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Abstract 

Power system security and Unit Commitment are two important tasks in power system 

operation. Power system security is the ability of the system to continue supplying power to 

consumers in spite of faults and occasional breakdown of some equipment. Power systems are 

designed with generation capacities larger than peak demands so that the total demand at any 

time can be met even in the event of failure of one or two largest generating units. The 

generating units have to run continuously to meet the load demand. Unit Commitment is the 

task of selecting the best generating unit(s) to be committed. The committed units must satisfy 

the fuel cost and CO2 emissions constraints. In this thesis, we considered a small power system 

(microgrid) consisting of ten subsystems. Although, each subsystem contains Photovoltaic, 

battery and Micro Gas Turbines, their capacities are not identical. A Microgrid Central Energy 

Management System is utilised for solving the security and Unit Commitment problems. This 

energy management system is a MATLAB program written for the purpose of solving the 

above two problems. In the simulation, we first used Dynamic Programming for solving 

security and Unit Commitment problems. A fault was applied to one of the subsystems causing 

a loss of some generation. Dynamic Programming has been able to correctly identify the fault 

and allocate the necessary amount of generation from another subsystem to compensate for the 

lost power. Being cheap and environmentally friendly, Photovoltaic should be the primary 

generation allocated even if they belong to a different subsystem. Unfortunately, the Dynamic 

Programming allocated Micro Gas Turbines in some cases even though sufficient Photovoltaic 

generation was available. This is due to the fact that the Dynamic Programming provides only 

a local solution instead of a global solution.  

Dynamic Programming is not, therefore, totally acceptable for solving the security and Unit 

Commitment problems. Next, we resorted to a second technique i.e., Particle Swarm 
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Optimization. We applied a fault to a subsystem just as we did in the concept of Dynamic 

Programming. This technique also correctly identified the fault and allocated the available 

Photovoltaic generation from another subsystem to compensate for the lost generation. Particle 

Swarm Optimization used Micro Gas Turbines only when all Photovoltaic generation from all 

the subsystems has been used. This technique has satisfied both the security as well as Unit 

Commitment problems in an acceptable manner. The Particle Swarm Optimization has also 

been able to correctly identify the faults. When, we applied two random faults in the same or 

different subsystems. This technique has also recommended necessary Photovoltaic generation 

from another subsystem. It is obvious that the Particle Swarm Optimization was accurate and 

more acceptable than the Dynamic Programming for solving security and Unit Commitment 

problems. 
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Chapter 1 

Introduction 

1.1 Overview 

The conventional energy sources are used for producing electrical energy are fossil 

fuels in the form of coal, crude oil, natural gas and nuclear fuels. These fuels will run 

out completely in future. In addition, the burning of fossil fuels poses environmental 

effects like release of harmful Greenhouse Gas (GHG) into the atmosphere leading to 

global warming and pollution etc. In addition, global warming leads to climate 

changes affecting the growth of plants due to the lack of rainfall. The wellbeing of 

animal species including human beings suffers due to contaminated food and polluted 

air and water. Climate change has been the first and foremost concern to national 

governments in recent years. In 1992, the United Nations Framework Convention on 

Climate Change (UNFCCC) made an agreement to stabilize GHG concentrations in 

the atmosphere [1]. These concentrations are mainly Carbon Dioxide (CO2), Sulphur 

Dioxide (SO2) and Nitrogen Oxide (NOx) [2]. The power demand is likely to increase 

further in the future, because of the quick growth of population and industrialization 

in all parts of the world. Generating electricity by using Renewable Energy Sources 

(RES) are the best way to minimize the above problems [3]. 

Renewable Energy Sources (RES) come in various forms such as solar energy, wind 

energy, hydroelectric energy, tidal energy, geothermal energy, biomass energy, fuel 

cells etc. All these sources are considered as green power because of their reduced or 

no GHG emissions in the atmosphere. Many national governments have developed 

renewable energy policies by giving incentives and bank loans to consumers and 
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manufacturers of green power equipment [4]. Small scale generation of electricity, 

also known as Distributed Generation (DG) technologies can be utilised to generate 

power from RES and situated close to the end users. This can also improve efficiency 

due to the absence of transmission and distribution losses. The concept of the 

microgrid can also be implemented in RES. Microgrids contain a cluster of loads 

being served by power generation sources which are situated nearby. They can 

operate in grid-connected or in island mode. Researches have integrated the DG and 

microgrid for better utilization of the RES [5]. A microgrid can improve the reliability 

of power supply to the remote areas and overcome the environmental issues. 

1.2 Literature Review 

The power industry around the world is almost certain to face severe problems in 

future due to the shortage of fossil fuels. In addition, there are other associated 

problems such as rapid growth in population, industrialization and environmental 

issues. The last one can lead to climate changes resulting in crop failures. National 

governments have been paying a lot of attention to environmental issues leading to 

the UNFCCC agreement as mentioned before [1]. A lot of research has taken place 

for integrating Distributed Generation, microgrid and RES like solar energy, wind 

energy, tidal energy, hydroelectric energy, geothermal energy and biomass [4-10].  

W. D. Haeseleer et. al. [24] surveyed the existing Distributed Generation technologies 

and discussed the benefits and drawbacks of Distributed Generation. In recent years, 

Distributed Generation technologies gained popularity due to their higher 

efficiencies. Solar and wind power sources provide the best outcomes in Distributed 

Generation technologies. These sources release no emissions and therefore minimize 

the environmental issues. S.  Auchariyamet and co-workers [26] introduced 
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Distributed Generation technologies in power distribution system. It has significantly 

impacted the voltage conditions. These impacts may be either positive or negative 

depending upon the Distributed Generation and power distribution system operating 

characteristics. Distributed Generation technologies may have a significant role in 

power distribution system because of their small sizes, low investment costs by 

avoiding long distance high voltage transmission lines, improve power quality etc. N. 

Hatziargyriou et al. [28- 30] discussed the microgrids are small-scale electrical 

networks, capable of operating in grid-connected or island mode. The microgrid can 

be designed for enhanced reliability, financial benefits, sustainability, power quality, 

stable voltage, increased efficiency and an uninterruptable power supply for the local 

customers. The microgrid can act as a controlled cell of power system for the utility. 

Hristiyan Kanchev et al. [31] have implemented the Microgrid Central Energy 

Management System. This energy management system consists of PV generation, 

battery storage, MGTs and load demand. Batteries are used for back-up power supply. 

The total load demand of a power system operation is not constant. It is crucial to 

choose in advance which generating units must be committed or shut down. The 

procedure for selecting the best generating units in advance is known as Unit 

Commitment. The generating units must satisfy the necessary constraints. J. K. Wiley 

and co-workers [33] have been dealing with UC problem in power system operation 

for a long time. Various techniques have been introduced to solve this problem. They 

used various techniques such as Linear Programming (LP), Non-linear Programming 

(NLP), Integer Programming, Quadratic Programming, Dynamic Programming (DP), 

Ant Colony Optimization, Evolutionary Programming (EP), Particle Swarm 

Optimization (PSO) etc. Y. Z. Li [38] has proposed an adaptive robust technique and 

reserve adjustment technique for solving Security Constraint Unit Commitment 
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problem in the system. They tested on the power system operated by the England . 

G.  Honderb et al. [39] presented another technique like DP for solving the UC 

problem.  

John C. Rayburn and co-workers [41] presented a technique (DP) for minimising the 

number of combinations (generating units). They tested the technique on medium 

sized utility. V. S. Pappala et al. [42] have proposed a new Adaptive Particle Swarm 

Optimization (APSO) technique for solving the UC problem. This technique provided 

solutions for the major drawbacks of PSO such as problem dependent penalty 

functions, parameter tuning and selection of swarm size. They performed their 

experiment on a test system consisting of ten subsystems.  

1.3 Research objectives 

The aim of this thesis is solving security and Unit Commitment (UC) problems in the 

generation system. For this, we have used two separate algorithms. One is based on 

DP and the other one on PSO. These algorithms will be tested on a small system 

consisting of ten subsystems. Each subsystem consists of PV generation with a battery 

storage and Micro Gas Turbines (MGT). Initially, a single fault will be applied to one 

of the subsystems causing a loss of generation. Loss of generation in the faulty 

subsystem leads to security and UC problems. It will be observed that the DP 

technique can detect the fault and commit a suitable generating system to replace the 

lost generation. Next, the Particle Swarm Optimization technique was used. we 

applied a single fault to one of the subsystems at different hours similarly we did in 

the concept of DP. Finally, we then applied two simultaneous random faults to the 

same or different subsystems. It will be observed that two techniques can detect the 
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faults and commit suitable PV generation from another subsystem to compensate for 

the loss of generation.  

1.4 Organisation of the Thesis 

The thesis is organised as follows: Chapter 1 presents the introduction, research 

objectives and organization of the thesis. This chapter also contains a complete 

literature review. Chapter 2 presents the descriptions of Renewable Energy Sources 

(RES), battery storage and Micro Gas Turbines. Chapter 3 presents the introduction 

of the Distributed Generation (DG) and its advantages. The concept of the microgrid 

and Microgrid Central Energy Management System (MCEMS) are also introduced in 

this chapter.  

Chapter 4 presents the introduction of Unit Commitment (UC). An overview of the 

mathematical formulation of the UC problem is discussed in this chapter. It also 

presents constraints of the UC. Chapter 5 presents the performance of the DP in 

identifying a single fault in the generation system and allocating a suitable subsystem.  

Chapter 6 gives detail information about the PSO and its parameters. It presents the 

performance of the PSO in identifying a single fault in the generation system and 

allocate necessary generation from another subsystem. The PSO was used for solving 

both the security and UC problems. This chapter also presents the performance of the 

PSO in the case of two simultaneous faults applied randomly. Several case studies are 

performed. This technique was used for solving security and UC problems following 

two simultaneous faults. Chapter 7 is devoted to conclusions from the work and 

presentation of future works. 
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Chapter 2 

Renewable Energy Sources 

2.1 Introduction 

Renewable energy includes solar energy, wind energy, hydroelectric energy, 

geothermal energy, tidal energy and biomass from agriculture and industries. National 

governments pay a lot of attention in promoting the widespread use of Renewable 

Energy Sources (RES).  Renewable Energy Sources are particularly used in off-grid 

and small-scale applications to generate power. The installed capacity of RES has 

been increasing continuously around the world. According to the Global Status Report 

of 2016 [6], the total renewable energy capacity was 665 GW in the year 2014. In 

2015, the total capacity has increased to 785 GW, not including hydro energy.  A brief 

overview of Renewable Energy Sources is provided in the next section. But in this 

research, only solar energy with battery storage is considered. In order to supplement 

solar energy, some Micro Gas Turbines will also be considered.  

2.2 Solar Energy in Australia 

Solar energy is probably the best source for the generation of electricity among the 

various Renewable Energy Sources. Solar energy can be converted directly into 

electrical energy, without the need of any rotating equipment. It can be mentioned 

here that solar energy can be utilised for its thermal energy to produce steam and run 

steam turbines. But in this work of the thesis only photovoltaic (PV) panels will be 

considered. It may be noted that PV cells produce direct current. Therefore, PV 

systems require an inverter to convert direct current to alternating current. Optionally 

a battery storage system may be used. The benefits of solar technologies are their low 
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maintenance, no fuel costs and long service life. They work noiselessly and do not 

release CO2 into the atmosphere. On the negative side, the efficiency of conversion 

to heat or electricity is about 15 to 20 per cent and lacking generation in night time. 

Solar systems require high-capital investments. 

The state governments, as well as Commonwealth of Australia, support solar power 

plant projects for household, industries and power supply to remote locations. 

Installation of a solar system is a growing industry in Australia [7-8]. The Renewable 

Energy Target is an Australian Government scheme designed to minimize CO2 

emissions in the electricity sector and encourage the generation of electricity from 

renewable energy sources. This Renewable Energy Target has a limit for solar 

generation in a resident to 4.5 kW. Later, this limit has been increased to 6.5 kW. In 

2011, The first commercial-scale solar power plant is Uterne solar power station. It 

was installed in Alice Springs, Northern Territory [9]. The capacity of this solar power 

station is 1 MW and it supplies power to remote locations. The solar electricity 

produced in Alice Springs is around 1 per cent of the total demand in the city of Alice 

Springs. The Uterne solar power station can supply power to the annual consumption 

of 270 average households. This power station produces 2300 MWh of electricity per 

year. Epuron installed another power station, Uterne II, adjacent to the Uterne solar 

power station. The capacity of the Uterne II is 3.1 MW, making the total solar 

generation to 4.1 MW. The Uterne II solar power station can supply power to the 

annual consumption of 840 average households. This power station produces 

7230  MWh of electricity per year. In 2012, Greenough River solar farm installed a 

solar plant of 10 MW in Walkway, Western Australia [10]. It was the country’s first 

utility-scale solar farm until 2014. State governments, as well as Commonwealth of 

Australia, support consumers with generous subsidies for homes and communities 
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who install solar system [11]. In 2018, the Queensland Government introduced 

interest-free loans for PV panels and battery storage, in order to increase the usage of 

solar energy in this state. Moreover, the Commonwealth of Australia and the Northern 

Territory Government have funded small-scale stand-alone solar farms in remote 

indigenous communities in the Territory. The Solar Energy Transformation Program 

has provided electricity to 570 households in ten indigenous communities in Northern 

Territory. This program is managed by Power and Water and funded by the Australian 

Renewable Energy Agency (AREA) and the Northern Territory Government [12]. 

2.3 Wind Energy 

The kinetic energy in the wind can be used for generation of electricity. Wind energy 

requires no fuel cost and produces no emissions during operation. Unfortunately, this 

type of energy is intermittent in nature. Australia has excellent wind resources in 

many locations like South Australia, Western Victoria, Northern Tasmania, 

Queensland, New South Wales etc. In 2010, the total wind farm generation capacity 

in Australia was around 1,880 MW [13]. The total installed capacity of wind power 

is expanding rapidly throughout the years. In 2017, Australia’s wind farms supplied 

5.7 per cent of Australia’s total electricity and produced 33.8 per cent clean energy 

[14]. In 2005, the Lake Bonney farm was installed in South Australia. The capacity 

of the wind farm is 278.5 MW. A battery storage system has been installed at Lake 

Bonney wind farm at a cost of $38 million in 2018. The total capacity of a battery is 

25 MW/ 52 MWh supplied by Tesla [15].  

2.4 Hydroelectric Energy 

Hydroelectric energy uses the force of falling water for generating electricity. The 

common type of hydroelectric energy plant uses a dam or reservoir on a river. China 
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is the largest producer of hydroelectric energy with 920 Terawatt hours of electricity 

production in 2013 [16]. The Snowy Mountains Scheme is the largest hydro-electric 

scheme in Australia. The Snowy Scheme contains 16 dams, 9 power stations and 

145  kilometres of tunnels [17]. The Snowy Mountains Scheme were constructed 

between 1949 to 1974 in New South Wales. The total capacity of this scheme is 

1,650  MW. In Tasmania, the Gordon Power Station is the largest conventional 

hydroelectric power station. This power station was constructed between 1974 to 

1978. The installed capacity of this station is 432 to 450 MW. 

2.5 Geothermal Energy 

Geothermal energy is stored as heat in the Earth’s core. This heat has been generated 

by the natural decay over millions of years of radiogenic elements like potassium, 

thorium and uranium in the underground. Geothermal plants may be built on the edges 

of tectonic plates where high-temperature resources are available near the surface of 

the Earth. This energy is clean, sustainable, cost-effective and environmental friendly 

[18]. It limits CO2 emissions and provides reliable power that can be used for baseload 

operation. In 2013, the United States has the largest geothermal capacity just over 

3.4  GW. Philippines is the next largest geothermal capacity is about 1.9 GW [19]. 

The geothermal energy in Australia is limited in all states and there is no commercial 

production of this energy. 

2.6 Biomass Energy  

Biomass energy generates electricity by burning of any organic matter such as plants, 

manure, crop residues, landfill gas, black liquor and organic components from the 

forest, agriculture, municipal and industrial waste. Biomass includes various types of 

plant sources like sugarcane, hemp, corn, native grasses, pine, blue gum, sorghum etc. 
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Forests cover around 31 per cent of the world’s land surface. Forests may supply 

plants for generating electricity. Conventionally, woody biomass has been used to 

generate electricity. However, most recent technologies have expanded the resources 

to include oilseeds and agricultural residues. Biomass generates the same amount of 

Carbon Dioxide as fossil fuels. But new plants consume Carbon Dioxide and thereby 

reduce the Carbon Dioxide in the atmosphere [20]. The fast-growing grasses and trees 

are suitable biomass feedstocks. These trees can be continuously replenished. The 

Ironbridge is the largest pure biomass power plant in the world with a capacity of 

740  MW in Severn Gorge, UK. This plant uses wood pellets for generating 

electricity. In Australia, bioenergy industries use currently a range of biomass 

resources. These resources are sugarcane, energy crops, municipal solid waste etc. 

2.7 Battery Storage 

The battery storage system is an important component of power plants for storing 

electricity. Although, batteries can be of many types (lead-acid, nickel-metal hydride, 

nickel cadmium and lithium-ion). The lithium-ion battery is most suitable for its low 

maintenance and quick charging. The state of South Australia has recently installed 

the world’s largest lithium-ion battery with a capacity of 100 MW/ 129 MWh supplied 

by Tesla in 2017 [21]. The battery can supply power to 30,000 homes for an hour 

when fully charged. This battery can be charged by using Hornsdale wind farm and 

deliver power during peak hours [22]. In the case of blackouts, batteries will provide 

emergency back-up power.  

2.8 Micro gas turbines 

Micro Gas Turbines are relatively modern technology last 10-15 years to generate 

electricity in the field of the Distributed Generation. These turbines can be operated 
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by using liquid fuels like diesel or gasoline. Alternatively, they may also use gaseous 

fuels produced from natural gas or landfill gas. These are more expensive than diesel 

generators [23]. MGTs can operate in grid-connected or stand-alone or dual mode. 

The efficiency of an MGT is around 30 per cent and this occurs at maximum output. 

MGTs include base load operation and/or peak shaving. These produce a lower level 

of CO2 emissions than diesel generators. They can operate continuously for longer 

periods with less maintenance and high-speed operation. They can also provide back-

up power for remote and indigenous communities. 
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Chapter 3 

Distributed Generation 

 3.1 Introduction 

Distributed Generation (DG) is the name given to relatively small scale generated 

energy from sources like solar power, wind power, biomass power, Micro Gas 

Turbine etc and situated near to the consumers [24]. DGs are also known as 

decentralised energy, on-site generation or embedded generation. They may contain 

multiple generation sources and storage components as shown in Figure 3.1. In this 

figure, it is shown that DGs can use Renewable Energy Sources (RES) as well as 

Non- Renewable Energy Sources (NRES) to generate electricity.  

 

        Figure 3.1   DG with Renewable Energy Sources (RES). 

                                   (source: High west energy) 
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DGs can provide reliable power supply to consumers and reduce losses in 

transmission and distribution lines. DGs are modular and can be connected to 

microgrids. They can be operated in stand-alone mode in remote areas or may be 

connected to a national grid, if available nearby [25]. It is expected that the number 

of DGs will increase in future. 

3.2 Advantages of the Distributed Generation 

The advantages of the DG technologies as follows. 

1. DGs can provide power supply in isolated locations in a stand-alone mode.  

2. DGs can reduce utility bill to consumers because they use solar panels on 

the roofs of the consumer buildings. 

3. DGs reduce environmental problems with zero pollutant emissions 

because they use mostly solar and wind power [26].  

4. If any natural disaster occurs then DGs can provide a backup power supply 

to the grid for public services. 

5. DG technologies are less expensive to build rather than large power plants. 

6. The conventional energy sources based on fossil fuels and Renewable 

Energy Sources (large power plants) are expensive to build. That means 

the utilities are slower to adapt to new technologies. But DGs can easily 

adapt new technologies with small power plants. They are very flexible 

than conventional energy sources [27]. 

7. The US Energy Information Administration reports that 7 per cent of the 

electricity generated is lost in transmission and distribution lines. DGs can 

reduce the loss of power in lines because they can generate power near to 

consumers. This can improve the efficiency of the power system.    

3.3 The Microgrid 

A microgrid contains a cluster of interconnected loads and distributed energy 

resources [28]. Microgrids can operate in grid-connected or island mode. If any 

blackout or power system disturbance occurs in the national grid, then they can 
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disconnect from the grid and operate in an island mode. The changeover of microgrids 

from island to grid-connected modes is very easy [29]. In Figure 3.2, it is shown that 

Microgrids may act as a switch between the national grid and microgrid controller. 

Microgrids can share information among themselves. Microgrids can improve 

sustainability, reliability, power quality and financial benefits for consumers [30].  

 

Figure 3.2   Microgrid integrates with traditional grid and RES. 

                            (source: Green energy corporation in USA) 

Microgrids may also contain a battery storage system for providing a reliable supply 

to consumers. They can be augmented for performing weather forecasts in advance. 

The microgrid controller chooses the least cost of generation units in the power 

system operation. This controller can meet the operational goals like least cost of 

generation, clean energy and reliable power supply. 
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3.4 Microgrid Central Energy Management System 

In this thesis, the Microgrid Central Energy Management System (MCEMS) is used 

to satisfy the load demand by using power generated from PV with a battery storage 

and MGT generation. The PV generation will be used in its entirety whenever 

possible. Any excess PV generation will be used for charging the battery.  

 

 

 

 

 

 

 

 

Figure 3.3 The architecture of the Microgrid Central Energy Management System. 

LC: Local Controller, PV: Photovoltaic, MGT: Micro Gas Turbines, SM: Smart Meter 

We have considered a microgrid consisting of ten subsystems, each subsystem 

containing PV, battery and MGT as mentioned in Chapter 1 [31]. Figure 3.3 

represents the architecture of the Microgrid Central Energy Management System. A 

smart grid is an electricity network based on digital technology. It can provide two 

ways of communication between generation and consumers. The smart grid acts as a 

Microgrid Central Energy Management System 

Communication network 

LC LC LC LC 

PV MGT SM Battery 

Loads 
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communication network between MCEMS and Local Controller (LC), improving the 

security and efficiency of the system by using intelligence techniques. MCEMS 

provides a link among MGTs, Smart Meter (SM), Local Controller (LC), PV and 

battery. Both traditional meter and a smart meter measure the amount of electricity 

and gas consumers used. A traditional meter requires an employee to take the readings 

every month. But, a smart meter transmits its readings daily, hourly and monthly to 

the utility. Smart meters can also automatically alert the utility company in the event 

of electricity thefts and tampering. Because of these advantages of smart meters, we 

used smart meters in MCEMS. Smart meters can measure the load demand, PV and 

MGT generation. If the PV generation and battery together are insufficient to meet 

the load demand then LC acts to switch ON one or more MGTs depends on the load 

demand. The MCEMS performs various functions like energy storage in batteries, 

calculate the fuel cost and CO2 emissions and power generation of the RES [32]. In 

addition, the MCEMS maximizes the usage of Renewable Energy Sources rather than 

Non-renewable Energy Sources.  
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                                              Chapter 4 

Unit Commitment 

4.1 Introduction 

The total load demand of a power system is never constant. Generating units must be 

run continuously to satisfy whatever the load demand is. It is essential to decide in 

advance which generating units must be committed or shut down as the load demand 

varies. The procedure for selecting the generators in advance is known as Unit 

Commitment (UC). The UC problem can be solved by using various types of 

optimization techniques in power system operation [33]. In the UC problem, one of 

our tasks is to determine which generating units have to commit with least total 

operating cost in order to minimize CO2 emissions while satisfying the load demand. 

The power industries around the world have experienced rapid growth in industrial, 

commercial and residential power demands in recent years. This situation leads to 

heavy burden on generation, transmission and distribution systems. A lot of effort has 

been put into developing a secure, reliable and economic power supply in power 

industries. The UC is crucial to achieve this goal, thus the quality of its solution is of 

high importance. The UC problem plays an important role in the planning and 

operation of power systems. The power industries utilize UC and Economic Load 

dispatch for generation scheduling decisions. An optimal scheduling of the generating 

units has the potential of saving millions of dollars per year around the world. The 

UC problem has been addressed by many researchers using optimization techniques. 

These techniques may result in a sub-optimal solutions in some cases.  
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In recent years, environmental issues have been receiving a lot of importance. The 

burning of fossil fuels is associated with CO2 emissions which has a detrimental effect 

on the environment as mentioned in chapter 1. This issue needs to be addressed by 

minimizing the CO2 emissions. Some changes (security related and UC problems) 

have occurred in power systems due to the incorporation of RES particularly wind 

and solar energy [34]. These changes may affect the economic and reliable operation 

of the power system. Because of these changes, security-related problems have also 

occurred in the system.  

The main aim of this thesis is to solve security and UC problems by using optimization 

techniques while satisfying the necessary constraints. These constraints are fuel cost 

and CO2 emissions. Fuel cost directly associated with the cost of the power system 

operation. Apart from fuel cost, the total operational cost of a power system includes 

start-up costs, shut down costs, running costs, maintenance costs etc.  

4.2 Formulation of the Unit Commitment Problem 

Generating units must be committed in order to ensure minimum operating cost while 

satisfying some constraints [35]. The production cost, PCm, can be expressed for unit, 

m, at a particular time interval as shown in Equation 4.1. 

 

                                   
2

mmmmmm PcPbaPC ++=
                                    (4.1) 

where 

    ma  :  cost coefficient of generating unit, m , 

    mb  :      cost coefficient of generating unit, m , 

    mc  :   cost coefficient of generating unit, m , 

    mP  :  the power output of unit, m . 
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The start-up cost of a generator is proportional to a certain time interval as shown in 

Equation  4.2 
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where  

   m  : the time cost of unit, m ,  

  m   :  the start-up constant of each generator, 

  m   :             the cold start-up cost of a generator for unit, m , 

  offT   :  the duration of time has been out of the operation, 

 moffT _ : the generating unit has been shut down. 

The total operating cost for scheduling time interval, t, and can be expressed as 

follows, 
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where  

 tmu ,  :           the ON and OFF state of unit, m , at a certain time interval, t , 

tmSC ,
:           the start-up cost of unit, m ,at a certain time interval, t , 

tOC :              the sum of production cost and start-up cost at a certain time interval,     

                      t , 

tmCG ,
:           the production cost of unit, m , at a certain time interval, t , 

       T :          time duration in hours, 

       N:           number of subsystems, 

1, =tmu :         if generating unit, m , is committed at time interval, t , 

0, =tmu :        if generating unit, m , is not committed at time interval, t . 

4.3 Constraints 

There are two constraints to be addressed for solving the UC problem. These 

constraints are the power balance and power generation limit. 
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4.3.1 Power balance 

In power system operation, the generator power at any time, t , must be equal to the 

load demand plus line losses. But line losses are neglected in this case. 
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where 

     tD   :  load demand at time interval, t , 

     tmP ,  :  the power output of unit, m , at time interval, t , 

     tmu ,  :  the ON and OFF state of generating unit, m , at time interval, t .     

4.3.2 Power generation limit 

All generating units have a maximum limit of generation of unit, m , at time interval, 

t .  
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where 

     
max

mP  :  the maximum power generation limit of unit, m , 

     tmP ,  :  the power output of unit m  at time interval, t , 

     
min

mP :  the minimum power generation limit of unit, m . 

The duration of time, T, for minimum up time limit or down time limit. The minimum 

number of hours for which committed unit should be turned on. The minimum number 

of hours for which shut down unit should be turned off.  

                                                 m

off

tm

m

on

tm

MDTT

MUTT





,

,

                                                        (4.6) 



 

 

21 

 

 Where 

      
on

mT     :  the duration of time during, 
thm , generating unit is committed, 

      
off

mT    :  the duration of time during, 
thm , generating unit is not committed, 

     mMUT :  the minimum time up of unit, m , 

     mMDT  :  the minimum time down of unit, m . 

4.4 Unit Commitment algorithm 

The basic algorithm for solving the UC problem is described below. 

1. Choose the number of generating units, n. 

2. According to the load demand, select the possible units to generate the 

required amount of power. 

3. Calculate the possible generating units with the least production cost. 

4. Analyse the total cost of generation for all generating units. 

5. Save the low-cost generating units.   

6. Go to step 2 and repeat until optimal scheduling.     
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Chapter 5 

Optimization Techniques 

5.1 Introduction 

Generally, optimization includes finding the optimal solution to a problem from all 

the possible solutions. An optimization problem includes security related problems 

such as Unit Commitment (UC) and some other. The UC problem can occur due to 

the intermittent nature of PV generation, weather conditions or occurrence of faults. 

These issues may cause a failure of generating units resulting in a disparity between 

generation and load demand [36]. Several techniques have been proposed to solve 

security and UC problems. These conventional optimization techniques include 

Linear Programming (LP), Non-linear Programming (NLP), Integer Point (IP) 

method, Quadratic Programming (QP) [37] etc. Likewise, heuristic optimization 

techniques include Genetic Algorithm (GA), Dynamic Programming (DP), 

Evolutionary Programming (EP), Simulated Annealing (SA), Particle Swarm 

Optimization (PSO) etc.  

Conventional optimization techniques use gradients for the search process to check 

for an optimal solution. There are drawbacks of conventional optimization techniques. 

The obtained solution may suffer from low dimensionality and local convergence 

instead of looking for a global solution. Another drawback is that one method is 

suitable for solving only one type of problem. Because of these drawbacks, heuristic 

optimization techniques have been used instead of conventional optimization 

techniques. In the work of the thesis, Dynamic Programming and Particle Swarm 
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Optimization techniques were chosen for solving security and UC problems [38-39]. 

The formulation of the UC problem has already been mentioned in chapter 4.   

5.2 Dynamic Programming 

The basics of the DP was proposed by Richard Bellman in the middle of the 20th 

century [40]. DP splits a problem into a number of subproblems. These subproblems 

can be solved for finding out the optimal solutions. The optimal solutions of the 

subproblems are used to determine the overall solution of the whole problem.  The 

DP technique can search both in forward or backward directions in search space. The 

DP schedules the operation of MGTs while satisfying fuel cost and emissions 

constraints [41]. There is a three-step process for solving a problem by using the DP 

technique. 

1. DP breaks the problem into several smaller subproblems. 

2. These subproblems are solved optimally. 

3. The subproblems of the individual solutions obtained in Step 2 are used to 

obtain the best solution for the entire problem. 

The DP technique uses the following procedure for solving security and UC problems.  

1. The number of PV and MGTs must able to satisfy the load demand is assumed. 

2. A fault is applied to a subsystem in a particular hour. This fault will cause the 

failure of some generation in the system. It is apparent that a generation fault 

may take up to three hours to clear. 

3. DP chooses the next highest generation available in another subsystem. If 

sufficient PV and battery are unavailable in the remaining subsystems then 

MGTs will be called upon to generate the required amount of power.  

4. The DP program checks for the existence of the fault in the system. If it is not 

yet cleared then the program continues to check. 

5. If the fault is cleared then PV and MGTs can generate according to load 

demand.  
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The implementation of the DP technique is given in the flow chart shown below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1   Flowchart showing the implementation of the Dynamic Programming. 

5.3 Simulation Results 

5.3.1 Generation Data  

If a fault occurs in the generation system, it must be detected while providing 

customers with an uninterrupted power supply. As a result of the fault, some of the 
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generations may be unavailable. Thus, a deficit of generation occurs, leading to 

security and UC problems in the system. In order to overcome this deficit of 

generation, the DP technique import power from another subsystem with the highest 

available generation from that subsystem. The program tries to allocate PV generation 

and battery storage as the first option. Only if PV and battery are insufficient, then 

MGTs can be used. Table 5.1 lists the generation data of the ten subsystems as 

mentioned in chapter 1.  In this case, we combined both PV and battery generation. It 

may be recalled that the generation includes PV with a battery storage and MGT 

generation [42]. In the next chapter, we will treat PV and battery generation 

separately. 

           Table 5.1 PV with a battery storage and MGT generation data 

Subsystems PV and 

Battery 

(kW) 

Micro Gas 

Turbine 

(kW) 

Total 

Generation 

(kW) 

1 400 55 455 

2 400 55 455 

3 100 30 130 

4 100 30 130 

5 150 15 165 

6 50 20 70 

7 50 25 75 

8 50 5 55 

9 50 5 55 

10 50 5 55 

Total 1400 245 1645 

 

Figure 5.2 shows that hourly load demand of the system used in the work of this thesis. 

It is assumed that load demand can vary for an hour. 
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Figure 5.2   Load demand for a typical day starts from 8 AM onwards. 

5.3.2 Operation with no faults 

In the system, generation scheduling plays an important role in day to day activity. 

The Dynamic Programming schedules the operation of units while satisfying the 

constraints. It controls the state of the units (ON or OFF) every hour. The cost of MGT 

generation includes fuel cost. But, Photovoltaic generation is using sunlight to 

generate electricity for free of cost. Dynamic Programming was used recursively to 

look for the best out of all possible solutions by considering both PV and MGT 

generation. 
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Figure 5.3 shows the generation of the subsystems in the first hour (8 AM - 9 AM). 

The load demand of 700 kW in this hour. Subsystem 1 generates 400 kW of power 

from PV. The remaining power must be supplied from the MGT 55 kW. Subsystem 

2 generates only 245 kW of power from PV out of its capacity of 400 kW. The DP 

technique allocates 55 kW of MGT in Subsystem 1 as shown in Figure 5.3. This is 

unfortunate because another 155 kW of PV could be obtained from Subsystem 2. This 

technique chooses the best solution by considering the cost of generation and fuel 

cost. 

 

 Figure 5.3 Power generated in Subsystems 1 and 2 in the first hour (8 AM-9 AM). 
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Figure 5.4 shows the generation of the subsystems in the second hour (9 AM – 

10  AM). The load demand increases from 700 kW to 750 kW in this hour. 

Subsystem  1 generates 400 kW from PV and 55 kW from MGT. Subsystem  2 now 

generates an additional 50 kW from PV totalling 295 kW as shown in Figure 5.4.  The 

DP technique allocates 55 kW of MGT in Subsystem 1 as before. This is unfortunate 

because another 100 kW of PV could be obtained from Subsystem 2. The allocation 

of 50 kW from Subsystem 2 is correct. 

   

        Figure 5.4   Power generated in Subsystems 1 and 2 in the second hour (9 AM-  

                            10 AM). 
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Figure 5.5 shows the generation of the subsystems in the fifth hour (12 PM – 1 PM). 

The load demand of 1000 kW in this hour. Each of Subsystems 1 and 2 generates 

400  kW from PV and 55 kW from MGT. Subsystem 5 generates 90 kW from PV as 

shown in Figure 5.5. The DP technique allocates 55 kW of MGT in both Subsystems 

1 and 2. This is unfortunate because another 100 kW of PV could be obtained from 

Subsystems 3 and 4. In spite of this weakness of DP, we continue to test the algorithm 

for faulty situation. 

Figure 5.5   Power generated in Subsystems 1, 2 and 5 in the fifth hour (12 PM- 
                    1 PM). 
 

Table 5.2 lists the operation with no fault conditions from the first hour (8 AM-9 AM) 

to fifth hour (12 PM-1 PM) only. The DP is using MGTs whenever PV generation is 

available in most hours such as first, second, third, fourth, fifth hour etc. Here, we 
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mentioned from first (8 AM-9 AM) to fifth hour (12 PM-1 PM) as shown in Table 

5.2. In addition, we also mentioned peak load period from tenth (5 PM-6 PM) to 

fifteenth hour (10 PM-11 PM) as shown in Table 5.3. The figures for the remaining 

hours were presented in Table A.1. These results were obtained for solving the UC 

problem by using the DP technique. 

 Table 5.2      Operation with no fault conditions from first (8 AM-9 AM) to fifth hour  

                     (12 PM-1 PM) 

Hour 1 

(8 AM- 

9 AM) 

2 

(9 AM- 

10 AM) 

3 

(10 AM- 

11 AM) 

4 

(11 AM- 

12 PM) 

5 

(12 PM- 

1 PM) 
Subsystems 

(1-10) 

 

1 

PV 400 400 400 400 400 

Bat 0 0 0 0 0 

MGT 55 55 55 55 55 

 

2 

PV 245 295 395 400 400 

Bat 0 0 0 0 0 

MGT 0 0 0 55 55 

 

3 

PV 0 0 0 0 0 

Bat 0 0 0 0 0 

MGT       0 0 0 0 0 

 

4 

PV 0 0 0 0 0 

Bat 0 0 0 0 0 

MGT 0 0 0 0 0 

 

5 

PV 0 0 0 35 85 

Bat 0 0 0 0 0 

MGT 0 0 0 5 5 

 

6-10 

PV 0 0 0 0 0 

Bat 0 0 0 0 0 

MGT 0 0 0 0 0 

 

Table 5.3 lists the operation with no fault conditions from tenth (5 PM-6 PM) to 

fifteenth hour (10 PM-11 PM) which covers the peak load period. Note all that the 

DP has allocated MGTs although PVs are available in some subsystems. 
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Table 5.3 Operation with no fault conditions from tenth (5 PM-6 PM) to fifteenth   

                hour (10 PM-11 PM)  

Hour 10 

(5 PM- 

6 PM) 

11 

(6 PM- 

7 PM) 

   12 

(7 PM- 

8 PM) 

13 

(8 PM- 

9 PM) 

14 

(9 PM- 

10 PM) 

15 

(10 PM- 

11 PM) 
Subsystems 

(1-10) 

 

1 

PV 100 400 0 0 0 0 

Bat 300 0 400 400 400 400 

MGT 55 55 55 55 55 55 

 

2 

PV 100 400 0 0 0 0 

Bat 300 0 400 400 400 400 

MGT 55 55 55 55 55 55 

 

3 

PV 50 50 0 0 0 0 

Bat 50 50 100 100 100 100 

MGT 30 30 30 30 30 30 

 

4 

PV 50 50 0 0 0 0 

Bat 50 50 100 100 100 100 

MGT 30 30 30 30 30 30 

 

5 

PV 50 0 0 0 0 0 

Bat 100 150 150 150 110 30 

MGT 15 15 15 15 0 0 

 

6 

PV 25 0 0 0 0 0 

Bat 0 50 50 45 20 0 

MGT 0 30 25 0 0 0 

 

7 

PV 0 0 0 0 0 0 

Bat 0 25 25 20 0 0 

MGT 0 0 0 0 0 0 

 

8 

PV 0 0 0 0 0 0 

Bat 0 15 50 0 0 0 

MGT 0 0 0 0 0 0 

 

9 

PV 0 0 0 0 0 0 

Bat 0 0 15 0 0 0 

MGT 0 0 0 0 0 0 

 

10 

PV 0 0 0 0 0 0 

Bat 0 0 0 0 0 0 

MGT 0 0 0 0 0 0 
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5.3.3 Operation with faults 

A fault is applied in Subsystem 5 in the sixth hour (1 PM – 2 PM) when the load 

demand is 1100 kW. Each of Subsystems 1 and 2 generates 400 kW of solar and 

55  kW of MGT power. Before the fault, Subsystem 4 has been generating 25 kW of 

MGT. Subsystem 5 has been generating 150 kW of solar and 15 kW of MGT power 

as shown already in Table 5.1. The fault has reduced its PV generation from 150 kW 

to 60 kW and MGT generation to 15 kW, the total lost generation being 105 kW.  

 

 Figure 5.6   Power generated in Subsystem 1, 2, 4 and 5 in the sixth hour (1 PM- 

                       2 PM). 

The DP should recommend adding the highest generation from another subsystem to 

replace the lost generation. The power generation in a subsystem has to be generated 

power in this order 1, 2, 5, 4, 3, 6, 7, 8, 9 and 10 according to the rating as shown in 

Table 5.1. The order of the subsystem is based on the rating of photovoltaic generation 
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from highest to lowest. Since Subsystem 4 has the next highest power generation, it 

will generate the remaining power 100 kW of PV and 5 kW of MGT as dictated by 

DP as shown in Figure 5.6.  

The fault in Subsystem 5 continues to the seventh hour (2 PM - 3 PM). The load 

demand in this hour increases from 1100 kW to 1150 kW. Subsystem 1 generates 

400  kW of solar and 55 kW of MGT as shown in Figure 5.7. Subsystem 2 generates 

400 kW of solar and 5 kW of MGT. Subsystem 3 has been generating 100 kW of solar 

and 25 kW of MGT. Subsystem 5 has been generating 150 kW of solar and 15 kW of 

MGT power before the fault as shown already in Table 5.1.  

 

Figure 5.7   Power generated in Subsystems 1, 2, 3, 4 and 5 in the seventh hour    

                    (2 PM- 3 PM). 

The fault has reduced its PV generation from 150 kW to 30 kW and MGT generation 

to 15 kW, the total lost generation being 135 kW. The DP technique should suggest 
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adding Subsystems 3 and 4 to replace the lost generation. Since Subsystems 3 and 4 

have the next highest power generation, these subsystems will generate 5 kW of MGT 

from Subsystem 3 and 100 kW of PV also 30 kW of MGT from Subsystem 4. 

The fault in Subsystem 5 persists in the eighth hour (3 PM- 4 PM). The load demand 

increases from 1150 kW to 1200 kW. Each of Subsystems 1 and 2 generates 455 kW 

from PV and MGT as shown in Figure 5.8. Subsystem 3 has been generating 100 kW 

of solar and 25 kW of MGT. Subsystem 5 has been generating 150 kW of solar and 

15 kW of MGT power before the fault. The fault has reduced its PV generation from 

150 kW to 30 kW and MGT generation to 15 kW, the total lost generation being 

135  kW.  

 

Figure 5.8   Power generated in Subsystems 1, 2, 3, 4 and 5 in the eighth hour (3 PM- 
                    4 PM). 
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To minimize this problem by using the DP technique. This technique should suggest 

adding the highest generation from another subsystem to replace the lost generation. 

Subsystems 3 and 4 have the next highest power generation. These subsystems will 

generate remaining power 5 kW of MGT from Subsystem 3 and 100 kW of PV and 

30 kW of MGT from Subsystem 4. 

The fault in Subsystem 5 continues to the ninth hour (4 PM – 5 PM) as shown in 

Figure 5.9. Each of Subsystems 1 and 2 generates 455 kW from PV and MGT as 

before. The load demand increases from 1200 kW to 1300 kW in this hour. 

Subsystem  3 has been generating 95 kW of solar power. Subsystem 5 has been 

generating 150 kW of solar and 15 kW of MGT power before the fault.  

 

 Figure 5.9   Power generated in Subsystems 1, 2, 3, 4, 5 and 6 in the ninth hour  

                     (4 PM- 5 PM). 
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The fault has reduced its PV generation from 150 kW to 105 kW and MGT generation 

to 15 kW, the total lost generation being 60 kW. The DP should recommend adding 

Subsystems 3 and 6 to replace the lost generation. These subsystems will generate 

remaining power 5 kW of PV and 30 kW of MGT from Subsystem 3 also 25 kW of 

PV from Subsystem 6.  

The fault in Subsystem 5 continues for four hours (from sixth to ninth hour). The fault 

is corrected in Subsystem 5 in the tenth hour (5 PM – 6 PM) by using the DP technique 

as shown in Figure 5.10.  

 

Figure 5.10 Power generated in Subsystems 1, 2, 3, 4, 5, 6 and 7 in the tenth hour  

                    (5 PM- 6 PM). 
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The load demand in this hour increases from 1300 kW to 1400 kW. Subsystem 5 

losses its generation because of fault in previous hours as shown in Figure 5.6 - 5.9. 

In this hour, Subsystem 5 generates its maximum capability of 165 kW. Each of 

Subsystems 1 and 2 generates 455 kW from PV and MGT. Each of Subsystems 3 and 

4 generates 130 kW from PV and MGT. Each of Subsystems 6 and 7 generates 40 

kW and 25 kW from PV generation. 

Another fault is applied in the fourteenth hour (9 PM – 10 PM) to the same subsystem. 

The fault till continues for six hours from the fourteenth hour to the nineteenth hour. 

The load demand in this hour is 1300 kW. Each of Subsystems 1 and 2 generates 

455  kW from PV and MGT as shown in Figure 5.11.  

 

Figure 5.11 Power generated in Subsystems 1, 2, 3, 4, 5 and 6 in the fourteenth hour  

                    (9 PM-10 PM). 
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Subsystem 4 generates 130 kW of power from PV and MGT. Before the fault, 

Subsystem 3 has been generating 100 kW of solar power. Subsystem 5 has been 

generating 150 kW of solar and 15 kW of MGT power as shown in Figure 5.10. The 

fault has reduced its PV generation from 150 kW to 110 kW and MGT generation to 

15 kW, the total lost generation being 55 kW. The DP should recommend adding the 

highest available generation from another subsystem to replace the lost generation. 

Since Subsystems 3 and 6 have the next highest power generation. These subsystems 

will generate 30 kW of MGT from Subsystem 3 also 25 kW of PV from Subsystem 6 

as dictated by DP.  

The fault in Subsystem 5 continues to the fifteenth hour (10 PM – 11 PM) as shown 

in Figure 5.12. The load demand in this hour decreases from 1300 kW to 1200 kW.  

 

Figure 5.12   Power generated in Subsystems 1, 2, 3, 4 and 5 in the fifteenth hour  

                      (10 PM-11 PM). 
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Each of Subsystems 1 and 2 generates 455 kW from PV and MGT. Subsystem 3 has 

been generating 100 kW of solar and 25 kW of MGT power. Subsystem 5 has been 

generating 150 kW of solar and 15 kW of MGT power before the fault as shown in 

Figure 5.10. The fault has reduced its PV generation from 150 kW to 30 kW and MGT 

generation to 15 kW, the total lost generation being 135 kW. The DP should suggest 

adding the highest generation to replace the lost generation. Since Subsystems 3 and 

4 have the next highest power generation. The total lost generation of 135 kW needs 

to be replaced by additional generation from Subsystems 3 and 4. Subsystem 3 will 

generate an extra 5 kW power from MGT and Subsystem 4 will generate 100 kW 

from solar and 30 kW from MGT as dictated by DP. 
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The fault in Subsystem 5 continues to the sixteenth hour (11 PM – 12 AM) as shown 

in Figure 5.13. The load demand in this hour decreases from 1200 kW to 1050 kW. 

Subsystems 1 generates 455 kW of PV and MGT power. Subsystem 2 has been 

generating 400 kW of PV and 30 kW of MGT power. Subsystem 5 has been 

generating 150 kW of solar and 15 kW of MGT power before the fault as shown in 

Figure  5.10. The fault has reduced its PV generation from 150 kW to 20 kW and 

MGT generation to 15 kW, the total lost generation being 145 kW. The DP should 

recommend adding the highest available generation from another subsystem to 

replace the lost generation. Since Subsystems 2 and 4 have the next highest power 

generation. These subsystems will generate 15 kW of MGT from Subsystem 2 and 

100 kW of PV and 30 kW of MGT as dictated by DP. 

 

Figure 5.13   Power generated in Subsystems 1, 2, 4 and 5 in the sixteenth hour  

                       (11 PM-12 AM). 
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The fault in Subsystem 5 continues to the seventeenth hour (12 AM -1 AM) as shown 

in Figure 5.14. The load demand in this hour decreases from 1050 kW to 1000 kW. 

Subsystems 1 generates 455 kW from PV and MGT as before. Subsystem 2 has been 

generating 380 kW of solar power. Subsystem 5 has been generating 150 kW of solar 

and 15 kW of MGT power before the fault as shown in Figure 5.9. The fault has 

reduced its PV generation from 150 kW to 20 kW and MGT generation to 15 kW, the 

total lost generation being 145 kW. The DP should recommend adding the highest 

available generation from another subsystem. Since Subsystems 2 and 4 have the next 

highest power generation. These subsystems will generate 15 kW of solar from 

Subsystem 2 and 100 kW of PV and 30 kW of MGT power from Subsystem 4 as 

dictated by DP.  

 

Figure 5.14   Power generated in Subsystems 1, 2, 4 and 5 in the seventeenth hour  

                      (12 AM- 1 AM). 
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The fault in Subsystem 5 continues to the eighteenth hour (1 AM - 2 AM) as shown 

in Figure 5.15. The load demand in this hour increases from 1000 kW to 1100 kW. 

Each of Subsystems 1 and 2 generates 455 kW from PV and MGT. Subsystem 4 has 

been generating 25 kW of MGT power. Subsystem 5 has been generating 150 kW of 

solar and 15 kW of MGT power before the fault as shown already in Figure 5.10. The 

fault has reduced its PV generation from 150 kW to 60 kW and MGT generation to 

15 kW, the total lost generation being 105 kW. The DP should recommend adding the 

highest available generation from another subsystem to replace the lost generation. 

Since Subsystem 4 has the next highest power generation, it will generate 105 kW 

from PV and MGT as dictated by DP.  

 

Figure 5.15     Power generated in Subsystems 1, 2, 4 and 5 in the eighteenth hour  

                        (1 AM-2 AM). 
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A fault in Subsystem 5 continues to the nineteenth hour (2 AM-3 AM) as shown in 

Figure 5.16. The load demand in this hour increases from 1100 kW to 1200 kW. Each 

of Subsystems 1 and 2 generates 455 kW of solar and MGT. Subsystem 3 has been 

generating 125 kW of solar and MGT. Subsystem 5 has been generating 150 kW of 

solar and 15 kW of MGT power before the fault as shown in Figure 5.9. The fault has 

reduced its PV generation from 150 kW to 30 kW and MGT generation to 15 kW, the 

total lost generation being 135 kW. The DP should recommend adding the highest 

available generation from another subsystem to replace the lost generation. Since 

Subsystems 3 and 4 have the next highest power generation. These subsystems will 

generate 5 kW of MGT from Subsystem 3 and 130 kW of PV and MGT from 

Subsystem 4 as dictated by DP.  

 

Figure 5.16    Power generated in Subsystems 1, 2, 3, 4 and 5 in the nineteenth hour  

                       (2 AM-3 AM). 
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A fault is corrected in Subsystem 5 in the twentieth hour (3 AM- 4 AM) by using the 

DP technique as shown in Figure 5.17. The load demand in this hour increases from 

1200 kW to 1400 kW. Subsystems 1, 2, 3, 4, 6 and 7 generate 455 kW, 455 kW, 

130 kW, 130 kW, 45 kW and 20 kW respectively. Subsystem 5 losses its generation 

because of fault in previous hours as shown in Figure 5.11-5.16. In this hour, 

Subsystem 5 generates its maximum capability of 165 kW.   

 

Figure 5.17   Power generated in Subsystems 1, 2, 3, 4, 5, 6 and 7 in the twentieth  

                      hour (3 AM-4 AM). 

 

There is no fault from the twenty-first hour to the twenty-fourth hour. All the 

remaining mentioned hours are operated according to the demand. The fault locations 

are detailly mentioned in Table 5.4.  
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                        Table 5.4                       Fault Locations 

Hour Subsystem 

with a 

fault 

Resulting 

in lost 

generation 

(kW) 

Subsystem(s) 

replacing 

lost 

generation 

Status of fault  

Sixth 5 105 4 Fault applied 

Seventh 5 135 3 and 4 Fault continues 

Eighth 5 135 3 and 4 Fault continues 

Ninth 5 60 3 and 6 Fault continues 

Tenth ------ ------ ------ Fault cleared 

Fourteenth 5 55 3 and 6 Fault applied 

Fifteen 5 135 3 and 4 Fault continues 

Sixteen 5 145 2 and 4 Fault continues 

Seventeen 5 145 2 and 4 Fault continues 

Eighteen 5 105 4 Fault continues 

Nineteen 5 135 3 and 4 Fault continues 

Twentieth ------ ------ ------ Fault cleared 

 

The DP technique was used for solving the security, UC and CO2 problems. From the 

above figures, it was notable that the DP technique provides an uninterrupted power 

supply to consumers without any power disturbances. The DP was solved only for 

security and UC problems. But, this technique used MGTs for generating electricity 

in most of the cases to meet the load demand whenever PV was available. For this 

reason, we used another technique is Particle Swarm Optimization for solving 

security, UC and CO2 problems in the next chapter. 

5.4 Disadvantages of the Dynamic Programming 

The disadvantages of the Dynamic Programming is described below. 

1. DP program is slow because of a large number of computational steps.  

2. DP divides a problem into sub-problems and stores all the solutions in 

memory. This takes a lot of computer memory. 
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Chapter 6 

Particle Swarm Optimization 

6.1 Introduction 

Dynamic Programming (DP) technique can be used for solving security and Unit 

Commitment (UC) problems with a single fault as mentioned in Chapter 5. But this 

technique has a drawback.  It does not consider minimizing the CO2 emissions. It 

allocates MGTs even when PV generation is available thus increased the fuel cost. 

This is due to the fact that this technique does not always reach a global solution. 

Therefore, we should explore some other technique which can cater for security and 

UC as well as fuel cost and CO2 emission problems. In addition, we wish to apply 

multiple faults simultaneously. Particle Swarm Optimization (PSO) is a population-

based search technique. This technique has the ability to converge quickly for a global 

solution. In addition, PSO is suitable for solving the non-differentiable, continues, 

non-convex, non-linear, discrete type problems [43]. 

The PSO approach was first proposed by Russell C. Eberhart and James Kennedy 

[44] in the year 1995. This method utilizes swarm intelligence theory which was 

inspired by the social behaviour of animals like a school of fish or a flock of birds. 

The members of the group communicate among them. For example, when a group of 

birds looks for food in a distant location, the members of the group may know all the 

possible ways to the probable location of the desired food. But all may not know the 

best way to reach the location. If any member of the group can find out the best path 

to follow, the remaining members in the group are intimated so that they can follow 

swiftly to the desired location. Birds in the group communicate with each other with 

their movements. Their movement consists of two behaviours like balancing and 
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opposing. In balancing behaviour, birds adjust their movements to try to reach the 

food location and protect themselves from hunters. The birds need to avoid collisions 

within the group due to opposing behaviour [45].  

In this technique, each member of the population in the search space is called a 

particle, individual or agent. Each agent has its own velocities and fitness values. The 

PSO method is initialized with a group of agents moving in random directions to 

search for the global solution for a problem. An agent can communicate with other 

members in the same group to find out the best position of itself. The terms used to 

explain the PSO are defined below: 

1. Agent (particle, individual): Each member in the group (swarm); 

2. Swarm: The group of the agents itself; 

3. Position/Location: Each agent has n-dimensional coordinates, which 

represents an accurate solution for the problem; 

4. Generation: Every iteration of the optimization procedure. 

5. Vmax : The maximum velocity value permitted in a direction; 

6. Fitness Function: This function provides the interface between the physical 

and optimization problems; 

7. Particle Best: The location in the parameter space of the best fitness value 

returned to an agent; 

8. Global Best: The location in the parameter space of the best fitness value 

returned to the swarm. 

6.1.1 Global best algorithm 

In this technique, each individual agent, i, has a current velocity, vi, best location, 

pbesti, and a current location, xi. The global best location, gbest, is for the entire swarm. 

In each iteration, the agent best and global best values are updated [46]. The algorithm 

for updating their values are given in Equation 6.1 below.  

                    
=+1t

ipbest t

ipbest
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where 



 

 

48 

 

      
t

ipbest   :         the best agent location of each agent, i , at the time step, t , 

          
t

ix      :         current location of each agent, i  at the time step, t . 

The global best location at time step, t, is given by Equation 6.2. 

                                              
}min{ t

ipbestgbest =
                                       (6.2) 

PSO technique consists of one main operator in the velocity equation. Each agent also 

carries a memory. The velocity provides the search directions for each agent and 

needs to be updated for each iteration. Each agent tries to change its location by using 

the following information: (1) current locations of agents, (2) distance between the 

global best and current locations, (3) current velocities and (4) distance between the 

agent best and current locations.  

The velocity of an agent, i, can be modified by using Equation 6.3. 
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Where 

      t

ijv :  the velocity vector of an agent, i , in dimension, j , at time step, t , 

t

ipbest : the personal best position of an agent, i , at time step, t , already          

                        mentioned in Equation 6.1, 

    t

ijx  :  the location vector of agent, i , in dimension, j , at time step, t , 

gbest  : the global solution of the entire swarm already mentioned in  

                        Equation 6.2, 

 21,cc  :  positive acceleration constants, 

  21,rr  :  random numbers in the range of [0,1]. 

6.2 Parameters of PSO 

The PSO uses a few parameters in addition to the two (velocity, global best) we 

mentioned above. These parameters and their values have a large impact on the 
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efficiency of the PSO in an optimization problem. The parameters are (1) swarm size, 

(2) iterations, (3) velocity, (4) acceleration coefficients (5) neighbourhood topologies 

and (6) inertia weight etc. 

6.2.1 Swarm size 

Swarm size is the number of agents in the swarm. A swarm generates more search 

space to be enclosed per iteration. But swarm size may increase the required time and 

the computational complexity of each iteration to find an optimization result. From a 

number of studies, it was revealed that a swarm size of 20 to 60 is suitable for a global 

solution in most cases. 

6.2.2 Velocity components 

Like other components, the velocity components are also updated for each agent. 

There are three main terms for agent’s velocity in Equation 6.3. Such as inertia 

component, cognitive component and social component. 

1. The inertia component, 
t

ijv , gives detailed information of the previous 

memory flight direction. This component prevents any change to the agents’ 

direction. 

2. The cognitive component, ][ 111

t

j

t

i

t

j xpbestrc − , measures the agents’ 

performance related to past performance.  

3. The social component,  ][22

t

ij

t

j xgbestrc − , measures the agents’ performance 

related to a swarm. This component affects each agents’ flight towards the 

best location found by its neighbours. 

6.2.3 Iteration 

A low number of iterations can stop the search process prematurely, whereas a large 

number of iterations will involve a long time and increased computational complexity 
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[47]. The number of iterations required for obtaining a good result depends on the 

problem. 

 6.2.4 Acceleration coefficients 

The acceleration coefficients, c1, and, c2, together with the random numbers, r1, and, 

r2, maintain the influence of the social and cognitive components of the agents’ 

velocity. The constant, c1, expresses how much confidence an agent has in itself. 

Similarly, the constant, c2 expresses how much confidence an agent has on its 

neighbours. There are a few properties of the two constants, c1, and, c2.  

1. When (c1 > 0) and (c2 = 0), all agents are independent. The velocity 

Equation  6.3 now reduces to. 

                        ][11

1 t

ij

t

i

t

j

t

ij

t

ij xpbestrcvv −+=+
                                  (6.4) 

2. On the other hand, when (c1 = 0) and (c2 > 0), all agents are attached to a single 

point in the swarm. The velocity equation can be updated as follows. 
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3. When (c1 = c2 = 0), all agents are continuing their flying towards the current 

location until they hit the space boundary. Hence, the velocity Equation 6.3 is 

calculated as follows. 

                                     
t

ij

t

ij vv =+1
                                                          (6.6) 

4. When (c1 = c2), all agents are attached to the, pbesti
t, and, gbest. 

5. When (c1 >> c2), each individual agent is influenced by its agent’s location 

which results in wandering.  

6. When (c2 >> c1), all agents are influenced by the swarm location, which causes 

all agents to run continuously without stopping. 

Generally, the wrong initialization of constants may lead to cyclic and divergent 

behaviour. Researchers observed that the two constants must be c1 = c2 = 2 [48]. 

6.2.5 Neighbourhood topologies 

The PSO has social interaction among the agents’ in the swarm. Agents communicate 

with others by exchanging information (current location and velocity of an agent) to 
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obtain the global solution in the swarm [48]. It influences agents’ movement with this 

information. If an agent in the swarm finds a global solution, remaining agents follow 

this agent. The performance of the agents is determined by the agents’ neighbourhood. 

A neighbourhood should be defined for each agent. This approach leads to faster 

convergence because of the agent’s move towards a search space. 

6.2.6 Inertia weight 

The inertia weight, w, was introduced by Eberhart and Shi in the year 1999 [49]. The 

inertia weight is multiplied by the velocity of the previous time step. Hence, the 

velocity Equation 6.3 is modified as follows, 
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where  

   w     : the inertia weight, 

    t

ijv , t

ipbest , t

ijx , gbest ,  21,cc , 21,rr  as defined in Equation 6.3. 

If the inertia weight is much less than unity, rapid changes of direction occur. If inertia 

weight is negligible, all agents will move without having the knowledge of the 

previous velocity in each step. If inertia weight is greater than or equal to unity, the 

velocities of agents’ increase and agents’ may change their direction to move back for 

an optimal solution.  

Generally, if inertia weight is high, all agents can move freely in the space at the initial 

stage and minimize overall time. But, if inertia weight is low, agents have produced 

good results for solving optimization problems. According to the velocity equation, 

the inertia weight is set as follows [50]. 
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where  

    maxw   : maximum values of inertia weight,  

     minw   : minimum values of inertia weight, 

      t      : the current number of iterations, 

      maxt   : the maximum number of iterations. 

The step by step procedure of using PSO algorithm for solving a problem is as 

follows. 

1. Initialize the agents by assigning a random position in the search space.  

2. Find out the agent best position and evaluate the fitness function for each 

agent. 

3. For each agent, compare the agent’s fitness value with its agent best.  

4. Identify the agent which has the best fitness value. The best fitness value is 

identified as a global best. 

5. Update the position and velocity of each agent using Equations (6.3) and (6.7). 

6. Repeat steps 2-5 till to stop criteria is to meet (for example, when it reaches 

the maximum number of iterations). 

The PSO parameters used for the simulation are shown in Table 6.1 below. 

                         Table 6.1    Optimal parameter settings for the PSO 

Parameters Values 

Population size 40 

Number of iterations 100 

Cognitive constant, c1 2 

Social constant, c2 2 

Inertia weight, w 0.3-0.95 
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6.3 Advantages of the Particle Swarm Optimization 

The advantages of the PSO as follows [51].  

1. PSO algorithm is easy to implement. It is a derivative-free algorithm. 

2. PSO has a limited number of parameters compared to other traditional 

methods. 

3. PSO involves simple calculations. 

4. PSO has less computational time. 

5. This algorithm does not involve any mathematical derivations. 

6.4 Micro Gas Turbines 

The characteristics of MGT must be expressed by fuel consumption and CO2 

emissions [52]. 

6.4.1 Fuel consumption 

MGT fuel consumption can be formulated by using load characteristics [53]. The 

efficiency between the output of electrical energy kMGTE _(  in )electrickWh  and thermal 

energy is supplied to the combustion chamber of MGT kMGTT _( in )thermalkWh  

mathematically expressed as: 

                                                kMGT

kMGT

k
T

E

_

_
=

                                                    (6.9) 

where  

     kMGTE _  :      the electrical energy output from MGT, 

     k         :      generating units, 

     kMGTT _  :      thermal energy from MGT. 

The efficiency of MGT is a non-linear function, which depends on the load ratio. 
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                                      MAXkMGT

kMGT

k
P
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t

__

_ )(
)( =

                                                   (6.10) 

where  

    kMGTP _   :           generated electrical power by MGT, 

              :             the energy efficiency for load, 

     MAXkMGTP __ :      the rated power of MGT. 

Based on Equations 6.9 and 6.10 the MGT fuel consumption is calculated for every 

one-hour interval sec)3600( =  with constant power output. 
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)( =                                         (6.11) 

where  

    kMGTT _       :   the MGT thermal energy, 

                   :              time interval for every one-hour interval.   

The fuel cost of MGT is obtained from Equation 6.12 as a function of the electrical 

power generation by using MGT, PMGT_k(t). 

                                               ))(( _ tPfR kMGTk =                                                  (6.12) 

where  

    kMGTP _   :         the electrical power generation of MGT,  

    kR         :      the fuel cost of MGT. 

6.4.2 Carbon dioxide emissions  

The CO2 emissions are calculated by applying several weights to the pollutant gases. 

The masses of three exhaust gases Carbon monoxide (CO), Nitrogen Oxide (NOx) 
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and Carbon Dioxide (CO2) are considered in g/kWh a mathematical function of 

generated power by MGT [54]. By considering the emission factor, y , is equal to 

202 g/kWh referred to the thermal energy, E, is generated by burning the fuel as input 

to the MGT. This was applied to the CO2 emissions as follows, 

              MAXkMGTkykMGTyy PttEtN ___ )()()( ==                                  (6.13) 

where          

                       :         emission factor (specific emission) of gas,  

)/( electricy kWhmg :        specific emission for y or CO2 pollutant gas,  

    yN                 :             the mass of emissions, 

                       :              the energy efficiency for load, 

                         :              time interval for every one-hour.  

In order to calculate the CO2 emissions, 298 grams of CO2 is equivalent to 1 gram of 

NOx and 3 grams of CO2 to 1 gram of CO [55]. By using these Equations 6.11, 6.12 

and 6.13, the efficiency of the MGT is calculated. 

6.5 Simulation results 

6.5.1 Generation data 

In this thesis, a fault was applied, identified and cleared by the PSO. It was assumed 

that a faulted subsystem will lose all its generation and the system will need to look 

for generation from other healthy subsystems. Loss of generation in the faulted 

subsystems leads to security and UC problems. Batteries can be used during night 

time and if PVs are insufficient in day time also. The detailed information about 

generating data of the ten subsystems and hourly load demand for a typical day was 

mentioned in chapter 5.  
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Figure 6.1   Generation data for PV, battery and MGTs in the subsystems. 

Figure 6.1 shows the generation data for PV, battery and MGTs data for ten 

subsystems. It is shown in this figure that PV generation and battery have the same 

power rating in all subsystems [41]. This information was already provided in 

Table  5.1 before. Subsystems 1, 2, 3, 4 and 5 have considered the highest PV and 

battery capacity. PVs are only available in the day time to supply the required amount 

of power. But, batteries and MGTs are used at night time. It is also assumed that 

batteries will be fully charged during day time.  
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6.5.2 Operation with no fault 

Figure 6.2 shows the generation of the subsystems in the first hour (8 AM - 9 AM). 

The load demand for this hour is 700 kW. Subsystems 1 and 2 are called upon to 

generate power by using only PV systems. Subsystem 1 generates 395 kW of solar 

power and obtains 5 kW from battery. Subsystem 2 generates 295 kW of solar power 

and obtains 5 kW from battery.  

 

Figure 6.2   Subsystems 1 and 2 are committed in the first hour (8 AM-9 AM). 
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Figure 6.3 shows the generation of the subsystems in the second hour (9 AM - 

10  AM). The load demand for this hour is 750 kW. Subsystems 1 generates 395 kW 

of solar power and obtains 5 kW from battery. Subsystem 2 generates 345 kW of solar 

and obtains 5 kW from battery. The use of 5 kW from battery is an arbitrary one in 

both subsystems. The larger amount of battery power can be utilised if necessary. 

There is no fault in the first and second hours. 

 

Figure 6.3   Subsystems 1 and 2 are committed in the second hour (9 AM-10 AM). 
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6.5.3 Operation with fault 

Before the fault, each of Subsystems 1 and 2 supplies 200 kW of solar, 200 kW from 

battery and 55 kW of MGT in the tenth hour (5 PM – 6 PM) when the load demand 

is 1400 kW. Each of Subsystems 3 and 4 supplies 30 kW of solar, 70 kW from battery 

and 30 kW of MGT. Subsystem 5 supplies 40 kW from solar and 110 kW from 

battery.  Subsystems 6 and 7 generate 50 kW and 30 kW of solar as shown in 

Figure  6.4. 

 

Figure 6.4   Subsystems 1, 2, 3, 4, 5, 6 and 7 are committed in the tenth hour (5 PM- 

                    6 PM) before the fault. 
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A fault is applied in Subsystem 6 in the tenth hour. Before the fault, Subsystem 6 

generates 50 kW of PV generation as shown in Figure 6.4. The fault has reduced its 

generation from 50 kW to 0 kW, the total lost generation is 50 kW. The PSO should 

recommend adding the next available generation from another subsystem to replace 

the lost generation. Subsystems 7 and 8 have the next available generation. These 

subsystems will generate 50 kW of solar power. Subsystem 7 has increased its PV 

generation from 30 kW to 50 kW. Subsystem 8 generate 30 kW of solar power as 

shown in Figure 6.5.  

 

Figure 6.5   Subsystems 7 and 8 have to generate their output to make up for the loss  

                    of generation in Subsystem 6 in the tenth hour (5 PM-6 PM).  
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Before the fault, each of Subsystems 1 and 2 supplies 400 kW from battery and 

55  kW of MGT in the fourteenth hour (9 PM – 10 PM) when the load demand is 

1300  kW. Subsystems 3 and 4 supply 100 kW from battery. Subsystems 5 and 6 

obtain 150 kW and 40 kW from battery as shown in Figure 6.6. 

 

Figure 6.6   Subsystems 1, 2, 3, 4, 5 and 6 are committed in the fourteenth hour  

                    (9 PM-10 PM) before the fault. 
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Figure 6.7 shows that another different fault is applied in Subsystem 4 in the 

fourteenth hour. Each of Subsystems 1 and 2 supplies 400 kW from battery and 

55  kW of MGT. Subsystems 3, 5 and 6 obtain 100 kW, 150 kW and 50 kW from 

battery. Before the fault, Subsystem 4 obtains 100 kW from battery as shown in 

Figure  6.6. The fault has reduced its generation from 100 kW to 0 kW, the total lost 

generation is 100 kW. The PSO should recommend adding the next available 

generation from another subsystem to replace the lost generation. Subsystems 7, 8 

and 9 have the next available generation. These subsystems will obtain 100 kW from 

battery. Subsystems 7, 8 and 9 obtain 50 kW, 40 kW and 10 kW from battery. 

 

Figure 6.7   Subsystems 7, 8 and 9 have to generate their output to make up for the  

                    loss of generation in Subsystem 4 in the fourteenth hour (9 PM-10 PM). 
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Before the fault, each of Subsystems 1 and 2 obtains 400 kW from battery in the 

seventeenth hour (12 AM – 1 AM) when the load demand is 1000 kW. Each of 

Subsystems 3 and 5 obtains 50 kW from battery. Subsystem 4 supplies 100 kW from 

battery as shown in Figure 6.8. 

 

Figure 6.8   Subsystems 1, 2, 3, 4 and 5 are committed in the seventeenth hour 

                    (12 AM-1 AM) before the fault. 
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Figure 6.9 shows that another different fault is applied in Subsystem 5 in the 

seventeenth hour. Before the fault, Subsystem 5 obtains 50 kW from battery as shown 

in Figure 6.8. The fault has reduced its generation from 50 kW to 0 kW, the total lost 

generation is 50 kW. The PSO should recommend adding the next available 

generation from another subsystem to replace the lost generation. Subsystem 3 has 

the next available generation. Subsystem 3 has increased its battery from 50 kW to 

100 kW from battery. For economic and environmental reasons, PV and battery 

should be used as a first option. MGT will only be used when PV and battery fail to 

generate adequate power.  

 

Figure 6.9   Subsystem 3 has to increase its output to make up for the loss of  

                    generation in Subsystem 5 in the seventeenth hour (12 AM-1 AM). 
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Before the fault, each of Subsystems 1 and 2 supplies 400 kW from battery and 

55  kW of MGT in the twenty-first hour (4 AM – 5 AM) when the load demand is 

1300 kW. Each of Subsystems 3 and 4 supplies 100 kW from battery. Subsystems 5 

and 6 supply 150 kW and 40 kW from battery as shown in Figure 6.10. 

 

Figure 6.10   Subsystems 1, 2, 3, 4, 5 and 6 are committed in the twenty-first hour 

                      (4 AM-5 AM) before the fault. 
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Figure 6.11 shows that another different fault is applied in Subsystem 3. Each of 

Subsystems 1 and 2 supplies 400 kW from battery and 55 kW from MGT. Subsystems 

4, 5 and 6 supply 100 kW, 150 kW and 50 kW from battery. Before the fault, 

Subsystem 3 supply 100 kW from battery as shown in Figure 6.10. The fault has 

reduced its generation from 100 kW to 0 kW, the total lost generation is 100 kW. The 

PSO should recommend adding the next available generation from another subsystem 

to replace the lost generation. Subsystems 7, 8 and 9 have the next available 

generation. These subsystems obtain 50 kW, 30 kW and 20 kW from battery.  

 

Figure 6.11   Subsystems 7, 8 and 9 have to generate their output to make up for the 

                      loss of generation in Subsystem 3 in the twenty-first hour (4 AM- 

                      5 AM).   
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The fault locations are detailly mentioned in Table 6.2. 

                        Table 6.2 Fault Locations for a single fault  

Fault 

Duration 

Subsystem 

with a 

fault 

Resulting 

in lost 

generation 

(kW) 

Subsystem(s) 

replacing 

lost 

generation 

Status of fault  

5 PM-6 PM 6 50 7 and 8 Fault applied 

9 PM-10 PM 4 100 7, 8 and 9 Fault applied 

12 AM-1 AM 5 50 3  Fault applied 

4 AM-5 AM 3 100 7, 8 and 9 Fault applied 

 

The PSO technique was used for solving the security and UC problems. This 

technique was effectively solved both problems and used only PV generation in most 

of the cases than MGT generation. Next, we then applied two simultaneous random 

faults in two different subsystems.  

6.5.4 Case studies 

In the studies for this project, the following cases were considered. The system will 

be operated in stand-alone mode. 

Case 1: Faults applied to Subsystems 3 and 4 in the seventh hour. 

Case 2: Faults applied to Subsystems 6 and 7 in the thirteenth hour. 

Case 3: Faults applied to Subsystems 3 and 5 in the sixteenth hour. 

Case 4: Faults applied to Subsystems 4 and 5 in the seventeenth hour. 

Case 5: Faults applied to Subsystems 5 and 6 in the twenty-second hour. 

From 1 to 6 hours, all the subsystems are operating in normal condition. Note that we 

did not apply faults in Subsystems 1 and 2. Because these subsystems contain the 

highest PV generation and battery capacity. If a fault occurs in Subsystems 1 or 2 then 

these subsystems will fail to generate power at all. The remaining subsystems did not 

generate the required amount of power to replace the lost generation. Because 
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available subsystems did not have that much of capacity to generate power. The below 

case studies are faulty subsystems. 

Case 1: Before faults, Subsystem 1 supplies 395 kW of solar, 5 kW from battery and 

55 kW of MGT power in the seventh hour (2 PM-3 PM). The load demand in this 

hour is 1150 kW. Subsystem 2 supplies 395 kW of solar, 5 kW from battery and 5  kW 

of MGT power. Subsystem 5 generates 90 kW of solar as shown in Figure 6.12. 

 

Figure 6.12   Subsystems 1, 2, 3, 4 and 5 are committed in the seventh hour (2 PM- 

                      3 PM) before faults. 
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Faults are applied randomly to the Subsystems 3 and 4 in the seventh hour. Before 

faults, Each of Subsystems 3 and 4 generates 100 kW of PV generation as shown in 

Figure 6.12. The faults have reduced their generation from 100 kW to 0 kW in two 

subsystems, the total lost generation of two subsystems is 200 kW. This deficit of 

power is compensated by other subsystems selected by the PSO as shown in 

Figure  6.13. The PSO should suggest adding the next PV generation from another 

healthy subsystem. Since Subsystems 5, 6, 7, 8 and 9 have the next available 

generation. These subsystems will generate 200 kW of solar power as dictated by 

PSO. Subsystem 5 has increased its PV generation from 90 kW to 150 kW. The 

remaining subsystems will generate 50 kW, 50 kW, 25 kW and 15 kW respectively. 

 

Figure 6.13   Subsystems 5, 6, 7, 8 and 9 have to generate their output to make up for  

                      the loss of generation in Subsystems 3 and 4 in the seventh hour (2 PM- 

                      3 PM). 
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Case 2: Before faults, Each of Subsystems 1 and 2 supplies 400 kW from battery and 

55 kW of MGT power in the thirteenth hour (8 PM - 9 PM) during night time. The 

load demand in this hour is 1400 kW. Each of Subsystems 3 and 4 supplies 100 kW 

from battery and 30 kW of MGT. Subsystem 5 obtains 150 kW from battery as shown 

in Figure 6.14. Note that the MGT is used in some of the Subsystems 1, 2, 3 and 4. 

Because of PV and battery are not available to generate the required power then MGT 

will be used in this hour.  

 

Figure 6.14   Subsystems 1, 2, 3, 4, 5, 6 and 7 are committed in the thirteenth hour  

                      (8 PM- 9 PM) before faults. 
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Figure 6.15 shows that two simultaneous faults are applied to Subsystems 6 and 7 in 

the thirteenth hour. In this hour, PV generation is not available to generate the required 

amount of power. For this reason, we used battery and MGTs to supply the remaining 

power. Before faults, Subsystems 6 and 7 supply 50 kW and 30 kW from battery as 

shown in Figure 6.14 as mentioned before. The faults have reduced their generation 

from 50 kW to 0 kW and 30 kW to 0 kW in two subsystems, the total lost generation 

of two subsystems is 80 kW. The PSO should recommend adding the next available 

generation from another subsystem to replace the lost generation. Since Subsystems 

8, 9 and 10 have the next available generation. These subsystems will obtain 35 kW, 

35 kW and 10 kW from battery. 

 

Figure 6.15   Subsystems 8, 9 and 10 have to generate their output to make up for  

                      the loss of generation in Subsystems 6 and 7 in the thirteenth hour  

                      (8 PM- 9 PM). 
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Case 3: Before faults, Each of Subsystems 1 and 2 supplies 400 kW from battery in 

the sixteenth hour (11 PM - 12 AM). The load demand in this hour is 1050 kW. Each 

of Subsystems 3 and 4 supplies 100 kW from battery. Subsystem 5 obtains 50 kW 

from battery as shown in Figure 6.16.  

 

Figure 6.16   Subsystems 1, 2, 3, 4 and 5 are committed in the sixteenth hour (11 PM- 

                      12 AM) before faults. 
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Two simultaneous random faults are applied to Subsystems 3 and 5 in the sixteenth 

hour. Subsystem 4 obtains 100 kW from battery. Before faults, Subsystems 3 and 5 

obtain 100 kW and 50 kW from battery as shown in Figure 6.16. The faults have 

reduced their generation from 100 kW to 0 kW and 50 kW to 0 kW in two subsystems, 

the total lost generation of two subsystems is 150 kW. The PSO should recommend 

adding the next available generation from another subsystem to replace the lost 

generation. Since Subsystems 6, 7, 8 and 9 have the next available generation. These 

subsystems will obtain 50 kW, 50 kW, 40 kW and 10 kW from battery as shown in 

Figure 6.17. 

 

Figure 6.17   Subsystems 6, 7, 8 and 9 have to generate their output to make up for  

                      the loss of generation in Subsystems 3 and 5 in the sixteenth hour 

                      (11 PM-12 AM). 
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Case 4: Before faults, Each of Subsystems 1 and 2 supplies 400 kW from battery in 

the seventeenth hour (12 AM-1 AM). The load demand in this hour is 1000 kW. Each 

of Subsystems 3 and 5 supplies 50 kW from battery. Subsystem 4 obtains 100 kW 

from battery as shown in Figure 6.18.  

 

Figure 6.18   Subsystems 1, 2, 3, 4 and 5 are committed in the seventeenth hour 

                      (12 AM-1 AM) before faults. 
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Two different faults are applied to Subsystems 4 and 5 in the seventeenth hour as 

shown in Figure 6.19. Before faults, Subsystems 4 and 5 obtain 100 kW and 50 kW 

from battery as shown in Figure 6.18. The faults have reduced their generation from 

100 kW to 0 kW and 50 kW to 0 kW in two subsystems, the total lost generation of 

two subsystems is 150 kW. The PSO should recommend adding the next available 

generation from another subsystem to replace the lost generation. Since 

Subsystems  3, 6 and 7 have the next available generation. Subsystem 3 has increased 

its generation from 50 kW to 100 kW. The remaining subsystems will supply 50 kW, 

50 kW respectively. 

 

Figure 6.19   Subsystems 3, 6 and 7 have to generate their output to make up for  

                      the loss of generation in Subsystems 4 and 5 in the seventeenth hour  

                      (12 AM-1 AM). 
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Case 5: Before faults, Each of Subsystems 1 and 2 supplies 400 kW from battery in 

the twenty-second hour (5 AM-6 AM). The load demand in this hour is 1100 kW. 

Each of Subsystems 3 and 4 supplies 100 kW from battery. Subsystem 5 obtains 

100  kW from battery as shown in Figure 6.20. 

 

Figure 6.20   Subsystems 1, 2, 3, 4 and 5 are committed in the twenty-second hour 

                      (5 AM-6 AM) before faults. 

 

 

 

 



 

 

77 

 

Faults are applied to Subsystems 5 and 6 in the twenty-second hour as shown in 

Figure 6.21. Before faults, Subsystems 5 and 6 obtain 100 kW and 0 kW from battery 

as shown in Figure 6.20. In this figure, Subsystem 6 has not generated any power. 

The faults have reduced their generation from 100 kW to 0 kW and 0 kW in two 

subsystems, the total lost generation of two subsystems is 100 kW. The PSO should 

recommend adding the next available generation from another subsystem to 

compensate for a deficit power. Generally, Subsystem 6 has to generate loss of 

generation but, this subsystem was faulted. For this reason, Subsystems 7, 8 and 9 

have the next available generation. These subsystems will supply 50 kW, 40 kW and 

10 kW from battery.  

 

Figure 6.21   Subsystems 7, 8 and 9 have to generate their output to make up for  

                      the loss of generation in Subsystems 5 and 6 in the twenty-second hour  

                      (5 AM- 6 AM). 
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In the above-mentioned cases, the PSO technique was used for solving security and 

UC problems. This technique used only for PV generation in most of the cases and 

tried to avoid MGTs as much as possible in order to reduce CO2 emissions. 

Table 6.3 represents the different fault locations and committed subsystems for 

solving security and UC problems in the generation system. 

              Table 6.3              Faults locations for various cases 

Cases Faulty 

subsystem 

Fault 

duration 

Generation 

loss 

(kW) 

Subsystems 

replacing lost 

generation 

1 3 and 4 2 PM-3 PM 200 5, 6, 7, 8 and 9 

2 6 and 7 8 PM-9 PM 80 8, 9 and 10 

3 3 and 5 11 PM-12 AM 150 6, 7, 8 and 9 

4 4 and 5 12 AM-1 AM 150 3, 6 and 7 

5 5 and 6 5 AM-6 AM 100  7, 8 and 9 

 

                Figure 6.22 Total cost of generation. 
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Note that PSO commits PV as long as available. Figure 6.22 shows the total cost 

analysis of both PV and MGT generation for a typical day. It was assumed that the 

cost of PV generation in Australia is 0.016 AUD per kWh and the cost of MGTs 

generation is 0.024 AUD per kWh. By observing this graph, the DP technique was 

utilised more MGTs generation than PV generation. For this reason, the total cost will 

be high while considering the fuel cost in MGTs. The PSO technique was utilised 

more PV generation than MGT generation. Because of this reason, the total cost will 

be low. 

Table 6.4 lists the PSO performance results from first (8 AM- 9 AM) to fifth hour 

(12  PM-1 PM) only. If PV and battery are inadequate then MGTs will be used in 

some hours such as ninth, tenth, eleventh, twelfth, thirteenth, fourteenth hour etc as 

shown in Table 6.5. In these hours, PSO used available PV generation from other 

subsystems on required. Here, we mentioned from the first hour (8 AM- 9 AM) to 

fifth hour (12 PM-1 PM) as shown in Table 6.4. In addition, we also mentioned the 

peak load period from the tenth hour (5 PM-6 PM) to fifteenth hour (10 PM-11 PM) 

as shown in Table 6.5. The figures for the remaining hours were presented in 

Table  A.2. These results were obtained for solving the UC problem by using the PSO 

technique. 
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Table 6.4  PSO performance results from first (8 AM- 9 AM) to fifth hour  

                (12  PM-1 PM) 

Hour 1 

(8 AM- 

9 AM) 

2 

(9 AM- 

10 AM) 

3 

(10 AM- 

11 AM) 

4 

(11 AM- 

12 PM) 

5 

(12 PM- 

1 PM) 
Subsystems 

(1-10) 

 

1 

PV 395 395 395 395 400 

Bat 5 5 5 5 0 

MGT 0 0 0 0 0 

 

2 

PV 295 345 395 395 400 

Bat 5 5 5 5 0 

MGT 0 0 0 0 0 

 

3 

PV 0 0 45 0 50 

Bat 0 0 5 0 0 

MGT       0 0 0 0 0 

 

4 

PV 0 0 0 100 0 

Bat 0 0 0 0 0 

MGT 0 0 0 0 0 

 

5 

PV 0 0 0 0 150 

Bat 0 0 0 0 0 

MGT 0 0 0 0 0 

 

6-10 

PV 0 0 0 50 0 

Bat 0 0 0 0 0 

MGT 0 0 0 0 0 

Table 6.5 lists the PSO performance results which covers the peak load period from 

the tenth hour (5 PM-6 PM) to the fifteenth hour (10 PM-11 PM).  
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Table 6.5  PSO performance results from tenth (5 PM-6 PM) to fifteenth hour 

                 (10 PM-11 PM) 

Hour 10 

(5 PM- 

6 PM) 

11 

(6 PM- 

7 PM) 

12 

(7 PM- 

8 PM) 

13 

(8 PM- 

9 PM) 

    14 

(9 PM- 

10 PM) 

15 

(10 PM- 

11 PM) 
Subsystems 

(1-10) 

 

1 

PV 200 150 100 0 0 0 

Bat 200 250 300 400 400 400 

MGT 55 55 55 55 55 55 

 

2 

PV 200 150 100 0 0 0 

Bat 200 250 300 400 400 400 

MGT 55 55 55 55 55 55 

 

3 

PV 30 30 10 0 0 0 

Bat 70 70 90 100 100 100 

MGT 30 30 30 30 0 0 

 

4 

PV 30 30 10 0 0 0 

Bat 70 70 90 100 100 100 

MGT 30 30 30 30 0 0 

 

5 

PV 50 40 40 0 0 0 

Bat 100 110 110 150 150 90 

MGT 0 0 0 0 0 0 

 

6 

PV 50 20 20 0 0 0 

Bat 0 30 30 50 40 0 

MGT 0 0 0 0 0 0 

 

7 

PV 30 20 20 0 0 0 

Bat 0 30 30 30 0 0 

MGT 0 0 0 0 0 0 

 

8 

PV 0 30 20 0 0 0 

Bat 0 0 30 0 0 0 

MGT 0 0 0 0 0 0 

 

9 

PV 0 0 0 0 0 0 

Bat 0 0 30 0 0 0 

MGT 0 0 0 0 0 0 

 

10 

PV 0 0 0 0 0 0 

Bat 0 0 0 0 0 0 

MGT 0 0 0 0 0 0 
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The trend of finding the optimum solution is revealed in Table 6.4 - 6.5. The obtained 

results demonstrate that the PSO technique was effectively solved the UC problem 

than the DP technique. 
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Chapter 7 

Conclusions and future works 

Chapter 7 

In this chapter, the conclusions of the work are presented. In addition, any scope of 

future work in the area is discussed. 

 7.1 Conclusions 

In this thesis, two optimization techniques viz, Dynamic Programming and Particle 

Swarm Optimization were used for solving security and Unit Commitment problems 

of a small isolated system. The system consisted of ten different subsystems each 

containing a Renewable Energy Source (Photovoltaic) and a Non-Renewable Energy 

Source (Micro Gas Turbine). A single fault was applied to one of the subsystems at 

different hours of the day. The Dynamic Programming technique was used to the 

system to identify the faulted subsystem and recommend commitment of adequate 

generation from another subsystem in order to meet the load requirement of the 

system. The Dynamic Programming was able to commit adequate generation from 

another subsystem. Unfortunately, this technique committed Micro Gas Turbines 

even though Photovoltaic generation was available in the healthy subsystems. 

Although, this technique solved the security and Unit Commitment problems 

satisfactorily, it failed to satisfy the CO2 emissions constraints because it used Micro 

Gas Turbines.  

Next, the Particle Swarm Optimization technique was used for solving the same 

problem i.e. security and Unit Commitment problems after a fault. As with the 
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Dynamic Programming Technique, we applied a single fault to one of the subsystems, 

this time randomly. This technique was also able to identify the faulted subsystem 

and committed required amount of power from another subsystem. It is noted that this 

technique committed Photovoltaic generation when available. We repeated this test 

for different locations of the fault. In all the cases, this technique was successful in 

identifying the fault location and committing the required amount of power from 

another subsystem. The important thing is that the Particle Swarm Optimization 

technique did not commit Micro Gas Turbines as long as Photovoltaic generation was 

available. Then two random faults were applied to two different subsystems 

simultaneously. We repeated this for a number of cases faults occurring at different 

hours. In all the cases, the Particle Swarm Optimization technique correctly identified 

both the faulted subsystems and recommended commitment of the Photovoltaic 

generation when available. Micro Gas Turbines were committed only when all 

available Photovoltaic generation and battery were already committed. Thus, both 

techniques are good for solving security and Unit Commitment problems, but the 

Dynamic Programming technique used Micro Gas Turbines unnecessarily involving 

generation of CO2 emissions. We, therefore, conclude that the Particle Swarm 

Optimization technique solved successfully both the security and Unit Commitment 

problems along with minimization of the CO2 emissions. This is a clear advantage of 

the Particle Swarm Optimization technique over the Dynamic Programming 

technique.  

7.2 Future Scope 

The work reported in this thesis can be extended by incorporating the fuel cells instead 

of MGTs, thus automatically minimizing CO2 emissions. The Particle Swarm 
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Optimization can be used for solving Unit Commitment and security problems in 

larger systems as well. This work can also be extended to hybrid techniques such as 

Simulated Annealing, Ant Colony Optimization, Harmony Search, Evolutionary 

Computation etc. Moreover, this work can be applied to real-time systems.  
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Appendix 

A large number of case studies were performed as part of the work presented in this 

thesis. The very important ones were presented in Chapter 5 (Figures 5.2 to 5.16). 

These figures showed the generation of the subsystems in 1st to 2nd, 5th to 10th and 14th 

to 20th hours. The figures for the remaining hours are presented in Appendix 

(Figures  A.1 to A.9) by using the Dynamic Programming technique.  

 

Figure A.1   Power generated in Subsystems 1 and 2 in the third hour (10 AM- 

                    11 AM). 
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Figure A.2   Power generated in Subsystems 1, 2 and 5 in the fourth hour (11 AM- 

                    12 PM). 

 
Figure A.3   Power generated in Subsystems 1, 2, 3, 4, 5, 6, 7 and 8 in the eleventh  

                     hour (6 PM-7 PM). 
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Figure A.4   Power generated in Subsystems 1, 2, 3, 4, 5, 6, 7, 8 and 9 in the twelfth  

                     hour (7 PM-8 PM). 

 

 

Figure A.5   Power generated in Subsystems 1, 2, 3, 4, 5, 6 and 7 in the thirteenth  

                     hour (8 PM-9 PM). 
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Figure A.6   Power generated in Subsystems 1, 2, 3, 4, 5 and 6 in the twenty-first  

                     hour (4 AM-5 AM). 

 

Figure A.7   Power generated in Subsystems 1, 2, 3, 4 and 5 in the twenty-second  

                     hour (5 AM-6 AM). 
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Figure A.8   Power generated in Subsystems 1, 2 and 5 in the twenty-third  

                     hour (6 AM-7 AM). 

 

Figure A.9   Power generated in Subsystems 1 and 2 in the twenty-fourth 

                     hour (7 AM-8 AM). 
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In addition, several case studies were presented in chapter 6 (Figures 6.2 to 6.21). 

These figures showed the generation of the subsystems in 1st to 2nd, 7th, 10th, 13th to 

14th, 16th to 17th and 21st to 22nd hours. The figures for the remaining hours are 

presented in Appendix (Figures A.10 to A.23) by using the Particle Swarm 

Optimization technique.  

 

Figure A.10   Power generated in Subsystems 1, 2 and 3 in the third hour 

                       (10 AM-11 AM). 
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Figure A.11   Power generated in Subsystems 1, 2, 4 and 6 in the fourth hour 

                       (11 AM-12 PM). 

 

Figure A.12   Power generated in Subsystems 1, 2, 3 and 5 in the fifth hour 

                       (12 PM-1 PM). 
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Figure A.13   Power generated in Subsystems 1, 2, 3, 4 and 5 in the sixth hour 

                       (1 PM-2 PM). 

 

Figure A.14   Power generated in Subsystems 1, 2, 3, 4 and 5 in the eighth hour 

                       (3 PM-4 PM). 
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Figure A.15   Power generated in Subsystems 1, 2, 3, 4, 5, 6 and 7 in the ninth hour 

                       (4 PM-5 PM). 

 

Figure A.16   Power generated in Subsystems 1, 2, 3, 4, 5, 6, 7 and 8 in the eleventh  

                       hour (6 PM-7 PM). 
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Figure A.17   Power generated in Subsystems 1, 2, 3, 4, 5, 6, 7, 8 and 9 in the twelfth  

                       hour (7 PM-8 PM). 

 

Figure A.18   Power generated in Subsystems 1, 2, 3, 4 and 5 in the fifteenth hour  

                       (10 PM-11 PM). 
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Figure A.19   Power generated in Subsystems 1, 2, 3, 4 and 5 in the eighteenth hour  

                       (1 AM-2 AM). 

 

Figure A.20   Power generated in Subsystems 1, 2, 3, 4 and 5 in the nineteenth hour  

                       (2 AM-3 AM). 
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Figure A.21   Power generated in Subsystems 1, 2, 3, 4, 5, 6 and 7 in the twentieth  

                       hour (3 AM-4 AM). 

 

Figure A.22   Power generated in Subsystems 1, 2 and 5 in the twenty-third hour 

                       (6 AM-7 AM). 
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Figure A.23  Power generated in Subsystems 1 and 2 in the twenty-fourth hour 

                     (7 AM-8 AM). 

 

Table A.1 lists the Dynamic Programming technique performance results for twenty-

four hours. Table A.2 lists the Particle Swarm Optimization technique performance 

results for twenty-four hours as we did in the case of DP.  These results were obtained 

for solving only the Unit Commitment problems by using the DP and PSO techniques.    
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Table A.1 lists the DP performance results. It lists information about PV (P), MGT (M) and battery (B) along with subsystems.  

Source 

 

1 2 3 4 5 6 7 8 9 10 

Hour P M B P M B P M B P M B P M B P M B P M B P M B P M B P M B 

1 400 55 0 245 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 400 55 0 295 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 400 55 0 395 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 400 55 0 400 55 0 0 0 0 0 0 0 35 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 400 55 0 400 55 0 0 0 0 0 0 0 85 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 400 55 0 400 55 0 0 0 0 90 30 10 60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 350 55 50 350 50 5 90 30 10 90 30 10 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 300 55 100 300 55 100 90 30 10 90 30 10 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 200 55 200 200 55 200 90 30 10 90 30 10 90 15 0 25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 100 55 300 100 55 300 50 30 50 50 30 50 50 15 100 45 0 0 20 0 0 0 0 0 0 0 0 0 0 0 

11 400 55 0 400 55 0 50 30 50 50 30 50 0 15 150 0 30 50 0 0 25 0 0 15 0 0 0 0 0 0 

12 0 55 400 0 55 400 0 30 100 0 30 100 0 15 150 0 25 50 0 0 25 0 0 50 0 0 15 0 0 0 

13 0 55 400 0 55 400 0 30 100 0 30 100 0 15 150 0 0 45 0 0 20 0 0 0 0 0 0 0 0 0 

14 0 55 400 0 55 400 0 30 100 0 30 100 0 0 110 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 55 400 0 55 400 0 30 100 0 30 100 0 0 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 55 400 0 45 400 0 0 0 0 30 100 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 55 400 0 0 395 0 0 0 0 30 100 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 55 400 0 55 400 0 0 0 0 30 100 0 0 60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 55 400 0 55 400 0 30 100 0 30 100 0 0 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 55 400 0 55 400 0 30 100 0 30 100 0 15 150 0 0 50 0 0 20 0 0 0 0 0 0 0 0 0 

21 0 55 400 0 55 400 0 30 100 0 30 100 0 0 105 0 0 25 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 55 400 0 55 400 0 0 0 0 30 100 0 0 60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 55 400 0 25 400 0 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 55 400 0 0 345 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table A.2 lists the PSO performance results. It lists information about PV (P), MGT (M) and battery (B) along with subsystems.  

Source              1 2 3 4 5 6 7 8 9 

 

10 

Hour P M B P M B P M B P M B P M B P M B P M B P M B P M B P M B 

1 395 0 5 295 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 395 0 5 345 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 395 0 5 395 0 5 45 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 395 0 5 395 0 5 0 0 0 100 0 0 0 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 400 0 0 400 0 0 50 0 0 0 0 0 150 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 395 0 5 395 0 5 90 0 5 90 0 5 90 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 395 55 5 395 5 5 100 0 0 100 0 0 90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 395 55 5 395 55 5 100 0 0 100 0 0 90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 370 55 30 370 55 30 80 0 20 80 0 20 100 0 0 50 0 0 10 0 0 0 0 0 0 0 0 0 0 0 

10 200 55 200 200 55 200 30 30 70 30 30 70 50 0 100 50 0 0 30 0 0 0 0 0 0 0 0 0 0 0 

11 150 55 250 150 55 250 30 30 70 30 30 70 40 0 110 20 0 30 20 0 30 30 0 0 0 0 0 0 0 0 

12 100 55 300 100 55 300 10 30 90 10 30 90 40 0 110 20 0 30 20 0 30 20 0 30 0 0 30 0 0 0 

13 0 55 400 0 55 400 0 30 100 0 30 100 0 0 150 0 0 50 0 0 30 0 0 0 0 0 0 0 0 0 

14 0 55 400 0 55 400 0 0 100 0 0 100 0 0 150 0 0 40 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 55 400 0 55 400 0 0 100 0 0 100 0 0 90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 400 0 0 400 0 0 100 0 0 100 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 400 0 0 400 0 0 50 0 0 100 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 400 0 0 400 0 0 100 0 0 100 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 55 400 0 55 400 0 0 100 0 0 100 0 0 90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 55 400 0 55 400 0 30 100 0 30 100 0 0 150 0 0 50 0 0 30 0 0 0 0 0 0 0 0 0 

21 0 55 400 0 55 400 0 0 100 0 0 100 0 0 150 0 0 40 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 400 0 0 400 0 0 100 0 0 100 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 400 0 0 400 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 400 0 0 400 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 


