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ABSTRACT
Today’s power system network is highly complex and vulnerable to high degree of faults, instability, slow response, malicious acts of terror and natural disasters because of the dominance of new technologies such as controllers, power electronic devices, renewable distributed generation etc in which the operation and control are based on slow conventional soft computing. To continue to enjoy stable energy delivery, power system planners and utilities should begin to shift focus toward intelligence techniques for its upgrade and fast response. Consequently, this study aims at enhancement of voltage stability of Nigeria Egbu 11kV distribution network using D-STATCOM and Whale Optimization Algorithm (WOA). The WOA was used to determine the D-STATCOM optimal placement and sizing. To enhance the voltage stability of the network, the D-STATCOM was deployed as a reactive power compensation device. In order to ascertain WOA's network performance behavior, three test cases were implemented using the minimum voltage stability index of the network, the minimum bus voltage magnitude, and the total active and reactive power loss of the network as performance indices. Test case one was the base case simulation results, test case two was the D-STATCOM manual allocation simulation results and test case three was done using WAO for D-STATCOM optimal placement and sizing. All the three test cases were implemented on two separate networks; the IEEE 33-bus system and Nigeria Egbu 11kV distribution network. The obtained simulation result on IEEE 33 bus system using WOA indicates that the total active power loss was reduced by 35%, the total reactive power loss was reduced by 32%, the minimum voltage profile was improved by 4% and the minimum voltage stability index was enhanced by 14% respectively. The obtained simulation result on Egbu 11kV distribution network using WOA indicates that the total active power loss was reduced by 40%, the minimum voltage profile was improved by 3%, the reactive power loss was reduced by 22%, and the minimum voltage stability index of the network was enhanced by 14% respectively. In conclusion, the study establishes that WOA is an effective algorithm in enhancing the voltage stability of distribution network through optimal placement and sizing of D-STATCOM. In this study, the objectives were achieved without considering the phase load imbalance and harmonics production of D-STATCOM, future work on the impact of phase load imbalance and harmonics production of D-STATCOM when integrated should be considered. 

CHAPTER ONE
INTRODUCTION
1.1	Background to the Problem
In power system Engineering, power system security is becoming a serious concern to power utility and operators. Transient, voltage and frequency stabilities are frequently been assessed to ensure that the stability of the system is maintained. This is as a result of the continuous and unpredictable change in load demand, the complexity of the structural network as a result of integration of new technologies, malicious acts of terror and natural disasters, etc Furthermore, the integration of new technologies without analyzing the power system security will further threaten the security status of the system. This will result into vast number of losses, voltage instability, poor voltage profile, malfunction of equipment, etc In Nigeria, there are vast deposit of renewable energy resources, but they cannot be fully utilized and integrated except the stability status are adequately addressed. Availability of stable electrical power and its proper application can lead to the advancement and improvement in people's living standards by stimulating other sectors such as health, education, agriculture, commerce, transportation, and industry (Sivanagaraju et al., 2010). The intention behind the establishment of any power system is to produce enough electrical power in a suitable area, transmit that power to various load centers where it is distributed to diverse customers while maintaining security, reliability, and at an affordable price. A secured power system must maintain the threshold level required for frequency, transient, and voltage in order to function properly. Higher percentage of security issues are traceable to the distribution network (Balamurugan et al., 2018).

The distribution network is the last part of the power system network that is responsible for delivering electric power needed to meet the needs of consumers within a certain standard range (Devi and Geethanjali, 2014). In order to meet customers' needs, the distribution network rated voltage must be within the acceptable value, the insulation utilized should have a high dielectric strength, the network should not be over loaded, the line losses should be kept to a minimum, and the network operating condition should be reliable even in the event of major or minor disturbance (Idoniboyeobu et al., 2018). However, this is not always possible because the present distribution networks are being operated at voltages that are close to their voltage stability threshold for a variety of reasons such as high R/X ratio, economic and environmental constraints, diverse nature of consumer load activities, etc (Reis and Maciel Barbosa, 2006). This will cause the network to lose a lot of reactive power thereby resulting into high power losses, poor voltage profile and voltage instability (Andersson et al., 2005). 

According to several studies, distribution system losses cause 13% of total electric power generated to be wasted (Balamurugan et al., 2018; Devi and Geethanjali, 2014; Yuvaraj et al., 2019). If generators and devices installed along distribution lines are unable to provide appropriate reactive power compensation, this will result into partial or complete voltage collapse ( Andersson et al., 2005). Several voltage collapse incidents around the world are mainly due to voltage instability in stressed power system (Justin et al., 2021). In Nigeria, Voltage collapse are estimated to cost the country $1 billion a year (2.5 percent of GDP) (Justin et al., 2021). Manufacturing companies in Nigeria spend 60% of their running cost on alternative source of energy. This has resulted in the closure and relocation of many companies such as the Michelin and Dunlop to Ghana. Therefore, installation of reactive power compensation is essential in maintaining voltage stability and preventing voltage collapse in any power systems (Nuchhi et al.,  2013).   
Reactive Power Compensation (RPC) are devices used  to compensate for the requisite reactive power needed in power system by decreasing the power loss , enhancing the stability of the voltage, optimizing the voltage profile of the network, etc. (Khoa and Tung, 2018; Sirjani and Rezaee, 2017; Ullah et al., 2016). In a distribution network, several types of RPC devices are used such as customer power devices, series voltage regulators, shunt capacitors, etc. The shunt capacitors and the series voltage regulators are traditional methods with limitations such as delay in reaction, inability to provide adequate reactive power, and constant maintenance (Igbinovia et al., 2015). The Distribution Flexible Alternating Current Transmission System (D-FACTS) also known as customer power devices (CP) are thyristor base power electronic RPC devices that are not affected by the short-comings of traditional methods (Khoa and Tung, 2018; Sirjani and Rezaee, 2017). Examples are Unified Power Flow Controller (UPFC), Distributed Static Compensator (D-STATCOM), Interline Power Flow Controller (IPFC), Thyristor Controlled Series Compensator (TCSC), and Static Var Compensator (SVC). D-STATCOMs are preferred above others because of its low losses, low harmonic production, compact size, and inexpensive cost (Balamurugan et al., 2018; Tejaswini and Susitra, 2019).
To effectively compensate for reactive power using D-STATCOM device, the optimal placement and sizing of the device must be found (Mirjalili and Lewis, 2016). Several techniques for determining D-STATCOM optimal placement and sizing has been suggested by various researchers such as the Artificial Neural Network base techniques (ANN), the meta-heuristics base techniques, and the analytical base technique (Mirjalili and Lewis, 2016). The most prevalent technique is the meta-heuristic methods because they are flexible, simple to design and implement, capable of providing a global optimal solution, and very effective in dealing with multimodal, multi-objective, discrete, and limited situations (Jordehi et al., 2015). Examples are Bacterial foraging algorithm (BFA), Immune algorithm (IA), Ant Colony Algorithm (ACO), Whale optimization algorithm (WOA), Bat Algorithm (BA), Differential Evolution (DE), Genetic Algorithm (GA), Particle Swarm optimization (PSO), etc (Mirjalili and Lewis, 2016). 
The Whale Optimization Algorithm (WOA) is a meta-heuristic technique that is based on the unique feeding behavior of the humpback whales (Mirjalili and Lewis, 2016). Although the WOA has gained widespread recognition in variety of engineering fields, it has not been extensively utilized in distribution network for voltage stability enhancement using D-STATCOM. When compared with other meta-heuristics techniques such as Immune Algorithm (IA) and Genetic Algorithm (GA) by considering power loss minimization, and voltage profile improvement in a distribution network, the WOA proved to perform better, simple to develop and robust in operation (Balamurugan et al., 2018). Thus, in order to ensure that stable voltage is supplied from the source to the consumers, the Whale Optimization Algorithm is implemented on Nigeria Egbu 11kV distribution network and IEEE 33 bus system by considering voltage stability enhancement. 
1.2	Statement of the Problem
Nigeria Egbu 11kV distribution network has been chosen as a case study because of its vulnerability to power interruption due to overloading of the network which leads to voltage instability, poor voltage profile and because of inappropriate use of cable sizes, and huge megawatt of power losses on the system. The overloading of the network is caused by the ever-increasing business and residential development in that area. This has also resulted into voltage gap between the receiving end voltage and the sending end voltage. In addition to the increase in load demand, the network is connected in a radial system which decreases the ability of the lines to distribute stable electricity especially at the end of the network.
1.3	Justification for the Study
Nigeria Egbu 11kV distribution network is a complicated network that experiences a number of power quality problems such as insufficient reactive power compensation, high power losses, voltage instability, etc. Despite these well-known power quality problems, the electrical energy consumption keeps increasing on a weekly basis. Power system Engineers have adopted several methods to solve the power quality problems experienced in Nigeria Egbu 11kV distribution networks. Such methods are load shedding, shunt capacitors, etc. However, these methods are unreliable in maintaining the voltage stability of the network, reducing the high-power losses, responding to load patterns etc. It has become apparent that an updated is needed in Nigeria Egbu 11kV distribution network to make it flexible in responding to load patterns, enhancing the voltage stability, reducing the power losses, and improving the overall network voltage profile. Integrating a D-STATCOM device on the distribution network using an optimization method is one way to achieve this. Thus, the Whale Optimization Algorithm is implemented on Nigeria Egbu 11kV distribution network by considering voltage stability enhancement of the network
1.4	 Aim and Objectives of the Study
The aim of this study is to enhance the voltage stability of Nigeria Egbu 11kV distribution network using D-STATCOM and WOA. The objectives are:  
i. to model Egbu 11kV distribution network
ii. to perform Backward-Forward Sweep (BFS) load flow analysis technique of the network 
iii. to use the WOA for optimal D-STATCOM placement and sizing 
iv. to analyze the network's voltage stability
v. to assess D-STATCOM cost effectiveness on the network using WOA
1.5	Research Questions
The questions are:
1. Which software will be used to model the network?
1. What benefit does Backward-Forward Sweep (BFS) load flow analysis offer?
1. What makes the WOA model preferable from other previously used model?
1. Which voltage stability indices will be applied to determine the voltage stability index of the network?
1. How many times has WOA been used to enhance the voltage stability of an 11kV distribution network using D-STATCOM?
1.6	Scope of the Study
This research work covers only 11kV distribution network in Egbu community in Owerri the capital of Imo State, in Nigeria. At the same time the focus of this research is limited to optimal placement and sizing of the use of D-STATCOM for network voltage stability enhancement. The use of optimization technique was only limited to WOA modeling and implementation. Other optimization techniques were only used for comparison. The phase imbalance and harmonics impact of D-STATCOM are not taken into account in this work. 
1.7	 Significance of the Study
Maintaining a good power system voltage stability will enhance the security of the system by supplying sustainable electric power, meeting the network load demand, increasing the network capabilities, and allowing for additional loads without overloading the system. 














CHAPTER TWO
REVIEW OF LITERATURES 
2.1	Electrical Power Distribution System
Electric power distribution system is part of the power system network that is directly responsible for distributing electricity from the transmission or sub transmission stations to the consumers. The first component of the electric power distribution system is the distribution substation, which is where the transmission line voltage of 132kV or sub transmission line voltage of 33kV is lowered by a stepdown transformer to obtain primary distribution line voltage of 11kV. This primary distribution line voltage is then distributed to the load center where the distribution transformer further steps down the voltage to secondary distribution line voltages of 415volts for three phase supply and 240volts for single phase supply and neutral (Aggarwal and Gupta, 2010). Figure 2.1 is a single line diagram of an electrical power system.
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Figure 2.1: Electrical power system line diagram (Thakur and Chawla, 2015).
In order to meet customers' needs, the distribution network rated voltage must be within the acceptable value, the insulation utilized should have a high dielectric strength, the network should not be over loaded, the line losses should be kept to a minimum, and the network operating condition should be reliable even in the event of major or minor disturbance (Idoniboyeobu et al., 2018). However, the distribution network often experiences instability problems due to many reasons such as high R/X ratio, economic and environmental constraints, diverse nature of consumer load activities, etc. (Reis and Maciel Barbosa, 2006)
2.2	Power system stability 
This is the ability of a power system to sustain the required power system security when operating under normal stipulated conditions and even after undergoing minor or major disturbance (Andersson et al., 2005). Power system stability is classified into three types namely, voltage stability, synchronous or rotor angle stability, and frequency stability  (Hill, 2004).
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Figure 2.2: Power System Stability Line Diagram (Hill, 2004) 
2.2.1 Synchronous or rotor angle stability 
Synchronous stability occurs in a power system when synchronous interconnected machines are able to maintain synchronism when operating under normal stipulated rotor angle conditions and even after experiencing a minor or major disturbance (Andersson et al., 2005).
2.2.2 Frequency stability 
Frequency stability occurs in a distribution network when the required operational frequency of                 +/- 0.5 Hertz is maintained regularly at all intervals in the network even after experiencing a minor or major disturbance (Andersson et al., 2005).
2.2.3	Voltage stability 
Voltage stability occurs in a power system when the required operational voltage of +/- 6 % is maintained regularly at all intervals in the network even after experiencing a minor or major disturbance (Andersson et al., 2005). 
2.2.3.1 Types of voltage stability
i. Large disturbance voltage stability
This type of voltage stability occurs when the power system is able to recover and maintain voltage equilibrium at all buses after experiencing a major disturbance like network malfunction or losing a generating unit (Andersson et al., 2005). 
ii. Small disturbance voltage stability. 
This type of voltage stability occurs when the power system is able to recover and maintain voltage equilibrium at all buses after experiencing a minor disturbance like increase in load (Andersson et al., 2005).
Voltage stability can have time frames ranging from a few seconds to tens of minutes. 
2.2.3.2 Time frame for voltage stability 
This can be divided into two types
i. Short term time frame
This is achieved within the time frame of few seconds when fast acting dynamic load components like HVDC converters, electronic-base load controllers, and inductor motors are installed in the network as reactive power compensation (Hill, 2004). 
ii. Long term time frame 
This is achieved within the time frame of few minutes when slow acting devices like generator current limiters, tap-changer transformers, and thermostatic load regulators are installed in the network as reactive power compensation (Hill, 2004).
2.2.4 Voltage instability
This is as a result of limited reactive power requirement in the network needed to meet the reactive power demand of the load or the unwanted absorption of reactive power in the network that result into a gradual and unpredictable drop in voltage (Andersson et al., 2005). Maintaining a constant voltage profile is essential in maintaining the voltage stability of a network. (Kavitha and Neela, 2018). 
2.2.5 Voltage profile
To provide voltage stability in a power system, a constant voltage profile should be maintained at all times (Kavitha  and Neela, 2018). The distribution system voltages are 33 kV, 11 kV, 415 volts, and 240 volts, and they should be maintained within the acceptable limit of +/-6 % of the nominal voltage up to the load centers in order to maintain a constant voltage stability. Increase in load, on the other hand, may cause a voltage drop and hence affect the voltage profile. When the load factor is high, the voltage profile variation in the network will be much, thereby causing a voltage drop at the consumer end, and when the load factor is small, the voltage profile variation of the network will be small, thereby cause an increase in voltage profile of the network at the consumer end. As a result, voltage profile management has become essential in maintaining voltage levels within acceptable tolerances of +/-6 % of the nominal value (Stanelyte and Radziukynas, 2019). Figure 2.3 shows a single line diagram of a voltage drop in a distribution network
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Figure 2.3: Single line diagram of a voltage drop (Kavitha and Neela, 2018)

The following formula is used to compute the voltage drop on the feeder:
                                                                                                              (2.1)
Where S is the apparent power,  is the active power that the load absorbs,  is the reactive power that the load absorbs

The load complex apparent power as a function of current and the load voltage  is expressed as 
                                                                                                               (2.2)

The relationship between the sending end voltage  and the receiving end voltage  is given as 
	                                                                                                              (2.3)

Where Z is the series impedance of the line consisting of resistance R and inductive reactance X 
                                           				 			    (2.4)                                        
                   (2.5)                                                                                                                                                                                                                                           But,                                			  	  	    (2.6)

The voltage angle θ between  and  in equation (2.5) is minimal for small power flows, therefore the voltage drop ∆V = || can be express as  
∆V                   								               (2.7)                                                               
R is quite small in comparison with X, equation (2.7) can be further simplified as 
            									  	   (2.8)            
Where  is the receiving end voltage of the load, is the current that flows toward the load,  is the angle at which  leads ,  is the sending end voltage of the network

It can be seen from equation (2.8), that the receiving end voltage drop ( is determined by the reactive power (. To maintain voltage stability in the network, the reactive power supply in the network must be adjusted to meet the fluctuating voltage profile of the network. When this is not done properly, it might result into voltage collapse. Voltage collapse will cause the power system to be unstable thereby resulting into power system collapse (Kavitha and Neela, 2018).
2.2.6 Voltage collapse  
Voltage collapse can occur as a result of voltage instability in a power system network. This will cause the power system to be unstable thereby resulting into power system collapse. Several voltage collapse incidents have occurred across the world. Some of the major voltage collapse incidences around the world are given below.
i. The August 14, 2003 U.S.-Canadian voltage collapse  
This voltage collapse affected about 50 million people in eight U.S. states and two Canadian provinces. Approximately 63 GW of load was loss with over 400 transmission lines and 531 generating units and 261 power plants (Andersson et al., 2005). According to the findings of the North American Electric Reliability Council (NERC) inquiry, the system was functioning in accordance with NERC operating regulations. However, there were major reactive power supply problems in Indiana and Ohio which resulted in the voltage collapse (Andersson et al., 2005).

ii. September 23, 2003 Southern Sweden and Eastern Denmark voltage collapse
This voltage collapse resulted in the loss of 3000 MW nuclear unit in southern Sweden, which affected part of Southern Swedish and Eastern Danish systems. A total of 4700 MW of power was lost in Sweden (affecting 1.6 million people) and 1850MW in Denmark (2.4 million people affected) (Andersson et al., 2005).

iii. September 28, 2003, Italy voltage collapse 
This voltage collapse resulted in the loss of 6400MW of power thereby causing the whole power system to fail. This resulted into a nationwide blackout. (Andersson et al., 2005). Table 2.1 is a global voltage collapse from January 2005 to January 2014  (Justin et al., 2021)

Table 2.1: Global voltage collapse from January 2005 to January 2014  
	Year 
	2005
	2006
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014

	Number of Voltage collapses
	14
	18
	14
	18
	14
	9
	14
	6
	10
	2



iv. Voltage collapse in Nigeria
Nigeria National Grid has had its own share of voltage collapse according to Transmission Company of Nigeria (TCN) statistics. The voltage collapse that occurs in Nigeria are estimated to cost the country $1 billion a year (2.5 percent of GDP) (Justin et al., 2021). Manufacturing companies in Nigeria spend 60% of their running cost on alternative source of energy, this has resulted in the closure and relocation of many companies such as the Michelin and Dunlop to Ghana.  Table 2.2 is a statistical data showing partial and complete voltage collapse on the Nigeria Power System from January 2000 to July 2020 (Justin et al., 2021).  




Table 2.2: Complete and partial voltage collapse in Nigeria system from Jan. 2000 to Jan. 2020 (Justin et al., 2021).
	Year
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020

	Complete Voltage collapse
	5
	14
	9
	14
	22
	21
	20
	18
	26
	19
	22
	13
	16
	22
	9
	6
	16
	15
	12
	9
	1

	Partial Voltage collapse
	6
	5
	32
	39
	30
	15
	10
	8
	16
	20
	20
	6
	8
	2
	4
	4
	6
	9
	1
	1
	0

	Total  
	11
	19
	41
	53
	52
	36
	30
	26
	42
	39
	42
	19
	19
	24
	13
	10
	22
	24
	13
	10
	1



From the voltage collapse data gotten from Table 2.1 and 2.2, it is paramount that  a power system voltage stability indicator is vital in order to know the stability of the voltage in the system (Modarresi, Gholipour, and Khodabakhshian, 2016). This indicators are called voltage stability indices (Justin et al., 2021)
2.2.7 Voltage Stability Indices (VSI)
Voltage stability indices are indicators that can be used to identify voltage collapse points in a power system, identify weak lines and buses both offline and online mode, provide information on the stability of lines connected between two buses at various loading conditions, determine the optimal placement and sizing of RPC and DG, and act as a real-time indicator for voltage instability (Modarresi et al., 2016). Figure 2.4 will be used to calculate the voltage stability indices 











[bookmark: _Hlk112061334]Figure 2.4: Sending and receiving two-bus model representation (Ismail et al., 2020)

Where;
, , = the line resistance, and reactance between bus m (sending end) and n (receiving end) 
, , = the apparent, real and reactive power at bus m
, , = the apparent, real and reactive power at bus n 
,  = the magnitude bus voltage at bus m and bus n 
	= the phase angle between bus m and bus n, 
2.2.7.1 Types of voltage stability indices 
They are line voltage stability, bus voltage stability indices and overall voltage stability indices. 
1. Line voltage stability indices 
The line voltage stability indices are evaluated on the lines. They are calculated using the power transmission or distribution method of two bus model as shown in Figure. 2.4, with shunt admittances ignored (Ismail et al., 2020).  Some of the line voltage stability indices are 
a. Voltage Sensitivity Index (VSEI)
Murty and Kumar proposed the VSEI by using the power concept in two bus transmission or distribution line (Murty and Kumar, 2015).The index is denoted as follows:
	                                           	    			(2.9)

b. Fast Voltage Stability Index (FVSI)
Musirin and Abdul Rahman proposed FVSI based on the power transmission principle in a two bus systems (Musirin and Abdul Rahman, 2002). 
									           (2.10)

2. Bus Voltage Stability Indices (BUS VSI)
Bus voltage stability indices (VSIs) can be used to assess the voltage stability of buses on a network (Ismail et al., 2020). 
i. Voltage Stability Index (VSI)
Eminoglu  and Hocaoglu developed VSI on the basis of power flow method. This index is appropriate for radial and mesh network systems, and it is used to measure the voltage stablity at each bus in the network (Eminoglu and Hocaoglu, 2007). The VSI was used in the thesis work because it is appropriate for radial network system 

                 (2.11)



3. Overall voltage stability indices 
The overall voltage stability indices are not related to the power system buses and lines. Therefore, it cannot be used to determine the weakest line or bus, but can only predict the power system collapse point. Examples are Network Sensitivity Approach (NSA), Load Margin (LM), System Determinant (SD), Singular Values (SV), Second Order Index (SOI), Reactive Power Margins (RPM), Voltage Instability Proximity Index (VIPI), Center Manifold Based Index (CMBI) and Energy Functions (EF) (Modarresi et al., 2016). 
2.3 Power loss
The distribution system requires a cost-effective system where electric power is distributed to the consumers at an affordable cost with voltage drop and power loss within the allowable threshold (Rao et al., 2011). The power losses are not always within the allowable threshold required for voltage stability to be maintained. This is because the majority of the loads in the consumer ends are reactive in nature. This will always result in an increase in the I2R and I2X line power losses (Nojavan et al., 2014). According to several studies, distribution system losses cause 13% of total electric power generated to be wasted (Balamurugan et al., 2018; Devi and Geethanjali, 2014; Yuvaraj et al., 2019) The power losses can be reduced by installing reactive power compensation on the network (Ismail et al., 2020). The most acceptable position for installing reactive power compensation is the one that delivers the greatest decrease in total power losses (Ismail et al., 2020). The power losses that occur in a distribution line can be calculated also by using Figure 2.4 in section 2.2.7 (Ismail et al., 2020)
					  (2.12)
					              (2.13)

The total power losses are gotten by adding all the line losses in the network (Ismail et al., 2020)
								  (2.14)
								  (2.15)

Electrical power distribution network suffers from both technical and non-technical losses. 
2.3.1 Types of power losses
i. Technical losses
Technical losses are as a result of the physical nature of power system equipment’s such as conductors, switches, generators, transformers etc that are used in the construction and operation of the network. These losses can be estimated and managed when the quantity of loads used in the network are known (Nojavan et al., 2014). Examples of technical losses are copper losses induced by the inherent resistance nature of conductors (I2R losses), radiation losses induced as a result of the electromagnetic fields surrounding the conductors, and dielectric losses induced as an after effect of the dielectric heating of materials in-between the conductors and the inductors (Rao et al., 2011). By installing reactive power compensation devices on the network, technical losses may be reduced (Rao et al., 2011). 

ii. Non-technical losses 
Non-technical losses are as a result of non-technical problems. They include erroneous meter activity, energy theft, unpaid bills, etc. The most efficient method of reducing NTL is to use smart electronic meters. However, the cost is too high (Zhang et al., 2018).
2.3.2	Effects of power losses
The negative effects of power losses are as follows 
i. Significant financial losses for distribution companies, thereby requiring them to recoup costs by imposing high rates on all consumers.
ii. Power outages and blackouts during peak periods.  
iii. Improper functioning of distribution feeders.
iv. Lighting system will have detrimental influence.
v. The lifespan of equipment will decrease.
vi. Inadequate performance of equipment (Zhang et al., 2018).
2.4	Reactive Power Compensation (RPC)
These are devices used to compensate the requisite reactive power needed in the power system by decreasing the power loss, enhancing the stability of the voltage, optimizing the voltage profile of the network, etc (Khoa and Tung, 2018; Sirjani and Rezaee, 2017; Ullah et al., 2016). In any RPC situation, voltage support and load compensation of the network are the two major areas that are considered. When considering Load compensation, reactive power compensation devices are installed in the network in order to inject reactive power at the load end which will improve the power factor, eliminate harmonic produced by nonlinear loads, balance the supply of active power in the network, etc while in voltage support, reactive power compensation devices are installed to reduce voltage fluctuation and improve power distribution in the network (Dixon et al., 2005; Gayatri et al., 2018; Teleke et al., 2008). Voltage support and load compensation of a distribution network using RPC devices are essential in solving power quality problems that affects the consumers (Dixon et al., 2005; Gayatri et al., 2018; Teleke et al., 2008).
2.4.1 Types of Reactive Power Compensation (RPC)
RPC can be divided into two categories:
a. Conventional or traditional methods: 
Conventional or traditional voltage stability methods rely on non-power electronic-based technology. Examples of traditional methods are 
i. Increasing the tap changer valve of a distribution transformer
The operation of a tap changer valve of a distribution transformer is done manually. It is used in a distribution substation to increase and decrease the output voltages when the network is experiencing low or high voltage. When the manual operation of the tap changer valve is not done in a timely manner to regulate the fluctuating voltage, this will damage electrical equipment  (Gupta, 2017).
ii. Load or line compensation 
It is accomplished by the use of rotating machines or mechanical switches to inject reactive power at an appropriate location. It is rarely utilized currently due to high cost, contribution to short circuit current, high power losses, regular maintenance and slow reaction in balancing fast load changes (Gupta, 2017).
iii. Load shedding 
During low voltage situations, strategic load shedding may be used by turning off power supply to select consumers. This, however, has a negative impact on network reliability (Naderi et al., 2013)


b. Power electronic-based topologies  
It was created to overcome the constraints of traditional method by enabling faster reaction times, lower power losses, and less maintenance needs (Naderi et al., 2013). The development of voltage source converters (VSC) for regulated procedures increased their use in power system. An example of power electronics-based method is the Flexible Alternating Current Transmission Systems (FACTS) (Gupta, 2017).
2.4.2 Flexible Alternating Current Transmission System (FACTS) 
FACTS devices are power electronic-based controller circuit configurations that are effective in controlling power flow on AC transmission or sub transmission lines. FACTS devices are used for a wide range of applications, including power flow control, increased transmission capability, power conditioning, voltage control, reactive power compensation, flicker mitigation, stability improvement, power quality improvement, and interconnection of renewable and distributed generation and storage (Ghamawala et al., 2018).
FACTS devices may be categorized into two generations based on technological factors; the first generation uses thyristors, while the second generation uses VSC (Ghamawala et al., 2018). Because VSC-based controllers are not impacted by the resonance phenomena that plague thyristor-based controllers, the second generation outperforms the first (Ghamawala et al., 2018). 
FACTS devices can be divided into four types namely, the series connected devices, the shunt connected devices, the combined series-series connected devices, and the combination series-shunt connected devices (Ghamawala et al., 2018).
The integration of FACTS devices has influence the transmission network power quality in a positive way thereby making it vital to investigate the incorporation of Distribution-FACTS         (D-FACTS) devices in distribution network (Khoa and Tung, 2018; Sirjani and Rezaee, 2017; Ullah et al., 2016).
2.4.3 Distribution-Flexible AC Transmission Systems (D-FACTS)
Distribution-Flexible AC Transmission Systems (D-FACTS) ae commonly known as Customer Power (PC) devices. They are high-tech based power-electronics devices utilized in distribution. D-FACTS are comparable to FACTS in terms of technology, but its performance objectives are different. FACTS are used to solve transmission system problems, such as increasing energy utilization efficiency, controlling demand flexibly, enhancing voltage stability, regulating voltage, controlling power flow, and reducing power losses, whereas D-FACTS are used to solve  distribution system problems, especially system reliability and power quality issues like power factor, voltage profile, and voltage stability (Ghamawala et al., 2018). Also, based on the distribution network requirement, D-FACTS may act as a capacity in order to supply the requisite reactive power compensation needed when the network requires reactive power, and when the network has an excess of reactive power, they act as an inductor. This method helps to reduce the unpredictability of the consumer load (Ghamawala et al., 2018). Examples of D-FACTS are Interline Power Flow Controller (IPFC), Unified Power Flow Controller (UPFC), Distributed Static Compensator (D-STATCOM), Static Var Compensator (SVC), and Thyristor Controlled Series Compensator (TCSC). D-STATCOMs are preferred above others because of its low losses, low harmonic production, compact size, and inexpensive cost (Balamurugan et al., 2018; Tejaswini and Susitra, 2019).
2.4.3.1	Distribution Static Compensator (D-STATCOM)
D-STATCOM devices are power base electronic devices that are used in distribution network to solve power quality problems. When the loading in the network is high, D-STATCOM injects the required quantity of current needed at the load bus to improve the voltage profile by regulating it to the required appropriate voltage level. The energy storage capacity of D-STATCOM is limited in storing reactive power over a long period of time, this problem is overcome by D-STATCOM exchanging reactive power with the network in a steady-state manner. D-STATCOM is capable of improving the bus voltage and power factor of a distribution network (Ghamawala et al., 2018). 
2.4.3.2	Basic operating of D-STATCOM
[bookmark: _Hlk115790261]The D-STATCOM voltage is injected in phase with the line voltage, and no power is exchanged with the network; instead, the D-STATCOM injects (or absorbs) solely reactive power. The exchange of reactive power with the network is achieved by regulating the amplitude of the output voltage. If the voltage magnitude (Vs) at the connection point is greater than the magnitude of the voltage source (Vsc), D-STATCOM acts as an inductor and absorbs the excess reactive power, in the same way if the voltage magnitude (Vs) is less than the magnitude of the voltage source (Vsc), D-STATCOM acts as a variable capacitor and injects the required reactive power. When the voltage magnitude (Vs)  at the connection point is equal to the magnitude of the voltage source (Vsc), D-STATCOM does not generate or absorb reactive power, and the reactive power is equal to zero (No-load mode) (Ghamawala et al., 2018). This is illustrated in Figure 2.5 (Ghamawala et al., 2018). 

[image: ]
Figure 2.5: D-STATCOM operation principles  (Ghamawala et al., 2018)
2.4.3.3 Applications of D-STATCOM 
The following are some of the applications of D-STATCOM 
i. D-STATCOM devices are used to improve power control in both steady and transient state conditions and mitigate power quality issues by increasing power transfer capability in lines, increasing stability margin, providing fast and reliable real and reactive power flow control (Alhelou et al., 2019).
ii. D-STATCOM devices provides power flow control services that can relieve network congestion, save operating costs, decrease power losses and voltage variation by limiting reactive power dispatch, increase available transfer capacity, and reduce load curtailment (Kotsampopoulos et al., 2019). 
iii. D-STATCOM devices are used to increase voltage security; it has been observed that insufficient reactive power supply is one of the causes of severe blackouts (Kargarian et al., 2011). 
iv. Power quality issues have become more complex at all power system levels as a result of the increased use of sensitive loads, renewable energy systems, and power electronics equipment, and without a proper mitigation technique, poor power quality can result in increased power losses, undesirable equipment behavior, and interference with nearby communication lines (Gandoman et al., 2018).  D-STATCOM devices can help with power quality issues such as eliminating voltage sags, providing harmonic isolation for nonlinear loads, and boosting power factor. 
v. It also provides considerable improvements in power system stability, notably improving the dampening of oscillations, transient stability, and voltage stability (Ou et al., 2017). 

2.4.3.4 D-STATCOM modeling
The use of D-STATCOM in distribution network load flow analysis requires that the accurate       D-STATCOM modeling be used for optimal results. D-STATCOM modeling are categories into three types naming average modeling, detailed modeling, and phase-to-phase modeling. The detailed modeling was employed in this study because it provides a detailed mathematical modelling of the network  (Djamel et al., 2014).
[bookmark: _Hlk112056821]2.5 Distribution network load flow analysis  
[bookmark: _Hlk115791427][bookmark: _Hlk115791547][bookmark: _Hlk115791518][bookmark: _Hlk115791473]The load flow analysis of a distribution network gives insight into the steady-state performance of the network (Devi and Geethanjali, 2014). The distribution system nature of high R/X ratio makes the conventional transmission system load flow analysis techniques like the Fast Decoupling Methods, Newton–Raphson, and Gauss–Seidel inadequate in calculating the voltages and line flows (Rupa and Ganesh, 2014). Many Researchers have developed several load flow algorithms suitable for distribution networks such as, Direct Load Flow (DLF), the Forward-Backward, the Backward-Forward Sweep (BFS) technique, etc (Devi and Geethanjali, 2014). The Backward-Forward Sweep (BFS) load flow analysis technique will be adopted in this work because of its fast convergence ability (Rupa and Ganesh, 2014). The BFS load flow analysis is based on the Current and Kirchhoff Voltage laws (Devi and Geethanjali, 2014). 
2.6 Optimal D-STATCOM allocation
[bookmark: _Hlk115792119]D-STATCOM devices are very useful and vital in solving problems in distribution networks, but the costs of installation are high, so it is very crucial that the optimal allocation of the device is achieved in order to have a sufficient return in investment and improve the economic status based on reliability, security, and availability of the network. When the device is placed at a wrong location with the wrong sizing, it will affect negatively on the power quality of the network, which can lead to voltage collapse. The better the optimal D-STATCOM placement with the optimal                       D-STATCOM sizing of reactive power needed, the better the voltage stability enhancement of the network. (Ahmad and Sirjani, 2019; Ismail et al., 2020; Kang et al., 2017). Several techniques, including the Artificial Neural Network base techniques (ANN), the meta-heuristics base techniques, and the analytical base techniques had been suggested by various researchers in determining  D-STATCOM optimal placement and sizing (Jaipuria and Thangaraj, 2020)
2.6.1 Analytical-based methods
Analytical-based method is the use of computational algorithms for optimal D-STATCOM allocation in the network without taking into account the complexity and nonlinearity of the operation. Analytical-based methods are simple, reliable, and has the ability to give a near optimal or optimal global solution in optimization problems by using approximation to shorten the computation operation. As a result of the approximation operation, the obtained results are lacking in computation precision and the ability to handle both optimal location and size at the same time. This method cannot be used to obtain the D-STATCOM exact sizing required in the network, especially if the range of the D-STATCOM is huge. In order to provide high precision calculation, the analytical method demands a large computing algorithm and storage. However, the meta-heuristic methods can be used to overcome these limitations (Jaipuria and Thangaraj, 2020).
2.6.2 Artificial Neural Networks (ANN) methods
Artificial Neuron Network (ANN) is a computational model that mimics the way nerve cells work in the human brain by using learning algorithms that can independently make adjustments or learn as they receive new input. This makes them a very effective tool for non-linear statistical data modeling. ANN are also robust and are implemented online for nonlinear systems modeling that requires numerous input data and numerous output data. This has restricted their operations to fault finding, reactive power management, voltage disturbance detection, and voltage control in an abnormal network situation. They are capable of determining only optimal position of                        D-STATCOMs and not their size  (Jaipuria and Thangaraj, 2020).
2.6.3 Meta-Heuristic techniques
[bookmark: _Hlk115792514]Meta-Heuristic Techniques are step-by-step dynamic algorithms used for determining the optimal value (maximum or minimum) of an objective function. Artificial intelligence is used in these techniques. This technique is also known as optimization algorithm. They're independent in their ability to solve problems and are very good at dealing with situations that are multimodal, multi-objective, discrete, and limited (Jaipuria and Thangaraj, 2020). They are also capable of providing a global optimum solution unlike the ANN methods and the Analytical-based methods. Examples are Tabu Search (TS), Whale Optimization Algorithm (WOA), Gravitational Search Algorithm (GSA), Particle Swarm Optimization (PSO), Bacterial Foraging (BF), Pattern Search (PS), Firefly Algorithm (FA), Evolution Programming (EP), Differential Evolution (DE), Artificial Bee Colony (ABC), Firefly Algorithm (FA), Genetic Algorithm (GA), Hopfield Neural Network (HNN), Cuckoo Search Algorithm (CSA), Harmony Search (HS), etc  (Mirjalili and Lewis, 2016) 
2.6.3.1 Whale Optimization Algorithm (WOA)
The WOA is an optimization algorithm developed based on the unique feeding method of humpback whales for addressing complicated optimization problems (Mirjalili and Lewis, 2016). The humpback whales use the bubble-net feeding behavior to create bubble trap to target and feed on small fishes that swim on the sea surface. Figure 2.6 is the unique feeding behavior of humpback whales
[image: ]
Figure 2.6: The Unique Feeding Behavior of Humpback Whale (Mirjalili and Lewis, 2016)
The Whale Optimization Algorithm has gained widespread recognition in a variety of engineering fields due to its fast speed of optimization convergence, better exploitation and exploration stages, simple algorithm structure, low input requirement from operator, superior performance, efficiency, and enhanced balancing capabilities between exploration and exploitation stages. When compared with other meta-heuristics techniques, it has been proved to perform better, simple to develop, robust and requires just time control parameter to get an optimal global (Balamurugan et al., 2018).
2.6.3.1.1 Mathematical modeling of WOA
The WOA is mathematical modeled into three sections for optimal D-STATCOM placement and sizing 
I. Encircling of the fish WOA
The humpback whales have the ability to detect the presence of fishes and encircle them. In WOA, the presence of the optimal position of the fish is assumed since the actual location is unknown. Following the identification of the optimal position of the fish, the WOA updates its location to align with the optimal location of the fish. This behavior is expressed in equation (2.16) and (2.17) (Mirjalili and Lewis, 2016) 
									(2.16)
								(2.17)
Where, 
t represents the iteration of the current
 represents the position of the optimal solution of the vector found during optimization
 represents the coefficient of the vectors, 
represents the vector position
During the optimization iteration,  will be updated whenever a better optimal solution is found  
The variable coefficient vectors  are derived using the following equations in (2.18) and (2.19) (Mirjalili and Lewis, 2016).
											(2.18)
										(2.19)

Where
 represent the range [0,1] of a random vector
  represents the iteration that decreases from 2 to 0 linearly  

[image: ]
Figure 2.7: 2D Representation of the Vector Position of the Humpback Whales () during iteration (Mirjalili and Lewis, 2016)

The reasoning behind Equation (2.19) is shown in Figure (2.7). The position of the whale (X, Y) is not constant, it can change depending on the optimal position () for encircling the fish. This is done by adjusting the vectors value of , which will give multiple location for the whale to reposition for optimal target of the fish.  When a specific vector () is chosen randomly, a new place in the position for the whale to search for the fish as shown in Figure (2.7) can be attained. Therefore Equation (2.19) can be used to update the positions of the whales to optimal location of the fish to enable the whale to encircle the fish (Mirjalili and Lewis, 2016) 
II. The bubble-net WOA hunting approach (Exploitation phase)
This method is mathematically modeled in two processes:
a. The shrinking encircling WOA mechanism 
From equation (2.19), the value of  is reduced to accomplish this effect. Figure 2.8 shows the shrinking encircling mechanism of humpback whales
[image: ]
Figure 2.8: The Shrinking Encircling WOA Mechanism (Mirjalili and Lewis, 2016)
Where,  represents a random value that is used to update the position of the whale and whose range of fluctuation [-a, a] is reduced by . While  iteration is reduced from 2 to 0 over. In a 2D space, Figure (2.8) depicts the potential locations that 0A 1 may obtain from changing the whale location of (X, Y) to a new location of (X*, Y*).
b. The spiral updating WOA position
This is illustrated in Figure (2.9), and it begins when the distance (X, Y) of the whale is calculated with respect to the distance (X*, Y*) of the fish. The updating process of the position between the whale and the fish is established by using a spiral equation in equation (2.20) (Mirjalili and Lewis, 2016)
 						(2.20)
[image: ]
Figure 2.9 Spiral Updating (Mirjalili & Lewis, 2016)
Where
  represents the optimal distance between the whale and the fish
 represents a random number[-1,1]
b represents  a constant value for determining logarithmic spiral form 
 represents the multiplication of element by element

The humpback whales have two simultaneous methods of swimming around their prey. They are shrinking encircling and spiral route methods. So, it is assumed that during optimization that the WOA has a 50% chance of either using the shrinking encircling method or the spiral model to update the optimal location of the whales depending on the value of p. This is achieved by using Equation (2.21) (Mirjalili and Lewis, 2016)

                                (2.21)

Where, p represents a random value [0, 1] 
III. The searching for the fish (exploration phase)
To locate the position of the fish, the exploration phase is used. The searching of the fish is done randomly by the humpback whales. The search is done with values greater than 1 or smaller than -1 using .
[image: ]
Figure 2.10: Searching for the Fish in WOA  (Mirjalili and Lewis, 2016)

 In the searching for the fish phase, the WOA will randomly update the position of the whale using the value of |  | > 1. This is done using equations (2.22) and (2.23) (Mirjalili and Lewis, 2016)
 								          (2.22)
 							          (2.23)
Where 
represents a random whale value for the position vector.
Figure (2.10) depicts some of the various positions of the whales. Random positions are selected for the whales before the WOA algorithm is started.  For every iteration, the whale compares its randomly selected position with the next randomly optimal position. When the value |  | > 1 is selected, the whales’ searches for the fish but when the value of |  | 1 is selected, the whales update its position to the next optimal position based on the initial value of p. The Algorithm ends when the optimal position is achieved.

2.7 Review of Methodological Approaches
Power system researchers are providing positive techniques for enhancing the voltage instability that occur in the distribution network by reconfiguring the network, integrating reactive power compensation devices, and using distributed generation. The following are the reviews of the methodological approaches. 
Suhail,( 2013)  used the analytic approach for D-STATCOM manual placement in a distribution network. The basic load flow technique was implemented in the network to calculate the power flow and power losses. The network’s voltage profile and overall power losses were utilized to determine where DSTATCOM should be placed. The sizing of D-STATCOM reactive power required in the network was gotten by modelling the network with D-STATCOM at a voltage magnitude as I p.u. This strategy was proven to be both successful and simple to adopt. However, the analytical method which is not good in determining optimal sizing of D-STATCOM was utilized.
Devi and Geethanjali, (2014) utilized the PSO technique for placement and sizing of                                 D-STATCOM and Distributed Generation considering improving voltage profile and power loss minimization. This technique was implemented on IEEE 12, IEEE 69, and IEEE 34 bus-system with five unique test cases for each bus system. The performance of D-STATCOM and Distributed Generation effectively minimized the power loss and improved the voltage profile. However, PSO which is prone to relapsing into local minimal and premature convergence was used
Kanwar et al.,(2015) utilized an Improved Cat Swarm Optimization (ICSO) technique for optimal D-STATCOM and Distributed Generation placement and sizing considering power loss minimization and voltage profile improvement using various load factors. This technique was implemented on IEEE 69-bus system. This minimized the power loss and improved the voltage profile. However, the time of convergence of ICSO was too long.  
Reddy et al., (2017) used the WOA for Distributed Generation placement and sizing considering power loss minimization. The method was implemented on IEEE 15, IEEE 69, IEEE 33, and IEEE 85 bus-system, using the index vector for optimal Distributed Generation placement and sizing.  The power loss was minimized. However, the cost effectiveness of DG on the networks were not considered.  
Balamurugan et al., (2018) used WOA method to improve the profile of the voltage and minimize the power losses using D-STATCOM. D-STATCOM was placed on the network using the voltage stability index while the sizing was done using WOA. The method was implemented on India 28 bus-system and IEEE 69 bus-system. However, only two objective functions of voltage profile improvement and power loss minimization was considered, the voltage stability of the network and the cost effectiveness of D-STATCOM using WOA on the network was not determined, the forward backward load flow analysis technique which takes longer time for convergence was used, and the method was implemented on India 28 bus distribution system and not on Nigeria Egbu 11kV distribution network 
Tiwari and Babu, (2019) implemented a modern artificial intelligence base method for reconfiguring a distribution system. In this method, the artificial neural network back propagation technique was implemented to minimize the power loss, while the WOA was implemented for D-STATCOM placement and sizing. This method was implemented on IEEE 69 and IEEE 119 bus-system. However, the ANN method which requires large amount of data before operating was used. 
Shahbudin et al., (2019) used Thyristor Controlled Series Compensator (TCSC) in a transmission network to minimize power loss using WOA for placement and sizing. This technique was implemented on IEEE 30 bus system. The power loss was minimized.  However, TCSC which produces more losses than D-STATCOM was used and it was carried out on a transmission system.






[bookmark: _Hlk115856967]Table 2.3 Summary of Review of Methodological Approaches
	Author/Year
	Title of Article
	Method
	Observation
	Limitation

	(Suhail, 2013)
	An Analytical Approach for Optimal Location of DSTATCOM in Radial Distribution System
	The Analytical Technique was use for                          D-STATCOM placement and sizing 
	Power loss was minimized and voltage profile was improved
	The analytical method is not good in determining optimal placement and sizing of          D-STATCOM was utilized 

	(Devi  and  Geethanjali, 2014)
	Optimal location and sizing determination of Distributed Generation (DG) and                  DSTATCOM using Particle Swarm Optimization algorithm
	PSO technique was used for optimal DG and                          D-STATCOM placement and sizing 
	Improved the voltage profile and reduced the total power losses
	PSO which is prone to relapsing into local minimal and premature convergence was used


	(Kanwar et al., 2015)
	Improved Cat Swarm Optimization for Simultaneous Allocation of DSTATCOM and DGs in Distribution Systems
	The ICSO technique was used for DG and                           DSTATCOM placement and sizing 
	Power loss was minimized and voltage profile was improved
	The time convergence of ICSO was too long when compared to WOA  

	(Reddy et al., 2017)
	Whale optimization algorithm
for optimal sizing of renewable resources
for loss reduction in distribution systems

	WOA was utilized for Distributed Generation placement and sizing 
	Minimized power losses and improved voltage profile.
	The cost effectiveness of DG on the networks were not considered.  

	(Balamurugan et al., 2018)
	Optimal Allocation of D-STATCOM in Distribution
Network Using Whale Optimization Algorithm
	The DSTATCOM placement and sizing was done using WOA 
	Minimized power losses and increased voltage stability
	Only two objective functions were considered, the voltage stability of the network and the cost effectiveness of DSTATCOM using WOA on the network was not determined, the forward backward load flow analysis technique which takes longer time for convergence was used, and the method was implemented on India 28 bus distribution system and not on Nigeria Egbu 11kV distribution network.

	(Tiwari and Babu, 2019)
	Optimal Reconfiguration of Electrical Distribution System by Whale Optimization Algorithm
	ANN and WOA was implemented for network reconfiguration
	Reduced power losses
	The ANN method requires large amount of data before operating. 

	(Shahbudin et al., 2019)
	FACTS device installation in transmission system using WOA 
	WOA method was used for TCSC placement and sizing 
	Reduced power losses
	TSCT produced more losses than DSTATCOM


2.8 Gaps Identified in the Literature
Existing research on the integration of D-FACTS devices, particularly D-STATCOM on Distribution Networks has yielded encouraging results in determining the most appropriate placement and sizing of the device using a variety of methodologies. When deciding                                    D-STATCOM placement and sizing, three major variables should be considered: complexity, accuracy, and speed. 

[bookmark: _Hlk115856898]According to the reviewed methodological approaches, it is possible to allocate D-FACTs, DGs and FACTS in a power system network using either analytical-base methods, Artificial Neural Network (ANN) or meta-heuristic methods to improve the profile of the voltage, enhance the voltage stability, and minimize power losses. However, the following gaps were identified from the related reviewed literatures
i. The analytical methods were very fast, robust, and easy to implement in D-STATCOM placement but inaccurate in sizing. 
ii. PSO technique is prone to relapsing into local minimal and premature convergence 
iii. TSCT produced more losses than DSTATCOM
iv. The cost effectiveness of DSTATCOM using WOA on a network was not determined,
v.  The forward backward load flow analysis technique which takes longer time for convergence was used
vi. WOA has not used on Nigeria Egbu 11kV distribution network.
vii. The time convergence of ICSO was too long when compared to WOA
viii. The ANN based methods found accurately D-STATCOM placement only but inaccurate in sizing of D-STATCOM and requires large amount of data before operation.
ix. The majority of the methods were simply tested on conventional IEEE- test systems and not on a real application of distribution system
x. Not enough research work has been done using WOA and D-STATCOM for voltage stability enhancement on a distribution network
This research work is implemented on Nigeria Egbu 11kV distribution network. The network supplies electricity currently to consumers at Egbu region, in Owerri, the capital of Imo State in Nigeria. The voltage profile improvement, active power loss minimization, voltage stability enhancement, cost-effectiveness of D-STATCOM, reactive power loss, has been considered simultaneously. The load flow analysis implemented was the backward-forward load flow analysis. D-STATCOM devices will used as a reactive power compensation device. The WOA technique is implemented to place, size and determine the cost-effectiveness of D-STATCOM in the network. 
















CHAPTER THREE
METHODOLOGY
3.1 Research design	                                                                                                                       The aim of this thesis work is to carry out voltage stability enhancement by using WOA for                      optimal D-STATCOM placement and sizing on Nigeria Egbu 11kV distribution network. The voltage profile improvement, active power loss minimization, cost-effectiveness of using WOA for D-STATCOM allocation in the network, and reactive power loss minimization was also considered. 

[bookmark: _Hlk115792000]The following steps were followed to achieve the goal 
1. Data gathering
2. Network modeling
3. Load flow algorithm formulation
4. Modeling of D-STATCOM 
5. Development of WOA and network modeling 
6. Stimulation of the algorithms and determination of the performance of the Whale Optimization Algorithm using Power loss, voltage stability and cost index
[bookmark: _Hlk112922899]3.1.1 Data gathering
[bookmark: _Hlk115857782]The data for this study such as the distribution network schematic diagram, the magnitude of the voltage, the number and type of buses, active power (P), reactive power (Q), angle of bus voltages, and D-STATCOM data was gathered from Enugu Electricity Distribution Company Plc and relevant literatures. 

3.1.1.1 Nigeria Egbu 11kV distribution network
Nigeria 11kV Egbu distribution network is one of the distribution networks in Nigeria that supplies electrical power to Egbu community in Owerri the capital of Imo State. It is located at the eastern part of Nigeria with geographical coordinates of 5.50960 North and 7.05880 East as displayed in Figure 3.1
[image: C:\Users\HP\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Screenshot_20220527-125056_1.png]
Figure 3.1 Satellite map of Owerri, Imo State in Nigeria showing Egbu community (www.google.com/search?q=satelite+map) 
The electric power from Nigeria Egbu 11kV distribution network is supplied from 33kV Airport sub-transmission feeder. Two transformers with ratings of 15MVA, 33/11KV are used to step down the voltage from 33kV to 11kV. The network is made up of nineteen (19) 11/0.415kV distribution transformers, power factor of 0.97p.u, power rating of 5.01MW, and 150mm Aluminium conductor steel reinforced copper as the conductor capacity. Figure 3.2 is a single diagram of Nigeria Egbu 11kV distribution network. 
[image: ]
[bookmark: _Hlk112061250]Figure 3.2: Nigeria Egbu 11kV distribution network (EEDC)
3.1.2 Network modeling
A MATLAB script-based computer programming codes was developed for the network modeling using a two-bus distribution model as shown in Appendix A and Appendix B. 
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[bookmark: _Hlk112061507]Figure 3:3 Single Line Diagram of a Distribution Network (Djamel et al., 2014)
Step 1: Node Injection Current
  							   (3.1)
Where;	
	represents the apparent load 
  represents the voltage with iteration k-1
 	represents the voltage with iteration k

The first iteration was set as 1 p.u. 
Step 2:	Backward Sweep: Branch current calculation
    						    (3.2)
Where;		
 represents the branch index 

 represents the current with iteration 

Step 3:	 BIBC construction matrix (Bus Injection -Branch Current (BIBC) matrix)
 [J] = [BIBC][I]							    			(3.3)

Where;
[J] represents branch current matrix  
[I] represents the current injection matrix 
Step 4:	Nodal voltage calculations
 					                			(3.4)
Where; 
 represents the voltage at the sending node 
 represents the impedance
represents the voltage at the receiving node 
Step 5:	 Calculations of reactive power mismatch and active power mismatch
)				               		    			 (3.5)
			    	                            			 (3.6)
				     		    			 (3.7)

Where; 
	represents the active power with iteration k
     represents the reactive power with iteration k
 	represents the load of the apparent power 

Step 1-4 was repeated until the result converged (Djamel et al., 2014)

3.1.3 Load flow algorithm formulation 
A MATLAB script-based computer programming codes was developed for the load flow algorithm simulation of the network without and with D-STATCOM.  The procedures are; 

Step one: Enter system data for load flow calculations such as the values of D-STATCOM control parameters, load point data, number of buses in the network, generation data, distribution line data, and types of buses in the network. 
Step two: A flat voltage of 1.0 p.u is set in the buses in the network.
Step three: The backward propagation method is implemented to determine the total reactive and active power flow in all the buses in the network.
Step four: The forward propagation method is implemented to update all the phase angles as well as the bus voltages in the network.
Step five: Convergence of the load flow analysis is checked and yes is selected to display the load flow simulation results of the power flow if convergence is attained. 
[bookmark: _Hlk115857571]Figure 3.4 is the flowchart of the load flow algorithm 
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[bookmark: _Hlk115858294]Figure 3.4: BFS load flow flowchart with and without D-STATCOM (Djamel et al., 2014)
3.1.4 D-STATCOM modeling
[bookmark: _Hlk115857395]A two-bus distribution network model was used for the D-STATCOM modeling as shown in 
Figure 3.5

[image: ]
[bookmark: _Hlk112061420]Figure 3.5: Two-bus distribution network without D-STATCOM (Jain et al., 2014).
 The bus voltages are expressed as (Jain et al., 2014)	
 = 							 (3.8)

Where;
represents the receiving end voltage 
 represents the sending voltage
represents the branch current
represents the resistance 
 represents the phase angle of  
 represents the phase angle of 
represents the reactance
 represents the phase angle of 
[image: ]
[bookmark: _Hlk112061461]Figure 3.6: D-STATCOM integration into a two-bus distribution network (Jain et al., 2014)
This will result into a new receiving end and sending voltages (Jain et al., 2014)
            (3.9)
Where; represents the new receiving end voltage while  represents the new sending voltage, 
 represents the new branch current (  )
 represents the D-STATCOM current 
 represents the new phase angle of ,
 represents the phase angle of  
 represents the new phase angle of  
Equation (3.10) is expressed as a root equation of equation (3.11) when the real and imaginary equation are separated (Jain et al., 2014)
											  (3.10)
Where               						      			  (3.11)
					       	              (3.12)
								  (3.13)
						      		  (3.14)
								      		  (3.15)                      

Where 
				       	    	          	  (3.16)
				     			  (3.17)
						      	 				  (3.18)
								     			  (3.19)
From equation (2.28), we have two possible solutions of t; the boundary conditions are examined 
 											  (3.20)
 										  (3.21)

  represents the acceptable root of the desired equation 

Equation (3.22) is the new phase angle (Jain et al., 2014)
				   	     			  (3.22)
The new D-STATCOM current magnitude is represented as (Jain et al., 2014)
 					   			  (3.23)

The D-STATCOM reactive power is represented as  (Jain et al., 2014)
							  (3.24)
3.1.5 Development of WOA and network modeling 
The following parameters presented in Table 3.1 was used in WOA to create a MATLAB script for the network modeling
[bookmark: _Hlk115857889]Table 3.1: Parameters of WOA
	S/N
	            Parameters 
	  Values

	1
	Search agents
	30

	2
3
4
5
	Maximum Number of Iteration (Imax)
Number of Variables 
Spiral updating
Probability 
	500
4
0.5
0.5

	6
	Shrinking encircling random search
	0.1



The following steps were carried out based on the parameters presented in Table 3.1
Step one: The network load data and bus data were set.
Step two: The BFS technique was implemented to estimate the voltage stability index, total power loss, bus voltages, and bus angles respectively.
Step three: The network load data and line data are read in order for BFS to solve the network feeder-line flow 
Step four: D-STATCOM optimal placement was found in the network by WOA using the voltage stability index of the network.
Step five: The iteration maximum (itmax) of the population was set as 500, D-STATCOM placement number is set as 1, the minimum D-STATCOM required is set as 20, and the maximum                                D-STATCOM required is set as 2000  
Step six: The sizing of the population of  D-STATCOM is generated randomly by using: 
Population of D-STATCOM = (−) * rand()+ where  and   are minimum and maximum constraints of DSTATCOM sizing required in the network.
Step seven: The power losses for the generated population was found.
Step eight: The optimal current D-STATCOM placement in the network was the D-STATCOM values with low losses.
Step nine: The position of the whales were updated 
Step ten: The BFS was used from step nine to determine the losses.
Step eleven: If acquired losses determined from step ten are less, then the current optimal solution was substituted or step nine was repeated.
Step twelve: The optimal result was displayed when tolerance is  or the maximum number required by the iterations (itmax) is reached.














[bookmark: _Hlk115858026]

[bookmark: _Hlk115857955]Start
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[bookmark: _Hlk115858265]Figure 3.7: WOA flow chart (Mirjalili and Lewis, 2016)
3.1.6 Stimulation of the algorithms and determination of the performance of the Whale Optimization Algorithm using Power loss, voltage profile, voltage stability and cost index
[bookmark: _Hlk115858363]Four objective functions were used to determine the performance of WOA, and they are power loss, voltage profile, voltage stability and cost index
The first term in the objective function was power loss minimization.
3.1.6.1 Power loss minimization
This can be calculated as follows: 
							    	(3.25)
 							    	(3.26)
Where
represent the reactive power loss,
 represent the active power loss,
 represents the reactive loss from bus m to bus n
 represents the active loss from bus m to bus n
 represents line current

The total power loss minimization percentage is expressed as 
               	(3.27)
Where
 represents the network total power loss without D-STATCOM
represent the network total power loss with D-STATCOM.
3.1.6.2 Voltage stability enhancement 
This is determined by using the voltage stability indices. 

                  	(3.28)          
Where;
, , = the line resistance, and reactance between bus m (sending end) and n (receiving end) 
, = the real and reactive power at bus m 
, = the real and reactive power at bus n 
,  = the magnitude bus voltage at bus m and bus n 

3.1.6.3 Voltage profile improvement 
This can be calculated as 
2    							           	(3.29)

Where,
 represents the network nominal voltage 
 represents the voltage at bus m
 represents the buses in the network

3.1.6.4 Cost effectiveness
The cost effectiveness will be based on the cost of energy loss in the network, D-STATCOM cost, and total cost saving for the year

I. Cost of energy loss
This is expresses as  
 			                           	(3.30)
Where  = Cost of Energy Loss,  is energy rate (

II. Cost of D-STATCOM
This is the fee required to be paid for the cost of the D-STATCOM that provides the reactive power. This is expressed as 
		 	      	(3.31)	

Where 
 represents the annual cost of D-STATCOM
B represents the rate of investment return
 represents the D-STATCOM cost per year (
 represents D-STATCOM longevity

III. The total cost saving per annual 
This is the difference between total cost of energy loss with and without D-STATCOM 
          (3.32)

Where 
Kp represents cost of energy losses
kc, represents period of usage
T represents time in hourly per year 
  represents total loss of power without D-STATCOM
 represents total losses with D-STATCOM.  

The four objective functions of power loss, voltage stability, voltage profile and cost effectiveness are combined together with weighting factors in order to determine the performance of WOA
 							(3.33)
 Where  and  are the weighting factors of the four objectives and 
 and  are the power loss, voltage stability, voltage profile and cost effectiveness 
3.2 Constraints 
The following constraints were satisfied in achieving the goal
3.2.1 D-STATCOM size 
The D-STATCOM size is the amount of reactive power required by D-STATCOM to balance the load in the network. It is expressed as 
 							 (3.34)

Where 
 represents the minimum reactive power needed in the network 
 represents the maximum reactive power needed in the network      
             
3.2.2 Bus voltage 
This is expressed as 
   										(3.35)
0.94  
Where
  represents bus number voltage magnitude 
 represents the minimum requirement of the voltage 
   represents the maximum requirement of the voltage. 
3.2.3 Load rating 
This is expressed as  
          										 (3.36)

Where
 represents the current magnitude 
represents the maximum current limit			
3.2.4 Power flow 
This is expressed as 
   											(3.37)

Where
  represents maximum line capacity (100MVA)
3.2.5 Losses as a result of reactive power 
This is expressed as
     			       	(3.38)
Where 
 represents loss with D-STATCOM
 represents loss without D-STATCOM


3.3 Research instruments/tools
This research model was done using the following instruments 
1. MATLAB 2020a 
MATLAB is a programming and numeric platform used to analyze data, develop algorithms, and create models. The model of the research work was done on MATLAB 2020a tool environment

2. HP 2000 windows operating system 
HP 2000 windows operating system is a window 10pro 64-bit system, with Intel Corei3 Central Processing Unit, 2.4GHZ speed and 4.00GB of RAM. 

3. IEEE 33 bus standard test system
IEEE 33 bus standard test system is a test system acceptable by the IEEE standards association for the analysis of distribution networks. The system consists of 12.66kV base voltage, 100MVA base MVA, 3.715MW active power load and 2.3MVar reactive power load
[image: ]
[bookmark: _Hlk112061702]Figure 3.8: IEEE 33 bus system (Jain et al., 2014)





[bookmark: _Hlk112044892]
CHAPTER FOUR
RESULTS AND DISCUSSIONS OF FINDINGS
[bookmark: _Hlk115860535]4.1 Results
[bookmark: _Hlk115860561]The WOA was implemented for optimal D-STATCOM placement and sizing for Nigeria Egbu 11kV distribution network and IEEE 33 bus system for voltage stability enhancement. The WOA performance was evaluated using three test cases. Test case one was the base case simulation test, test case two was the D-STATCOM manual placement simulation test, and test case three was the WOA method of D-STATCOM placement and sizing simulation test. The performance evaluation of WOA was then determined by using voltage index, power loss index, cost index, and voltage stability index. The BFS load flow analysis of the network was used in the three test cases to determine the voltage magnitude, power loss, voltage angle, and voltage stability. 

[bookmark: _Hlk115860592]4.2 IEEE 33-bus system
WOA was first implemented on IEEE 33-bus system. The bus data, line data and D-STATCOM data used in modeling the system are shown in Appendix A. The network’s voltage magnitude, voltage angle, active power losses, voltage stability, and reactive power losses were calculated. 

The following sequences were followed in explaining the results
1. Test case one- Base case simulation for IEEE 33-bus system without D-STATCOM integration
2. Test case two- manual allocation of D-STATCOM on IEEE 33-bus system
3. Test case three- optimal placement and sizing of D-STATCOM on IEEE 33-bus system using WOA

[bookmark: _Hlk115860629]In each test cases, three simulations were carried out
a. Voltage stability index simulation 
b. Active power loss and reactive power loss simulations
c. Bus voltage and voltage angle simulations 

[bookmark: _Hlk113014866]4.2.1 Test case one: Base case simulation results for IEEE 33- bus system
In this test case scenario, the BFS load flow analysis was implemented to determine the base case simulation result of the network without D-STATCOM integration. From the simulation results presented in Table 4.1, bus 18 has the minimum voltage stability index of 0.6864, the minimum voltage magnitude of 0.9131p.u and voltage angle of -0.6941 degree. While in Table 4.2, the total active power loss was 210.99kW and the total reactive power loss was 143.13kVAr.

Table 4.1: Base case simulation result of voltage stability index and bus voltage of IEEE 33 
	Bus 
No
	Bus 
Type
	VSI (p.u)
	Voltage 
Magnitude (p.u)
	Voltage 
Angle (deg)

	1
	Swing
	1.000
	1.000
	0

	2
	PQ
	0.9900
	0.9970
	0.0136

	3
	PQ
	0.9599
	0.9829
	0.0958

	4
	PQ
	0.9135
	0.9754
	0.1620

	5
	PQ
	0.8808
	0.9681
	0.2291

	6
	PQ
	0.8347
	0.9497
	0.1350

	7
	PQ
	0.7972
	0.9462
	-0.0967

	8
	PQ
	0.7831
	0.9413
	-0.2502

	9
	PQ
	0.7646
	0.9351
	-0.3247

	10
	PQ
	0.7452
	0.9292
	-0.3890

	11
	PQ
	0.7347
	0.9283
	-0.3816

	12
	PQ
	0.7306
	0.9269
	-0.3698

	13
	PQ
	0.7185
	0.9208
	-0.4630

	14
	PQ
	0.7053
	0.9185
	-0.5433

	15
	PQ
	0.7004
	0.9171
	-0.5817

	16
	PQ
	0.6958
	0.9157
	-0.6055

	17
	PQ
	0.6905
	0.9137
	-0.6943

	18
	PQ
	0.6864
	0.9131
	-0.6941

	19
	PQ
	0.9870
	0.9965
	0.0028

	20
	PQ
	0.977
	0.9929
	-0.0642

	21
	PQ
	0.9704
	0.9922
	-0.0836

	22
	PQ
	0.9678
	0.9916
	-0.1039

	23
	PQ
	0.8882
	0.9794
	0.0649

	24
	PQ
	0.8691
	0.9727
	-0.0239

	25
	PQ
	0.8515
	0.9694
	-0.0676

	26
	PQ
	0.8000
	0.9477
	0.1745

	27
	PQ
	0.7922
	0.9452
	0.2306

	28
	PQ
	0.7691
	0.9337
	0.3136

	29
	PQ
	0.7370
	0.9255
	0.3915

	30
	PQ
	0.7183
	0.9220
	0.4969

	31
	PQ
	0.7064
	0.9178
	0.4124

	32
	PQ
	0.6986
	0.9168
	0.3894

	33
	PQ
	0.6971
	0.9166
	0.3816







Table 4.2: Base case simulation results of power loss and reactive power loss of IEEE 33   
	From
 bus
	To 
bus
	Active 
power losses (kw)
	Reactive 
Power losses (kVAr)

	1
	2
	12.3003
	6.3636

	2
	19
	52.0768
	26.5243

	3
	23
	20.0534
	10.2130

	4
	5
	18.8501
	9.6007

	5
	6
	38.5656
	33.2917

	6
	26
	1.9462
	6.4332

	7
	8
	11.8733
	8.5688

	8
	9
	4.2657
	3.0646

	9
	10
	3.6197
	2.5755

	10
	11
	0.5650
	0.1868

	11
	12
	0.8992
	0.2973

	12
	13
	2.7210
	2.1409

	13
	14
	0.7442
	0.9795

	14
	15
	0.3643
	0.3243

	15
	16
	0.2873
	0.2098

	16
	17
	0.2568
	0.3429

	17
	18
	0.0542
	0.0425

	18
	17
	0.1610
	0.1536

	19
	20
	0.8322
	0.7499

	20
	21
	0.1008
	0.1177

	21
	22
	0.0436
	0.0577

	22
	21
	3.1820
	2.1742

	23
	24
	5.1443
	4.0621

	24
	25
	1.2876
	1.0075

	25
	24
	2.6020
	1.3254

	26
	27
	3.3304
	1.6957

	27
	28
	11.3057
	9.9680

	28
	29
	7.8367
	6.8271

	29
	30
	3.8973
	1.9851

	30
	31
	1.5943
	1.5757

	31
	32
	0.2133
	0.2486

	32
	33
	0.0132
	0.0205

	TOTAL
	210.99
	143.13



4.2.2 Test case two: Manual allocation of D-STATCOM  
In this test case scenario, the bus with the lowest voltage stability index was considered for manual allocation of D-STATCOM placement. From the simulation results presented in Table 4.3,                Table 4.4, and Table 4.5, one D-STATCOM with 318kVAr quantity was integrated at bus 18. This improved the overall voltage of the network. The total active power loss was reduced from 210.99kW to 151.40kW (28%), the minimum voltage stability index at bus 18 increased was from 0.6864p.u to 0.7252p.u (5%), the total reactive power loss was minimized from 143.13kVAr to 104.00KVAr (27%), and the minimum voltage profile at bus 18 was improved from 0.9131p.u to 0.9332p.u (5%).

4.2.3 Test case three: D-STATCOM optimal placement and sizing using WOA 
In this test case scenario, the optimal D-STATCOM placement and sizing was done using WOA. From the simulation results presented in Table 4.3, Table 4.4, and Table 4.5, the WOA optimally placed three D-STATCOM at bus 11, 24 and 30 with quantity of 420kVAr, 520kVAr and 980kVAr respectively integrated. This improved the overall voltage of the network. The total active power loss was minimized from 210.99kW to 136.66kW (35%), the minimum voltage stability index at bus 18 was enhanced from 0.6864p.u to 0.7972p.u (14%), the total reactive power loss was minimized from 143.13kVAr to 93.43kVAr (35%), and the minimum voltage magnitude at bus 18 was improved from 0.9131p.u to 0.9522p.u(4) 

4.2.4 Comparison of voltage stability index for the three test cases for IEEE 33  
Table 4.3 represents the results for the base case scenario (Test case one), manual allocation method (Test case two), and WOA method scenario (Test case three). The minimum voltage stability index at bus 18 for base case is 0.6864p.u and 0.7252p.u for test case two, and 0.7972p.u for test case three. The quantity of D-STATCOM needed for the improvement of test case two is 318kVAr (Table 4.6) at bus 18. Test case three occurs when WOA is used for optimal placement of D-STATCOM at bus 11, 24 and 30 and the voltage stability index is 0.7972p.u and the quantity of D-STATCM needed are 420kVAr, 520kVAr and 980kVAr respectively (Table 4.6). The results show that the system stability has greatly improved using WOA algorithm.






  




Table 4.3: Comparison of voltage stability index for the three-test cases for IEEE   
	                                      Base Case 
	Manual Method
	WOA Method

	Bus No
	Bus Type
	VSI (p.u)
	VSI (p.u)
	VSI (p.u)

	1
	Swing
	1.000
	1.000
	1.000

	2
	PQ
	0.9900
	0.9903
	0.9910

	3
	PQ
	0.9599
	0.9613
	0.9600

	4
	PQ
	0.9135
	0.9152
	0.9435

	5
	PQ
	0.8808
	0.8816
	0.9008

	6
	PQ
	0.8347
	0.8710
	0.8747

	7
	PQ
	0.7972
	0.8340
	0.8601

	8
	PQ
	0.7831
	0.8199
	0.8523

	9
	PQ
	0.7646
	0.8020
	0.8446

	10
	PQ
	0.7452
	0.7829
	0.8432

	11
	PQ
	0.7347
	0.7724
	0.8327

	12
	PQ
	0.7306
	0.7683
	0.8286

	13
	PQ
	0.7185
	0.7566
	0.8269

	14
	PQ
	0.7053
	0.7437
	0.8137

	15
	PQ
	0.7004
	0.7389
	0.8088

	16
	PQ
	0.6958
	0.7344
	0.8066

	17
	PQ
	0.6905
	0.7293
	0.8013

	18
	PQ
	0.6864
	0.7252
	0.7972  

	19
	PQ
	0.9870
	0.9874
	0.9890

	20
	PQ
	0.9770
	0.9783
	0.9800

	21
	PQ
	0.9704
	0.9717
	0.9804

	22
	PQ
	0.9678
	0.9691
	0.9778

	23
	PQ
	0.8882
	0.8962
	0.9082

	24
	PQ
	0.8691
	0.8772
	0.8891

	25
	PQ
	0.8515
	0.8596
	0.8715

	26
	PQ
	0.8000
	0.8191
	0.8300

	27
	PQ
	0.7922
	0.8053
	0.8122

	28
	PQ
	0.7691
	0.8257
	0.8091

	29
	PQ
	0.7370
	0.8115
	0.8350

	30
	PQ
	0.7183
	0.7971
	0.8267

	31
	PQ
	0.7064
	0.7889
	0.8148

	32
	PQ
	0.6986
	0.7912
	0.8094

	33
	PQ
	0.6971
	0.7898
	0.8079



4.2.5 Comparison of the Bus Voltage for the Three Test Cases for IEEE 33 Bus System
The comparison of the results of the bus voltages for base case, test case two, and test case three are presented in Table 4.4. The base case minimum voltage magnitude was 0.9131p.u and it improved to 0.9332p.u when D-STATCOM was manually allocated with 318kVAr quantity integrated at bus18. It improved further to 0.9522p.u by using WOA for optimal D-STATCOM placement at bus 11, 24 and 30 with quantity of 420kVAr, 520kVAr and 980kVAr (Table 4.6). respectively integrated. 
Table 4.4: Comparison of the bus voltages for the three-test cases for IEEE 33 bus system 
	                                   Base Case
	Manual Method
	WOA Method

	Bus No
	Bus Type
	Voltage Magnitude
(p.u)
	Voltage Angle
(deg)
	Voltage Magnitude
(p.u)
	Voltage Angle
(deg)
	Voltage Magnitude
(p.u)
	Voltage Angle 
(deg)

	01
	Swing
	1.000
	0.0000
	1.0000
	0.0000
	1.000
	0.0000

	02
	PQ
	0.9970
	0.0136
	0.9971
	0.0601
	0.9983
	1.4155

	03
	PQ
	0.9829
	0.0958
	0.9836
	0.2052
	0.9909
	1.0350

	04
	PQ
	0.9754
	0.1620
	0.9766
	0.3589
	0.9985
	1.1320

	05
	PQ
	0.9681
	0.2291
	0.9696
	0.2898
	0.9863
	1.1934

	06
	PQ
	0.9497
	0.1350
	0.9528
	0.4793
	0.9861
	0.7102

	07
	PQ
	0.9462
	-0.0967
	0.9506
	-0.0527
	0.9831
	-0.0103

	08
	PQ
	0.9413
	-0.2502
	0.9463
	-0.0182
	0.9784
	0.2127

	09
	PQ
	0.9351
	-0.3247
	0.9417
	-0.0927
	0.9726
	1.6844

	10
	PQ
	0.9292
	-0.3890
	0.9375
	0.0165
	0.9671
	1.5620

	11
	PQ
	0.9283
	-0.3816
	0.9368
	2.2889
	0.9663
	2.4606

	12
	PQ
	0.9269
	-0.3698
	0.9356
	-0.1397
	0.9648
	0.032

	13
	PQ
	0.9208
	-0.4630
	0.9320
	1.4887
	0.9591
	3.4215

	14
	PQ
	0.9185
	-0.5433
	0.9313
	-0.5032
	0.9571
	-0.3315

	15
	PQ
	0.9171
	-0.5817
	0.9310
	1.8462
	0.9558
	2.0180

	16
	PQ
	0.9157
	-0.6055
	0.9308
	0.3485
	0.9546
	1.9799

	17
	PQ
	0.9137
	-0.6943
	0.9326
	1.8112
	0.9528
	3.6941

	18
	PQ
	0.9131
	-0.6941
	0.9332
	0.3960
	0.9522
	0.5826

	19
	PQ
	0.9965
	0.0028
	0.9966
	1.0458
	0.9978
	1.2324

	20
	PQ
	0.9929
	-0.0642
	0.9930
	1.7717
	0.9942
	1.921

	21
	PQ
	0.9922
	-0.0836
	0.9923
	1.5360
	0.9935
	3.4545

	22
	PQ
	0.9916
	-0.1039
	0.9917
	1.3602
	0.9929
	1.4432

	23
	PQ
	0.9794
	0.0649
	0.9800
	1.7730
	0.9874
	1.8472

	24
	PQ
	0.9727
	-0.0239
	0.9734
	0.0495
	0.9808
	0.6243

	25
	PQ
	0.9694
	-0.0676
	0.9700
	1.3393
	0.9775
	1.0516

	26
	PQ
	0.9477
	0.1745
	0.9509
	1.6054
	0.9870
	2.8104

	27
	PQ
	0.9452
	0.2306
	0.9483
	1.4617
	0.9884
	2.0105

	28
	PQ
	0.9337
	0.3136
	0.9369
	1.7935
	1.0005
	2.6950

	29
	PQ
	0.9255
	0.3915
	0.9288
	1.4399
	1.0002
	1.9368

	30
	PQ
	0.9220
	0.4969
	0.9252
	2.2630
	1.0010
	3.1342

	31
	PQ
	0.9178
	0.4124
	0.9210
	1.7095
	1.0005
	2.8177

	32
	PQ
	0.9168
	0.3894
	0.9201
	1.3588
	1.0097
	1.4346

	33
	PQ
	0.9166
	0.3816
	0.9198
	1.3414
	1.0095
	2.2126




4.2.6 Comparison of the power loss and reactive power loss for the three-test cases  
The comparison of the results of the power losses and reactive power losses for base case, test case two, and test case three are presented in Table 4.5. The base case active total power loss was 210.99kW, while the reactive total power loss was 143.13kWAr. It was minimized to 151.40kW and 104.00kWAr respectively by manual allocation of one D-STATCOM with quantity of 318kVAr (Table 4.6) connected at bus18. It was improved further to 136.66kW and 93.43kVAr respectively by using WOA for optimal D-STATCOM placement at bus 11, 24 and 30 with quantity of 420kVAr, 520kVAr and 980kVAr (Table 4.6) connected respectively. 























Table 4.5: Comparison of power loss and reactive power loss of the three-test cases
	Bus No
	Base Case
	Manual Method
	WOA Method 

	From bus
	To bus
	  (kW)
	   (kVAr)
	(kW)
	(kVAr)
	(kW)
	(kVAr)

	01
	02
	12.3003
	6.3636
	12.0001
	6.0046
	10.0534
	5.9801

	02
	19
	52.0768
	26.5243
	24.3966
	18.2917
	24.2657
	19.1409

	03
	23
	20.0534
	10.2130
	15.7210
	7.9795
	13.3643
	7.2973

	04
	05
	18.8501
	9.6007
	13.2873
	6.7442
	11.6169
	6.1868

	05
	06
	38.5656
	33.2917
	15.2346
	16.2643
	14.9870
	12.5685

	06
	26
	1.9462
	6.4332
	1.8703
	5.4567
	1.7789
	4.9875

	07
	08
	11.8733
	8.5688
	6.2356
	5.0881
	5.4122
	3.1053

	08
	09
	4.2657
	3.0646
	4.1367
	2.9878
	3.9567
	2.3457

	09
	10
	3.6197
	2.5755
	3.5390
	2.4589
	3.4960
	2.1034

	10
	11
	0.5650
	0.1868
	0.5645
	0.1879
	0.5647
	0.1856

	11
	12
	0.8992
	0.2973
	0.7894
	0.2683
	0.7765
	0.2457

	12
	13
	2.7210
	2.1409
	2.3740
	2.0356
	2.1345
	2.0457

	13
	14
	0.7442
	0.9795
	0.7345
	0.9859
	0.6945
	0.9657

	14
	15
	0.3643
	0.3243
	0.3641
	0.3230
	0.3602
	0.3203

	15
	16
	0.2873
	0.2098
	0.2809
	0.2011
	0.2742
	0.2007

	16
	17
	0.2568
	0.3429
	0.2557
	0.3399
	0.2418
	0.3295

	17
	18
	0.0542
	0.0425
	0.0541
	0.0420
	0.0539
	0.0401

	18
	19
	0.1610
	0.1536
	0.1600
	0.1521
	0.1568
	0.1475

	19
	20
	0.8322
	0.7499
	0.8233
	0.7239
	0.8234
	0.7222

	20
	21
	0.1008
	0.1177
	0.1002
	0.1147
	0.0998
	0.1136

	21
	22
	0.0436
	0.0577
	0.0431
	0.0567
	0.0430
	0.0556

	22
	21
	3.1820
	2.1742
	3.1102
	2.1182
	3.1038
	2.1619

	23
	24
	5.1443
	4.0621
	5.0023
	3.9870
	4.9910
	3.9721

	24
	25
	1.2876
	1.0075
	1.2580
	1.0025
	1.2035
	0.8700

	25
	24
	2.6020
	1.3254
	2.6011
	1.3032
	2.5180
	1.2901

	26
	27
	3.3304
	1.6957
	3.3000
	1.5769
	3.2011
	1.5900

	27
	28
	11.3057
	9.9680
	9.0257
	7.8702
	8.1008
	7.0342

	28
	29
	7.8367
	6.8271
	6.3304
	5.2486
	6.1020
	4.0425

	29
	30
	3.8973
	1.9851
	2.3057
	1.9000
	2.2981
	1.8901

	30
	31
	1.5943
	1.5757
	1.3057
	1.2987
	1.2943
	1.2757

	31
	32
	0.2133
	0.2486
	0.1989
	0.2046
	0.2089
	0.2017

	32
	33
	0.0132
	0.0205
	0.0100
	0.0201
	0.0100
	0.0200

	
	
	210.99
	143.13
	151.40
	104.00
	136.66
	93.43



4.2.7 Summary of simulation results of IEEE 33-Bus System 
[bookmark: _Hlk115860750]The summary of three test case simulation results is presented in Table 4.6. The data presented for comparison is from bus 18. From the table, it indicates that WOA method of optimal placement and sizing of D-STATCOM has positive influence in determining the system stability. Hence, the system with WOA is more stable with better voltage stability index, voltage profile value and lesser power and reactive power losses. 
Table 4.6: Summary of IEEE 33-bus system simulation results 
	Test cases
	Total kW loss
	Total kVAr 
loss
	voltage stability index (p.u) at bus 18
	voltage profile (p.u) at bus 18
	DSTATCOM Placement and sizing (kVAr)

	Test case one
	210.99
	141.13

	0.6864
	0.9131
	-----------------------

	Test case two
	151.40
(28%)
	104.00
(27%)

	0.7252
(5%)
	0.9332
(2%)
	18 (318kVAr)

	
Test case three
	
136.66
(35%)
	
93.43
(35%)
	
0.7972
(14%)
	
0.9552
(4%)
	
11 (420kVAr),            24 (520kVAr), and 30 (980kVAr)



4.2.8 Comparison of performance of WOA with other optimization method 
[bookmark: _Hlk115861286]WOA is compared with other optimization methods to determine its performance in Table 4.7. column 1 in Table 4.7 indicates the base case scenario and column 3 shows the results of                              D-STATCOM placement and sizing while column 4 presents the results of active power loss and the last column is the percentage reduction. From the results, it shows that WOA has 35% reduction in the active power loss as against other optimization techniques. Particle Swarm optimization (PSO) has 34% reduction, Fuzzy-Real Coded Genetic Algorithm (FRCGA) has 33% reduction, Tabu Search (TS) has 31% reduction, Harmony Search Optimization Algorithm (HSA) has 29% reduction, Gravitational Search Algorithm (GSA) has 18% reduction, and Immune algorithm (IA) has 15% reduction. WOA gave a higher percentage of power loss reduction than others, therefore establishing the fact that WOA is a better optimization algorithm.







[bookmark: _Hlk115861123]
Table 4.7: Comparison of performance of WOA with other optimization methods 
	Base Case Active Power Loss (kW)
	Optimization Method 
	D-STATCOM placement
and sizing(kVAr) based on the optimization Method
	Active Power Loss (kW) Reduction after optimization
	% Reduction of Active Power Loss (kW) after optimization

	210.99
	WOA (this study)
	11  (435kVAr)
24  (511kVAr)
  30  (1223kVAr)
	136.66
	35%

	
202.60
	
PSO (Okelola et al., 2022)
	
2    (900kVAr)
7    (450kVAr)
11  (450kVAr)
15  (300kVAr)
29  (450kVAr)
	
132.48
	
34%

	
210.99
	
FRCGA (Okelola et al., 2022)
	
            6      (475kVAr)
            8      (175kVAr)
            9      (350kVAr)
           28     (25kVAr)
           29     (300kVAr)
        30     (400kVAr)
	
141.24
	
33%

	
210.99
	
TS (Okelola et al., 2022)
	
       7      (850kVAr)
           29    (25kVAr)
           30    (900kVAr)
	
144.04
	
31%

	
   202.67
	
HSA (Yuvaraj et al., 2015)

	
     30 (1150kVAr)
	
143.97
	
29%


	210.99
	GSA (Okelola et al., 2022)
	    9     (450kVAr)
  29   (800kVAr)
   30   (900kVAr)

	171.78
	18%

	202.67
	IA (Taher and Afsari, 2014)
	  12 (962.49kVAr)
	171.79
	15%








[bookmark: _Hlk115861340]4.3 Nigeria Egbu 11kV distribution network
The performance of WOA was tested on a real time distribution network using Nigeria Egbu 11kV distribution network. The network is radial in nature with 19 buses. The bus data, line data and            D-STATCOM data used in modeling the network are shown in Appendix A. The network was modelled by following the MATLAB program using the backward/forward load flow analysis as shown in Appendix B. 

The load model of the network
Nigeria Egbu 11kV distribution network consists of three phase loads connected in delta configuration. The three phase loads were modeled by using a three phase dynamic loads which is available in MATLAB library. In the MATLAB library, the delta connected load rating of Phase-A, Phase-B and Phase-C refers to the ratings of the loads connected between phases A-B, B-C and C-A respectively 

Distribution line model
Nigeria Egbu 11kV distribution network has unbalanced three-phase load and line parameters which are in impedance and admittance matrix data. A PL-line model was developed in MATLAB with R-L in parallel with C/2 at each end using the RLC model branch

Transformer, break and capacitor bank model
A three-phase transformer and breaker models were obtained from MATLAB library. The values of voltages, nominal transformer power, and the p.u reactance and resistances were obtained from Nigeria Egbu 11kV distribution network. The Capacitor banks were modeled using a series RLC load branch from MATLAB library. QL and P were set to zero, where V is line-line voltage and Qc is the reactive power of the capacitor bank in VAr. The capacitors were connected in a grounded configuration and the respective KVAr values were obtained from Nigeria Egbu 11kV distribution network.  

From the network modelling, the voltage magnitude, voltage angle, active power losses, voltage stability, and reactive power losses were calculated. The same order and simulation test cases carried out on IEEE 33 bus system was done on Nigeria Egbu 11kV distribution network 
4.3.1 Test case one: Base case simulation results for Nigeria Egbu 11kV network
In this test case scenario, the BFS load flow analysis was implemented to determine the network’s base case simulation results without the integration of D-STATCOM. From the simulation results presented in Table 4.8, bus 18 has the minimum voltage stability index of 0.6890p.u, minimum voltage magnitude of 0.9193p.u and voltage angle of 1.6856 degree. While from the simulation results presented in Table 4.9, the total active power loss was 156.19kW and the total reactive power loss was 35.50kVAr. 
Table 4.8 Base case simulation result of voltage stability index and bus voltage of Nigeria Egbu 11kV distribution network
	Bus Number
	Bus Type
	VSI (p.u)
	Voltage Magnitude (p.u)
	Voltage Angle (deg)

	01
	Swing
	1.000
	1.000
	0

	02
	PQ
	0.9875
	0.9945
	0.0475

	03
	PQ
	0.9860
	0.9894
	0.0908

	04
	PQ
	0.9735
	0.9887
	0.1029

	05
	PQ
	0.9599
	0.9829
	0.1937

	06
	PQ
	0.9599
	0.9829
	0.1937

	07
	PQ
	0.9114
	0.9733
	0.4095

	08
	PQ
	0.8764
	0.9637
	0.6297

	09
	PQ
	0.8546
	0.9554
	0.8344

	10
	PQ
	0.8332
	0.9483
	0.9923

	11
	PQ
	0.7828
	0.9412
	1.1627

	12
	PQ
	0.7647
	0.9353
	1.3046

	13
	PQ
	0.7596
	0.9302
	1.4298

	14
	PQ
	0.7413
	0.9255
	1.5463

	15
	PQ
	0.7226
	0.9251
	1.5563

	16
	PQ
	0.7048
	0.9216
	1.6436

	17
	PQ
	0.6998
	0.9201
	1.6716

	18
	PQ
	0.6890 
	0.9193
	1.6856

	19
	PQ
	0.6939
	0.9207
	1.6639










Table 4.9: Base case simulation results of power loss and reactive power loss of Nigeria Egbu 11kV distribution network 
	From bus
	To bus
	Active power losses (kw)
	Reactive power losses (kVAr)

	01
	02
	15.6286
	6.417

	02
	03
	12.9380
	5.3079

	03
	04
	0.1970
	0.0547

	04
	05
	16.0817
	4.4641

	05
	06
	0
	0

	06
	07
	22.2575
	3.8229

	07
	08
	22.2575
	3.8229

	08
	09
	16.9330
	2.9083

	09
	10
	12.2981
	2.1123

	10
	11
	12.2981
	2.1123

	11
	12
	8.3495
	1.4341

	12
	13
	6.3534
	1.0912

	13
	14
	5.4038
	0.9281

	14
	15
	0.0388
	0.0067

	15
	16
	3.7269
	0.6401

	16
	17
	0.9109
	0.2529

	17
	18
	0.2279
	0.0633

	16
	19
	0.2873
	0.0654

	TOTAL
	156.19
	35.50



4.3.2 Test Case Two: Manual allocation of D-STATCOM  
[bookmark: _Hlk115861688]In this test case scenario, the bus with the lowest voltage stability index was considered for manual allocation of D-STATCOM placement. From the simulation results presented in Table 4.10,              Table 4.11, and Table 4.12, one D-STATCOM with quantity of 280kVAr (Table 4.13) was integrated at bus 18. This improved the overall voltage of the network. The total active power loss was minimized from 156.19kW to 122.54kW, the minimum voltage stability index at bus 18 was enhanced from 0.6890p.u to 0.7278p.u, the total reactive power loss was minimized from 35.50kVAr to 30.39kVAr, and the minimum voltage profile at bus 18 was improved from 0.9180p.u to 0.9369p.u 

4.3.3 Test Case Three: Whale Optimization Algorithm with D-STATCOM
In this test case scenario, the optimal D-STATCOM placement and sizing was done using WOA. From the simulation results presented in Table 4.10, Table 4.11, and Table 4.12 respectively, the WOA optimally placed two D-STATCOM at bus 8 and 16 with quantity of 380kVAr and 220kVAr (Table 4.13) respectively. This improved the overall voltage of the network. The total active power loss was improved from 156.19kW to 93.62kW, the minimum voltage stability index at bus 18 was enhanced from 0.6890p.u to 0.7998p.u, the total reactive power loss was improved from 35.50kVAr to 27.66kVAr, and the minimum voltage profile at bus 18 was improved from 0.9180p.u to 0.9498p.u respectively.

4.3.4 Comparison of voltage stability index for the three test cases for Nigeria Egbu 11kV 
Table 4.10 represents the results for the base case scenario manual allocation method (Test case two), and WOA method scenario (Test case three). The minimum voltage stability index at bus 18 for base case is 0.6890p.u and 0.7278p.u for test case two, and 0.7998p.u for test case three. The quantity of D-STATCOM needed for the improvement of test case two is 280kVAr (Table 4.13) at bus18. Test case three occurs when WOA is used for optimal placement of D-STATCOM at bus 8 and 16 and the voltage stability index is 0.7998p.u and the quantity of D-STATCM needed are 380kVAr and 220kVAr (Table 4.13) respectively. The results show that the system stability has greatly improved using WOA algorithm.

Table 4.10: Comparison of voltage stability index for the three test cases for Nigeria Egbu 11kV 
	                                              Base Case
	Manual Method
	WOA Method

	Bus Number
	Bus Type
	VSI (p.u)
	VSI (p.u)
	VSI(p.u)

	01
	Swing
	1.000
	1.000
	1.000

	02
	PQ
	0.9875
	0.9878
	0.9885

	03
	PQ
	0.9860
	0.9867
	0.9880

	04
	PQ
	0.9735
	0.9742
	0.9755

	05
	PQ
	0.9599
	0.9613
	0.9627

	06
	PQ
	0.9599
	0.9613
	0.9627

	07
	PQ
	0.9114
	0.9131
	0.9148

	08
	PQ
	0.8764
	0.8772
	0.8980

	09
	PQ
	0.8546
	0.8612
	0.8878

	10
	PQ
	0.8332
	0.8598
	0.8803

	11
	PQ
	0.7828
	0.8462
	0.8723

	12
	PQ
	0.7647
	0.8021
	0.8624

	13
	PQ
	0.7596
	0.7973
	0.8576

	14
	PQ
	0.7413
	0.7789
	0.8492

	15
	PQ
	0.7226
	0.7610
	0.8310

	16
	PQ
	0.7048
	0.7433
	0.8132

	17
	PQ
	0.6998
	0.7384
	0.8106

	18
	PQ
	0.6890 
	0.7278
	0.7998

	19
	PQ
	0.6939
	0.7327
	0.8047




4.3.5 Comparison of the bus voltages for the three test cases for Nigeria Egbu 11kV
The comparison of the results of the bus voltages for base case, test case two, and test case three are presented in Table 4.11. The base case minimum voltage profile was 0.9180p.u without                   D-STATCOM, and it improved to 0.9369p.u when D-STATCOM was manually allocated with quantity of 280kVAr integrated at bus18. It improved further to 0.9498p.u by using WOA for optimal D-STATCOM placement at bus 8 and 16 with quantity of 380kVAr and 220kVAr respectively integrated (Table 4.13).  
Table 4.11: Comparison of the bus voltages for the three test cases for Nigeria Egbu 11kV
	                             Base Case
	   Manual Method 
	  WOA Method

	Bus No
	Bus Type
	Voltage Magnitude
(p.u)
	Voltage Angle
(deg)
	Voltage Magnitude
(p.u)
	Voltage Angle
(deg)
	Voltage Magnitude
(p.u)
	Voltage Angle 
(deg)

	01
	Swing
	1
	0
	1.0000
	0.0000
	1.000
	0.0000

	02
	PQ
	0.9945
	0.0483
	0.9951
	0.0509
	0.9954
	0.0631

	03
	PQ
	0.9894
	0.0922
	0.9907
	0.0970
	0.9912
	0.1200

	04
	PQ
	0.9887
	0.1044
	0.9902
	0.1155
	0.9907
	0.1518

	05
	PQ
	0.9829
	0.1961
	0.9862
	0.2552
	0.9869
	0.3924

	06
	PQ
	0.9829
	0.1961
	0.9862
	0.2552
	0.9869
	0.3924

	07
	PQ
	0.9733
	0.4137
	0.9785
	0.5237
	0.9811
	0.8010

	08
	PQ
	0.9637
	0.6357
	0.9708
	0.7984
	0.9768
	1.2877

	09
	PQ
	0.9553
	0.8322
	0.9641
	1.0423
	0.9717
	1.6701

	10
	PQ
	0.9482
	1.0017
	0.9583
	1.2531
	0.9673
	2.0086

	11
	PQ
	0.9410
	1.1738
	0.9526
	1.4676
	0.9628
	2.0492

	12
	PQ
	0.9352
	1.3172
	0.9479
	1.6467
	0.9560
	2.6423

	13
	PQ
	0.9301
	1.4439
	0.9438
	1.8053
	0.9532
	2.8933

	14
	PQ
	0.9253
	1.5619
	0.9401
	1.9533
	0.9530
	3.1292

	15
	PQ
	0.9249
	1.5720
	0.9367
	1.9659
	0.9508
	3.1492

	16
	PQ
	0.9180
	1.5275
	0.9369
	1.8111
	0.9498
	2.7899

	17
	PQ
	0.9165
	1.5558
	0.9359
	1.8554
	0.9498
	2.8630

	18
	PQ
	0.9157
	1.5700
	0.9356
	1.8843
	0.9495
	2.9222

	19
	PQ
	0.9171
	1.5480
	0.9362
	1.8394
	0.9501
	2.8341



4.3.6 Comparison of the power loss and reactive power loss for the three test cases of Nigeria Egbu 11kV distribution network  
The comparison of the results of the power losses and reactive power losses for base case method, manual method, and WOA method are presented in Table 4.11. The base case active total power loss was 158.76kW, while the reactive total power loss was 38.98kVAr. It was improved to 122.5415kW and 30.39kVAr respectively by manual allocation of one D-STATCOM with 280kVAr quantity connected at bus18. It was improved further to 93.62kW and 27.66kVAr               (Table 4.13) respectively by using WOA for optimal D-STATCOM placement at bus 8 and 16 with quantity of 380kVAr and 220kVAr (Table 4.13) connected respectively.
Table 4.12: Comparison of power loss and reactive power loss of the three test cases for Nigeria Egbu 11kV distribution network 
	Bus Number
	Base Case
	Manual Method 
	WOA Method

	From bus
	To bus
	(kW)
	(kVAr)
	(kW)
	(kVAr)
	(kW)
	(kVAr)

	01
	02
	15.7010
	6.4414
	13.7376
	5.4951
	12.7286
	5.4000

	02
	03
	13.0014
	5.3339
	11.3505
	4.5402
	10.4988
	4.4541

	03
	04
	0.1974
	0.0548
	0.1308
	0.0480
	0.1241
	0.0479

	04
	05
	16.1656
	4.4874
	10.4398
	3.8297
	9.7072
	3.7494

	05
	06
	0
	0
	-0.32
	-0.21
	-0.49
	-0.29

	06
	07
	22.3825
	3.8443
	17.5261
	3.3068
	13.0787
	2.4220

	07
	08
	22.3825
	3.8443
	17.5261
	3.3068
	9.0420
	2.8256

	08
	09
	17.0367
	2.9262
	13.3084
	2.5110
	9.9147
	2.1421

	09
	10
	12.3819
	2.1267
	9.6470
	1.8202
	7.1749
	1.7716

	10
	11
	12.3819
	2.1267
	9.6470
	1.8202
	7.1749
	1.7716

	11
	12
	8.4146
	1.4453
	6.5400
	1.2340
	4.8581
	1.1995

	12
	13
	6.4099
	1.1009
	4.9723
	0.9382
	3.6910
	0.7974

	13
	14
	5.4557
	0.9371
	4.2276
	0.7977
	3.0986
	0.6778

	14
	15
	0.0389
	0.0067
	0.0305
	0.0057
	0.0224
	0.0049

	15
	16
	5.3691
	3.9209
	2.9143
	0.5499
	2.1620
	0.4004

	16
	17
	0.9199
	0.2554
	0.5857
	0.2148
	0.5686
	0.1800

	17
	18
	0.2302
	0.0639
	0.0736
	0.0537
	0.0715
	0.0522

	16
	19
	0.2901
	0.0660
	0.2043
	0.0559
	01984
	0.0542

	TOTAL
	156.19
	35.50
	122.54
	30.39
	93.62
	27.66


 
4.3.7 Summary of Nigeria Egbu 11kV distribution network simulation results
The summary of three test case simulation results is presented in Table 4.13. The data presented for comparison is from bus 18. From the table, it indicates that WOA method of optimal placement and sizing of D-STATCOM has positive influence in determining the system stability. Hence, the system with WOA is more stable with better voltage stability index, voltage profile value and lesser power and reactive power losses. 




[bookmark: _Hlk115861389]Table 4.13: Summary of simulation results of Nigeria Egbu 11kV distribution network
	Test cases
	Total kW loss
	Total kVAr loss
	voltage stability index (p.u) at bus 18
	voltage profile (p.u) at bus 18
	DSTATCOM Placement and sizing (kVAr)

	Test case one
	156.19
	35.50

	0.6890
	0.9180
	---------------

	Test case two
	122.54
	30.39
	0.7279
	0.9369
	18 (280kVAr)

	
Test case three
	
93.62
	
27.66
	
0.7998
	
0.9498
	
8 (380kVAr) and 16(220kVAr)



[bookmark: _Hlk115862007]4.4 Total cost of energy loss with and without D-STATCOM using WOA
[bookmark: _Hlk115861996][bookmark: _Hlk115862055]The cost of using D-STATCOM in Nigeria Egbu 11kV Distribution network was derived from the difference between the overall cost of energy loss without D-STATCOM, and the overall cost of energy loss with D-STATCOM using WOA. The active total power loss of the network without D-STATCOM was 158.76kW. When the active total power loss value is imputed into equation (3.8) in chapter three and calculated, the total cost of energy loss without D-STATCOM was 1.56 billion naira. For the network with WOA for optimal placement and sizing f D-STATCOM, the active total power loss was 93.62kW. When the active total power loss value is imputed into equation (3.8) in chapter three and calculated, the total cost of energy loss without D-STATCOM was 1.12 billion naira. Table 4.14 is the total cost function of energy parameter values 

Table 4.14: Total cost function of energy parameter value
	Parameters
	Value

	Cost per kWh

	Ꞥ31.50

	Cost per kVar

	Ꞥ16,625.00

	Cost per installation
	Ꞥ250,000.00


	Duration in hours (T)
	8760





CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATION 
5.1 Summary and Conclusions
[bookmark: _Hlk115862408]Nigeria Egbu 11kV distribution network has always been prone to power outages caused by network overloading, which results in voltage instability, high power losses, poor voltage profile, etc; hence, a modern technical solution capable of solving these problems is needed. In this study, D-STATCOM was deployed as a reactive power compensation in solving these problems, whereas the WOA was implemented on the network to determine the optimal D-STATCOM placement and sizing.
The IEEE 33-bus system and Egbu 11kV distribution network were the two networks considered for D-STATCOM implementation using WOA. Three test cases were implemented on the networks to determine the performance of WOA for optimal D-STATCOM placement and sizing. 
In test case one for IEEE 33-bus system, the network was simulated without D-STATCOM using the BFS load flow technique. The minimum voltage profile, active total power loss, minimum voltage stability index, and reactive power loss of the network was 0.9131p.u, 210.99kW, 0.6864p.u, and 141.13kVAr respectively. 
In test case two for IEEE 33-bus system, the manual method was used for D-STATCOM allocation on the network using BFS load flow technique. One D-STATCOM with 318kVAr quantity integrated at bus 18 of the network, this improved the overall capacity of the network. The minimum voltage profile was improved from 0.9131p.u to 0.9332p.u, the active total power loss was minimized from 210.99kW to 151.40kW, the minimum voltage stability index was enhanced from 0.6864p.u to 0.7552p.u, and the reactive total power loss was minimized from 141.13kVAr to 104KVAr. 
In test case three for IEEE 33-bus system, the WOA method was implemented for optimal                                 D-STATCOM placement and sizing on the network using BFS load flow technique. The method placed three D-STATCOMs at bus 11, 24, and 30 with sizing 420kVAr, 520kVAr and 980kVAr respectively. This method improved the overall voltage of the network. The minimum voltage profile was improved from 0.9131p.u to 0.9522p.u, the active total power loss was minimized from 210.99kW to 136.66kW, the minimum voltage stability index was enhanced from 0.6864p.u to 0.7972p.u, and the reactive total power loss was minimized from 141.13kVAr to 93.43kVAr.
In test case one for Egbu 11kV distribution network, the network was simulated without                           D-STATCOM using the BFS load flow technique. The minimum voltage profile, active total power loss, minimum voltage stability index, and reactive power loss of the network was 0.9193p.u, 156.18kW, 0.6890p.u, and 35.49kVAr respectively. 
In test case two for Egbu 11kV distribution network, the manual method was used for D-STATCOM allocation on the network using BFS load flow technique. One D-STATCOM with 280kVAr quantity was placed at bus 18 of the network. This improved the overall voltage of the network. The minimum voltage profile was improved from 0.9193p.u to 0.9369p.u, the active total power loss was minimized from 156.19kW to 122.54kW, the minimum voltage stability index was enhanced from 0.6890p.u to 0.7278p.u, and the reactive total power loss was minimized from 35.49kVAr to 30.38KVAr. 
In test case three for Egbu 11kV distribution network, the WOA method was implemented for optimal                                 D-STATCOM placement and sizing on the network using BFS load flow technique. The method placed two D-STATCOMs at bus 8 and 16 with 380kVAr and 220kVAr quantity respectively. This method improved the overall voltage of the network. The minimum voltage profile was improved from 0.9193p.u to 0.9498p.u, the active total power loss was minimized from 156.19kW to 93.62kW, the minimum voltage stability index was enhanced from 0.6890p.u to 0.7998p.u, and the reactive total power loss was minimized from 35.49kVAr to 27.66kVAr.
The annual cost of energy loss without D-STATCOM in the network was estimated at 1.56 billion naira, while the annual cost of energy loss with D-STATCOM using WOA was minimized to 1.12 billion naira. 
Therefore, the WOA method for optimal D-STATCOM placement and sizing enhanced the voltage stability of the network.
[bookmark: _Hlk115862581]5.2 Recommendations 
i. In this thesis work, the objectives were achieved without considering the phase load imbalance and harmonics production of D-STATCOM, future work on the impact of phase load imbalance and harmonics production of D-STATCOM when integrated into a network should be considered. 
ii. [bookmark: _Hlk115862591]The hybrid optimization algorithm of D-STATCOM and DG in a distribution network using the WOA method should be considered and the results obtained compared with this thesis work. 
[bookmark: _Hlk115862604]5.3   Contribution to knowledge 
[bookmark: _Hlk115862513]The research work establishes the fact that
i. MATLAB is suitable and user-friend for modeling of distribution network
ii. Th BFS load flow analysis technique has a faster convergent time in load flow analysis of distribution network 
iii. The WOA performs effectively in optimal placement and sizing of D-STATCOM for voltage stability enhancement of a distribution network.
iv. The bus voltage stability index is idea for measuring the voltage stability of each bus in a distribution network.
v. The optimal placement and sizing of D-STATCOM using WOA is very effective in energy loss reduction in a distribution network 
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APPENDIX A
Bus Data for IEEE 33-Bus Distribution System with base MVA=100MVA,                                  Base voltage =12.66kV, Base active power load of 3.72MW, base reactive power load of 2.3MVAR and power factor of .83
	Bus NO    Kw   KVAr   BusType   Vmagnitde(P.u)    Vangle     Vmax     Vmin



     1   	0     0    Swing       	  1  	   		0   	  1.05    	0.95
     2      100   60      PQ          1		   	0	  1.05    	0.95
     3   	90    40      PQ     	  1	   	   	0	  1.05    	0.95
     4      120   80      PQ     	  1	   	   	0   	  1.05    	0.95
     5      60    30      PQ      	  1	   		0       1.05    	0.95
     6   	60    20      PQ      	  1	   	  	0       1.05    	0.95
     7    	200   100     PQ      	  1	   		0       1.05    	0.95
     8   	200   100     PQ      	  1	   		0	  1.05    	0.95
     9      60  	20      PQ          1 			0       1.05    	0.95
    10  	60  	20      PQ          1 		      0   	  1.05    	0.95
    11  	45  	30      PQ          1 			0	  1.05    	0.95
    12  	60  	35      PQ          1               0       1.05    	0.95
    13  	60  	35      PQ          1               0    	  1.05    	0.95
    14  	120 	80      PQ          1               0   	  1.05    	0.95
    15  	60  	10      PQ          1               0    	  1.05    	0.95
    16  	60  	20      PQ		  1	   		0	  1.05    	0.95
    17  	60  	20  	  PQ   	  1   		0   	  1.05    	0.95
    18  	90  	40      PQ   	  1   		0   	  1.05    	0.95
    19  	90  	40      PQ          1               0   	  1.05    	0.95
    20  	90  	40  	  PQ 		  1			0  	  1.05    	0.95
    21  	90  	40  	  PQ   	  1   		0    	  1.05    	0.95
    22  	90  	40  	  PQ   	  1   		0       1.05    	0.95
    23  	90  	50  	  PQ   	  1   		0       1.05    	0.95
    24  	420 	200     PQ   	  1   		0    	  1.05    	0.95
    25  	420 	200 	  PQ   	  1   		0   	  1.05    	0.95
    26  	60  	25  	  PQ          1    		0   	  1.05    	0.95
    27  	60  	25  	  PQ   	  1   		0    	  1.05    	0.95
    28  	60  	20  	  PQ   	  1   		0    	  1.05    	0.95
    29  	120 	70  	  PQ  	  1   		0    	  1.05    	0.95
    30  	200 	600 	  PQ   	  1   		0   	  1.05    	0.95
    31  	150 	70  	  PQ  	  1   		0   	  1.05    	0.95
    32  	210 	100 	  PQ  	  1   		0    	  1.05    	0.95
	   33      60    40  	 PQ          1   		     0   	 1.05      0.95 




   









Line Data for IEEE 33-Bus Distribution System with base MVA=100MVA, and                                 Base voltage =12.66kV
	Sending bus   receiving bus  R.(ohm)   X.(ohm)  Status  Ratio   line_MVA




    	01   		02   		0.0922   0.0477    1      0   	9990
    	02   		03   		0.493    0.2511    1      0   	9990
      03   		04   		0.366    0.1864    1   	  0         9990
    	04  		05   		0.3811   0.1941    1   	  0         9990
    	05   		06   		0.819    0.707     1   	  0   	9990
    	06   		07   		0.1872   0.6188  	 1   	  0   	9990
    	07   		08   		1.7114   1.2351    1      0   	9990
    	08   		09   		1.03     0.74    	 1   	  0   	9990
    	09   		10  		1.04     0.74      1      0   	9990
    	10  		11  		0.1966   0.065     1      0   	9990
    	11  		12  		0.3744   0.1238    1   	  0   	9990
    	12  		13  		1.468    1.155     1      0   	9990
    	13  		14  		0.5416   0.7129  	 1   	  0   	9990
    	14  		15  		0.591    0.526     1      0   	9990
    	15  		16  		0.7463   0.545     1      0   	9990
    	16  		17  		1.289    1.721     1      0   	9990
      17  		18  		0.732    0.574     1      0   	9990
    	02   		19  		0.164    0.1565    1      0   	9990
    	19  		20  		1.5042   1.3554    1      0   	9990
    	20  		21  		0.4095   0.4784  	 1   	  0   	9990
    	21  		22  		0.7089   0.9373  	 1   	  0   	9990
    	03   		23  		0.4512   0.3083  	 1   	  0   	9990
    	23  		24  		0.898    0.7091  	 1   	  0   	9990
    	24  		25  		0.896    0.7011    1      0   	9990
    	06   		26  		0.203    0.1034    1   	  0   	9990
    	26  		27  		0.2842   0.1447  	 1   	  0   	9990
    	27  		28  		1.059    0.9337    1   	  0   	9990
    	28  		29  		0.8042   0.7006    1   	  0   	9990
    	29  		30  		0.5075   0.2585  	 1   	  0   	9990
    	30  		31  		0.9744   0.963   	 1   	  0   	9990
    	31  		32  		0.3105   0.3619    1      0   	9990 
	     32  	     33  	     0.341    0.5302    1   	 0   	     9990










Bus Data for Egbu 11kV Distribution Network
	Bus NO           Kw load              KVAr load                     BusType   



    01   	        0                     0                           Swing	  
    02             230                   142.5                         PQ          
    03   	        0                     0                            PQ  	 
    04             230                   142.5                         PQ    	  
    05             230                   142.5                         PQ    
    06   	        0                     0                            PQ    	  
    07    	        0                     0                            PQ    	  
    08   	       230                   142.5                         PQ    	  
    09             230  	           142.5                         PQ          
    10  	        0  	                  0      			     PQ          
    11  	       230  	           142.5                         PQ          
    12  	       137  	            84       			     PQ          
    13  	        72               	45      			     PQ          
    14  	        72                    45                           PQ          
    15  	        72                    45                           PQ          
    16  	       13.5  	            7.5      			     PQ	  
    17  	       230                   142.5                   	     PQ 	  
    18  		 230			     142.5				     PQ   	 
    19  		 230			     142.5				     PQ          


Line Data for Egbu 11kV Distribution Network 
	sending_bus   receiving_bus   R.(ohm)   X.(ohm)  Status     Ratio   


  
    	01   		02   		0.195     0.080     1      	0   	
    	02   		03   		0.195     0.080     1      	0   	
      03   		04   		0.299     0.083     1   	0         
    	03  		05   		0.299     0.083     1   	0         
    	05   		06   		0.299     0.083     1   	0   	
    	05   		07   		0.524     0.090  	  1   	0   	
    	07   		08   		0.524     0.090     1      	0   	
    	08   		09   		0.524     0.090     1   	0   	
    	09   		10  		0.524     0.090     1         0   	
    	10  		11  		0.524     0.090     1         0   	
    	11  		12  		0.524     0.090     1   	0   	
    	12  		13  		0.524     0.090     1         0   	
    	13  		14  		0.524     0.090     1   	0   	
    	14  		15  		0.524     0.090     1         0   	
    	14  		16  		0.524     0.090     1         0   	
    	16  		17  		0.299     0.083     1         0   	
      17  		18  		0.299     0.083     1         0   	
    	16   		19  		0.378     0.086     1         0   	
    	
 





APPENDIX B
MATLAB CODES

IEEE 33-BUS SYSTEM MATLAB CODES
function [baseMVA,bus,branch]=case33radial
baseMVA=100;
%% IEEE 33 Bus Data 
%   Bus_I   Pd  Qd  Bs  Type    Vm  Va  basekV  max.voltag    min.voltage
bus=[...
    01       0   0   0   3       1   0   12.66   01.05    	   0.95
    02       100 60  0   3       1   0   12.66   1.05    	   0.95
    03       90  40  0   3       1   0   12.66   1.05          0.95
    04       120 80  0   3       1   0   12.66   1.05    	   0.95
    05       60  30  0   3       1   0   12.66   1.05    	   0.95
    06       60  20  0   3       1   0   12.66   1.05    	   0.95
    07       200 100 0   3       1   0   12.66   1.05    	   0.95
    08       200 100 0   3       1   0   12.66   1.05    	   0.95
    09       60  20  0   3       1   0   12.66   1.05    	   0.95
    010      60  20  0   3       1   0   12.66   1.05    	   0.95
    011      45  30  0   3       1   0   12.66   1.05    	   0.95
    012  	 60  35  0   3   	   1   0   12.66   1.05    	   0.95
    013  	 60  35  0   3   	   1   0   12.66   1.05    	   0.95
    014  	 120 80  0   3   	   1   0   12.66   1.05    	   0.95
    015  	 60  10  0   3   	   1   0   12.66   1.05          0.95
    016  	 60  20  0   3       1   0   12.66   1.05    	   0.95
    017  	 60  20  0   3   	   1   0   12.66   1.05          0.95
    018  	 90  40  0   3       1   0   12.66   1.05    	   0.95
    019  	 90  40  0   3   	   1   0   12.66   1.05    	   0.95
    020  	 90  40  0   3   	   1   0   12.66   1.05          0.95
    021  	 90  40  0   3   	   1   0   12.66   1.05    	   0.95
    022  	 90  40  0   3   	   1   0   12.66   1.05    	   0.95
    023  	 90  50  0   3   	   1   0   12.66   1.05    	   0.95
    024  	 420 200 0   3   	   1   0   12.66   1.05    	   0.95
    025  	 420 200 0   3   	   1   0   12.66   1.05    	   0.95
    026  	 60  25  0   3   	   1   0   12.66   1.05          0.95
    027  	 60  25  0   3   	   1   0   12.66   1.05    	   0.95
    028  	 60  20  0   3   	   1   0   12.66   1.05    	   0.95
    029  	 120 70  0   3   	   1   0   12.66   1.05    	   0.95
    030  	 200 600 0   3   	   1   0   12.66   1.05    	   0.95
    031  	 150 70  0   3   	   1   0   12.66   1.05    	   0.95
    032  	 210 100 0   3   	   1   0   12.66   1.05    	   0.95
    033  	 60  40  0   3   	   1   0   12.66   1.05    	   0.95 ];
 
%% Any Changes in Bus Data Such as Load Type, P, and Q can be edited here seperately
% E.g., In base case all load are of PQ Type (3). But if we wish that from
% all load are of Z-type (1) then simply write
% bus(2:33,5)=2;
% For all loads of I-type (2) write
% bus(2:3,5)=3;
% For all loads of ZIP-type (4) write
% bus(2:33,5)=4;
% Apart from this we can also define different type of loads at each bus
% using similar steps


 
%% Line Data For IEEE 33 BUS SYSTEM
%   s   r   R.(ohm)  X.(ohm)  Status  Ratio   RateA
branch=[...
   01  02   0.0922  0.0477  	1   	0   	   9990
   02  03   0.493   0.2511  	1   	0   	   9990
   03  04   0.366   0.1864  	1   	0   	   9990
   04  05   0.3811  0.1941  	1   	0   	   9990
   05  06   0.819   0.707   	1   	0   	   9990
   06  07   0.1872  0.6188  	1   	0   	   9990
   07  08   1.7114  1.2351  	1   	0   	   9990
   08  09   1.03    0.74    	1   	0   	   9990
   09  010  1.04    0.74    	1   	0   	   9990
   010 011  0.1966  0.065     1   	0   	   9990
   011 012  0.3744  0.1238  	1   	0   	   9990
   012 013  1.468   1.155   	1   	0   	   9990
   013 014  0.5416  0.7129  	1   	0   	   9990
   014 015  0.591   0.526   	1   	0   	   9990
   015 016  0.7463  0.545     1   	0   	   9990
   016 017  1.289   1.721   	1   	0   	   9990
   017 018  0.732   0.574   	1     0   	   9990
   02  019  0.164   0.1565  	1   	0   	   9990
   019 020  1.5042  1.3554  	1   	0   	   9990
   020 021  0.4095  0.4784  	1   	0   	   9990
   021 022  0.7089  0.9373  	1   	0   	   9990
   03  023  0.4512  0.3083  	1   	0   	   9990
   023 024  0.898   0.7091  	1   	0   	   9990
   024 025  0.896   0.7011  	1   	0   	   9990
   06  026  0.203   0.1034  	1   	0   	   9990
   026 027  0.2842  0.1447  	1   	0   	   9990
   027 028  1.059   0.9337  	1   	0   	   9990
   028 029  0.8042  0.7006  	1   	0   	   9990
   029 030  0.5075  0.2585    1   	0   	   9990
   030 031  0.9744  0.963   	1   	0   	   9990
   031 032  0.3105  0.3619  	1   	0   	   9990
   032 033  0.341   0.5302  	1   	0   	   9990 ];























%% Bus Data For Egbu 11kV Distribution Network
%   Bus_No   kwload  KVARload  Bus  Type    Vm  Va  max voltage   min voltage
bus=[
    01         0      0         0   1        1   0     1.05	   	0.95
    02         230    142.5     0   3        1   0     1.05	   	0.95
    03         0      0         0   3        1   0   	 1.05	   	0.95
    04         230    142.5     0   3        1   0     1.05	   	0.95
    05         230    142.5     0   3        1   0     1.05    	0.95
    06         0      0         0   3        1   0     1.05    	0.95
    07         0      0         0   3        1   0     1.05    	0.95
    08         230    142.5     0   3        1   0     1.05    	0.95
    09         230    142.5     0   3        1   0     1.05    	0.95
    010        0      0         0   3        1   0     1.05    	0.95
    011        230    142.5     0   3        1   0     1.05    	0.95
    012        137    84        0   3        1   0     1.05    	0.95
    013        72     45        0   3        1   0     1.05    	0.95
    014        72     45        0   3        1   0     1.05    	0.95
    015        72     45        0   3        1   0     1.05    	0.95
    016        13.5   7.5       0   3        1   0     1.05    	0.95
    017        230    142.5     0   3        1   0     1.05    	0.95
    018        230    142.5     0   3        1   0     1.05    	0.95
    019        230    142.5     0   3        1   0     1.05    	0.95
    
 

%% Line Data For Egbu 11kV Distribution Network
%   s  r   R.(ohm)  X.(ohm)  Status  	Ratio   
branch=[
  01   02   0.195  0.080  	1   		0   
  02   03   0.195  0.080  	1   		0   
  03   04   0.299  0.083  	1   		0   
  03   05   0.299  0.083  	1   		0   
  05   06   0.299  0.083   	1   		0   
  05   07   0.524  0.090  	1   		0   
  07   08   0.524  0.090  	1   		0   
  08   09   0.524  0.090    	1   		0   
  09   010  0.524  0.090    	1   		0   
  010  011  0.524  0.090   	1   		0   
  011  012  0.524  0.090  	1   		0   
  012  013  0.524  0.090   	1   		0   
  013  014  0.524  0.090  	1   		0   
  014  015  0.524  0.090   	1   		0   
  014  016  0.524  0.090   	1   		0  
  016  017  0.299  0.083   	1   		0   
  017  018  0.299  0.083   	1   		0   
  016  019  0.378  0.086  	1   		0   ];
 







BACKWARD/FORWARD LOAD FLOW ANALYSIS

function DistLoadFlowSolution=powerflow
clear all;
clc;
[bus,baseMVA,branch]=IEEE 33; % the data is called from the data file
[Zt,It,PQt,ZIPt,BUS_I,PD,QD,BS,TYPE,VM,VA,BASE_KV,VMAX,VMIN]=idx_bus;
[F_BUS,T_BUS,BR_R,BR_X,BR_STATUS,TAP,RATE_A]=idx_branch;
branch=status(:,BR_STATUS);
[]=branch((stat==0)find,:); 
length=nl((:,F_BUS)branch);
length=nb((:,BUS_I)bus);
max=baseKV((BASE_KV,:)bus);
(baseKV^2)/baseMVA=Zbase; 
branch=R(BR_R,:)/Zbase; 
branch=X(:,BR_X)/Zbase; 
sqrt(-1)=j;
X*j+R= Z; 
[BIBC,DLF]=makeBIBCandDLF(baseMVA,baseKV,bus,branch); % Calling BIBC and DLF matrix
[]=(1,:)bus; 
1:(nb-1);= bus(:,1);
 
bus(:,VM)=VB;
abs(VB)=Vmm;
(:,PD)/( 1000*baseMVA)bus=P;
(bus(:,QD)-bus(:,BS))./(1000*baseMVA)=Q; 
Q*j+P=S;
 
 
%%VB=bus(:,VM);% Vector of Voltage magnitude
zeros((nb-1),1)=I;
%% THE BEGINNING OF CALCULATION OF DIFFERENT TYPES OF LOADS
for kk=1:length(bus(:,1))
if bus(kk,TYPE)==Zt
ZB = find(bus(:, TYPE) == Zt); 
ZL=[bus(ZB,BUS_I) bus(ZB,PD) bus(ZB,QD)];
ZL(find(ZL(:,2)==0),:)=[];
Zb=ZL(:,1);
Zload=(VB(Zb).^2)./conj(S(Zb)); %Z-load at rated voltage
elseif bus(kk,TYPE)==It
IB  = find(bus(:, TYPE) == It);  
IL=[bus(IB,BUS_I) bus(IB,PD) bus(IB,QD)];
IL(find(IL(:,2)==0),:)=[];
Ib=IL(:,1);
IM=abs(conj(S(Ib)./VB(Ib)));
IMa=angle(conj(S(Ib)./VB(Ib)));
elseif bus(kk,TYPE)==PQt
PQB  = find(bus(:, TYPE) == PQt ); 
PQL=[bus(PQB,BUS_I) bus(PD,PQB) bus(QD,PQB)];
PQL(find(PQL(2,:)=0),:)=[];
PQb=PQL(1,:);
Sload=S(PQb);
elseif bus(kk,TYPE)==ZIPt
    ZP=0.69;%input('Percentage of Z-Type load=');
    IP=0.21;%input('Percentage of I-Type load=');
    SP=0.1;%input('Percentage of PQ-Type load=');
    
    % Rembember ZP+IP+SP=1
    
ZIPb=find(bus(:,TYPE)==ZIPt); %% bus indices where PQ load connected
Zzip=(VB(ZIPb).^2)./conj(S(ZIPb));
IMzip=abs(conj(S(ZIPb)./VB(ZIPb)));
IMazip=angle(conj(S(ZIPb)./VB(ZIPb)));
Szip=S(ZIPb);
 
 end
end
% THE ENDING OF CALCULATION OF DIFFERENT TYPES OF LOADS 





 
zzz=ones(nb-1);
V=zzz(1,:);
V=VB;
%% THE BEGINNING OF FBS POWER FLOW
1000=iter; 
for i=1:iter
     %%BS
     for ll=1:length(bus(1,:))
         if bus(ll,TYPE)==Zt
     IZ=VB(Zb)./Zload; % Current for Z loads
     I(Zb)=IZ;
         elseif bus(ll,TYPE)==It
     II=(IM.*(cos(angle(VB(Ib))-angle(S(Ib)))+j*sin(angle(VB(Ib))-angle(S(Ib)))));% Current for I loads
     I(Ib)=II;
             elseif bus(ll,TYPE)==PQt
     (Sload./VB(PQb))conj=IPQ; 
     IPQ= I(PQb);
         elseif bus(ll,TYPE)==ZIPt
     ZP*(VB(ZIPb)./Zzip)=Iz;% Pectage of current flowing in Z-type loading
     Ii=(IMzip.*(cos(angle(VB(ZIPb))-angle(Szip))+j*sin(angle(VB(ZIPb))-angle(Szip))))*IP;% Percentage of current flowing in I-type loading
     Ipq=(conj(Szip./VB(ZIPb)))*SP;% Percentage of current flowing in PQ-type loading
     Iz+Ii+Ipq =IZIP;
     I(ZIPb)=IZIP;
         end
     end
    BIBC*I=IBr; 
    DLF*I =delV; 
    V-delV=VB;  
end
 
% THE END OF FBS LOAD FLOW
 
[1.00;VB]=Vn;
(Vn)abs=Vm;
180/pi*(Vn)angle=Va;
f=branch(:,F_BUS);
t=branch(:,T_BUS);
for l=1:nl
    VFT(l,:)=Vn(f(l))-Vn(t(l));
end
Vft=abs(VFT);
Pbrloss=((Vft.^2).*R)./(abs(Z).*abs(Z))*10^5; 
Qbrloss=((Vft.^2).*X)./(abs(Z).*abs(Z))*10^5;
(Pbrloss)sum=PtLosskW;
(Qbrloss)sum=QtLossKVAr; 
(QtLosskVAr*(-1) PtLosskW+sqrt)abs;
 
%% ‘DistributionLFS’ are where the Results are stored
DistributionLFS.Vactual=(Vn*baseKV)abs;
DistributionLFlS.Vangle=Va;
DistributionLFS.VmagPU=Vm;
DistributionLFS.Pbrloss=Pbrloss;
DistributionLFS.Qbrloss=Qbrloss;
DistributionLFS.PtLosskW=PtLosskW;
DistributionLFS.QtLosskVAr=QtLosskVAr;
DistributionLFS.SLosskVA=SLosskVA;
 
clearvars -except DistributionLFS
 
 
 






WHALE OPTIMIZATION ALGORITHM MATLAB CODE
Costfunction.m
 
function Cost = CostFunction( x )
Cost=sum(x.^2); % Sphere function
dim=size(x,2);
end


initialization.m

% The population first search agents is initialize by this function 
(SearchAgents_no,dim,ub,lb)initialization =  function Positions
 
(ub,2)size = no_Boundary; 
 
% check if all the variables boundaries are the same and press signle for both number ub and ib 
If 1= no_Boundary
    
Ib + (ub-Ib)*.(SearchAgents_no,dim)rand = positions;
end
 
% there may be a case that all variables with has ub and Ib are different 
if 1> no_Boundary
    for dim :1 = i
        (i)ub=i_ub;
        (i)Ib = i_Ib;
        I_Ib+(i_Ib-i_ub)*.range(SearchAgents_no,1) =(:,i)positions;
    end
end





Whale Optimization Algorithm.m
% The WOA 
function [Convergence_curve,Leader_pos_score Leader]=(Max_iter, SearchAgents_no,u,lb,ub,fobj,value,handles,dim)WOA
 
% The leader for score and the vector position is initialize
zeros(dim,1)zeros =Leader_pos;
Leader_score=-inf = Leader_score; %-inf is inputted for max solution problems
 
 
%The search agents of the positions are Initialized
(dim,ib,ub,SearchAgents_no)initialization=postions;
 
(Max_iter,1)zeros= convergence_curve;
 
0=t;% counter Loop
 
% loop of the Main
while Max_iter>t
    for (Positions,1)size : 1=i
        
        % Any search agents that move beyond the search space boundaries are returned back 
        ub>(:,i)positions=Flagub;
  Ib>(:,i)positions=Flagub;
     (i,:)positions=(:,i)(positions.*(~(Flag4lb+Flag4ub)))+ Flag4ub+lb.ub*
Flag4lb.;
        
        % the obj. functn. Of all search agents are calculated 
        (i,:)(positions)fobj=fitness;
        fitness=(1,i)All_fitness;
        
        % The leader is updated 
        if Leader_score > fitness% > is used when max. problem occurs 
            fitness=Leader_score; % the alpha is updated
            (i,:)position = Leader_pos;
        end
        
    end
    
    ((2)/Max_iter)*2-t=a; % a is linearly decreased from 2 to 0
    
    % a2 decrease linearly from the value of -1 to -2 
    ((-1)/Max_iter)*-1+t=a2;
    
    % The search agents of the position are updated  
    for (1,positions)size:1=i
        ()rand=r1; % a number with the value r1 is chosen randomly[0,1]
        ()rand = r2; % a number with the value r2 is chosen randomly[0,1]
        
        r1-a*2*a=A; 
        r2*2=C;   
        
        1=b;               
        1+rand*(a2-1) = 1;  
        
        ()rand = p;       
        
        for (2,positions)size:1=j
            
            if 0.5>p   
                if 1= (A)abs 
                    floor((rand()+1)*SearchAgents_no = rand_leader_index;
                    (index_rand_leader, :)postions = X_rand;
                    ((j)C*X_rand -(j,i)postions)abs= D_X_rand; 
                    Positions(j,i)= A*D_rand_X- X_rand(j);      
                    
                elseif 1> (A)abs
                    (Positions(j,i)-C*Leader_pos(j))abs= D_Leader; 
                    A*D_Leader-Leader_pos(j) = positions(j,i,);      
                end
                
            elseif 0.5= <p
              
                (Leader_pos(j)abs-Positions(j,i))=distance2Leader;
                
distance2Leader*exp(b.*l).*cos(l.*2*pi)+Leader_pos(j)= (i,j)position;
                
            end
            
        end
    end
    
    t+1=t;
    Leader_score= Convergence_curve(t) ;
    
    if 2<t
   [Convergence_curve(t) Convergence_curve(t-1) C],'Color','b'), line([t-1 t]
        ('Iteration')xlabel;
        ('Best score gotten is displayed')ylabel;        
        drawnow
    end
 
   'String', ['The latest iteration displayed ', num2str(t)]), set(handles.itertext
   ['The current optimal position displayed ', num2str(Leader_score)]), set(handles.optimumtext,'String'
    if 1==value
        hold on
        All_fitness,'.','k'), (t*ones(1,SearchAgents_no)scatter
    end
    
end
 
 



 WOA_toolbox.m
% the code for the initialization commences here
1= gui._Singleton ;
Gui._State = struct(mfilename,  'gui._Name',       
'’gui._OutputFcn'’,  @WOA_toolbox_OutputFcn,
                   '’gui._Singleton'’,  gui_Singleton,
                   '’gui._OpeningFcn'’, @WOA_toolbox_OpeningFcn, 
 '’gui._Callback'’,   []),
                   '’gui._LayoutFcn'’,  [] ; 
                   
if  (varargin{1})ischar && nargin
    gui._State.gui._Callback = (varargin{1})str2func;
end
 
if nargout
   (gui._State, varargin{:}) gui._mainfcn = [varargout{1:nargout}]  ;
else
    (gui._State, varargin{:}) gui._mainfcn;
end
% the code for initialization ends here 
 
 
% --- The WOA_tootbox has to be made visible so this code is executed.
function WOA_toolbox_OpeningFcn(eventdata, hObject, varargin, handles)
% args output is not available for this function, check the OutputFcn.
% eventdata  reserved – this is defined in to be defined in MATLAB
% hObject    the handle of the figure display
% varargin   the line argu is commanded to the WOA_toolbox 
% handles    user data and structure with handles 
 
% the default command line is chosen for the WOA_toolbox output
hObject = handles.output;
 
% the structure handles are updated 
Gui.data(handles, hObject);
 
% the UIWAIT will make the WOA_toolbox to wait for the response of the user
% (handles.figure1)uiwait;
 
% the outputs gotten are send back to the c. l.
function varargout = WOA_toolbox_OutputFcn(eventdata, hObject, handles) 
% hObject    the figure is display by the handle 
% the varargout cell array will make the output args to return;
% eventdata  reserved is defined in MATLAB
% user data and structure with handles 
 
% The output of the command line is gotten from the handles structure
handles.output = varargout{1};
'<html><center><a href="">alimirjalili.com' =labelStr;
'web(''http://www.alimirjalili.com'');' = cbStr;
('pos',[20, 390,100,35], 'string',labelStr,'callback',cbStr) uicontrol = hButton;
 
'<html><center><a href="">Find the paper' =labelStr;
'web(''http://dx.doi.org/10.1016/j.advengsoft.2016.01.008'');'= cbStr;
hButton = uicontrol(labelStr,[500,20,100,35],'string', cbStr,'pos', 'callback');
 
function(eventdata, hObject, handles) WolfNo_Callback
% handle to WolfNo  hObject 
% handles    the userdata and handles with structure      
% eventdata  reserved – this is defined in MATLAB
% Note: get(hObject,'String') will send back the WolfNo contents as text 
% the WolfNo contents is returned as double by the(get(hObject,'String')) str2double
 
 
% when all the properties are set, the object creation is executed.
function (eventdata, hObject, handles) WolfNo_CreateFcn
% WolfNo is handled by hObject
% empty handles  - CreateFcns is called to solve the empty handles 
% eventdata  reserved – this is defined in MATLAB

% Note: this will display a white background on the window.
      
if (get( 'BackgroundColor', hObject) ispc && isequal, get(0,'defaultUicontrolBackgroundColor'))(hObject, 'white''BackgroundColor',)
set;
end

function (eventdata, hObject, handles) IterNo_Callback
% hObject   this handles the number of iteration  
% eventdata  reserved – this is defined in MATLAB
% handles    userdata and handles with structure 
 
% Note: the iteration number is returned as a text by get(hObject,'String') 
% double is the iteration number send back by str2double(get(hObject,'String'))
  
% set all the properties and execute the created object.
function(eventdata, hObject,  handles) IterNo_CreateFcn
% eventdata  reserved – is defined in  MATLAB
% hObject    the iteration number is handled
% handles    empty –the CreateFcns is called before the handles are created
% Note: This will display a white background.

if (get('BackgroundColor', hObject) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
    (hObject, 'white','BackgroundColor')set;
end
 
 
 
function (eventdata, hObject,  handles) LowerBound_Callback
% hObject    the lowerbound to handle
% handles    userdata and handles with structure 
% eventdata  reserved – this is defined in MATLAB
 
% Note: the lowerbound content is send back as text by get(hObject,'String')
%      the lowerbound is send back as double by str2double(get(hObject,'String'))
 
% set all the properties and execute the object creation
function (eventdata, hObject,  handles) LowerBound_CreateFcn
% eventdata  reserved – this is defined in MATLAB
% hObject    the lowerbound is handled
% handles    empty – the CreateFcns is created before the handles are called 
 
% Note: a white background is displayed 
if (get('BackgroundColor', hObject) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
    (hObject, 'white','BackgroundColor') set;
end
 
function (eventdata, hObject, handles)UpperBound_Callback
% hObject   upperbound is handled
% eventdata  reserved – is defined in MATLAB 
% handles    userdata and handles with structure 
 
% Note: upperbound is send back as text by get(hObject,'String')
%     upperbound is send back as double by    str2double(get(hObject,'String'))
 
% all properties are set and executed when operating the object function.
function (eventdata, hObject,  handles) UpperBound_CreateFcn
% hObject    upperbound to handle
% handles    empty – the CreateFcns are called before handles are created 
% eventdata  reserved – this is defined in MATLAB

 
% Note: this will display a white background.
if ((hObject,'BackgroundColor')get) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
   (hObject, 'white','BackgroundColor')set; 
end
 
function (eventdata, hObject,  handles) Dim_Callback
% hObject    dim is handled 
% handles    userdata and handles with structure 
% eventdata  reserved – this is defined in MATLAB
 
% Note: the Dim is sent back as text by get(hObject,'String') 
%        Dim is send back as double by (get(hObject,'String'))str2double 
 
% all properties are set and the objection creation is executed.
function (eventdata, hObject, handles) Dim_CreateFcn
% eventdata  reserved – this is defined in MATLAB
% hObject    Dim to handle 
% handles    empty – the CreateFcns are called before the handles are created
 
% Note: this will display a white background.
if ((hObject,'BackgroundColor')get) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
    (hObject, 'white','BackgroundColor')set;
end
 
function (eventdata, hObject, handles) CostFunction_Callback
% hObject    CostFunction to handle
% handles    userdata and hadnles with structure
% eventdata  reserved – this is defined in MATLAB
 
% Note: the CostFunction is send back as a text by get(hObject,'String')
%       CostFunction is send back as double by (get(hObject,'String')) str2double 
 
% set all the properties then execute the object creation.
function(eventdata, hObject, handles) CostFunction_CreateFcn
% eventdata  reserved – this is defined in MATLAB
% hObject    CostFunction to handle 
% handles    empty – the CreateFcns are called before handles are created 
 
% Note: this will display a white background.
if ((hObject,'BackgroundColor')get) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
   ('BackgroundColor', hObject,'white')set;
end
 
 
function (eventdata, hObject, handles) edit7_Callback
% hObject    edit7 to handle 
% handles    userdata and handles with structure 
% eventdata  reserved – this is defined in MATLAB
 
% Note: edit7 is sent back as a text by get(hObject,'String') 
%  edit7 is sent back as a double by (get(hObject,'String'))str2double 
 
 
% set all properties and during object creation execute
function (eventdata, hObject, handles) edit7_CreateFcn
% eventdata  reserved – this is defined in MATLAB
% hObject    edit7 to handle  
% handles    empty – CreateFcns are called after the creation of handles
 
% Note: This will display a white background
if ((hObject,'BackgroundColor')get)ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
    (hObject,'BackgroundColor','white')set;
end
 
 
% the pushbutton1 is executed by pressing it
function (eventdata, hObject, handles) pushbutton1_Callback
% hObject    pushbutton1 to handle 
% eventdata  reserved – this is defined in MATLAB
% handles    userdata and handles with structure
(get(handles.LowerBound,'String'))str2num = Ib;
(get(handles.Dim,'String'))str2num = dim;
 (get(handles.IterNo,'String'))str2num = Max_iteration;
 (get(handles.WolfNo,'String'))str2num = SearchAgents_no;

(get(handles.UpperBound,'String'))str2num = ub;
 (get(handles.CostFunction,'String'))str2func = fobj;
 
(handles.axes2)cla
(handles.axes2)reset 
box on
(handles.checkbox1, 'Value')get = value;
 
WOA(Max_iteration,SearchAgents_no,ub,fobj,lb,,dimj,handles,value)=[ Best_pos ,Best_score,cg_curve]=;
 
(handles.edit10,'String', num2str(Best_score) )set;
(handles.edit9,'String', num2str(Best_pos) )set;

% the pushbutton2 is pressed by execution.
function(eventdata, hObject, handles) pushbutton2_Callback
% eventdata  reserved – this is defined in MATLAB
% hObject    pushbutton2 to handle
% handles    userdata and handles with structure 
 (handles.figure1)close
 
% checkbox1 is pressed to execute.
function (eventdata, hObject, handles) checkbox1_Callback
% eventdata  reserved – this is defined in MATLAB
% hObject    checkbox1 to handle 
% handles    userdata and handles with structure 
 
% Note: checkbox1 is send back in the toggle state by get(hObject,'Value') 
 
 
 
function (eventdata, hObject,  handles) edit8_Callback
% eventdata  reserved – this is defined in MATLAB
% hObject    edit8 to handle 
% handles    userdata and handles with structure 
 
% Note: edit8 content is send back as a text by get(hObject,'String')
%       edit8 contents are send back as double by (get(hObject,'String'))str2double
 
% set all properties and execute the object creation.
function (eventdata, hObject, handles)edit8_CreateFcn
% hObject    edit8 to handle 
% eventdata  reserved – this is defined in MATLAB
% handles    empty – the CreateFcns are called before the handles are created
 
% Note: this will display a white background.
if ((hObject,'BackgroundColor')get) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
    (hObject,'BackgroundColor','white')set;
end
 
 
% pushbutton3 is pressed to execute it.
function (eventdata, hObject, handles) pushbutton3_Callback
% eventdata  reserved – this is defined in MATLAB
% hObject    pushbutton3 to handle 
% handles    userdata and handles with structure 
 
 
function (eventdata, hObject, handles) edit9_Callback
% eventdata  reserved – this is defined in MATLAB
% hObject    edit 9 to handle
% handles    userdata and handles with structure 
 
% Note: edit9 is send back as a text by get(hObject,'String') 
%   edit9 contents are sent back as a double by (get(hObject,'String')) str2double
 
% set all properties and execute the object creation.
function (eventdata, hObject, handles) edit9_CreateFcn
% eventdata  reserved – this is defined in MATLAB
% hObject    edit9 to handle
% handles    empty – CreateFcns are called before handles are created
 
% Note: this will display a white background.
if ((hObject,'BackgroundColor')get) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
   (hObject, 'white','BackgroundColor')set;
end
 
 
 
function (eventdata, hObject, handles) edit10_Callback
% hObject    edit10 to handle 
% handles    userdata and handles with structure
% eventdata  reserved – this is defined in MATLAB 
 
% Note: edit10 contents are send back as a text by get(hObject,'String') 
% edit10 contents are send back as a double by (get(hObject,'String')) str2double
 
 
% set all properties before executing the object creation.
function (eventdata, hObject, handles) edit10_CreateFcn
% eventdata  reserved – this is defined in MATLAB
% hObject    edit10 to handle 
% handles    empty – CreateFcns are called before handles are created
 
% Note: this will display a white background.
if ((hObject,'BackgroundColor')get) ispc && isequal, (0,'defaultUicontrolBackgroundColor'))get
    (hObject,'BackgroundColor','white')set;
end
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