrogen (fuel
source) into the water and produces electricity.

Mainly, FC has two electrodes surrounding an electrolyte, where Hydrogen
fuel injected into the Anode and the Air (Oxygen) passes through the Cathode and
enters the cell. The electrical power is generated by controlling the movement of
charged hydrogen and Oxygen atoms towards each other. The role of the electrolyte
material is to provide a high resistance to the electrons and a very low resistance to
the protons, show Figure (2.6).

The function of the electrolyte that is to allow the protons conduction and
separate electrons by forcing them to pass to the other electrode via an external
electrical circuit. This movement is controlled to produce regulated electrical power.
The electrochemical process takes place without combustion, so the generation

process is extremely efficient, clean and quiet [23].

Electrical
Circuit

\ 4

Heat

o ¢ Cathode

T I

Hydrogen (H) —» —» HoH" —»  <+—— Oxygen (O2)

|

Anode

Electrolyte
H20

Figure 2.6: Operation principle of the fuel cell.

FCs Benefits are:
1. High efficiency operation: A practical electrical efficiency of FCs about
40% - 60% 1n the range, while the overall efficiency is 70% for small units and 75%

for large units when using of both electrical and thermal power [28].
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2. Flexibility of the fuel: The hydrogen which is used to generate electricity
can be extracted from a different types of fuel sources like natural gas, ethanol,
methanol, coal, and gasoline. Moreover, it can be use hydrogen from renewable
sources such as biomass and through electrolysis from solar and wind energy.

3. Cogeneration ability: The thermal energy is produced besides the electrical
energy. For instance, CHP system which participates in improving the unit
efficiency.

4. Low emissions and Silent: FCs which operates on pure hydrogen emit only
water vapor. On the other hand, FCs that use fuels such as natural gas, convert this
hydrocarbon fuel to hydrogen and emit little air pollutants which still smaller than
emissions from fuels that used in combustion systems. Furthermore, FCs are quiet
units, this an important trait enables them to be installed near the customer loads.

5. Beneficial for the integration with renewable energy units: FCs can mitigate
out the oscillations happening when PVG or wind turbine have been used in the
system. Also, increase the power without any changing in the control system and the
load demand will be covered more efficiently.

Fuel Cells drawbacks are extremely expensive and more works with
researchers required in order to clear the reliability and withstand of high-
temperature units [24].

Figure (2.7) shows the FC unit equivalent circuit and a DC/AC Pulse — Width
Modulation Inverter (PWM) which converts the stack DC power to AC power
[25,30].

PWM
Vs v R
V Y
— ] DC/AC |
Rr Rs Rioss Vg S
C
Vo ——{ - S T

Figure 2.7: FC equivalent circuit.
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Where:

Vo : the open circuit cell potential

V&R : a reformer voltage signal

Vs : a stack voltage signal

R 10ss : nonlinear — loss resistance introduced to account the voltage drop within

the cell

L : a series inductor is connected due to the time constant of the current.

Tr =Rr. Cr,Ts = Rs. 4)

TR, Ts: the reformer and the stack time constants

2.2.4 Micro — Turbines

MTs are excessive speed — small gas turbines which generate power in the

range of 25 — 500 kW [27]. MTs are work on the same phenomenon of traditional

gas turbines based on Brayton Cycle (constant pressure). MTs are used in many

applications such as SSG units.

The rotor of the MTs is made to rotate at high speeds in the range of 50000 to

120000 rpm. The generator of MTs is a high — speed Permanent Magnet

Synchronous Generator (PMSG) which used to generate AC power at a high

frequency up to 10000 rad/s. This high frequency could be decreased, to match the

synchronous frequency of the grid, using cycloconverters systems. A little amount of

produced power in the generator is utilized for operating the air compressor [28].

The Advantages of MTs are:

l.
2.
3.

Low installation costs, approximately 700$ per kW

Maintenance costs are low, approximately 0.005$ / KWh

Small in weight and size with the same capacity compared with other
engines.

They can operate on a various types of fuels, such as natural gas, diesel,
propane, ethanol, and gasoline

According to the conversion of fuel energy to the electricity, MTs have
high efficiency reaching 25% - 30%. However, the overall efficiency level
could be reaching 75% using the exhaust heat recovery process provided
by recuperator.

They have a simple structure, so they are reliable and durable.
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The cycloconverter in MTs is used to reduce and control the unit frequency and
regulate the unit voltage. The rms output voltage on the grid side of the

cycloconverter can be calculated as follows [29]:

sin(2a)
o)

Ucy,o = Ucy,in \/% (Tl_' - a+ (5)

where:
Ucy.in : the rms input voltage of the cycloconverter
Ucy.o : the rms output voltage of the cycloconverter

a : firing angle
2.2.5 Reciprocating Internal Combustion Engine (ICE)

It is the most commonly used SSG technology and the least expensive among
other units. It could be Reciprocating gas or Diesel engine. Diesel engines are
commonly used and popular with end users for backup power and emergency backup
due to their high level of pollutants emissions, this reason limited the number of unit
running hours, approximately 150 hours per year. However, the natural gas engines
emit fewer emissions, so they can be operated thousand hours each year [7].

The alternator could be a synchronous or induction generator. The synchronous
type would be the most common choice for standby and network support application,
while induction generator utilized for cogeneration application with capacity less
than 300 KW because it is simpler than synchronous one to accomplish

interconnection conditions to support islands.
2.2.6 Power Storage Units

The storage devices essentially are utilized to enhance stability and quality of
power systems and used to backup fast load changes. There are a lot of storage
devices, such as batteries, flywheels, super capacitor, and superconducting magnetic
energy storage. They integrated into the power grid through power electronic

converters [30].
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2.3 Voltage Stability

The VS is an essential feature for power system quality, it means the capability
of a power system to preserve stable and reliable voltages at all power lines and
buses in the network after being applied to a contingency condition. If the network
fails to compensate the increase of reactive power demand, then the voltage

instability occurs [1].

2.3.1 Classification of the VS

Power system stability is the ability of the power system to stay in balance
between the electricity supply and the demand under two main conditions, steady —
state, and transient (disturbances).

The stability of the power system can be classified into VS, frequency stability,
and rotor angle stability as shown in Figure (2.8) [2].

Stability of
Power System

A 4 A A 4

Frequency Rotor Angle
VS Stability Stability
4 A A A
Small Large Transient Small signal
disturbance VS disturbance VS Stability stability

Figure 2.8: Classification of power system stability.

The large disturbance, such as faults, and large outages of the load or large step
changes in the load are large contingencies. The large disturbance VS means the

capability of the network to control the voltage after large contingencies occur. The
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small disturbance VS is the ability of the system to control the voltage when small

disturbances happen, such as loads variations [2].

2.3.2 Voltage Disturbances

Stable voltage means that the voltage is constant and sinusoidal, has a constant
magnitude and frequency. VS analysis is performed to achieve perfect quality and
reliability of any power system. The voltage disturbances, according to international
standards [31], are divided in to:

Voltage unbalance is the voltage magnitude difference in (phase — phase) or
(phase — neutral), or the phase angle between phases is not exactly 120°It can be
divided into steady — state unbalances and transient unbalances according to the
cause and duration of the unbalance. The steady — state unbalance occur when the
unequal distribution of loads is existed. Whereas, the common causes of transient
unbalance are faults (line-to-ground) and fuse blown out in one of the phases in a
capacitor bank [32].

Voltage Transients are sudden and fast changes of normal voltage which
happen during (us or ms) with very high magnitudes of voltage. The main reasons
for transients are lightning, electrostatic discharges, and load switching. The
excessive voltage during transients damages sensitive electronic devices and the
insulation system that exposure to voltage transients on regular basis becomes weak
and prone to insulation breakdown [33].

Voltage dip also knew voltage (sag) is a decrease in voltage magnitude for a
short duration. According to European Standard [31], voltage dip is a rapid decrease
in voltage to a level below 90 percent of its nominal value for no longer than a
minute. The causes of voltage dips are short circuits faults, energizing of motor
starting transformer, and arc furnaces. It affects on sensitive equipment such as
measuring circuits and protection control device.

Voltage swell is an increase in voltage value for a short duration, this increase
is about 110 % of the reference value. Voltage swell is considered as over voltage if
the time duration is long, e.g. two minutes. It happens because of energizing of
capacitor banks or disconnecting of a large load. The consequences of voltage swell

are the same as for those voltage dips [32].
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Voltage flicker is small periodic voltage amplitude changes occurring at
frequencies in the range of 0.5 Hz and 25 Hz, that cause visual disturbance and
variations in lighting levels. It is caused by large fluctuating loads such as electric
welding, large transformer tap changer or fast change in power level. Figure (2.19)
shows voltage flicker [33].

Harmonic distortion of the voltage is a periodic variation of the ideal
waveform, occurring when frequencies of the multiple integers are added to the
essential frequency of the voltage waveform. It can be caused by non-linear loads
such as power electronic devices, rectifiers, inverters. Also, it causes heating of
equipment, increasing line losses, and interfaces with measuring and protection

systems [33].

2.4 Impacts of the SSG Units on Voltage Profile and Voltage Stability

Remaining the voltage within acceptable limits along all load feeders in the DN
is crucial to prevent unsuitable operation of the power system and customer
appliances. A common way in controlling the voltages is based on tap — changing
transformers to regulate the source voltages at substations [34]. Furthermore, VAR
compensators, synchronous condensers, or static or switched capacitors can be used
on feeders to control and compensate the reactive power [35].

Supplying additional amount of power using SSG units in DN can effectively
enhance and support feeders voltages if these units are optimally integrated with the
network. This can be done by controlling the reactive power using power factor
converters depending on voltage levels on local feeders [34].

In RDN, the measured loads on the feeders will be less than actual values
because of the on-site generated power. For this reason, the voltage regulators will
not precisely measure real feeder demands. As a result, the tap changing transformers
will not be optimal for the influential regulation of the voltages at all feeder buses
[34,35].

The integration of SSG units reduces the gap between maximum and minimum
values of buses voltages. Whereas, without these units, the voltages decrease with the
distance of the bus from the central power source.

In DN, voltage instability occurs either from the gradual collapse or increasing

of voltages of network buses, which lead to loss of some loads or lines. Also, if the
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loads consume reactive power much more than the capability of the lines and
generators, then the voltage instability takes place.

Steady — state voltage fluctuations at the load terminals in DN can be reduced
by integration SSG units near to them. Moreover, all SSG units have conventional
reactive power controllers and regulators to control their performance, so some
enhancements are achieved in the performance of the loads especially during
disturbances or short circuit faults. Also, high-level SSG units integration increases
the voltage damping ratio when the reactive — load switching happen in the network.
Optimum SSG unit capacity and location in a DN have a significant impact to
develop VSM using an optimization technique that determines the most sensitive
voltage buses in the network to place the SSG unit [4].

Although the integration of the SSG units has many advantages, they increase
the complexity of control and protection strategies of the network. In some cases, the
directions of active and reactive power of SSG units may be reversed and contracts
the original ones. Therefore, this contraction affects the stability of the network.
Also, harmonic resonance due to the high penetration of the SSG units effects on

power quality [36].
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CHAPTER THREE

MODELING AND ANALYSIS USING MATLAB / PSAT

3.1 Introduction

This chapter concentrates on the modeling of different types of SSG units
integrated in 33 — bus RDN using MATLAB / PSAT Toolbox (Power System
Analysis Toolbox). Also, this chapter focuses on VS analysis techniques which are
used to determine the VS margins of the proposed DN which integrated by different
types of SSG units during steady — state and contingency conditions [37].

The VS analysis principle is based on power flow analysis, continuation power
flow (CPF), time domain simulation, and frequency domain simulation (small signal
stability analysis). Different types of SSG units are integrated into network such as a
PVQG, a Fuel cell, a wind turbine Induction generator, and a synchronous generator.
All the SSG units will be connected individually at an optimum location in the

network with optimum capacity before applying VS analysis on the model.

3.2 An Open source Power System Analysis Toolbox (PSAT)

It is a MATLAB depended software program for modeling and analysis of
medium and small scale electric power networks. Power flow, continuation power
flow, small signal stability analysis, and time domain simulation, and many static and
dynamic models such as synchronous and induction machines, loads, FACTS, and
several controls models are available in PSAT. The toolbox is supported with a
graphical user interface and a Simulink (based on) one — line network editor. Also, it
is enforced with the most total group of algorithms which belong to static and
dynamic analyses among other power system software programs which used in

MATLAB. Figure (3.1) shows the main graphical user interface of PSAT [37].
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Figure 3.1: PSAT main graphical user interface.

3.3 33-bus Distribution Network Model

The 33-bus network is used and modeled using PSAT. This model has one
slack bus (reference bus), 32 transmission lines, and 32 (P-Q) constant loads [38].
The rated voltage for the system is (12.66 kV) and the rated power is (1 MVA). All
parameters values for the system are in per units. The lines and loads data for the
system are given in Appendix A. Figure (3.2) shows the 33-bus radial distribution

network model.
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Figure 3.2: 33-bus radial distribution network model.

3.3.1 Slack and Load Buses Model

Conventional power flow analysis for DN utilizes a distributed slack bus,
which generally represents a substation for distribution systems (It is an equivalent
model of a big system) [39]. There are two familiar definitions about the slack bus,
one is the slack bus represents the angle reference bus (V — ©) bus. The other
definition is the bus that balances the active power (p) in the system [40].

The bus that connected with different types of loads known as a load bus. In
presented work, constant loads (PQ) are used. The model identification of slack and

load buses is illustrated in Table (3.1).

Table 3.1: Model Identification of the Slack and Load buses.

m Rated Rated Vip) O(deg) S Outout
uses . eg. npu utpu
S(MVA) | VEKV) 2 s g 2
Slack 1 12.66 1 0 _ 1
Load _ 12.66 Calculated | Calculated | Optional | Optional
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3.3.2 Transmission Line Model

Figure (3.3) shows the transmission line lumped model.

Uk < Bk R X Un<On
]
% B/2 T B/2
1 1

Figure 3.3: Transmission line 7 circuit.

The line power flow equations are as follows [41]:

Py = Ui (Grem + Gro) — U U [grm €0S(0x — 6:) + by SIn(O) — O1y)]
Qr =~ Ui (bm + byo) — UrUp[giem SIn(Bk — 61) — by, cOS (6 — Opyy)]
Pm = Urzn(gkm + gmo) - UkUm[gkm COS(Qk - em) — bkm Sin(ek - em))]

Qm="- Urzn(bkm + me) + UpUn [gkm Sin(ek - em) + bgm COS(@k - em))]

where:
U : is the bus voltage.

1 1 1 R—jX R—jX
Z R+x R+jx “R—jxl "Rt Xx?

-X
= and b =
g RZ+X2 R?+X?

3.3.3 PQ Load Model

The model of PQ loads is constant active and reactive powers:

Pe=-Pr

0-=-0

3.1)

(3.2)

PQ loads are altered into fixed impedances If a voltage limit is transgressed, as

follow:
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P =PV Vi (3.3)
0 = —OV%/ Vim

3.4 PV Generator Model

This model fixes The voltage amplitude and injected power at the bus are
constant where it is connected according to set values, as follows

P="p, (3.4)

0=V
This model represents a generator with voltage control operation mode [53]. In

proposed case a distributed slack bus model was used, the active power equation

becomes:

P=(1+ykg)F (3.5)
where:
v : The loss participation factor, (1) for the slack bus and (0) for SSG units
k¢ : Scalar variable of the distributed slack bus

3.5 PQ Generator Model

Constant active and reactive powers were used in this model, as follows:
Pe=F, (3.6)
Q0+ =0y

By

This model represents a generator with a power factor control operation mode

[53].

cosf =

3.6 Photovoltaic Generator Model

The photovoltaic generator can be modeled according to the equivalent circuit

of photovoltaic grid connected circuit as shown in Figure (3.4):
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Figure 3.4: Equivalent circuit of photovoltaic grid-connected system.

The voltage equations can be obtained [42]:
U=KU:+ 1 [(ry + K?1p) + j(Xge + Xq + K?X,)] (3.7)

Ul =KU: + 11 [(r, + K*1p) + j(X, + K?X})]

where:

U : Output voltage for PV array inverter (v)
Ul : Output voltage for inverter filter (v)

U: : Transformer secondary side voltage (v)
K : Transformer ratio, (K < 1)

17 Inverter output current (A)

ra: Primary side parasitic resistance (£2)

b - Secondary parasitic resistance (£2)

Xz : Primary side drain (Q)

Xb : Secondary side drain ()

Xac : Inverter AC side filter reactance (Q2)
The photovoltaic generator is modeled in this work according to the operation

modes, once as a PV generator and second as a PQ generator [42,53,54].
3.7 Fuel Cell Model

Fuel cell generator must be interfaced with the DN via a power converter
because the fuel cell generates DC power that should be converted to AC. Forced —
commutated Voltage Source Inverter (VSI) is used for interfacing a fuel cell unit
[43]. Figure (3.5) shows a one-line diagram of the fuel cell generator with its inverter

unit (VSI).
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Figure 3.5: Fuel cell generator with (VSI) Inverter.

The active and reactive power of fuel cell generator are given by following

equations:
Vf Ve .
Ps= f sin (67c — 65)
_VscVs 14
Os= X cos(HfC — 95) .
where:

Vi : The AC voltage of the inverter

Vs : Transformer secondary winding voltage

X: : The leakage reactance of the transformer

3.8 Constant Speed SCIG Wind Turbine Model

(3.8)

The equivalent electrical circuit of the constant speed squirrel cage induction

generator is similar to the squirrel cage induction motor, illustrated in Figure (3.6),

the difference is that the current in the induction generator is positive and injected

into grid, since the slip of the induction generator is negative, which means that the

rotor speed of the generator is slightly greater than the flux speed of the stator.
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Figure 3.6: Squirrel cage induction generator equivalent circuit.

The real (r) and imaginary (m) axis are represent the equation form as a
function of network reference angle. The relationship between the grid and the
voltages of the stator machines is shown as follows:

u, = Usin(—0) (3.9)
U, = Ucos(8)

And the power equations are:

P=u,i, + upin (3.10)
O =Upily — Uply + b (U2 + u2)

where b. is the capacitor conductance of the SCIG wind turbine [41].
3.9 Synchronous Generator Model

The relationship between the machine voltage the network phase angles is as

follows:
us=Usin(é — 6) (3.11)
ug=Ucos(é — 0)

Where 6 is the load angle of the machine.
The active and reactive powers of the generator are defined as follows:

P= udid + uqiq (312)
Q:uqid —udiq

Where iy, i, are the currents of d and g axis
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3.10 Voltage Stability Analysis Methods

The VS of the proposed models, (in chapter four), was examined using three
different techniques which are available in PSAT. Basically, these three methods are
based on power flow solver which is available in PSAT too. The voltage analyses

are; Static, Dynamic, and Proximity to voltage instability.

3.10.1 Power Flow Solver

It is the solution of nonlinear power flow equations which are in the form:
friy) =0 (3.15)

g'(xy) =0

Where:

x : Represents the state variables, which are active (P) and reactive (Q)

powers at the network buses.

y : represents the algebraic variables, such as voltage amplitude and phases 6
at the

grid buses, generator field and AVR reference voltages.

f : The differential equations.

g : The algebraic equations.

Newton-Raphson technique [44] is implemented to solve the power flow
equations of the proposed models. By utilizing the Jacobian matrix of differential and

algebraic equations (3.16):

El —F!
=1 Y (3.16)
GL Gi
_df _daf _dg _dag
Where Fx_aaFy_Ean_a,Gy—E

i=0-1-2-3-4 ..... i+ n (number of iteration)

So, the N-R method updates the Jacobian matrix at each iteration as follows:

AT oS
s —-ur /] (3.17)

el =[]+ [
yl+1 yl Ayl
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The iteration routine will stop if one of the two conditions occurs; The
increments variables Ax and Ay are less than the value of a given tolerance €, in

(PSAT setting) or the iteration number is greater than a setting limit (i > i,,,4)-

3.10.2 Static Analysis Method

It depends on the Lambda-Voltage (A -V) curve to find out the voltage stability
of network buses. A -V curves for all buses could be plotted using Continuation
Power Flow (CPF) technique which is available in PSAT by executing a large
number of power flows [41].

The nonlinear differential equations of any power system are presented as:

% =f(N) (3.18)

where

X € R™a state vector which represents the bus voltage amplitude (V) and
angles (6).

A € R™ a parameter vector which represents the active (P) and reactive (Q)
required powers at each load bus.

The A varies due to variation in the load, so the power flow solution varies at

each value of A [45]. The power flow for the power network is represented by;

0=f(x,1) (3.19)

The equation (3.19) gives two equilibrium solutions; the first solution has a
high voltage value, whereas the other has a low voltage value. The solution with the
higher voltage value is the stable solution.

The A-V curve is formed by increasing the loading at the bus, the higher
voltage solution values decrease and the lower voltage values increase until they
come together into a critical loading power point (4,,,,) Which determines the
voltage stability margin boundary [46,47]. These solution points represent the A -V

curve (nose curve). Figure (3.8) illustrates the A -V curve [54].
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Also (V-Q) sensitivity analysis is used to determine the voltage stability, but

not tackled in presented work.
3.10.3 Dynamic Analysis Method

Dynamic analysis demonstrates the actual performance of the power system
during normal control actions and disturbances conditions. It can be done in a time
domain simulation using Trapezoidal integration method [49]. The power system can

be introduced by first order differential and algebraic equations as follows:

X=f(xU) (3.21)
J(x, V) = YuU

where:

X : System sate vector

U : Bus voltage vector

J : Current injection vector

Y~ - Network node admittance matrix
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These equations can be solved using Trapezoidal numerical integration
method. For total time t and a time step At, the equation (3.21) in terms of time can

be written as follows:
0=f,(x(t+At),U(t + At), f(t)) (3.22)

0=1I(x(t + At), U(t + At))

Power Flow & first
condition variables

Y

t=to first time step At

v
i=0
v
i=i+1
l no
yes \
Reduce At e At < Aty >
[ o N
estimate
disturbance
END
Y
estimate equations
Y
calculate Ax & AV | Integration
il method
no
Ax, AV < g END
yes
Recompute yes Update
At x,V
T no

Figure 3.8: Time domain integration block diagram.
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The equations (3.22) are nonlinear and can be solved by means of a Newton-
Raphson method. However, in this case, the time step At is reduced at each repeated
iteration which computes the updated state and algebraic variables Ax‘, AV!. Figure

(3.9) shows the time domain integration block diagram.
3.10.4 Proximity to Voltage Instability Analysis Method

The static analysis cannot illustrate the control action and the interaction
impact between the integrated SSG unit and distribution network during operation.
This issue can be determined using small-signal stability analysis which is achieved
in the frequency domain using Eigenvalue analysis [50].

It is possible to calculate and visualize the Eigenvalues of the network after
solving the power flow problem and computing the State Matrix Ast of the network

by multiplying all elements of the Jacobian matrix (3.16) as follows [41]:
Ase = F.— F,G;'Gy (3.23)

The Eigenvalues are consist of real parts and imaginary parts which represent
the (Poles) of the system. The real parts locations in the S domain can determine if
the system is stable or unstable, all of them should be less than zero (negative) when
the system is stable. Whereas in Z domain, all the poles must be inside the circle in
the stable system [51,52].

Figure (3.10) shows the system poles locations in the S domain and their

oscillatory conditions.
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Figure 3.9: A System poles locations in the S domain.

3.11 Optimum Location and Size of SSG Units

The SSG capacity and location were optimized in order to obtain precise
analysis results with minimum active power losses in the network. A lot of
techniques and researches were implemented to determine the optimum capacity and
location of integrated SSG units in the DN.

In presented work, the Loss Sensitivity Factor (LSF) technique was applied
[55]. The aim of this method is to specify the optimum location of SSG unit in the
network and optimum capacity increment which based on minimization of active
power loss. LSF for any candidate bus (i) that connected with (SSGi) unit can be

determined as follows:

AP Pi _ Pbase
LSFL — loss __ Zloss — loss (3.24)
AP; Pgs6,i
Where
PpP2se : The base case total system loss (without SSG)

PER¢ ; : SSG capacity increment which connected to it"bus

P} : The system loss with increment in SSG capacity
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If the LSF is negative value the system loss is reduced, else, if the LSF is
positive value the SSG integration at the bus (i) increases the system loss, otherwise,

the SSG injection has no effect.
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CHAPTER FOUR

SIMULATION AND RESULTS

4.1 Introduction

This chapter presents tow main aspects; the first one is the simulation of RDN
without SSG integration (Base Case) and with the integration of different types of
SSG units individually with optimum capacity and location. The SSG units are;
Static (photovoltaic and Fuel Cells generators) and dynamic (Synchronous and
Induction generators).

The second aspect is applying three types of VS analysis (Static, Dynamic,
and Small signal stability Analysis) on simulated models with integration each type
of the proposed SSG units individually. Moreover, this chapter discusses the analysis
results to evaluate the impact of different SSG units on voltage stability and
loadability of the RDN in order to determine the best SSG unit type that improves the
VS margin of the network.

All the simulated models and analysis had been performed using Power
System Analysis Toolbox (PSAT) / MATLAB program which supports the Graphic
User Interface (GUI). All the analysis (static, dynamic, and small-signal stability) are
based on Power Flow Analysis Newton-Raphson method. Figure (4.1) shows the

block diagram of the main steps of the proposed work.
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Launch PSAT in
MATLAB
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Simulate the model
of radial dist. net
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Apply Power Flow analysis for
the model without SSG
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Find optimum capacity and location
of the SSG units

il

Integrate different types of SSG units
individually

I —1

Apply Dynamic Analysis Apply small-signal stability
Analysis

Il i Il
( }

Apply Static Analysis

Figure 4.1: Main steps of the proposed work.

4.2 Distribution Network Model Simulation

The 33-bus RDN was used to examine the VS margin after integration of

different types of SSG units. The radial network is modeled and simulated using
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PSAT in MATLAB. The model has one Slack bus, 32 load buses, and 32 lines. The
model has base apparent power IMVA (1p.u.), base voltage 12.66 kV (1 p.u.), and
total constant P-Q loads 3.7 MW and 2.3 MVAR respectively.

Appendix (A) shows the lines and loads data of the network. Figure (4.2)
illustrates the base case (without SSG units) of single line network which modeled

using PSAT.

[ Focos - =0 g

Fle fde View Smulsion Fomst Took Help
DEE& Bt ufoo [Noma A EBERE REES®

e

Bus 33 V=12.66 KV

S=1MVA
p———o

Bus 22

Slack Bus

|Ready 100% odels

Figure 4.2: Single line Model of 33-bus radial network (base case).

4.3 Network Power Flow Analysis (without SSG unit)

The power flow results of the base case model are illustrated in Appendix
(B.1) as a text file. N-R method is used to perform this issue in PSAT. The power
flow analysis is mandatory before each analysis type in PSAT. In this work, the
‘Total Generation’ means the total active and reactive powers that are supplied from
utility to the distribution DN. The (slack bus or substation) represents the utility
generation.

Table (4.1) shows the global summary report of power flow analysis of RDN

without SSG units (base case).
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Table 4.1: Summary report of power flow of the network (base case).

Total Generation Network Total load Network Total losses
3.9 MW 3.7 MW 0.169 MW
24 MVAR 2.3 MVAR 0.105 MVAR

The static analysis of the model was implemented using continuation power

flow (CPF) analysis technique. Appendix (B.2) shows the CPF report. The main

objective of utilizing CPF analysis is to draw the A-V curves for the load buses.

These A-V curves show the VS margins and maximum loading points of buses.

These points determine the maximum loading parameter A max which represents the

collapse point of the buses voltages. Table (4.2) shows the results of CPF summary
report of the RDN (base case).

Table 4.2: Summary report of CPF of the network (base case).

Total Generation Network Total load Network Total losses
21.8 MW 13.5 MW 8.324 MW
14 MVAR 8.3 MVAR 5.714 MVAR

Figure (4.3) depicts the network (base case) CPF visualization using Graphic

User Interface GUI.

Loading Parameter & (p.u.) = 3.6042

Figure 4.3: GUI of CPF network visualization.
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From the figure above it is clear that the buses 22 and 30 have the lowest
voltages profiles among other buses in the system, 0.46 p.u and 0.49 p.u respectively,
due to their distance from the voltage source, whereas the bus 10 is connected to all
branches of the RDN. Therefore, these three buses (10,22,30) are the candidate buses
for optimum location of SSG units. Bus 2 represents the slack bus.

Figure (4.4) and (4.5) illustrate the P-V curves for candidate buses and loading

parameter Amax value which determines the VSM.

Voltage Stability Margin (without SSG)
T

11 T T T T T
-"=:- 09 -
e
D o8l -
g —=V5u10
=
% 07 -V E
= Y,
§ 06 Bus22 .
Voltage Stability Margin
= Vo0 g ty Marg
> 05+ B
041 -
| 1 | | 1
0 05 1 25 3 35 4

15 2
Loading Parameter A (p.u) = 3.6

Figure 4.4: Voltage stability margin (without SSG).

P - V Curves (without SSG)
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s ¢ sy | i j
G ®e 05 1 15 2 25 3 35
Loading Parameter A (p.u.) = 3.6

Figure 4.5: P-V Curves (without SSG).
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Appendix (B.3) shows the loading parameters and voltages profile report for
candidate buses. Amax is equal 3.6 p.u (without SSG).

4.4 Optimum Location and Capacity of SSG Units

Loss Sensitivity Factor technique was used to allocate the SSG units at
optimum location among the candidate buses (10,22,30).Two stages were
implemented to find optimum location and optimum capacity of SSG units as
follows:

Stage One: Optimum location

1. Utilizing a PV Generator with capacity 50% of the total load and integrate it
at each bus (10,22,30) individually.

2. Performing power flow analysis for each place of PV Generator in the
candidate buses (10,22,30) separately in order to determine the total active
power losses at each location of the proposed SSG unit.

3. Calculating LSF for each different location of SSG unit. The negative value
of LSF represents the optimum location of SSG unit. (review equation
3.24).

Table (4.3) shows the results of stage one. The SSG unit which is used for the

test is a PV Generator with rated 12.66 kV and 1.85 MW (50% of total load of the

network).
Table 4.3: Results of optimum SSG location.
Total power LSF
Case

losses MW SG size 30% | SG size 50% | SG size 80%
Without DG 0.196 X X X
DG at bus 10 0.056 —0.122 —0.074 —0.043
DG at bus 22 0.892 +0.282 +0.374 + 0.405
DG at bus 30 0.345 +0.073 +0.08 +0.104

(0.056 — 0.196)MW
LSF(SSG at bus10) ~— = —0.074

1.85 MW
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It is obvious from the results that the integration of the SSG unit at bus10 had
reduced the total active network power losses. Moreover, the LSF has a negative
value which means that bus10 is the optimum location for the SSG unit among other
candidate buses.

Figure (4.6) illustrates the total power losses of the network when SSG unit
was integrated with incremental capacities at different buses (10,22,30). It shows that

when SSG unit is integrated at bus10 the network has minimum total power losses.

Optimum SSG Location
! !

e T T T

—e—SSG at Bus10
1 ~8— SSG at Bus22
—4— SSG at Bus30

| N L SO ST s St SO SOOI UL SO SO

System Active power Losses [MVV]

=
=

She-

0.4 0.5 0.6

1
] 0.1 0.2 ;
SSG Capacity

Figure 4.6: Network total power losses with SSG at different busses.

Stage Two: Optimum Capacity
The optimum capacity can be obtained as follows:
1. Penetrating SSG unit at bus10 with incremental capacities starts with 10%
to 100% of the total load of the network.
2. Performing the power flow analysis for each DG capacity.
3. The SSG unit capacity which gives the minimum total power losses
represents the optimum SSG capacity.
Figure (4.7) depicts the optimum capacity of SSG unit. It is clear that the SSG
capacity (1.5 MW) which is equal to 40% of total load (3.7 MW) is the optimum size
that gives minimum power loss (0.056 MW).
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Figure 4.7: Optimum SSG unit capacity.

All in all, (1.5 MW / 12.66 kV) for different types of SSG units which

allocated at bus10 were used in voltage stability analysis.

Table (4.4) shows the impact of optimum capacity of SSG unit on central

power generation of the central utility which is consumed by the network loads and

its influence on active and reactive power losses in the DN.

Table 4.4: The impact of optimum capacity of SSG unit on utility power and DN losses.

Case Central power Active power losses Reactive power
generation MW MW losses MVAR
Without SSG 3.9 0.196 0.105
SSG at bus10 1.3 0.056 0.016
SSG at bus22 1.5 0.705 0.543
SSG at bus30 1.4 0.278 0.197

4.5 Voltage Stability Static Analysis Results

CPF technique was used in the static analysis.
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4.5.1 Photovoltaic SSG Unit (PVG)

4.5.1.1 Voltage Control Operation Mode

(PV Generator Model) SSG unit with rated voltage 12.66 kV and rated power
1.5 MW was connected at bus10. Figures (4.8) shows the integration impact of PV
generator on loading parameter using GUI.

Veu
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F 10.85

0.8

0.75

Loading Parameter & (p.u.) = 6.2300

0.95

0.85
0.9

0.75

Voltage Magnitudes [p.u.]

0.7

0.85

0.8

0.75

Figure 4.8: Integration Impact of a PV Generator using GUIL.
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Figure (4.9) illustrates A-V curves for buses (2,10,22,30) when a PV generator
was integrated into DN. It is clear that the voltage stability margin was improved and
loading parameter 4,,,, Was increased from 3.6 p.u (without DG) to 6.23 p.u . The

voltages profile of the buses was improved too.
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Figure 4.9: -V Curves when a PV generator was integrated into DN.
4.5.1.2 Power factor control operation mode

(PQ Generator Model). This DG model produces both active and reactive
powers and maintain the power factor value constant during operation.

Let’s suppose that the SSG unit has cos8 = 0.85lag, 1.5 MW and by
applying the equation (3.6) the reactive power can be calculated. It is equal to 0.92

MVAR.
This model slightly enhances the VSM and does not affect on buses voltages

profile but reduces the power losses in DN.
4.5.2 Reactive Power Control Operation Mode

(Q Generator Model). In this model the reactive power is produced as a
function of bus voltage, therefore the buses voltages profile have high values

compared with other models, but VSM ,in this case, is less than which in PV and PQ
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generators models due to the absence of active power production in this proposed
model (P =0).
Table (4.5) depicts the static analysis results of DN integrated with

Photovoltaic generator in different operation modes.

Table 4.5: Static analysis results of the DN with static SSG models.

SSG Network (P) | Network (Q) Anax (V) bus 22 | (V) bus 30
Type Losses MW | Losses MVAR p.u p.u p.u
Base Case 0.20 0.11 3.6 0.46 0.49
PV Gen. 0.06 0.02 6.2 0.72 0.75
PQ Gen. 0.08 0.03 3.9 0.42 0.46
Q Gen. 0.37 0.22 3.7 0.85 0.87

The results above show that the PV generator (voltage control operation mode)
is the best model among others to develop the voltage stability margin due to high
Loading parameter value. Also, the buses voltages profile is improved.

The PQ generator model is used to reduce the total power losses in the
network. However, the buses voltage stability was slightly improved, Whereas the Q

generator model improved the buses voltages profile.
4.5.3 Solid Oxide Fuel Cell SSG

The parameters of the FC-SSG were illustrated in Appendix (C.1). Figure
(4.10a) and (4.10b) shows the model and its A-V curves respectively.

’b_}_l/ :
<

2,

Figure 4.10a: DN integrated with FC-SSG model.
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P-V Curves ( Network with a FC - SSG )

14 T T | T T T
=
=3 0.9 i
e H
w H
3 i
- i
(= 1
g i
=07 ]
fih) ! VBusm
o i
2 06 . vBus?
e b
= i ==Vausz

05 v vBusSD

i i i i i i |
4
0 0 05 1 15 2 35 4

25 3
Loading Parameter A (p.u.) = 4.49

Figure 4.10b: A-V curves (Network with a FC-SSG).
4.5.4 Constant Speed Wind Turbine with Induction generator Model

Squirrel Cage Induction generator model was connected to the DN. The
induction generator model parameters and wind model were illustrated in Appendix
(C.2) and (C.3) respectively. Figure (4.11a) shows the radial DN integrated with
SCIG wind turbine unit.

E

Figure 4.11a: DN integrated with SCIG unit.

The SCIG unit is connected with wind model which is available in PSAT
models. A-V curves which determine the VSM of the model are illustrated in Figure

(4.11b).
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P-V Curves ( Network with Wind Turbine Constant Speed Induction Generator )
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Figure 4.11b: A-V curves for the network buses with CSWTIG unit.
4.5.5 Synchronous Generator Model
A synchronous generator was connected at DN has parameters which depicted

in Appendix (C.4). Static analysis was applied using CPF technique illustrated in
Figure (4.12).
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Figure 4.12: A-V curves (Network with a Synch — SSG).

Table (4.6) shows the buses voltages profile and loading parameter values

which represent the VSM for different SSG units models.
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Table 4.6: Loading parameters of the DN with different SSG unit types.

Case Aax p-u (V) bus 22 p.u (V) bus 30 p.u
Without SSG 3.6 0.46 0.49
FC-SSG 4.5 0.45 0.49
WTIG 1.7 1.03 1.04
Synch. SSG 1.6 0.93 0.93

4.5.6 Discussion of the Static Analysis Results

The VS static analysis results examined the maximum loading parameters
Amax of different types of SSG units and showed that the static SSG units which
based on power electronics converters such as photovoltaic and Fuel cell generators
are effective for enhancing the VSM of the radial DN.

Furthermore, the optimum enhancement of the VS occurs when these static
SSG units operate in voltage control operation mode (PV model). On the other hand,
Dynamic units which are directly connected to the network such as Induction and

Synchronous generators have a negative impact on VS of the network.

4.6 Voltage Stability Dynamic Analysis Results

The dynamic analysis was implemented using the time domain simulation. The
aim of this analysis is to examine the steady state condition of the voltages
magnitudes of DN buses when they were subjected to a disturbance.

In this work, an Earth Fault was applied at bus22, which has the weakest
voltage magnitude, in order to simulate a virtual disturbance. Three different SSG
units were utilized individually and connected at bus10 in this proposed analysis; FC
unit, Synch. unit, and CSWTIG unit. The fault duration time was set to (0.1) second
and plotting time step At was set to (0.05) second.

4.6.1 Network Dynamic Analysis without SSG unit

Figure (4.13) shows an earth fault model applied on bus22
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Figure 4.13: Earth fault model.

Figure (4.14) illustrates buses voltages magnitude when 0.1- second earth fault

applied at bus22.
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Figure 4.14: Time domain simulation of the network without SSG.

As shown from the figure above, buses voltages went back to its normal values

after fault time was ended.
4.6.2 Network Dynamic Analysis with a FC-SSG Unit

Voltage magnitude of busl0, where FC-SSG was connected, is shown in

Figure (4.15). The fault was applied at bus22.
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Figure 4.15: Time domain simulation of the network with a FC-SSG.

The busl0 voltage magnitude reached to the steady state condition after 1.8

second from the ending of fault time when FC-SSG was integrated into DN.

4.6.3 Network Dynamic Analysis With a Synch. Gen unit

Two scenarios were performed in this work; the first one was the integration of
a synch. SSG without contribution of Automatic Voltage Regulator AVR. The
simulation result is shown in Figure (4.16a). The second scenario was implemented

using AVR model with the synch. Gen. Figure (4.16b) depicts the second scenario.
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Figure 4.16a: Time domain simulation of the network with a Synch.SSG.
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Figure 4.16b: Time domain simulation of the network with a Synch.SSG & AVR.

The voltage magnitude oscillates after disturbance with this type of SSG unit.

An (AVR) (Appendix C.5) must always contribute in stabilization process. The

steady state voltage was achieved in 4.1 seconds after fault time finish.

The
fault

4.6.4 Network Dynamic Analysis With a CSWTIG Unit

Constant speed wind turbine squirrel cage induction generator model was used.
time domain simulation of the model during normal operation condition (No

disturbance) showed that the bus voltages are flicker due to wind turbine

mechanical control and turbulence. Figure (4.17) illustrates the voltage flicker of the

wind turbine at bus10.
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Figure 4.17: Voltage flicker of a CSWTIG at bus10.
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The same fault scenario was applied on this model (0.1 S fault duration time at
bus22 and the SSG unit was integrated at bus10). The buses voltages, in this case, are

shown in Figure (4.18).
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Figure 4.18: Time domain simulation of the network with a WTIG.

It is clear that the buses voltages are unstable after the fault occurrence because
the squirrel cage induction generator absorbs a large amount of reactive power from
DN during disturbances. This situation leads to voltage instability.

A solution was suggested in order to keep the system voltage in stable
condition:

Disconnecting the WTIG unit from the DN in the case of the fault disturbance
to prevent the induction generator from absorbing reactive power from the network.
In order to avoid adding additional bus and disconnecting bus10 which feeds many
buses with power, WTIG unit in this case connected to bus 22 and a Circuit Breaker
was used to disconnect the WTIG from the network instantaneously in a fault

condition. Figure (4.19) illustrates the network model.
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The CB time setting should be corresponding to the fault time setting in order

IND MODEL
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Figure 4.19: WTIG with fault and C.B models.

to disconnect the WTIG in the same time with fault occurrence. Figure (4.20) shows

voltage magnitudes after disconnecting WTIG from the network at t = 0.7 S.
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Figure 4.20: Time domain simulation (Disconnecting WTIG).

This method is useful to preserve the buses voltages in stable condition. The
result shows that voltage value has a barely noticeable change when WTIG unit was

disconnected.

4.6.5 Discussion of the Dynamic Analysis Results

The dynamic analysis results showed that the integrating of SSG units in DN

increased the possibility of voltage instability during disturbances and contingencies
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conditions. The results ensured that the static SSG units (which based on power
electronic converters) have the least negative impact on VS among other SSG units
types due to their fast damping response during turbulence. However, the
synchronous generator unit must be attached with an AVR for oscillatory voltage
damping which is formed during disturbance because of the dynamic order of the
rotary machine. On the other hand, the constant speed WTIG unit has a negative
influence on VS of network buses due to its consumption of reactive power during

operation and high reactive power absorption in fault case.

Table 4.7: dynamic analysis results report for different SSG types.

Steady State Voltage Time
SSG Type V bus10 (p.u.)
Delay (S)
FC-SSG 0.86 1.8
Synch.SSG 0.85 4.1
WTIG Unstable Disconnecting WTIG Time

4.7 Small Signal Stability Analysis SSSA Results

Figures (4.21 a,b,c) depict the Eigenvalues for FC, Synch. DG, and WTIG

units respectively in S-domain when they integrated into RDN.

4.7.1 Network With a FC-SSG Unit

Eigenvalue Analysis ( Network with Fuel Cell-SSG )
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Figure 4.21a: Eigenvalues of the FC-SSG in the S-domain axis.

57



Table (4.8) shows the Eigenvalues analysis result of the FC-SSG integrated
into DN.

Table 4.8: Eigenvalues of the FC-SSG.

Eig. No. Real part Imag. part
1 -1.56 0
—1000.00
-1.29
-0.27
—0.23
—0.05
—0.01

e I @) N O, T [ SO RS I B \)
(= eI N B =N el i)

All the poles of the system are negative and they are on the left side of the S-
domain, which means that the system buses voltages are stable during operation. And
the system has no complex pairs. The Eigenvalue analysis report of the model exists

in (Appendix D.1).

4.7.2 Network With a Synch. Gen Unit

Figure (4.22b) and Table (4.9) depict the Eigenvalue analysis of the Synch-Gen
unit. (Appendix D.2) shows the Eigenvalue report of the model. This system is stable
because all the real parts of poles and complex pairs exist in the negative half of the

S-domain axis.

Eigenvalue Analysis ( Network with Synch.SSG )
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Figure 4.21b: Eigenvalues of the Synch.SSG in the S-domain.
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Table 4.9: Eigenvalues of the Synch.SSG.

Eig. No. Real part Imag. part
1 -1 0
2 -10 0
3 -1000 0
4 -37.27 334.41
5 -37.27 -334.41
6 -81.43 0
7 -35.10 0
8 -0.89 10.32
9 -0.89 -10.32
10 -2.95 0
11 -0.66 0
12 -1.15 0

4.7.3 Network With a WTIG Unit

Figure (4.22c) shows the Eigenvalue analysis of the constant speed wind
turbine squirrel cage induction generator. The analysis result is shown in the Table

(4.9). (Appendix D.3) shows the analysis report.

Eigenvalue Analysis (Netwok with WTIG)
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Figure 4.21c: Eigenvalues of the WTIG in the S-domain.
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Table 4.10: Eigenvalues of the WTIG.

Eig. No. Real part Imag. part
1 0.21 73.50
2 0.21 - 73.50
3 -0.99 0
4 -0.26 4.30
5 -0.26 -4.30
6 -0.10 0

There are two poles on the right side of the S-domain axis, therefore the system
voltage is not stable in case of constant speed wind turbine squirrel cage induction
generator.

A solution was suggested to bring these two poles to the stable negative area of
the S-domain axis. This solution was performed using a hybrid model by connecting

a Synch. SSG at the same bus with the WTIG unit as shown in Figure (4.23).

Plot variable list SUBSTATION B33

%

Figure (4.24) shows the Eigenvalue analysis of the hybrid model. All the poles

Slack bus

SYNC.DG

AR

WIND TURBINE

Figure 4.22: Hybrid model (WTIG unit & Synch-SSG).

are exist in the left negative side of the S-domain axis. The model is considered a

stable system.
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Eigenvalue Analysis of hybrid model ( WTIG & Sync. SSGs )
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Figure 4.23: Eigenvalue of the hybrid model in the S-domain.

4.7.4 Discussion of the SSSA Results

SSSA analysis results were ensured and proved the dynamic analysis results
which indicated that the radial distribution network voltages are not in stable

condition with an individual and independent CSWTIG unit.
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CHAPTER FIVE

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

5.1 Conclusions

This work presented the VS analysis of different types of SSG units integrated
into a 33-bus radial distribution network. Different methods of VS analysis were
used for each SSG type to investigate the VSM of the network in order to determine
the most convenient SSG unit type that enhances the voltage stability of DN during
normal operation and contingency condition using MATLAB/ PSAT Simulink. The
obtained results proved that the static generators are better than the dynamic
generator to improve the voltage stability margins and loadability of radial
distribution network buses. On the other hand, constant speed wind turbine type
squirrel cage Induction generator has a negative effect on and loadability whereas the
synchronous generator has a batter impact on oscillatory stability during disturbance
condition compared with squirrel cage constant speed wind turbine.

The main remarks can be summarized as follows:

1. In radial distribution network, the buses voltages magnitudes decrease
whenever their locations are distant from the voltage source because of line losses
and buses loads.

2. The Continuation Power Flow analysis CPF, which is available in PSAT, is
useful to find the bus which has the weakest voltage magnitude among other buses.
The network parameters visualization is available using Graphic User Interface GUI.

3. In radial distribution network, it is recommended to allocate the SSG units at
the downstream bus which feeds a maximum number of branches with power. On the
other hand, connecting SSG units at the last buses increases the total power losses of
the network because the generated current from the SSG unit will flow in opposite

direction and contracts the original current flow direction of the DN.
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4. High - level capacity penetration of SSG units into radial distribution
network increases the total power losses due to surplus injected power into the
network. This additional power is dissipated in form of losses in the network lines.

5. Optimum location and capacity of SSG units which integrated in DN are
crucial to decrease the total power losses and to reduce the drawn power amount
from substation by DN loads.

6. According to static analysis of voltage stability, a static SSG unit type with
electronic power converter such as (Photovoltaic or Fuel Cell) generator has the best
effect on voltage stability margin and the network buses loadability, whereas the
constant speed wind turbine with squirrel cage induction generator has the worst
effect on voltage stability of DN. The squirrel cage induction generators consume
reactive power from the network in order to generate active power, this condition
will affect on voltage stability of the network.

7. The results showed that control operation modes of a static SSG unit type
have different influences on DN as follows;

a) Voltage control operation mode increased voltage stability margin and

buses loadability with minimum lines losses.

b) Power factor control operation mode has a small positive impact on voltage

stability and no improvement in buses voltages magnitudes were observed.
¢) Reactive power control operation mode had enhanced buses voltages profile
with some improvement in voltage stability.

8. The dynamic analysis was implemented using time domain simulation which
showed that the DN voltage stability had affected negatively during disturbance
when it was integrated with SSG units. In other words;

a) FC unit, which is based on power electronic converter, has a fast damping

voltage response without oscillation after disturbance.

b) Synch unit oscillates voltages magnitudes of the buses after the fault. Using

an adequate AVR this oscillation will be suppressed in 4.1 seconds.

c¢) WTIG unit has negative impact on voltage stability because of its

consumption of reactive power from DN during normal operation condition
and after disturbance. For this reason, the reactive power must be provided
either from a main central power source or compensated from an external

electronic device. It is recommended to disconnect CSWTIG from the
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distribution network Instantaneously after excessive faults occurrence in
order to preserve the buses voltages in stable condition.

9. Small signal stability analysis using frequency domain simulation proved
that the FC and Synch. SSG units have Eigenvalues in stable region of the S -
domain axis, while WTIG has Eigenvalues in unstable area.

10. Using a hybrid model by connecting a Synch. SSG unit at the same bus
with the WTIG unit made all the poles exist in the negative (left) side of the S-
domain axis. This model is considered a stable system.

11. Existence of harmonics is one of the voltage stability problems that
produced in distribution networks because of the SSG units which are interfaced to
the network through power electronic inverters. The network components and

customer equipment are affected negatively when harmonics exceed a certain level.

5.2 Suggestions For Future Work

This work can be extended and developed by applying the proposed voltage
analysis methods with different types of SSG units integration on a residential
distribution network. Moreover, other types of SSG units such as a micro-turbine
generator and a variable speed wind turbine with a synchronous generator can be
examined according to their effect on voltage stability of the distribution network.
Furthermore, studying the effect of harmonics on voltage stability, can be thoroughly

investigated.
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Appendix-A: Lines and Loads Data of the 33-Bus Radial Distribution Network

Lines parameter and load data for 33 bus system (Singh et al, 2007).
Base Power = 1 MV A Base Voltage = 12.66 KV

Table A.1: Lines and loads data of the 33-bus radial distribution network.

From LINE IMPEDANCE P.U . . Load on to bus p.u
To Line S line p.u

Rp.u Xp.u Pp.u Qpu
1 2 0.000575 0.000293 1 4.60 0.10 0.06
2 3 0.003076 0.001566 6 4.10 0.09 0.04
3 4 0.002279 0.001161 11 2.90 0.12 0.08
4 5 0.002373 0.001209 12 2.90 0.06 0.03
5 6 0.005100 0.004402 13 2.90 0.06 0.02
6 7 0.001166 0.003853 22 1.50 0.20 0.10
7 8 0.004430 0.001464 23 1.05 0.20 0.10
8 9 0.006413 0.004608 25 1.05 0.06 0.02
9 10 0.006501 0.004608 27 1.05 0.06 0.02
10 11 0.001224 0.000405 28 1.05 0.045 0.03
11 12 0.002331 0.000771 29 1.05 0.06 0.035
12 13 0.009141 0.007192 31 0.50 0.06 0.035
13 14 0.003372 0.004439 32 0.45 0.12 0.08
14 15 0.003680 0.003275 33 0.30 0.06 0.01
15 16 0.004647 0.003394 34 0.25 0.06 0.02
16 17 0.008026 0.010716 35 0.25 0.06 0.02
17 18 0.004538 0.003574 36 0.10 0.09 0.04
2 19 0.001021 0.000974 2 0.50 0.09 0.04
19 20 0.009366 0.008440 3 0.50 0.09 0.04
20 21 0.002550 0.002979 4 0.21 0.09 0.04
21 22 0.004414 0.005836 5 0.11 0.09 0.04
3 23 0.002809 0.001920 7 1.05 0.09 0.05
23 24 0.000559 0.004415 8 1.05 0.42 0.20
24 25 0.005579 0.004366 9 0.50 0.42 0.20
6 26 0.001264 0.000644 14 1.50 0.06 0.025
26 27 0.001770 0.000901 15 1.50 0.06 0.025
27 28 0.006594 0.005814 16 1.50 0.06 0.02
28 29 0.005007 0.004362 17 1.50 0.12 0.07
29 30 0.003160 0.001610 18 1.50 0.20 0.60
30 31 0.006067 0.005996 19 0.50 0.15 0.07
31 32 0.001933 0.002253 20 0.50 0.21 0.10
32 33 0.002123 0.003301 21 0.10 0.06 0.04
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Appendix-B: Power Flow Report of the network (without SSG)

Table B.1: Power flow report of the network (without SSG).

PUSTA Y Zi1.6

Author: Federico Milano, (c) 2002-2010

e-mail: Federico.milano@ucim.es

website: http://www.uclm.es/area/gsee/web/Federico
File: c:\Users\Inspiron\Desktop\WEAM TAMIMI\PIDG3.md]l
Date: 10-Apr-2017 18:38:43

NETWORK STATISTICS

Buses: 33
Lines: 32
Generators: 1
Loads: 32

SOLUTION STATISTICS

Number of Iterations: 4
Maximum P mismatch [p.u.] 0
Maximum Q mismatch [p.u.] 0
Power rate [Mva] 1
POWER FLOW RESULTS
Bus Y phase P gen ? gen P Tload Q Tload
[p.u.] [deg] [p-u.] p-u.] [p.u.] [p.u.]
Busl 0.99705 0.01364 0 0 0.1 0.06
Busl10 0.94986 0.11151 0 0 0.06 0.02
Busll 0.94642 =0.11892 0 0 0.2 0.1
Busl2 0.9416 -0.08551 0 0 0.2 0.1
Busl3 0.93539 -0.16179 0 0 0.06 0.02
Busl4 0.92963 -0.22724 0 0 0.06 0.02
Busl5 0.92877 -0.22054 0 0 0.045 0.03
Busl6 0.92728 -0.20995 0 0 0.06 0.035
Busl7 0.92122 -0.30384 0 0 0.06 0.035
Busl8 0.91898 -0.38315 0 0 0.12 0.08
Bus1l9 0.91758 -0.42145 0 0 0.06 0.01
Bus2 1 | 0 3.9111 2.4053 0 0
Bus20 0.91622 -0.4453 0 0 0.06 0.02
Bus21 0.91421 -0.52301 0 0 0.06 0.02
Bus22 0.91361 -0.53276 0 0 0.09 0.04
Bus23 0.94794 0.15034 0 0 0.06 0.025
Bus24 0.94539 0.20573 0 0 0.06 0.025
Bus25 0.934 0.28646 0 0 0.06 0.02
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Bus26
Bus27
Bus28
Bus29
Bus3
Bus30
Bus31
Bus32
Bus33
Bus4
Bus5
Bus6
Bus?
BusS8
Bus9

LINE

From

Busl

Bus3

Busl3
Busl5
Busl6
Busl7
Busl19
Bus20
Bus21l
Bus22
Bus24
Bus25
Bus4

Bus26
Bus27
Bus28
Bus29
Busl1l0
Busl4
Bus23
Busls8
Bus3

Bus31
Bus>5

Bus32
Bus30
Bus6

Bus7?

Bus8
Bus9
Busll
Busl2

FLOWS

Bus

Table B.1 (Continued): Power flow report of the network (without SSG).

0.92583
0.92228
0.91814
0.91723
0.98301
0.91695
0.97945
0.97716
0.97386
0.97549
0.96813
0.99652
0.99297
0.99227
0.99164

To Bus

Bus2

Busl

Busl2
Busl4
Busl5
Busl6
Busl8
Busl9
Bus20
Bus2l
Bus23
Bus24
Bus3

Bus25
Bus26
Bus27
Bus28
BusS

Busl3
Busl1l0
Busl?7
Bus31
Bus32
Bus4

Bus33
Bus29
Busl

Bus6

Bus?7
Bus8
Busl0
Busll

0.36289
0.46722
0.38219
0.35905
0.09156
0.35128
0.06076
-0.14822
-0.19161
0.14756
0.21128
0.00264
-0.06554
-0.08508
-0.10551

Line

WO~V EWwN =

GLOBAL SUMMARY REPORT

TOTAL GENERATION

REAL POWER [p.u.]

REACTIVE POWER [p.u.]

TOTAL LOAD

REAL POWER [p.u.]

REACTIVE POWER [p.u.]

TOTAL LOSSES

REAL POWER [p.u.]

REACTIVE POWER [p.u.]

OCO0O0O0O0000000000

P Flow
[p.u.]

-3.899
-3.3865
-0.68423
-0. 56016
-0.51429
-0.45166
-0.27058
-0.2103
-0.15005
-0.09
-0. 88465
-0.81345
-2.3419
-0.74567
-0.62181
-0.42022
-0. 27001
-2.1056
-0. 62071
-0.94795
-0.39093
0.93492
0.84178
-2.2034
0.42127
-0.06
-0. 36097
-0.27014

-0.18004
-0.09

-1.0932
-0.88836

3.9111
2.4053

3.715

0.19608
0.10532
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CO00C00000000000

Q Flow
[p.u.]

-2.4001
-2.1579
-0.30923
-0.26829
-0.23886
-0.20264
-0.08806
-0.0787
-0.05921
-0.04
-0.94032
-0.90632
-1.6541
-0.88042
-0.8093
-0.20858
-0.13918
-1. 5039
-0.2876
-0.9661
-0.16754
0.45428
0.4031
-1.5656
0.20004
-0.04
-0.15796
-0.1182

-0.07907

.

-0.51201
-0.41132

[¥]

OCO000000O0O0000O00O0
CO0O0OFHAEBOOONHNE
LOOUOANNNOMNO W

P LOSS
[p-u.]

0.01212
0.05132
0.00413
0.00055
0.00087
0.00264
0.00035
0.00028
0.00025
5e-005

0.0033

0.0112

0.01968
0.00777
0.00387
0.00158
0.00021
0.03784
0.00352
0.00258
0.00072
0.00314
0.00051
0.01849
0.00127
1e-005

0.00016
0.00082

0.0001
4e-005
0.0019
0.00479

~

~

v b b

OO0O0OONNOOOHFOOD

BB wom

OCO0000000O00000000

R

Q LoOss
[p.u.]

0.00518
0.02515
0.00209
-0. 00068
-0.00057
0.00122
-0.00053
-0. 00064
-0.0005
-0.00079
0.00078
0.009
0.00948
0.00591
0.00112
0.00072
-0. 0006
0.03174
0.00162
0.00041
0.0001
0.00118
0.00305
0.00848
4e-005
-0.00082
-0. 00084
-0.00025

-0. 00087

-0.00093
0.00537
0.00069



Table B.2: CPF Report.

PSAT 2.1.6

Author: Federico milano, (c) 2002-2010

e-mail: Federico.milano@uclm.es

website: http://www.uclm.es/area/gsee/web/Federico
File: <c:\Users\Inspiron\Desktop\WEAM TAMIMI\PIDG3.md]
pDate: 10-Apr-2017 18:42:00

NETWORK STATISTICS

Buses: 33
Lines: 32
Generators: |

Loads: 32

SOLUTION STATISTICS
Number of Iterations:
Maximum P mismatch [p.u.]

5
0
Maximum Q mismatch [p.u.] 0
Power rate [MvA] 5 |

GLOBAL SUMMARY REPORT

TOTAL GENERATION

REAL POWER [p.u.] 21.794
REACTIVE POWER [p.u.] 14.0535

TOTAL LOAD

REAL POWER [p.u.] 13.4698
REACTIVE POWER [p.u.] 8.3393

TOTAL LOSSES

REAL POWER [p.u.] 8.3242
REACTIVE POWER [p.u.] 5.7142
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|C Legend:

C Data:

Table B.3: Loading parameter report (without SSG).

|C Loading Parameter \lambda (p.u.),

0. 00000
0.13665
0.27107
0.40326
0.53320
0.66088
0.78630
0.90944
1.03030
1.14885
1.26510
1.37901
1.49058
1.59979
1.70663
1.81106
1.91307
2.01264
2.10975
2.20436
2.29645
2.38599
2.47294
2.55727
2.63895
2.71793
2.79416
2.86761
2.93822
3.00592
3.07068
3.13240
3.19104
3.24650
3.29871
3.34757
3.39298
3.43484
3.47301
3.50738
3.53781
3.56413
3.58619
3.60381

v_{Bus10},

1.00019
0.99372
0.98725
0.98076
0.97427
0.96777
0.96126
0.95474
0.94821
0.94167
0.93512
0.92856
0.92198
0.91539
0.90879
0.90217
0.89554
0.88890
0.88223
0.87555
0.86886
0.86214
0.85540
0.84865
0.84187
0. 83507
0.82824
0.82139
0.81452
0.80761
0.80068
0.79372
0.78673
0.77971
0.77265
0.76556
0.75844
0.75128
0.74408
0.73684
0.72957
0.72226
0.71492
0.70754
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v_{Bus2},

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1. 00000
1.00000
1.00000
1.00000

v_{Bus22},
1.00044

2]
[Te]
O
w
[+-]

=]
[
w
v
.

~
=]
w
=
~

~
w
e
o
o

0000000000000 0000000000000000000000
o ~
o ~
® =
=1 [
[ 0

0.48391
0.46910

v_{Bus30},

1.00028
0.98962
0.97894
0.96822
0.95748
0.94671
0.93591
0.92507
0.91421
0.90330
0.89236
0.88138
0.87036
0.85930
0.84820
0.83705
0.82586
0. 81461
0.80332
0.79197
0.78056
0.76910
0.75757
0.74598
0.73432
0.72260
0.71080
0.69892
0.68696
0.67492
0.66279
0.65057
0.63825
0.62584
0.61331
0.60068
0.58793
0.57506
0.56207
0. 54896
0.53571
0.52233
0.50882
0.49517



Appendix C: FC-SSG standard parameters

Tablo C.1: FC-SSG standard parameters.
Sofc (mask)
This block defines a Solid Oxyde Fuel Cell:

Parameters

DC Power and Voltage Rating [MW, kV]

[2 12.66]

Electrical and fuel processor response times (Te, Tf) [s, s]
[0.8 5]

Response times TH2, TH20 and TO2 [s, s, s]
[26.1 78.3 2.91]

Valve molar constants KH2, KH20 and KO2
[8.43e-4 2.81e-4 2.52e-3]

Constant Kr, ohmic loss [Ohm] and hydrogen to oxygen ratio rH_O
[0.996e-6 0.126 1.145]

Fuel optimization constants Uopt, Umax and Umin

[0.85 0.9 0.8]

Number of cells NO and ideal standard potential EO [V]
[384 1.18]

Gas absolute temperature T [K]
1273

Transformer reactance Xt [p.u.]
0.1

Gain and Time constant for Voltage Control Km, Tm [p.u. s]
[100 10]

Max and Min tap ratio [p.u./p.u. p.u./p.u.]

[1.2 0.8]

Control Mode: [0] costant current; [1] costant power [1

[¥] Connected
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Table C.2: CSWTIG Model parameters.

Cswt (mask)

This block defines a constant speed wind turbine with third order
asynchronous generator and dynamic shaft.

Parameters

Power, Voltage and Frequency Ratings [MVA, kV, Hz]
[2 0.690 50]

Stator Resistance Rs and Reactance Xs [p.u. p.u.]
[0.048 0.075]

Rotor Resitance Rr and Reactance Xr [p.u. p.u.]
[0.018 0.12]

Magnetization Reactance Xm [p.u.]

3.8

Inertia Constants Hwr Hm and Ks [kWs/kVA kWs/kVA p.u.]
(2.5 0.5 0.3}

Number of poles p and gear box ratio [int -]
[6 1/89]

Blade length and number [m int]
[75.00 3]

Number of machine that compose the park
1

Connected
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Table C.3: Wind model parameters.

wind (mask)

This block defines wind models for use with wind turbines.

Parameters
Number of output ports
1

Wind model type [weibull

Nominal wind speed [m/s]
15

Air density rho [kg/m~3]
1.225

Filter time constant tau [s]
10

Sample time for wind measures [s]

0.1

Weibull distribution constants C and K
[20 2]

Wind ramp constants Tsr, Ter and Awr [s s m/s]

(5 15 i)

wind gust constants Tsg, Teg and Awg [s s m/s]
(5 15 1]

Wind turbolence constants h, z0, df and n [m - Hz int]
[S0 0.01 0.2 50]

Mexican hat wavelet time center and shape factor

(10 1]
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Table C.4: Synchronous generator model parameters.
Syn (mask)
This block defines a fourth order synchronous machine.

Parameters

Power, voltage and frequency ratings [MVA, kV, Hz]
[2 12.66 50]

Machine Dynamic Order [2 v]

resistance ra and leakage reactance xl [p.u. p.u.]
[0.001 0.05]

d-axis reactances Xd, X'd X"d [p.u.,p.u.,p.u.]

[1.90 0.302 0.204]

d-axis open circuit time constants T'd0 and T"d0 [s, s]
[8.00 0.04]
q-axis reactances Xq, X'q, X"q [p.u. p.u. p.u.]

[1.70 0.50 0.30]

g-axis open circuit time constants T'q0 and T"q0 [s s]

[0.80 0.02]

Inertia (M = 2H) and Damping [s, p.u.]

[10.00 0.00]

Speed and active power additional signals Kw and Kp [p.u., p.u.]
[0.00 0.00]

Percentage of active and reactive powers at bus [p.u. p.u.]
[1.00 1.00]

d-axis additional circuit leakage time constant Taa [s]

0.002

Saturation coefficients S(1.0) and S(1.2)
(0 0]

Number of input signals IO = ]

COI number
1

Connected
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Table C.5: AVR model settings.

Exc (mask)

This block defines an Automatic Voltage Regulator.

Parameters

Automatic Voltage Regulator Type [1 -

Maximum Regulator Voltage [p.u.]
5.00

Minimum Regulator Voltage [p.u.]
-5.00

Regulator Gain m0 [p.u./p.u.]
400

First Reqgulator Pole T1 [s]
0.10

First Regulator Zero T2 [s]
0.45

Second Regulator Pole T3 [s]
1.00

Second Regulator Zero T4 [s]
0.01

Time Constant of the Field Circuit Td [s]
1.00

Time Delay of the Measurement System Tr [s]
0.001

Coefficient of the Ceiling Function (A B)
[0.0006 0.9]

Number of input signals [0 v]

[¥] Connected
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Appendix-D: Eigenvalue Report of the a FC-SSG

Tablo D.1: Eigenvalue report of the a FC-SSG.

EIGENVALUE REPORT
PSAT 2.1.6

Date: 24-May-2017 12:47:08

STATE MATRIX EIGENVALUES

Eigevalue

Eig As #1 m_sofc_1
Eig As #2 vk_sofc_1
Eig As #3 Ik_sofc_1
Eig As #4 po2_sofc_1
Eig As #5 qH2_sofc_1
Eig As #6 pH2_sofc_1
Eig As #7 pH20_sofc_1

Ik_sofc_1

Eig As #1 0

Eig As #2 0

Eig As #3 0.95573
Eig As #4 0.02996
Eig As #5 0.01612
Eig As #6 0.00508
Eig As #7 0.00052

qH2_sofc_1
Eig As #1 0
Eig As #2 0
Eig As #3 0.00797
Eig As #4 0.37577
Eig As #5 0.61508
Eig As #6 0.12159
Eig As #7 0.0028
STATISTICS

DYNAMIC ORDER

# OF EIGS WITH Re(mu) <
# OF EIGS WITH Re(mu) >

# OF REAL EIGS
# OF COMPLEX PAIRS
# OF ZERO EIGS

Most Associated States

0

1
4e-005
3e-005
2e-005
1le-005
0

Author: Federico milano, (c) 2002-2010
e-mail: Federico.milano@ucim.es
website: http://www.ucIm.es/area/gsee/web/Federico

PARTICIPATION FACTORS (Euclidean norm)
vk_sofc_1

PARTICIPATION FACTORS (Euclidean norm)

m_sofc_1

j !

0

0

0

0

0

0
7

0 z.

0 0
7
0
0

Real part

-1.5566
-1000. 0001
-1.2906
-0.26958
-0.22641
-0.04604
-0.012

pH2_sofc_1

.01432
.04738
.08714
. 86673
.00364

cCOoO000CO0
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Imag. Part

CO0O00000

pH20_sofc_1

o000 CO

. 00067
.00052
. 0004

.00521
. 99297

File: c:\Users\Inspiron\Desktop\WEAM TAMIMI\System with FC-Generator\PIDGFuel.md]

Pseudo-Freq.

(=f=l=f=lal=]e]

po2_sofc_1
0

0
0.02127
0.54634
0.28125
0.00139
B8e-005

Frequency

CoO00000



Table D.2: Eigenvalue report of the Synch.SSG.

EIGENVALUE REPORT
PSAT 2.1.6

author: Federico Milano, (c) 2002-2010

e-mail: Federico.milano@ucim.es i

website: http://www.uclm.es/area/gsee/web/Federico

File: c:\Users\Inspiron\Desktop\WEAM TAMIMI\System with Sync-Generator\SyncDG.md]l
Date: 24-May-2017 14:17:41

STATE MATRIX EIGENVALUES

Eigevalue Most Associated States rReal part Imag. Part Pseudo-Freq. Frequency
Eig As # 1 vr2_Exc_1 -1 0 0 0
Eig As # 2 vrl_Exc_1 -10 0 0 0
Eig As # 3 vm_Exc_1 -1000 0 0 0
Eig As # 4 psid_syn_1, psigq_syn_1 -37.2678 334.4118 53.2232 53.5527
Eig As # 5 psid_syn_1, psig_syn_1 -37.2678 -334.4118 53.2232 53.5527
Eig As # 6 e2d_syn_1 -81.4277 0 0 0
Eig As # 7 e2g_syn_1 -35.9937 0 0 0
Eig As # 8 delta_syn_1, omega_syn_1 -0.88771 10.3151 1.6417 1.6478
Eig As # O delta_syn_1, omega_syn_1 -0.88771 -10.3151 1.6417 1.6478
Eig As #10 eld_syn_1 -2.9506 0 0 0
Eig As #11 elg_syn_1 -0.66004 0 0 0
Eig As #12 vf_Exc_1 -1.1455 0 0 0
PARTICIPATION FACTORS (Euclidean norm)
delta_syn_1 omega_syn_1 elg_syn_1 eld_syn_1 e2q_syn_1
Eig As # 1 0 0 0 0 0
Eig As # 2 0 0 0 0 0
Eig As # 3 0 0 0 0 0
Eig As # 4 0.00043 8e-005 2e-005 0.00011 0.00284
Eig As # 5 0.00043 8e-005 2e-005 0.00011 0.00284
Eig AS # 6 0.00401 0.00448 4e-005 0.03424 0.00231
Eig As # 7 0.00401 0.00273 0.01688 0.00017 0.97111
Eig As # 8 0.45512 0.45472 0.00237 0.05499 0.00503
Eig As # 9 0.45512 0.45472 0.00237 0.05499 0.00503
Eig As #10 0.0245 0.02617 0.01216 0.91008 0.00073
Eig As #11 0.00165 0.00081 0.96599 0.01534 0.01533
Eig As #12 0 0 0 0 0

PARTICIPATION FACTORS (Euclidean norm)

e2d_syn_1 psig_syn_1 psid_syn_1 vm_Exc_1 vrl_Exc_1
Eig As # 1 (+] 0 0 o] o]
Eig As # 2 o 0 0 0 1
Eig Aas # 3 o 0 0 1 0
Eig As # 4 0.00545 0.49448 0.49659 0 0
Eig As # 5 0.00545 0.49448 0.49659 o] o]
Eig As # 6 0.94589 0.00045 0.0086 0 0
Eig As # 7 0.00176 0.00311 0.00022 0 0
Eig As # 8 0.02094 0.0053 0.00153 o] o]
Eig As # 9 0.02094 0.0053 0.00153 o] (o]
Eig As #10 0.02464 0.00105 0.00067 o] o]
Eig As #11 0.0002 0. 00068 2e-005 [o] (o]
Eig As #12 0 o] o] o] o]
PARTICIPATION FACTORS (Euclidean norm)

vr2_Exc_1 vf_Exc_1
Eig As # 1 1 0
Eig As # 2 0 0
Eig As # 3 o] 0
Eig As # 4 0 o
Eig As # 5 (4] 0
Eig As # 6 0 0
Eig As # 7 0 0
Eig As # 8 o] 0
Eig As # 9 o o
Eig As #10 0 0
Eig As #11 o o
Eig As #12 0 x
STATISTICS
DYNAMIC ORDER 12
# OF EIGS WITH Re(mu) < 0O 12
# OF EIGS WITH Re(mu) > O (4]
# OF REAL EIGS 8
# OF COMPLEX PAIRS 2
# OF ZERO EIGS o
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EIGENVALUE REPORT - CSWTIG

PSAT 2.1.6

Author:
e-mail:

website:

File:
Date:

Table D.3: Eigenvalue report of the CSWTIG.

Federico Milano, (c) 2002-201@
Federico.Milanoguclm.es

http://w.uclm.es/area/gsee/Heb/Federico
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STATE MATRIX EIGENVALUES

Eigevalue

Eig As
Eig As
Eig As
Eig As
Eig As
Eig As

#1
#2
#3
#4
#5
#6

Most Associated

omega_m_Cswt_1,
omega_m_Cswt_1,
elm Cswt_1
omega_t_Cswt_1,
omega_t_Cswt_1,
vw_Wind_1

States

elr_Cswt_1
elr Cswt_1

gamma_Cswt
gamma_Cswt

PARTICIPATION FACTORS (Euclidean norm)

Eig As
Eig As
Eig As
Eig As
Eig As
Eig As

#1
#2

#5
#6

wvw_Wind_1

POoOoOO0

Real part

8.
a.
-8.
-8.
-8.
-0.

omega_t_Cswt_1

3e-@e5
3e-005
0.88061
9.49926
0.49926
(%]

PARTICIPATION FACTORS (Euclidean norm)

Eig As
Eig As
Eig As
Eig As
Eig As
Eig As

STATISTICS

DYNAMIC ORDER

#1
#2
#3
#4
#5
#6

elm Cswt_1

0.01535
0.01535
8.96926
0.00147
0.00147
e

# OF EIGS WITH Re(mu) < @
# OF EIGS WITH Re(mu) > ©
# OF REAL EIGS

# OF COMPLEX PAIRS

# OF ZERO EIGS

DNNN B

20838
20838
98538
26201
26201
1

Imag. Part

73.4935
-73.4935

2}

4,
-4,

[}

omega_m_Cswt_1

©.49956
0.49956
©.00013
3e-0805
3e-085
e

&4

2964
2964

gamma_Cswt_1

0.80878
0.80878
le-005
0.49083
9.49@83
2]

Pseudo-Freq.

11.6968
11.6968

a
8.68379
0.68379
-]

elr_Cswt_1

8.47629
08.47629
0.02999
08.00841
0.00841
e

Frequency

11.6969
11.6969
°]
8.68506
8.68506
e
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