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Abstract

Hybrid sources of energies are rapidly increasing in power generating
systems due to their viable option and wide spread public support for renewable
energy. The goal of this thesis is to evaluate wind-diesel energy system through
computer simulation studies. The primary focus of this study is the development
of dynamic models for a standalone wind energy conversion system and a diesel
generation system. The developed model of the wind energy conversion system
consists of dynamic models for a wind turbine as well as an electric generator. A
detailed model of the wind turbine is presented. The electric generator, driven by
the wind turbine, is a line-excited induction generator suitable for hybrid system
and grid-connected operations. A dynamic model for the diesel generation system
is achieved by integrating models of a diesel engine and synchronous generator
driven by it. . _

A set of mathematical equations are used to model a synchronous machine
acting as the electric generator for the diesel generation system. The developed
System is capable of simulating the dynamics of the wind-diesel generation
system, demonstrating its ability to meet load power requirements. The dynamic_
models of the wind energy conversion system and the diesel generation system are
simulated in simulation tool called visual simulation (VisSim 6.0). In all electrical
simulations d-q axis convention has been followed with the reference frame as
synchronous reference frame. Simulation results indicate the suitability of the
developed model to study the dynamic behavior of the hybrid generation system

under different load conditions.
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NOMENCLATURE

Cpfl Power factor correcting capacitor

Vs_ref Voltage set point

f, ' Frequency set point. ‘
i_qgsd q component of current provided by synchronous

generator/diesel module
idsd d component of current provided by synchronous

generator/diesel module

igs ~ q component of Transmission line current.

i_ds d component of Transmission line current.

iqv ' q component of load current.

i_dv d component of load current.

PCC Point of common coupling

V_gsl q component of voltage at the PCC module

Vs System voltage

PFC1_KVAR : Reactive power generated by the PFC capacitor

SD_kW - Real power supplied by the diesel/synchronous
| generator

SD_kVAR - Reactive power provided by the diesel/synchronous

generator

Pdiesel_rated Power rating of diesel engine

Genm radjsec Angular velocity of diesel engine

Tdiesel . Torque generated by the diesel engine

Synchronous Machine _ -

Eq_D q component of generated voltage

Ke D * Voltage flux constant

Lf Field winding inductance

Rf Field winding resistance

L _qSD q component of stator inductance

L dSD - d component of stator inductance

R SD ‘ Stator resistance
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J_SD
Pole_SD
B_SD

R_bld
o

Induction Machine

SRR

&

L

q

lqr

Synchronous generator moment of inertia

Poles of Synchronous generator

Viscous friction coefficient of the synchronous
generator

Field voltage of synchronous generator

Wind speed

Real power provided by induction machine
Reactive power provided by induction machine
High-velocity torque at the output of the gear box
Gear ratio

Tip speed ratio

Rotor speed of wind turbine

Performance co-efficient or aero dynamic efficiency

Radius of the wind blade

Density of air

Quadrature axis
Direct axis

d component of stator flux linkages

. q component of stator flux linkages

q component of rotor flux linkages
d component of rotor flux linkages
q component of Mutual flux linkages between stator

and rotor

d component of Mutual flux linkages between stator

and rotor

q component of stator current
d component of stator current

q component of rotor current
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d component of rotor current

Stator resistance

Rotor resistance

prime indicates rotor components are referred to
stator side

Rotor inertia

Number of Poles

Magnetizing reactance at base frequency

Rotor leakage reactance at base frequency
Stator leakage reactance at base frequency

d component of voltage at the Induction machine
q component of voltage at the Induction machine

Real power of induction machine
Reactive power of induction machine

Apparent power of induction machine

PFC capacitor at the wind turbine site -

Transmission line resistance

Transmission line inductance.
\
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Chapter 01
Introduction

1.1 General ‘
The ever increasing energy. demands, dwindling sources of fossil fuels and
concern about pollution levels in the environment has been the driving force behind
electricity generation using renewable energy sources. Tapping the energy available
from the renewable resources allows the -attainment of notable reductions in the
pollution levels and worrying climate changes. On the other hand, the availability of
energy from renewable sources like wind energy, solar energy, etc. is unpredictable
and is ,affected by factors beyond human control. Therefore, such renewable energy
systems should be backed up by conventional sources of energy or energy storage
devices in order to ensure continuity of the energy supply. This leads us to the topic of
hybrid generation units comprising convéntional or unconventional sources of energy
or both, where two or more individual generation systems operate in parallel
supplementing each other. | ‘
Especially the electricity generated from the diesel sets is more suitable for the
places which are far away from grids and not economical to erect trahsmission lines.
Such systems are often characterized by poor efficiency, high emissions and high -
maintenance costs because of prolonged operation at low load levels. In many such
locations, the potential for renewable energy is high. Thus, this offers great incentives
to reduce dependence on conventional fuels and to lower emissions. Hybrid power
systems have been used very successfully to reduce pollution and to conserve diesel
fuel consumption. In areas with good wind resources, wind energy can be an
attractive addition to the existing diesel generator system. In remote and isolated areas
far from the grid, it may not be an economically viable option to supply electric power
from the grid. This is due to the high cost of transmission linés and higher
- transmission losses that aécornpany distribution of centrally generated power to
remote areas. DGs come in different forms such as diesel fired turbines or on-site gas,
reciprocating engines, microturbines, small hydro induction generators, wind turbines
and fuel cells. Proper modeling of these DGs, which constitute hybrid generation

systems, is needed in order to study their operation and impact on power systems.



Hybrid generation systems usually combine reneWable sources like wind
power with conventional sources of energy like diesel generation or gas turbines (or
microturbines) to from an equivalent of a miniature (or virtual) grid. Such a
configuration addresses two important issues namely, higher emissions because of
conventional generation techniques and high cost of energy capture from renewable
sources. For wind energy systems, the renewable source of energy considered in this
thesis, the emissions are nil but it has relatively high capital costs. Diesel generation is
the other generating system in the hybrid generation system. In this thesis, theée two

systems models are integrated to form a model of the hybrid generation system.

1.2 Literature review

Driesen et al, [1] have made the observation that there is a renewed
interest in small-scale electricity generation. The authors start with a survey of
existing small-scale generation technologies and then m'ove‘ on with a discussion: of
the major benefits and issues of small-scale electricity generation. Different
technologies are  evaluated in terms of their possible contribution to the listed
benefits and issues.

Patel et al., [2] have analyzed the advantages and techno-economic
constraints associated with the distributed generation. The distributed generator is
given attention against a large—scale. generator to correspond to uncertain demand
growth. Distributed generation (DG), by way of setting up small generating units
based on a variety of local energy sources with localized distribution, has been
identified as the future shape of the power sector reforms and also as one of the
alternatives for ensuring supply of power in rural areas.

Barker and Robert [3], have described a few of the issues that must be
considered to insure that DG will not degrade distribution system power quality,
safety or reliability. The authors focused on radial systems, although some of the
issues discussed are common to low voltage distribution networks, and mainly on
network voltage changes and harmonics. ‘

' Jenkins-and Strbac [4] considered the impact of embedded generation on
the power quality of distribution networks. The various types of embedded generation
are discussed and their impact on the network reviewed. The potential for
fmprovement of network power quality using embedded generators is addressed and

the barriers to implementation briefly considered.



The web links [5]-[6] for the software and user manual guide for the
VisSim Software is given in the references section. We can get the software from
those links. VisSim is a visual block diagram language for modeling and simulation of
conﬁplex nonlinear dynam\ic systems.

C. P. Butterfield et al, [7] presented the operation of variable-speed wind
turbines with pitch control. The system they had considered is controlled to generate
maximum energy while minimizing loads. In low to medium wind speeds, 'the
generator and the power converter control the wind turbine to capture maximum
energy from the wind. In the high-wind-speed regions, the wind turbine is controlled
to maintain the aerodynamic power produéed by the wind turbine. Two methods to
adjust the aerodynamic power were investigated: pitch control and generzitor load
control, both of which are employed to regulate the operation of the wind turbine.

E.Muljadi et al., [8] have analyzed a power system network consisted of
wind and diesel powér generation. Power quality and the interaction of diesel
generation, the wind turbine, and the local load were the subjects of their
investigation.

Slootweg et al. [9] presented a general model that can be used to represent
all types of variable speed wind turbines in power system dynamic simulations. The
wind turbine dynamics are approximated using nonlinear curves, which are numerical
approximations, to estimate the value of wind turbine rotor efficiency for given values
of rotor tip speed and pitch angle of the ‘blade. The authors offer a comparison
between the per-unit power curves of two commercial wind turbines and the one '
obtained theoretically by using the numerical approximation. The results indicate that
a generall numerical approximation can be used to simulate different types of Wind
turbines.

Tomas Petru and Thiringer [10] have presented the modeling of wind turbine
for power system studies. And they have analyzed complexities of various parts of
Wiﬁd turbine model, such as aerodynamic conversion, drive train, and generator
representation, are analyzed in their wq;k. The results are verified by field
measurements made on stall-regulated fixed speed wind turbine. And they have
proved that their model is suitable fof the use in grid simulation programs.

N. A. Schinas, N. A. Vovos, and G. B. Giannakopoulos [11] presented a
control strategy for a variable speed pitch-controlled wind turbine (WT) generation

scheme for the supply of an autonomous system with no energy storage units. In their



work they have used the synchronous generator which includes two three-phase stator
windings displaced by 30° that are connected to the transformer load through two dc
links with voltage source inverters (VSI). The first goal of the WT control system is to
supply the load with constant real power under constant voltage as the wind speed
varies between two levels and the second is to operate sfnoothly interchanging the
load steps when the wind speed breaks through a speed level.

Kim Johnsen and Bo Eliasson [12] presented an aggrégate wind farm model
for use in real-time power system studies. The model they have. developed in
MATLAB/Simulink to operate with the ARISTO (advanced real-time interactive
simulator for training aﬁd operation) simulator system. The wind farm model they
have presented was based on the aggregate wind farm principle, on basis of the so-
called “Danish concept” for wind turbines. Finally they discussed about their model
with its performance.

Antonios E. et al., [13] presents a model -of the variable speed wind turbine
connected to a permanent magnet synchronous generator (PMSG). But PMSGs suffer
- from uncontrollable magnetic field decaying over a period of time, their generated
voltage tends to fall steeply with load and is not ideal for isolated operation. Induction
generators, on the other hand, have many advantages over conventional synchronous
generators due to their ruggedness, no need for DC filed current, low maintenance
requirements and low cost.

P. C. Krause ef al., [14] demonstrated the effectiveness of an analog computer
in studying the performance of induction machinery with coniputer simulation results
which show the dynamic behavior of 2-phase and 3-phase machines during balanced
and unbalanced operation. The computer simulation for these various modes of
operation is conveniently obtained from the equations which describe the symmetrical
induction machine in an arbitrary reference frame, and the simulations would be
useful in studying the performance of induction machine when used in conjunction
with electronic switching devices.

Anca D. Hansen et al, [15] give .a model of the WECS using doubly fed
induction generator (DFIG). DFIGs allow one to produce power both from the stator
and the rotor of a (wound rotor) induction generator. However increase in the power
output comes with increased cost of power electronics, and their control, for the rotor
circuit. One advantage of this configuraﬁon is its suitability for grid-connected

operations where reactive power is supplied by the grid.



R.C.Bansal et al, [16] have presented complete bibliography on the
application 6f induction generators in non conventional energy systems. In this one
théy have given the bibliography of induction generators for wind power system
applications and for hybrid power systems. .

P. Kundur [17] describes the development of detailed mathematical model of
synchronous machine and briefly reviews its steady state and transient performance
characteristics. It defines the derived parameters of synchronous machine that are
directly related to observed behavior under suitable test conditions and develops their
relationships to the fundamental parameters. The simplifications required for the
representation of the synchronous machine in stability studies are also discussed. It
describes the characteristics and modeling of different types of synchronous generator
excitation system as recommended by IEEE.

The generator model is derived starting from the basic circuit equations and
the use of Park’s transformation by K. R. Padiyar [18]. The models of excitation
system and turbine governor system, the amalysis of single machine connected to
Infinite Bus and the study of fransient stability by simulation are aiso presented in this
book. |

The book titled “Power System Control and Stability” [19] by P. M. Anderson
and A. A. Fouad, a mathematical model for a synchronous machine is developed for
stability studies. Two models are developed, one using the current as state variables
and another using the flux linkages. Simplifies model, which are often used for
stability studies are also discussed. It alsp'cgvers some practical consideration in the -
use of the mathematicai model of synchronous machines in stability studies.

H.E.McKenna et al., [20] analyzed a power system network that consisted of
two types of power generation: wind turbine generation and diesel generation. The
poWer quality and the interaction of diesel generation, the wind turbine, and the local
load were the subjects of their investigation. The purpose of their work is fo show the
impacf of the wind power plant on the entire system. In addition, they discussed how
the startup of the wind turbine and the transient condition during load changes affect
the system’s voltage and frequency.

Bialasiewic et al., [21] presented a modular simulation system developed to
study the dynamics and to aid in the design of hybrid power systems with diesel and
wind turbine generation. The emphasis is placed on the representation of the

dynamics of the elements of a real system and on the control aspects of the modules.



Various system configurations simulated in their work. And they hﬁve proved that,
this tool can be used to study the transient and the steady-state interaction of the
various components of a hybrid system. '

Reference [22] presents a hybrid configuration comprising of a wind-diesel
system originally developed by the Hydro-Quebec, aimed at reducing the cost of
electricity supply in remote areas. The two main blocks of the system presented are,
diesel- driven synchronous geﬁerator and the wind turbine driven by the asynchronous
(induction) generator. The wind turbine block uses a 2-dimensional lookup table to
compute the turbine torque output as a function of wind speed and turbine speed. In
this all-wind mode, the synchronous machine is used as a synchronous condenser and
its excitation system controls the grid voltage at its nominal value. A secondary load | A
bank is used to regulate the system frequenéy by absorbing the wind power exceeding
consumer demand. ‘

C. Wang et al., [23] investigated a small isolated hybrid power system that
used a parallel combination of dispatchable and nondispatchable power generation
sources. The interaction among different generation sources and the loads was
investigated in their work. Simulation results showed the- effect of the proposed
system on voltége and frequency fluctuations.

A. Tomilson et al, [24] developed a nonlinear dynamic model of the
experimental wind-diesel system at the Atlantic Wind Test Site (AWTS) and
simulated using the MATLAB and Simulink software packages. The model is
validated by comparing the simulation with actual response measurements of the
AWTS system. .

G. S. Stavrakakis et al., [25] presented detailed dynamic equations for the
power system and Wind .E.nergy Conversion System (WECS) components and their
synthesis to a unified model are presented. This model is the basis for creating
simulation software able to perform transient stability analysis of isolated Diesel-wind
turbines power systems for accurate assessment of their interaction. A new general
multimachine power system model is also developed which describes the topology
and the complexity of Wind-Diesel systéms in a compact form easy to implement in

the simulation software.



1.3 Simulation tool

The simulation tool used in this work is the VisSim 6.0. Which is very
powerful in implementing of mathematical equations, Vissim is a Windows-based
program for modeling and simulating complex dynamic systems. Vissim combines an
intuitive drag-and-drop block diagram interface with a powerful simulation engine.
The visual interface offers a simple method for constructing, modifying and
maintaining compléx system models. The simulation engine provides fast and
accurate solutionsA for linear, non-linear, continuous time, time varying and hybrid
system design. [5] & [6] | |

With VisSim we can rapidly develop software prototypes of systems or
processes to demonstrate their behavior prior to building the physical prototype.
Further more, all modeling and simulation tasks can be completed without writing a
line of code. This leads to significant savings in both development time and costs, and

a greater assurance that the resultant product will perform as specified.

1.4 Organization of the Thesis

Chapter 1 describes the general introduction to the hybrid systems and its present
importance to the power system. In this chapter we have also given the brief
introduction to the new simulation software used for this work and last is the literature
part.

Chapter 2 gives the definitions of distributed generation, hybrid systems, it’s positive
- and negative impacts and also discusses the types of hybrid systems.

Chapter 3 is the heart of this report. It includes the modelling of all the components
which are used in this work have been included with the mathematical equations and
its corresponding simulation blocks. |

Chapter 4 includes the case studies, results and discussion about results

- Chapter 5 gives the conclusion of work considered and the future scope of work.



Chapter 2
HYBRID POWER SYSTEM

2.1 Distributed Generation -

Distributed power generation is any small-scale power geheration technology that

provides electric power at a site closer to customers than ‘central station generation. A
- distributed power unit can be connected directljr to the consumer or to a utility's
transmission or distribution system. One can further categorize distributed generation
technologies as renewable and nonrenewable [1]-[2]. The distributed generation has
positive impacts are generally called “system support benefits”, and some of them are
Loss reduction, Improved utility system reliability, Voltage support and improved
power quality, Transmission and distribution capacity release, and Deferments of new
or upgraded T&D infrastructure. Like the positive impacts DGs have negative impacts
~also and those include Generally results in higher energy costs, Less load diversity
requires increased peak capacity, Requires redundancy for equivalent reliability, May
require a utility connection for backup power, and May require a utility connection for

load following.[3]-[4]

2.2 Renewable Technologies [2]
2.2.1 Wind Power

The terms "wind energy" or "wind power" describe the process by which the wind is

used to generate mechanical power or electricity. Wind turbines convert the kinetic
energy in the wind into mechanical power. This mechanical power can be used for
specific tasks (such as grinding grain or pumping water) or a generator can convert
this mechanical power into electricity to power homes.

Modern wind turbines fall into two basic groups; the horizontal-axis variety,
like the traditional farm windmills used for pumping water, and the vertical-axis
design, like the egg beater-style Darrieus model, named after its French inventor.

Most large modern wind turbines are horizontal-axis turbines.
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Fig.2.1 Schematic diagram of fixed speed furbine

- 2.2.2 Photo Voltaic

Photovoltaic power cells are solid state sem_i conductor devices that convert
sunlight into direct current electrical power and the amount of power generated is
directly related to the intensity of the light PV systems are most commonly used for
stand alone applications and are commercially available with capacities ranging
between one kW to one MW. The systems are commonly used in India and can
contribute a great deal for rural areas, especially remote and inaccessible areas. High
initial cost is a major constraint to large-scale application of SPV systems. R&D work
hais_ been undertaken for cost reduction in SPV cells, modules, and systems besides
improvements in operational efficiency.

2.2.3 Bio mass

Biomass refers to renewable energy resources derived from organic matter,
such as forest residues, agricultural crops and wastes, wood, wood wastes that are
capable of being converted to energy. The extraction of energy from biomass is split
into three distinct categories, solid biomasé, biogas, and liquid bio-fuels. Biogas is
obtained by an aerobically digesting organic material to produce the combustible gas -
methane. There are two common technologies, one of fermentation of human and
animal waste in spécially designed digesters, the other of capturing methane from

municipal waste landfills [4].



2.3 Nonrenewable technologies
'2.3.1 The Internal Combustion Engine

The most important instrument of the DG systems around the world has been
the Internal Combustion Engine. Though the diesel engine is efficient, starts up
relatively quickly, it is not environment friendly and has high operating and
maintenance costs. Consequently its use in the developed world is limited. In India,
the diesel engine is used widely on account of the immediate need for power,
especially in rural areas, with out much concern either for long-term economics or for
environment.

2.3.2 Combined Heat and Power Plant (CHP)

A CHP plant is an installation where there is simultaneous generation of
usable heat and power (usually electricity) in a single process. The basic elements of a
CHP plant comprise one or more prime movers usually driving electrical generators,
where the heat generated in the process is utilized via suitable heat Tecovery
equipment for a variety of purposes including: industrial processes, community
heating and space heating.

CHP can provide a secure and highly efficient method of generating
electricity and heat at the point of use. Due to the utilization of heat from electricity
generation and the avoidance of transmission losses because electricity is generated
on site, CHP typically achieves a 35 percent reduction in primary energy usage
compared' with power stations and heat only boilers. This can allow the host
organization to make economic savings where there is a suitable balance between the
heat and power loads.

2.3.3 Fuel Cells

Fuel cells produce direct current electricity using an electromechanical process
similar to battery as a result of which combustion and the associated environmental
side effects are avoided. Natural gas or coal gas is cleaned in a fuel cell and converted
to a hydrogen rich fuel by a processor or internal catalyst. The gas and the air then
flow over an anode and a cathode separated by an electrolyte and thereby produce a
constant supply of DC electricity, which is converted to high quality AC power by a -
power conditioner.

2.3.4 Micro-furbines
" Micro turbines are essentially very small combustion turbines, individually of

the size of a refrigerator, that are often packaged in multiunit systems. In most
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configurations, the micro turbine is a single-shaft machine with the compressor and
turbine mounted on the same shaft as the electric generator. With a single rotating
shaft, gearboxes and associated parts are eliminated, helping to improve
manufacturing costs and operational reliability. The rather high rotational speeds vary
in the range from 50,000 to 120,000 rpm, depending on the output capacity of the
micro turbine. This high-frequency output is first rectified and then converted to 50 or

60 Hz [4].

2.4 Types of hybrid power system

A common hybrid system for the application in developing countries generally
consists of the following main components: |
1. A primary source of energy, i.e. a renewable energy resource;
2. A secondary source of energy for supply in case of shortages, i.e. a diesel generator
set;
3.A storage system to guarantee a stable output during short times of shortages;
4. A charge controller;
5. Installation material (safety boxes, cables, plugs, etc.);
6. The appliances (lighting, TV/radio, etc.).
Hybrid systems are applied in areas where permanent and reliable availability of
electricity supply is an important issue. Maintaining high availability with renewable
energies alone usually requires big renewable energy generators, which cﬁn be
avoided with hybrid systems. At favorable weather conditions, the renewable part of
' the system satisfies the energy demand, using the energy surplus to load the battery.
The batteries act as “buffers”, maintaining a stable energy supply during short periods
of time, i.e. in cases of low sunlight or low wind. Moreover, the battery serves to meet
peak demands, which might not be satisfied by the renewable system alone. A charge
controller regulates the state of load of the battery, controlling the battery not to be
overloaded. The complementary resource produces the required energy at times of
imminent deep discharge of the battery, at the same time loading the battery.
Advantages of Hybrid Power Systems
* Provide Dependable, Utility-Grade 24 Hour AC or DC Power
* Not Dependent On Single Source Of Energy
* Flexible, Expandable, Able To Meet Changing Loads

11



¢ Simple, Quick, Low Cost Installation

* Low Operating Costs (O&M and Diesel Fuel)

¢ Simple Operation, Low Maintenance & Service Requirements

* User Not Required To Operate, Maintain, or Repair

¢ Lower Life-Cycle Cost Of Electricity For Remote Applications
Disadvantages of Hybrid Power Systems _

¢ High Capital Cost Compared To Diesel Generators

* Diesel And Hybrids Have Very Different Cost Components

. ¢ More Complex than Stand-Alone Power Systems
* Requires Battery Storage and Power Conditioning

* Not Yet In Full Commercial (High Volume) Production ... Few Suppliers

2.4.1 PV/Diesel

Combining Photovoltaic arrays and a diesel generator set provides a rather

simple solution and is feasible for regions with good solar resources. PV/Diesel
hybrid systems require a DC/AC-inverter if appliances need alternating current, since
PV modules provide direct current. Compared to the common solution for rural off
grid electrification ﬁsing diesel generator set alone, the hybrid solution using
photovoltaic offers great potential in saving fuel. Experiences show annual fuel
savings of more than 80% compared to stand-alone mini-grids on diesel generator set
basis, depending on the regional conditions and the design of the system.
Naturally, the observed fuel saving varies over the year. The solar generator can
provide about 100% of the electricity during summertime, while in winter this figure
is less. Typically, in climatic regions like Ger;nany a PV/Diesel hybrid system is
designed to provide around 50% of the electricity from photovoltaic during winter,
the rest being supplied with the diesel generator set.
2.4.2 Wind/Diesel

Wind/Diesel combinations are, in principal, built up in the same way as are
PV/Diesel systems. From a perspective of financial competitiveness, they can be
applied in regions where average wind speed is around 3.5 m/s already. If wind speed
is sufficient, the wind turbine is in charge of the provision of energy. During short
periods of time with low winds, the battery maintains a stable system, being replaced

by the diesel generating set when low winds occur over longer periods of time.
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Wind/Biogas
- The concept of a Wind/Biogas system is to some degree similar to Wind/Diesel

hybrid systems. Instead of the diesel generator set, here engiﬁe generator sets, small |
gas turbines, or some kinds of fuel cells can be used to generate electricity in addition
~to the wind turbine. The engine is fuelled by biogas, which is produced in an
anaerobic digester. If the production of biogas is at times not sufficient, conventional
gases as propane can be used instead. Wind or PV systems offer an environmental

benign approach towards rural electrification.

Hydropower Hybrid Systems

Wind/Large Hydropower

On a seasonal basis, the two resources wind and hydropower tend to complement each
.other to some extent. Especially in- winter, when river flows are low, wind has the
potential to take over electricity supply. However, during late summer, both resources
might become low, and the combination of both is then disadvantageous. Moreover,
while hydro generators on rivers are usually at lower levels, wind resources are better
~ at high elevations. For constant electricity generation, another energy resource would
therefore be necessary. Since the combination of wind and hydropower offers just
limited advantages, it is unlikely that these resources are combined in a project in
developing countries, since this opportunity does not seem economically attractive.
However, for some locations the situation might be different, so that the feasibility of
Wind/Large Hydropower systems needs to be assessed for each case individually.
Wind/Micro-Hydro and PV/Micro-Hydro

While hybrid systems with large-scale hydropower generators seem unattractive,
micro hydropower is more feasible..Micro—hydroelectric generators are turbines that
are able to operate under low ele_vatidn head or low volumetric flow rate conditions,
- being suitable for small rivers. Where rivers have inconsistent flow characteristics
(dry in summer, frozen in winter), a hybrid systeni applying wind or PV support can

be attractive. A careful assessment of water resources is therefore essential.
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Chapter 03
MATHEMATICAL MODELING OF HYBRID POWER SYSTEM

3.1 Wind Energy Conversion System

A schematic diagram of a wind energy conversion system is presented in the
next section along with a detailed description of wind turbine and its modeling. The
functionality of other system components is also discussed briefly. The functional

structure of a typical wind energy conversion system is as shown in Figure 3.1.1,

Wind Energy Mechanical-

Congersion Elecirioal
Fa Energy Conversion
Wind Speed y ' forqueandSpecd
_j conversion Generatos
E— 7N g
AR o I
Al flow { Mechanical Drive | ) AC Fower
- < Unit. - | J T ot
X N j—mf
. {! _
‘Rofor:Bledes jf
Kinetic Energy ; {dechanicdl Energy l{ Electrical Energy

L

Fig 3.1.1: wind energy conversion system

A wind energy conversion system is a complex system in which knowledge from a -
wide array of fields comprising of aerodynamics, mechanical, civil and electrical
engineering come together. The principle components of a modern wind turbine are
the tower, the rotor and the nacelle, which accommodates the transmission
mechanisms and the generator. The wind turbine captures the wind’s kineticbnergy in
the rotor consisting of two or more blades mechanically coupled to an electrical
generator. The main component of the mechanical assembly is the gearbox, which
transforms the slower rotational speeds of the wind turbine to higher rotational speeds
on the electrical generator side. The rotation of the electrical generator’s shaft driven
by the wind turbine generates electricity, whose output is maintained as per
specifications. in this thesis induction generator is used as the generator for electrical
power generation. Two distinctly different design configurations are available for a

wind turbine, the horizontal axis configuration and the vertical axis configuration. The
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vertical axis machine has the shape of an egg beater, and is often called the Darrieus
rotor after its inventor. However, most modern turbines use horizoﬁtal axis design. In
this chapter the dyﬁamic model of a horizontal axis turbine is developed and
simulated in the VisSim, as noted above, a WECS is a complex system converting
wind ene‘rgy to rotational energy and then to electrical enérgy. The output power or

torque of a wind turbine is determined by several factors like wind velocity, size and
. shape of the turbine, etc. [5]

Wind/Diesel combinations are, in principal, built up in the same way as are
PV/Diesel systems. From a perspective of financial competitiveness, they can be
applied in regions where average wind speed is around 3.5 m/s already. If wind speed
is sufficient, the wind turbine is in charge of the provision of energy. During short
periods of time with low winds, the battery maintains a stable system, being replaced
by the diesel generating set when low winds occur over longer periods of time.

The power and the torque generated by the wind turbine are as follows: [6]

P, a =0.50nR;,C V0, (3.1)
P,

T = wind .2

o ¢2)

Where: .

p = density of air

Ryp1; = swept area of the blade

C, = performance coefficient

Viwina = wind speed. .

T« = mechanical torque (at low speed shaft)

Pyina = output power of the turbine

W,.= rotor speed of the wind turbine - low speed shaft.
A typical C, curve is shown in Figure 3.1.2. This characteristic defines Cp as a
function of the tip-speed ratio (ZSR) given by the equation 3:
; @, Ry |

TSR =
5 Vv,

wind

(3.3)

Where Ry is the Radius of the wind turbine rotor
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Figure 3.1.2: A typical Cp versus tip-speed ratio curve

As shown in Figure 3.1.3, the performance coefficient (Cp), which represents the
efficiency of the wind turbine, varies as the wind speed increases. As the wind speed
increases, the TSR decreases and the Cp increases until it reaches the maximum Cp at
TSR = 7.8 (which corresponds to about 8 m/s for this wind turbine). As the wind
speed continues to increase, the performance coefficient Cp declines. This process
makes the wind turbine self-regulate its output power by operating at lower efficiency
at high wind speed. '

Cp and TSR versus Wind Speed

16 - <05
14 4—
12 \ L~ T 04
10 1
3:) o 7 \ Y‘ 0.3 8—
T 6 / Al N +02
j | " -
T = to01
2 —
0 0
0 5 10 15 20 25
Wind Speed (mis) | T giR

Figure 3.1.3: Cp and TSR as a function of wind speed for a fixed-speed turbine.
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3.1.1 Wind speed data

The wind speed data used in this work has generated with the use of export
block and slider gain which is shown in fig.3.1.4 and which are available in the
simulation software VisSim 6.0 and we have to save that data in a file format for
further use in work space. For the calculation of wind power we will use the data
which were already stored in a specified file-(.txt) format with the help of import

block. The wind data used in this work is shown in fig. 3.1.5

3
Time (sec)

EXPORT to beFILE ™}

Fig.3.1.4: exporting data to .txt file

WIND SPEED V_wind
» V_wind 20
18+
£16
=
Q
2,14
w2
12
10 1 1 1 I 1 1 — . B T 1
¢ 125 25 375 S5 625 75 875 10 11.25 13.75
Time [sec]

- Fig 3.1.5: Wind data used in the simulation work

3.1.2 AC Wind Turbine [7]-[11]

In Figure 3.1.6, we show a single-line diagram of a hybrid power system
where we dot-ffamed the portion of the diagram representing the AC WT. As shown
in this figure, the WT consists of two machines: (1) a wind turbine and (2) an
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asynchronous generator. In addition, the PFC capacitor (although not shown at this

presentation level) and the line impedance R+jX are also included.

Diesel
Engine

Synchronous
generator

—

pe0

N

PCC

R+X

E

T

i Turbine

PFC

Figure 3.1.6: A single-line power system diagram with the WT module dot-framed

Figure 3.1.7 presents the top-view block diagram of the AC WT module implemented

by the file wtg base_mod.vsm. It consists of two blocks, shown in Figure 3.1.7(b),

which are WT, and wind speed. The WT module has two outputs labeled kW and

kVAR, which make the real and reactive power available for monitoring. In Figure

3.1.7(c), we present the expansion of the WT block, showing the interconnections of

its principal components and their inputs and outputs. In this simulation, the reactive

power has two components: (1) one absorbed by the induction generator and (2) one

contributed by the PFC capacitor block.

.19



+  wind

WITG #1

WIND SPEED
WITG_PCC

KVAR

(@

WIND

SPED

V_wind

torque

L

AC
WIND
TURBINE

T KVAR

(b)

speed

V_wind

WIND
TURBINE
ROTOR

o

GEARBOX

torque

T_wind

IG_kW

INDUCTION -

GENERATOR

POWER FACTOR
CORRECTION
CAPACITORS

(©

G_KVAR

+
PF_KVAR x

KVAR

Figure 3.1.7: AC WT module implemented by the file wtg_base_mod.vsm: (a) top-

view diagram, (b) second-level diagram, and (c) expansion of the AC WT block.
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Figure 3.1.8: Simulation diagram of the wind turbine rotor

By ciicking the mouse on any of the blocks shown in Figure 3.1.7(c), we obtain its
lower level expansion. Such expansion of the wind turbine rotor block consists of: (1)
tﬁe parameter module and (2) the simulation diagram. The parameter module contains
two parameters: the air density p and the blade radius Rya. By clicking the mouse on
the simulation diagram, we can retrieve its expansion as shown in Figure 3.1.8. In the
simulation diagram the- velocity rpm of the induction machine is converted to the
angular velocity w; in radians/second, which in turn is divided by the gear ratio Gearr.
This results in the angular velocity of the blade w,_;, which is given in equation 3.4,
i.e., [6]

w

r

01047
w, | = P (3:4)

' Gear,  Gear,
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Then, the tip-speed ratio TSR is calculated using the relation and given in the equation

(3.3)

w,_ Ry,
TSR = ———

wind

. The nonlinear relation between 7SR and the performance coefficient C, is
encapsulated in the map block, which perfdrrns piecewise linear interpolated look-
ups. An ASCII data file is used for this mapping. The Cp, generated by the map block
is then used to calculate the wind power P,ns, from which the torque generated by the
WindV turbine T, is determined. These calculations, shown in Figure 3.1.8, are

represented by the following equations: (3.1)-(3.2)

F wind = Osp]IR[led Cqu?ind
. P
. th - wind
w

r-i

3.1.3 Gearbox

In Figure 3.1.9, the expansion of the gearbox block is shown, in which the
gear ratio is declared and the high-velocity torqué is calculated, appended with a

negative sign for future calculations, and denoted by Tyina.

gear ratio

[3}——»[Gear r|—
(a)

torque generated
by the wind turbine

| " :
e -
ral/ p| X]—»[ T wind torque at the output
of the gearbox

»| Gear r | ,
(b)
Figure 3.1.9: Gearbox: (a) parameter module expansion and (b) expansion of the

simulation diagram

3.1.4 Induction Machines [12]-[14]

Most electric machines used as the prime mover in industry are induction

motors. By its nature, an induction machine is an inductive load. Either as a motor or

generator, this machine absorbs reactive power. The reactive power absorbed by the
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induction machine comes from the line to which it is connected. In a hybrid power,
the reactive power comes from the synchronous generator of the diesel generator set.
In a wind turbine generator, a fixed capacitor is usually installed to supply some of the
reactive power needed by the induction generator. The equivalent circuit of an
induction machine connected to a power system is given in Figure 3.1.10. The power
system is represented by the infinite bus Es and reactance Xs which represents the line
i'mpedance.

Source I Motor ,
I, Ry & 3Ky

@E} ;{ /s

TIm
s }.qu-n_‘[XmRr

Figure 3.1.10: Equivalent circuit of an induction machine connected to power system.

Figure 3.1.11 shows the first-level expansion of the induction generator block. The
parameters of the machine are listed in the parameter module as shown in Figure
3.1.11(a). In addition, the calculations of a set of constants in terms of these
parameters, which simplify the simulation of induction generator, are also placed in
the parameter module. This part of the parameter module is not shown in Figure
3.1.11(a). The following equations (3.5)-(3.7), implemented in the parameter module,
specify these constants.[12]

at=1+X,/(X,+X,), (3.5
bl =1+X,/(X,+X,) (3.6)
_ o, _ Lo, a4 PR __F _ 3P 37
c=x, 0 4T emyry fT =K, 87 =Xy =g k= 3D

Where w, =377 (in radians per second or rad/sec) is the base speed.

The first-level expansion of the simulation diagram of the induction machine is shown
in Figure 3.1.8(b). Let us concentrate on the two main blocks labeled ds_axis and
'qs_axis. Clicking the mouse will bring up the expansions of these blocks. They

implement the following equations [(3.8)-(3.17)] describing the induction machine:
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w ¥
‘qu = W, f [vqs2 - w_b‘pds + Xlx (lI!mq - lpqs )]dt

w Fs
Wy = wa[vm —;}:‘pqs + X (V,y — Wy )]dt

Is

. . w-w, ., T, :
‘I’qr = wa[vqr - (D;, lI'Izir + Xl'r (qu - ‘Pdr )]dt
. . w-w, _, T :
v, = wa[vdr PN v, + X (¥, -, )dt
b Ir

w, =a¥, +b¥,
Y =a¥, +b¥,
ig = F (W —¥,,)
iy=f(¥,-W)
i =1g(‘~I’q, = )

idr = g(‘Pdr —IPmd)

where vg and vy, are defined in the PFC Capaqitor block described below.

[087] I reactance at base frequency:
stator resistance 13.08
magnetizing reactance
- rotor resistance ' Ea
(4} o —>[J— rotor leakage reactance
rotor inertia
302
[4]— —»[P|—
stator leakage reactance
poles

(@

(3-8)

(3-9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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Figure 3.1.11: First-level expansion of the induction generator block:
(a) Parameter module and (b) Simulation diagram.

Note that according to the model assumed (as best seen in Figure 3.1.9) the induction

generator current components, iy and ig4, equal to the respective transmission line
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currents, iz and igs, minus the respective components, igprc2 and igprcz, of the PFC

capacitor current. The block labeled Te&wr implements the following equations

[(3.18)-(3.20)]:

T;: = k(wdsiqi - lI’qsidi) (3'18)
©r B((T -T., )i | 3.19
a)b = f( e wiml) t ( . )
rpm = 9.54929-2r (3.20)
P . P2 .

The equation implemented in the real power block is given in (3.21)

P =3x107 (Vi + Vaoig) [KW] (3.21)

The eqliations [(3.22)~(3.23)] implemented in the reactive power block are

O =3x107 (Vasabar — Vasaly:) [KVAR], (3.22)

Sie =3x107 V2, +v2, fi +i} [kVA] (3.23)

~ Figure 3.1.13 presents the PFC capacitor and transmission line model block. Its
parameter module is expanded in Figure 3.1.13(a) and shows the following

parameters C,p PFC capacitor at the wind turbineé site
Riy Transmission line resistance
Lyxy Transmission line inductance.

The simulation diagram is expanded in Figure 3.1.13(b) and its corresponding circuit

diagram is shown in Figure 3.1.12.
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Figure 3.1.12: Circuit diagram of the PFC capacitors and transmission line model
~ block: (2) q-axis circuit representation and (b) d-axis circuit representation
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Figure 3.1.13: PFC capacitors and transmission line model block: (a) parameter

module, (b) simulation diagram, and (c) expansion of the reactive power block.
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The transmission line connects the diesel generator with the induction
generator. According to the circuit diagram, the d-q axis equations [(3.24)-(3.29)]

involved follow:

iqPFCZ = iqsl - iqi (3.24)
idPFCZ = idsl - idi (3-25)
1 . .
Vos2 = 7 f (quFCZ - a)Cprvd.s'Z )dt ' (3.26)
Cpf 2
1 .
Var = o [ Caprca + @C,p2v,0)dt | (3.27)
pr2
. 1 . . '
lq:l = Tf(quI - Vqs2 - wLLNLdsl - RLNIqsl )dt ’ (3‘28)
. N .
. 1 . . :
lin = 7. f (Vi =Vaer + WLyl — Ry yiyg )dt (3.29)
N :

Finally, Figure 3.1.13(c) shows the expansion of the reactive power block, which

implements the equatioh given in (3.30)

PF2,, =3%x10%0C,,(v2, +v2,) | - (3.30)

3.2 Diesel Generator

In Figure 3.2.1, we show a single-line diagram of a hybrid power system
where we dot-framed the portion of the diagram that represénts the diesel generator.
As shown in this figure, the system consists of two machines: (1) a diesel engine and

(2) a synchronous generator.
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Figure 3.2.1: A single-line power system diagram with the DG portion dot-framed

3.2.1 Diesel Engine
Small diesel-power generating sets (diesel generator sets) have been the

traditional way to address the problem of the lack of electricity. They provide a
simple solution for rural electrification and can be designed for different capacities,
being adapted to the needs of the consumers. In cases security of supply is not of
major importanc;e,‘ single diesel generator sets can be applied for electrification,
accepting that no electricity can be supplied in times the generator set is out of
commission, i.e. due to repair or maintenance. This problem can be met by using a
- group of diesel generator sets, with the ofhér genefator sets providing backup. With
diesel generator sets, the electric current is produced within the village itself. Diesel
generator sets have problems with short durability, which is due to the fact that they
work very inefficiently when running just at fractions bf their rated capacity.
Typically, the efficiency of operation is between 25-35%. Moreover, frequent start-up
and shut-down procedures decrease their lifetime as well. Many, especially rural,
“areas are far away or isolated (i.e. islands) from higher developed regions so that the
regular supply with diesel fuel becomes a Iogisticﬁl problem and an important
financial burden even in countries, where fuel is heavily subsidized. Moreover, the
transportation of diesel - fuel can result in severe environmental damage, as

experienced
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Diesel engines are ubiquitous in' society precisely because they are the most

efficient and cost-effective prime mover available. This efficiency is primarily due to
the high compression ratio that is used to create heat and cause spontaneous ignition
of diesel fuel. Because they must be built to with stand the very high internal forces of
high compression, diesel engines cost more than other engines. Greater fuel
efficiency, reliability, and longevity justify the extra cost.
There is a correlation between the amount of fuel burned per unit of work and the
exhaust emissions an engine generated. The diesel engine is inherently more fuel-
. efficient than gasoline engines. Therefore, certain exhaust emissions, including those
that are routinely tested for in emissions, including those that are routinel‘y tested for
in emissions tested modeled on regulated emissions are lower for diesel engines than
‘for a gasoline engine of comparable age, condition and capability. These regulated
emissions include total hydrocarbon (THC), carbon monoxide (CO) and nitrogen
oxide (NOy). This is true even if the diesel engine is not fitted with a catalytic
converter and the gasoline enginé is fitted with a catalytic converter. Greater fuel
efficiency that reduces the amount of fuel required, required CO, emissions compared
to gasoline engines, and reductions in regulafed emissions explains why the diesel
engine is considered to be a more environmentally acceptable engine than the gasoiine
engine in the world. ‘

Figure 3.2.2(a) represents the top-view diagram of the DG module. Two outputs—
SDyw and SDvag —make the real and reactive power available for monitoring with
either a display or plé)t block. Clicking the mouse will bring up the second-level block
diagram, such as the one in Figure 3.2.2(b), which represents the principal functional
blocks of the diesel generator with their interconnections and in which all inputs and
6utputs are clearly shown. According to the block diagram in Figure 3.2.2(b), the
speed control block generates a proper fﬁel/air ratio (represented by the variable
%fuel) for the diesel engine. This enables the engine to generate the proper torque to
drive the synchronous generator. The voltage regulator (with the proper adjustment of

the field current of the synchronous generator) controls the line voltage V.

31



reference
frequency

SD_kW

»{ ]

DIESEL -
GENERATOR SD_KVAR
(a)
torque
DIESEL » R P
% fuel SYNCHRONOUS I
ENGINE englne GENERATOR ——p»— kVAR
field ACterminal
St current voltage
—p—P ENGINE VOLTAGE ‘_|
SFED
”’ CONTROL CONTROLLER
. < ACterrrinal
valtage voltage
set pointp| Vs _ref 'ﬁ —p g _ <
(b)

Figure 3.2.2: Block diagrams of the DG module: (a) top-view and (b) second-level
showing principal functional modules and their interconnections

Figure 3.2.3 represents a simple simulation diagram of a diesel engine. Its

POWER=f(%grugr) characteristic is represented as a straight line with the slope and

the minimum value of the %rygL

minimum value
of the %FUEL
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.0001s+i

Figure 3.2.3: Simulation diagram of the diesel engine module

.

speed

As it can be seen in Figure 3.2.3, the rated power for the simulated diesel engine is

200 kW. Using the génerated power and angular velocity Geng ragsec, the torque Tiesel

. is generated assuming the first-order dynamics. The minimum diesel load Pgiesel min

(chosen in Figure 3.2.3 as 25% of the rated power) is calculated. The first- and
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second-level expansions of the synchronous generator module are shown in Figure
3.2.4. The first level, presented in Figure 3.2.4(a), consists of two compound blocks
(parameter module and simulation di;agram) and shows two control inputs—Tiesel and
the field current ir—and three outputs—SDyxw , SDyvar , and V. Note that for clarity
of presentation, the output V; is calculated in the PCC module as shéwn in Figure

2.4(c). Figure 3.2.4(b) lists all machine parameters used in this work.

3.2.2 Synchronous Generator [15]-[17]

Figure 3.2.4(c) shows the first-level expansion of the synchronous generatof
simulation diagram with the following compound blocks: torque equation, power
calculations (where the outputs SDyw and SDyxvar are generated), and the Q-generator
and the D-generator. This block diagram also shows that the elecfrpmotive force
generated is assumed as a reference (i.e., its phase is assumed to be zero).
Consequently, its d-axis component is zero, which is symbolically shown as a zero
inpﬁt to the D-generator. Under this assumption, the input to the Q-generator is

_defined and given in equation (3.31):

E, , =K, yo®=K, ,al,i (3:31)

where @ is the flux proportional to the field current (if). The other parameters are
explained in Figure 3.2.4(b). The Q-generator and D-generator, shown in Figure 3.2.5,
generéte the current izsp and iasp, respectively, contributed by the diesel generator to
the system at the PCC module. These currents are calculated according to the
following equations [(3.32) & (3.33)]:

1

Lgsp = 7 f (Eq_p —Vgs1 —Rspigsp =L gspiygep )dt , (3.32)
qSD '

, 1 , , 4

tasp =7 f (Va1 —Rspigsp + @l gspigsp )dt (3.33)
dsD

Figure 3.2.6(b) shows the power calculation block in an expanded form. The

electrical power generated is calculated according to the folloWing equation (3.34):

P Egen D = 3 iqSDEq__D . (334)
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Then the real power provided to the system is calculated and given in equation (3.35)
Pgen = 3(vqsliqSD + VdslidSD) [W] or SDkW = 10_3 Pgen [kw] . (3'35)

The apparent power SDyys and the reactive power SDiysr are also calculated in this

block according to the following equations (3.36) & (3.37):

SDys = 3% 107 V2, + V2, \fiZy, +iky (3.36)
SD g = 3% 107 (vqslidSD - vdsliqSD) . (3.37)

Finally, in Figure 3.2.6(a) the torque equation is simulated to obtain the angular

velocity of the diesel generator Gerny,_radjsec. This brings us to the equation (3.38):
1
Gen’m radjsec — —f(T diesel — Tgen T B SD Gen m_rad | sec )dt ’ (3 3 8)
- Jso - _

where T, represents the generated electrical power Pgge, p; i.e., and given in (3.39)

. P . ) :
E, D
Tgen - __cgen L (3.39)
Gen
m _rad [sec
PARAMETER D "W
MODULE
T_diesel » SD kWAR
> SMULATION|
iLf »Vsl—
»— P pacram
(@)
field winding resistance 4]
(50} > Ri— no.of poles
field winding inductance viscous friction coefficient of the-synchronous generator
(20—
0.0001
stator resistance synchronous generator moment of inertia
, 22—
stator inductance, q component
5.16:005 voltage-flux constant
(0.0032}——p[Ke DI—
0.0001 L dSD}—

stator inductance, d component

(b)
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Figure 3.2.4: First- and second-level expansion of the synchronous generator module:
- (a) first-level expansion, (b) parameter module expansion, and (c¢) simulation dlagram
expansion
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Figure 3.2.5: Simulation diagram of the synchronous generator (DG module):
Q-generator and D-generator
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3.2.3 Engine Speed Controller

" Two more blocks in the second level simulation diagram of the diesel
generator module are shown in Figure 3.2.2(b): the engine speed control block and the
voltage regulator. They are fully expanded in Figures 3.2.7 and 3.2.8, respectively. In
Figure 3.2.7, using the angular velocity Geny_ radsec, We find the value of the ratio f/fy, 4

along with an important system variable, the angular frequencyw, = 2nf . Then the

frequency f is found. The speed of the diesel engine is controlled by the control
variable %gypr generated by the governor (represented in the simulation by the
proportional + integral [PI] controller) so that the relative frequency error 1- f/fy g4 is

driven to zero.

¢
»[Gen_m_radhsec] (L SD] >
1 | by! 115
»{PEgen D }—— - 1, L PR
r G
— <
| o )

A

(@)
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Figure 3.2.6: Simulation diagram of the synchronous generator (DG module):
(a) Torque equation and (b) Power calculations
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Figure 3.2.7: Simulation diagram of the engine speed control system
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3.2.4 Voltage Controller

In Figure 3.2.8, the field current if of the synchronous generator is calculated
-according to the equation (3.40)

1

I, f(V; = Rip)dt, (3.40)

lf=

Where the voltage Vr is defined as the output of the PI controller determined to drive

the line voltage error V, .. —V, to zero to drive to zero the error V, ,, —Eq_D

during the synchronization process. To smooth the field current, the low-pass filter
- with the cut-off frequency of 20 rad/sec is added. We should adjust proportional and
integral gain to avoid saturating the field current. The practical solution is to make
proportional gain slightly smaller than (Vg)/( Vs ) and then to set the largest possible

integral gain to avoid saturation.

I :
[
L |
proportlonal gann .
| ——» >

Vs _ref PP ——P

ey t a]

* integral gain _’

Vs pvs——r—>L 0

»[R——2DLpi 178 » 0

]
[ continue } - P 20 gzlr[:ent
E ! 5420

+

Figure 3.2.8: Simulation diagram of the voltage regulator

3.3 Wind diesel system [18]-[23] -

Studies have shown that the integration of wind turbines into an autonomous
dlesel electric system (ie., w1nd-d1esel) can be economically viable, and that the
potentlal market for wind-diesel is conmderable The advantage of hybrid power
systems is the combination of the continuously available diesel power and locally
available, pollution-free wind energy. With the hybrid powér system, annual diesel

fuel consumption can be reduced and pollution can be minimized at the same time. To
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take full advantage of the wind energy when it is available and to minimize diesel fuel
consumption, a proper control strategy must be needed to maintain the voltage and
frequency with in the allowable limits. The control system is subject to the specific
constraints of a particular application. It has to maintain power quality, measured by
the quality of electrical performance, meaning that both the vbltage and the frequency
must be controlled. Wind energy offers the possibility of generating substantial
amounts of energy. Consumer load is continuous and varies throughout the day.
Power available from wind generator is variable due to fluctuating wind velocity.
Wind-diesel hybrid systems are generally used for remote power supply. A power
fluctuation problem has been experienced when the wind generator system uses an
induction generator for energy conversion. This problem could be because of the
turbulent nature of wind velocity, and the reactive power drawn by these induction
generators. ‘ '

A physical diagram of the system that was analyzed in this work is shown in Figure 1.

09
8 ‘ ' ‘ 1 Residentialflight
Diesel generator
I;xdustrialfhe avy load

| OO

] I I

L L

C 1

“Wind turbine generator

Sensitive load

Fig 3.3.1: Physical diagram of the Hybrid power system

The wind turbine is operated with an induction generator to produce electrical power.

The diesel engine is operated in parallel to supply the load. The local loads are mostly
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residential and light loads. Other loads include water pumps, compressors, and other
‘heavy equipment. The system has two types of generation: the diesel generator and
the wind turbine generator (Fig3.3.1). The diesel generator provides smooth
generation, whereas the output power of a wind turbine generation depends on the
wind velocity. The wind velocity is reflected in the power generation. For example, if
the wind changes very smoothly, the output power of the wind turbine will also
change very smoothly. On the other hand, wind turbulence causes the output power to
fluctuate. In the power system network, the balance of active power' and reactive
power must be maintained. The diesel generator set, then, must be able to keep the
power balanced when the wind turbine or local load varies. |

Fig. 3.3.2 is a single-line diagram that represents the analyzed power system.

Disel
g?ner ator . | jXS IWTG

wind tirbine

water pump

To other
loads

- Fig 3.3.2: Single line diagram of the power system analyzed

> Components of Power System
The system we discussed in this work consists of three major subsyétems:
. Diesel generator,
* Wind turbine generator, and
* Point of common coupling
* Load on the System '
Already we have given the detailed explanation for the diesel generator module and
AC Wind Turbine module, the following section explaﬁs the remaining components

in the system (i.e. point of common coupling and load on the system)
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3.3.1 Point of common coupling

The PCC module, the node where all power sources and power sinks are
connected, must be included in every simulated case (i.e. two case studies). In Figure
3.3.3, we show a single-line diagram of a hybrid power system where dot-framed the

PCC portion of the diagram [18]

Diesel
Engine Synchronous

generator

Peo

Figure 3.3.3: A single-line hybrid power system diagram with the
PCC Portion dot-framed

To bring the PCC module to the simulation screen by using the Add command and
selecting file PCC_m.vsm. Next, it obtains top-view diagram of the PCC module
(shown in Figure 3.3.4) by clicking the mouse on the rectangle representing this
module. This view features two elements: (1) the parameter module compound block;
and (2) the simulation diagram compound block. | |
Figure 3.3.5, which is the expansion of the parametér module, shows the parameters
that were used for the PCC. In addition, the base frequency wy, in rad/sec is calculated
in this module. Figure 3.3.6 represents the expansion of the simulation diagram
.compound block. Recall that in all simulations we use the d-q axis convention.
Therefore, each voltage and current has two components. Consequently, Figure
3.3.6(a) represents the relationship between the d-axis components of the currents of
all system modules, and it shows how the d-axis componént of the line voltage is
obtained. The same is repeated in Figure 3.3.6(b) for the g-axis components. To make

the relationships between the currents and voltages involved readily apparent, the
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circuit diagrams (corresponding to the simulation diagrams of Figure 3.3.6) are shown

in Figure 3.3.7.
PARAMETER
MODULE
SIMULATION
DIAGRAM
Figure 3.3.4: Top-view diagram of the PCC module
i
pow er factor correcting capacitor > w ,L 'b
_ ry)
10005 |- »{ Coft — [2]— —p|
voltage l
set point ’ —>
[wb ]
[ 266 ]
frequency @'L
set point
»H— |
Figure 3.3.5: Parameter module of the PCC
+

LAPECL e |
v dsl
(a)
1 . >
»{1gSD——y
| DO e 0
»lias— 2 1ol 4—
1 = . /S
iV ———— ,[@].4____1, (v_qsT]
(b)



Figure 3.3.6: PCC module simulation diagram: (a) d-axis, (b) g-axis, and
(c) Calculation of the system voltage and the reactive power generated by the PFC
: capacitors

Note that if the current representing a given module enters the top node in the circuit
diagram»of Figure 3.3.7 (or is added at the summing junction in Figure 3.3.6), its
power is positive when it is generating power and negative when it is absorbing
power. On the other hand, if the current representing a given module leaves the top
node in the circuit diagram of Figure 3.3.7 (or is subtracted at the summing junction
in Figure 3.3.6), its calculated power is positive when it is absorbing power and
negative when it is generating power. To follow the general convention that the power
generated is positive and the power absorbed is negative, we invert the sign of the
pbwer calculated for the modules represented by the currents leaving the top node in
the diagram shown in Figure 3.3.7.

Let us consider some examples. The diesel generator always génerates the real power.
Therefore, its real power is always positive, or we say that it follows the assumed
current sign convention. On the contrary, the diesel generator may generate or absorb
the reactive power; the diesel reactive power may be positive or negative, depending
on the load demand. The wind turbine generator during the motoring period absorbs
real power, meaning that it draws thé current from the PCC junction. The direction in
_ which this current flows is the same as the direction assumed. Therefore, the
calculated (absorbed) real power is positive. It requires the change of sign to follow
the general convention. For the same reason, we must change the sign of the real
power calculated when the wind turbine is generating. According to the circuit
diagrams in Figure 3.3.7, we define the following currents and given in equations
(3.41) & (3.42): |

iqpfcl = iqsd - iqs - iqv (3.41)

ldpfel = ldsd — Lds — Ldv | (3.42)
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Using the same circuit diagram, we write the following equations (3.43) &.(3.44)
defining g-axis and d-axis components vg; and vg; of the line voltage (Vy):

1 .
Vst = C—f(‘qPFCI = prf1V¢s1)dt ) (343)
Pf1
1 .
f(ldPFCI + a)Cpflvqsl)dt > - (344)

Pfl

Where Cpy is the PFC capacitor of the value in the parémeter module shown in Figure

Viag =

3.3.5, and w is the real system frequency calculated in the DG module that must be a
part of every simulated power system. These equations are implemented in the right-
side parts of Figure 3.3.6(a) and Figure 3.3.6(b).

o — — e '
A‘ Iépfci
[
gs] Wy Vs
o '
(@)
i P+

o dsd :ags dvl o
o ol

Figure 3.3.7: PCC module circuit diagram: (a) g-axis and (b) d-axis

V is calculated in the compound block V_meter, shown in Figure 3.3.6(c), according
to the equation (3.45):

Vs = \) v;sl + vi‘l ‘ (3.45)
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The calculation of the reactive power generated by the PFC capacitor is also shown in
Figure 3.3.6(c). According to our convention, the reactive power generated must be
positive. If the power is generated, the currents i;prc; and igprc; should be entering the
summing junction. In other words, the calculated reactive power is negative, S0 we
introduce the inversion vof sign in the calculation of the reactive power shown in

Figure 3.3.6(;:).

3.3.2 Load on the System

Figure 3.3.8 represents a single-line diagram of a hybrid power system where

dot-framed the portion of the diagram that represents the village load.

. i
~ M —— —
Diesel AC Wind i
Fngine = ©YUCHrONOUS . Turbine
generator
(4]
co F-- s — &
: SN |
. :
T B ;

Figure 3.3.8: A single-line diagram of a hybrid power system with
The LOAD module dot-framed

Figure 3.3.9(a) represénts the block diagram of the LOAD module as it appears in
simulation diagrams. Its first-level expansion, shown in Figure 3.3.9(b), has two
output variables, available for direct monitoring; i.e., the real power load Py in [kW]
and the reactive power load Qv in [kKVAR]. The expansion of its simulation diagram
block is shown in Figure 3.3.9(c) and consists of three compound blocks: (1) power
calculations, (2) g-axis, and (3) d-axis representations of the load. The output
- variables of the last two blocks are the component igv and igv of the load current.
These current components enter the PCC node. The parameter module in the first-

level expansion is further expanded in Figure 3.3.9(d). The parameters defined by the
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.us, specific to the application considered, are the rated real power consumption Py and
the power factor pf. We have a choice between fixed load; declaring the values of
variables Py; and pf;, and the load profile, declaring Py; and pf; in a form of time
series. In Figure 3.3.10, we show an example of a village load profile represented by

~ the two time series contained in the ASCII data files power.txt and pf.txt.

PARANETER : POWER
»PV}—
VODULE - CALCULATIONS
RO »av— =
B SIMULATION -
THE SYSTEM /AR DIAGRAM iav
() ®) ‘ (©

BUTTON ON: fixed Load
BUTTON OFF: Load profile

Pow er factor of the load:

Real pow er consumption in w atts

30000

load — Pwv2
PROFILE |— pf2
+
> pfl f—>
> BAT}— —»
> pf2]

»PVi}——> +
BAT —> +
»Pv2|—p
(G))

Figure 3.3.9: Block diagrams of the Load module: (a) representation of the Load
module in simulation diagrams, (b) first-level expansion, (c) second-level expansion
of the simulation diagram, and (d) second-level expansion of the parameter module.
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We can modify these data files according to the load profile to be represented or set
up our own import block in VisSim. To open these files we must click on Load
Profile [Figure 3.3.9(d)] and then on the blocks shown in Figure 3.3.10. The dialog
box Import Setup comes up with a button Browse Data. Clicking on this button opens
- the data files in Notepad. The data files involved must have the format shown in
Figure 3.3.10, where the first column is the time and the second column is the value
of the variable. In Figure 3.3.11, the compound blocks, which appear in Figure
3.3.9(c), are expanded. Figure 3.3.11(a) shows how both components of the load
current are calculated. These calculations are realized by implementation of the
“equations describing the circuit diagram presented in Figure 3.3.12. First, however, it
is necessary to determine the equivalent rated village load parameters: the resistance
R, and the inductance Lv. These, as shown in the upper part of Figure 3.3.11(a), are
found by simulation of the following equations (3.46) & (3.47):

(3.46)

where the rated reactive power Q, is defined as

| e -
0, =57~ F - (;f-) _p (3.47)

with S, =P,/ pf being the apparent power. The equations mentioned above,
describing the circuit diagram in Figure3.3.12, are implemented here to generate the
components of the load current, and are listed below separately for each component.

For the g-axis component, the equations given in [(3.48)-(3.50)] read

iy =1 Figys (3.48)
. Vq.sjl

L1 = R’ . (3.49)
: 1 .

iys = z—f(vqs1 —wiyL,)dt . : (3.50)

47



pow erl.txt

ptdat|

>

0.001

—»{pf2 ——

Real Power
860
i 40—
k=
g
IS 20
O 1 1 1 - | .
0 1 2 3 4 5
Time (sec) ]
(a)
Plot
2.0
1.5
> 1.0+ —j
.5
o L A 1
0 1 2 3 4
Time (sec)

Figure 3.3.10: An example of a load profile represented graphically. (a)Power in Kw

and (b)Power factor.

And the corresponding data values for the Power and Power factor respectively are as

below:

0.0000000e+000
0.9999999¢+000
1.0000000e-+000
2.4999999e+000
2.5000000e+000
2.0000000e+001

Power.txt

2.0000000e+004
2.0000000e+004
5.0000000e+004
5.0000000e+004
2.0000000e+004
2.0000000e+004
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P0w¢r Factor.txt

Time in (sec) i Power Factor
0.0000000e+000 0.5000000e+000
0.9999999e+000 . 0.5000000e+000
1.0000000e+000 1.0000000e+000
2.4999999¢+000 1.0000000e+000
2.0000000e+001 0.7500000e+000

*E—L,
ol 5:;—»-—

»Wl—bfﬁﬂ———» XV
5 B—*PH -
\'4

»ro—1—r'

»] Vs_ref |—p| pow -

»{ v gs1|— (S —» ,
-——]L L v]
:-_—’2 :l"

T dav
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Figure 3.3.11: Expansions of the compound blocks shown in Figure 3.3.9(c): (a)
calculations of the q and d components of the village load currents and (b) power
calculations

Similarly, for the d-axis component, the equations [(3.51)-(3.53)] are as follows

by =iy +igy (3.51)
Vst
= 3.52
Lavy R, | ( )
. 1 .
iy, = I f (Vas + @iy L, )dt (3.53)
widv 21.1,
! N
O q;= ~~
_/
A
Vgsi R, L,
o3 —;

(@




> 7
\F}"
g

L
Vs ? Ry v
Edp? idv2
o - :
(b) :

Figure 3.3.12: Circuit diagram explaining calculationsof the load currents:
(a) g-axis and (b) d-axis.

Finally, the calculations of the real power Py and the reactive power Qy are

implemented in Figure 3.3.4(b), according to the equations (3.54) & (3.55):
B, = -3x10™ i,y +Vasiay) [KW], | (3.54)

Qy =-3x107(v iy ~ Vi) [KVAR] (3.55)

Py and Qv are computed based on the general convention in this program package,
meaning that both Pyand Qy are negative because village load always absorbs the real

power and the reactive power (inductive load).
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Chapter 04
SIMULATION RESULTS AND DISCUSSIONS

In this chapter, the performance the hybrid power system modeled is simulated by -
considering two case studies. In all the case studies that follow, it is assumed the

following power sign convention:

* Power generated is positive.

* - Power consumed is negative.
Case Study 1: Operation with the Diesel Generator Alone

Principal modules in this case study include:
* A diesel generator with a rated power of 200 kW

* A Load of 50 kW at the power factor pf = 0.75, switched to 150 kW at t = 6
sec, and switched again to 75 k€W at t = 12 sec. which is load profile (a) shown
in fig.4.2(g).

A power system with this configuration is pfesented in Figure 4.1, where we show
both the single-line diagram and the top-view simulation diagram. This simulation
diagram is obtained by adding the following files to the simulation screen:
PCC_m.vsm, DG_m.vsm, and VL.vsm. For this system, we obtained traces of power, .
voltage, and frequency as shown in Figure 4.2. Next, we explain the sequence of
simulation events documented in Figure 4.2. |

Time/Event Sequence

t=0 The Diesel generator starts up. This is shown in Fig (a)

t=4sec Line voltage V; reaches the reference value of 266 V; the relative
frequency is close to 1.

Power generated by the diesel generator is at the level of 50 kW; the
same power is consumed by the Load. It can be observed from fig (a)
and (b)

t=6 sec The Load is increased to 150 kW.
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This increment is followed by the sharp increase to the value of 150
kW of the power that the diesel generator provides to the system.
Transient small dips of frequency and line voltage can be seen.

t=12sec The Load is reduced to 75 kW.

Power generated by the diesel generator decreases sharply to this

value.

Transient small jumps of frequency and line voltage can be seen. The

above two observations are shown in the below figures.

t>16 sec Steady state is reached with all variables constant.

PCC

s | —

Diesel
Fngine synchronous

generator

PO

@

kW
LOADON |—

kVAR

THE SYSTEM

kw
POWER —
FROM THE
| DIESEL GENERATOR

kVAR

(b)
Flgure 4.1: Power system composed of a DG and a Load: (a) single-line dlagram and

(b) Top view of the VIS-SIM simulation.
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Figure 4.2: Traces of power, voltage, and frequency for the system composed of a DG
and a variable Load at a constant power factor

Case 1-b

* For the same system as in case 1, but the different load profile i.e., load profile

(b) which is shown in fig.4.3(f), with variable power factor the results are as

follows:
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Figure 4.3: Traces of power, voltage, and frequency for the system composed of a DG
with a variable Load and power factor

Case Study 2: operation of the system with wind farm and diesel

Principal modules in this case study inclu‘de:
* A diesel generator with a rated power of 200 kW
* An AC WT driven by the wind, given by a file of the wind speed time series |
. _A load of 30 kW at the power factor pf = 0.75.

A power system with this configuration is presented in Figure 4.3, where we
presented both the single-line diagram and the top-view VIS-SIM simulation diagram.

The simulation diagram is obtained by adding the following files to the simulation
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screen: PCC_m.vsm, DG_m.vsm, VL.vsm, and wtg_base_m.vsm. For this system, we

obtained traces of power, voltage, and fréquency as shown in Figure 4.4. Next, we

explain the sequence of simulation events documented in Figure 4.4.

Time/Event Sequence

t=0
t=2.5sec
t=6sec
t="7sec
t="7.25 sec
t>12.5 sec

The Diesel generator starts up.

Line voltage V; reaches the reference value of 266 V; the relative
frequency is 1.

Power generated by the diesel generator is at the value of 30 kW the
same power is consumed by the load.

The induction machine starts to motor the wind turbine and creates a
large load.

Power generated by the diesel generator increases sharply.

Transient small frequency and line voltage dips are observed.

Power consumption of the induction machine, reaching the
synchronism, rapidly drops.

The Wind turbine generator starts to generate.

Power generated by the diesel generator decreases below 30 kW,

which is the consumption level of the Load.

Power generated by the wind turbine generator increases because of

a wind gust.
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Figure 4.4: Power system composed of a DG, an AC WT, and a Load: (a) single-line
diagram and (b) top view of the VIS-SIM simulation

IND GEN REAL POWER

&
S
|

w_
Power [kW]

o

=

-150}

-200

1 1 1 1
0 125 25 3.7 5 625 75 875 10 11.25 13.75
Time (sec)

(a) Power supplied by the wind farm

61



.
Power [kW]
—
(=]
(=]
|

DIESEL REAL POWER

50

ol

1 ]

1
0 1.25

1 1 1 1 1 1 1
25 375 5 625 7.5 875 10 11.25 13.75
Time [sec]
(b) Power supplied by the DG
PER PHASE VOLTAGE Vs
L
2
)
* s
G
>
1 1 1 1 1 1 1 1 1 1
0 125 25 375 5 625 7.5 875 10 1125  13.75
Time [sec]
(c) Supply voltage
RELATIVE FREQUENCY f/fb
1.010
1.005 -
1.000 r_,
9951
7 990t
985H
.980 1 1 1 1 1 1 1 L 1 1
0 125 25 375 5 625 75 875 10 1125 1375
Time [sec]
(d) Supply frequency

62



P [Kw]
0
-10}-
»-20}
s0l- NG
-40 ] 1 1 ! 1 1 L 1 1 )
125 25 375 5 625 75 875 10 11.25 13.75
Time (sec)
(e) Load on the system in Kw
Q [Kvar]
0
101
520
30
- 0 1 1 L i 1 ] 1 ] 1 1 1
0 125 25 375 5 625 7.5 875 10 11.25 13.75
Time (sec)
(f) Reactive load on the system in Kvar
WIND SPEED V_wind
oy
J E
o
o
o
w
12|
10 1 1 1 1 ) Ll 1 1 1 1 1
0 125 25 375 5 625 75 875 10 11.25 13.75
Time [sec]
(g) Variable wind speed

63



Plot

2000
1500
1000
500
0 ! 1 1 1 1 1 1 ] ] 1 TR 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 -13 14 15
" Time (sec)
(h) Speed of Induction machine in rpm
. Plot
200
150
=
5]
5
5 5100
o
=
< s0f-
0 1 1 L L] 1 1 1 1 1
0 125 25 3.7 6.25 7.5 875 10 11.25 1375
Time (sec)
(i) Load profile in Kw
Plot
1.2
1.0
8
g 8
s
2
e 6
4
i L L 1 1 1
0 1.25 3.75 6.25 875 1125 13.75
Time (sec)
(j) Load power factor

64



Plot
0
— -50}
<
% -100(-
Yo
o'-150
200~
_250 1 1 1 1 1 L 1
0 12 3.75 6.25 7.5 8.75 1125  13.75
Time (sec)

(k) Reactive power drawn by IM

Figure 4.5: Traces of power, voltage, and frequency for the system composed ofa
DG, an AC WT, and the constant Load

65



Chapter 05
CONCLUSION AND SCOPE FOR FUTURE WORK

A Computer simulation based model of a hybrid generation system comprising
of a wind energy conversion system and a diesel generation system is presented. This
work starts with an overview of the components of the power system under
investigation. The developed model is used to evaluate the performance of the hybrid
generation system (diesel-wind turbine) with varying wind speeds and different load
cbnditions. Simulation results indicate that the developed model has the ability to.
meet both real and reactive power requiréments of the ldad, maintaining prescribed
values of voltage and frequency, with the help of the voltage and speed regulators. In
all the case studies the diesel generator controls the system’-s voltage- and frequency.
The modelling of the various power system components was examined. Models were
gi\'ien for the various components of an autonomous power system that is for
conventional units (Diesel engine, synchronous generator and speed and voltage
regulators), for wind generators (wind turbine, asynchronous generator), for capacitor
banks, for the transmission network and finally for various types of loads. The

_integration of the models preSented here in simulation software will provide a general
and robust tool for the accurate assessment of isolated Diesel-wind turbine system
interaction. The wind turbine contributed significantly to the load, thus reducing the
fuel consumption of the diesel generator when the wind speed was available. From the
simulation results we have observed the reasons for the frequency and voltage
fluctuation.

The following factors contribute to frequency fluctuation:
* Large real power surges during start-up of the induction motor, wind power
ﬂuctuations; etc.
* Slow response of the governor control at the diesel side. .
* Frequency dip when the diesel engine is loaded by a sudden large load or the
diesel engine is under-rated with respect to the load.
* Frequency run-away when the wind turbine produces more power than

needed. In this case, the diesel engine looses control of its rotor speed.
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e Change in generator set frequency that may affect the operation of the
induction generator (i.e., during frecjuency fluctuation, the induction generator
may enter the motoring region for a very short period of time).

The following factors contribute to voltage fluctuation:

* Voltage drop across the line impedance caused by large current surges.

Current surges can be developed at the start-up of an induction machine operating
from fixed frequency (large induction machines). In particular, they produce reactive
current surges.

Reduction to current surges can be accomplished as follows:

v For wind turbines with a dual-winding generator, use smaller-sized induction
machines during start-up, connect the generator when the rpm starts rotating

- close to the synchronous speed of the generator. Or, use a soft start to control
the stétor current.

v" For other large loads (water pumps or compressors), use a soft-start device to
limit the - current surges, use variable frequency drives if affordable, use
sequenfial start-up when appropriate.

* Slow response of the exciter as the synchronous genefator side reactive power
mismatch.

® Uncoordinated capacitor switching.

In this thesis a variable speed wind energy conversion system has been
presented. The response of the simulated model was observed with dynamic load and
changing wind conditions. Mbdeling and analysis of the induction generator, the
electrical generator used in this thesis, was explained in detail using dq-axis fheory.
For modelling of all components of power systems the simulation software has been
used as VisSim 6.0. From the simulation results presented, it can be said that the
induction generator is inherently capable of operating at variable speeds. The
induction generator can be made to handle almost any type of load. Induction
generator as the electrical generator is an ideal choice for isolated variable-wind
power generation schemes, as it has several advantéges over conventional

synchronous machine.
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Scope for Future Work

Different DG systems (i.e. microturbine generation, fuel cells, photovoltaic
etc.) can be used for hybrid pbwer systems to study their interaction instead of
diesel and wind which is used in this work. |
Other type of DG interaction related to power quality like voltage unbalance,
harmonics can also be studied.

Different mitigating the adverse effects of DG in the hybrid power system
using the fact devices like STATCOM can also be considered.

Artificial intelligence techniques can be devised effectively to control the
adverse effects of DG system on the power system.

Intelligent controls could be very helpful in designing of speéd and voltage
regulators for maintains the required voltage and frequency.

Modelling of other components such as storage system (i.e. battery) can be
included in the system to store the excess power which comes when ever the
total hybrid generation (sum of wind generation and diesel generation)
exceeds the load on the system.

The developed system can be operated with the high wind penetration if we
include the dump load and its control switch in to the system.

The system performance can be studied with the different faults, which may

be on induction machine, synchronous machine or on the power system.
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