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ABSTRACT 

Islanded microgrids, defined by their self-healing characteristics, are a crucial part of 

a state-of-the-art grid and support the vision of a resilient and sustainable 

infrastructure of the future. 

Droop-based distributed and dispersed generators (DG) within microgrid off-

grid operation mention DGs in a microgrid that use a control algorithm determined 

by the properties of frequency and voltage droop gains. These techniques allow DGs 

to regulate their production power in response to variations in voltage and 

frequency. 

Robust methodologies are described by their systematic and resilient nature, 

aiming to yield stability, adaptability, and dependability in the face of shifting barriers 

and uncertainties. It is necessary to reach accurate and dependable findings in the 

analysis of electrical systems. 

The Modified Backward-Forward Sweep (MBFS) load flow approach is a 

numerical method employed to determine the energy flow in the power grid and 

identify optimal operational points. The backward-forward sweep is a computational 

technique that verifies that the power flow equations, together with operational 

constraints, are met at each bus by starting at the termination of the electric power 

system (load nodes), moving backward to the source (generator nodes), and then 

forward again. The ‘modified’ in MBFS, an expansion of the conventional backward-

forward sweep technique, aims to enhance the accuracy and speed of its 

convergence.  

Distributed and dispersed generator with compact size is preferred for 

deployment in microgrid networks (MG), including both grid-on and islanded modes, 

due to economic and technical benefits. Operating in the islanded microgrid mode, 
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the DGs within the system control the microgrid voltage frequency and magnitude 

inside the intended bounds. In this operational scenario, DGs frequently use the 

droop law to share power for load due to their advantages, including the low cost of 

control and communication systems, inherent flexibility, and expandability. 

Employing droop-based DGs in microgrid grid-off operations significantly advances 

the future grid. 

The operation of DGs through the droop law in off-grid MGs offers many 

benefits, as mentioned above. However, variations in local load over time, along with 

inappropriate output power of droop-DGs throughout the operational process, 

impact power quality and regulate system voltage and efficient energy use. For these 

issues, this thesis focusses on addressing the optimal planning of droop-DGs in an 

islanded MG, namely suitable droop parameters (size) and placement using robust 

methodologies such as the MBFS power flow approach, and Differential Evolution 

and Honey Badger techniques-based metaheuristic algorithms. The primary 

objective is to diminish lost power and gain bus voltage. 

The number and positioning of DGs affect the extent of mitigation of lost power 

in distribution networks. Therefore, this thesis also investigates the effect of 

installing the appropriate multiple-droop-DG locations within an islanded MG, taking 

into account time-varying load, to maximise potential lost power minimisation and 

increase the islanded MG voltage profile. To this end, the proposed methodologies 

consisting of the MBFS load flow approach and the Differential Evolution technique 

are used to tackle the problem mentioned above.  

The simulation results achieved provide evidence of the productivity and 

superiority of the suggested techniques in contrast to pre-existing works for the 

proposed problems. 
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CHAPTER 

1 
INTRODUCTION 

1.1 Research Motivation  

Based on statistical data from [1], it is estimated that approximately 670 million 

people worldwide will not be able to access electricity in 2030. The majority of these 

individuals reside in remote places, such as isolated regions, outlying areas, and 

remote islands, where linking to the national electric system is challenging. For this 

reason, electrification of places without power is essential for the advancement of 

society and the economy. To address this issue, state-of-the-art technologies, such 

as compact distributed generators (DG), have been developed, which can be installed 

easily and flexibly in the previously mentioned areas.  

Microgrid (MG) is a modern electric system that encompasses renewable and 

non-renewable resource-based DGs, distributed energy backup devices (EBD), and 

consumer loads operating at distribution voltage levels [2]. The on-grid (i.e., grid-

connected) and off-grid (i.e., islanded MG) modes are both supported for operation. 

The national grid is in charge of adjusting the system voltage frequency and 

magnitude inside a predetermined bound when the system is in the on-grid MG 

mode. During islanded microgrid (IMG) mode, each grid DG is responsible for 

adjusting the IMG voltage’s frequency and magnitude inside predefined bounds if a 

slack bus does not exist. 

Within an off-grid microgrid mode, the frequency and magnitude regulation of 

the MG voltage is managed by the DGs comprising the grid. In this context, DGs 



Introduction 

2 

 

frequently utilise droop-based operations due to their ability to reduce the cost of 

control and communication systems, improve dependable system, and their 

inherent flexibility and expandability. Furthermore, as detailed in IEEE Std 1547TM-

2018 [3], DGs functioning in off-grid microgrids offer a wide range of benefits 

compared to their on-grid microgrids. These benefits include minimising lost power, 

improving power quality, providing a dependable source of supply, simple local 

power grid expansion, etc. The use of DGs in the autonomous operation of IMGs 

contributes considerably to the construction and advancement of the future grid [3], 

[4].  

However, the planning and management of droop-based islanded microgrids 

(DIMG) face several significant challenges. These challenges include dealing with the 

uncertainty of local load fluctuations, ensuring effective power sharing among 

droop-DGs, and determining optimal DG placement and size.  

This thesis focusses primarily on solving the following two problems. Firstly, in 

the face of load fluctuations, it is imperative in order to keep islanded microgrid 

voltage frequency and magnitude inside predefined standards. As a result, selecting 

the appropriate droop parameters and positioning for the DGs are crucial to 

lowering lost power and gaining nodal voltage stability margin and voltage. Secondly, 

the optimal deployment of multiple DG positions in a DIMG through the droop 

operation is regarded as a means to mitigate line losses and improve nodal voltages. 

This not only leads to fuel savings, but also reduces overall operational and 

maintenance costs. This thesis aims to build a proper mathematical model and an 

efficient algorithm capable of addressing the challenges mentioned above 

effectively. 

1.2  Methodologies for the optimal allocation of droop-DGs in an IMG 

There is no universally suitable algorithm for all optimisation problems, as indicated 

in Ref. [5]. Consequently, the task of selecting/developing an efficient algorithm to 

address the proposed research proves to be a challenge. In this thesis, the 

capabilities of two distinct metaheuristic algorithms, differential evolution (DE) and 
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honey badger (HB), are exploited, with an emphasis on the prominent role played by 

the modified backward-forward sweep (MBFS) load flow approach. The integration 

of these methodologies forms a strategic approach employed to optimise the 

location and capacity of droop-DGs within the IMG’s planning framework.   

1.2.1 Differential Evolution technique 

The DE technique, first presented in 1995 by the researchers Price and Storn [6], is 

an inhabitants-based optimisation technique widely applicable in various domains 

of problems, including engineering design, computational fluid dynamics, and 

electrical power systems, among others [7].  

The DE technique has been introduced for identifying the management, location, 

and allocation of non-renewable and renewable generators within distribution 

networks (DN), with a primary focus on maximising power loss reduction and 

increasing the penetration capacity of renewable DGs [8]. The researchers in [9] 

presented the use of various mutation strategies of the DE algorithm to optimise 

reactive power planning for existing volt-ampere reactive power sources (VAR), such 

as generators and transformers, within Egyptian DN. The primary aim was to 

minimise the lost energy and investment costs of the device. In Ref. [10], the authors 

proposed the DE technique for the optimal microgrid energy management system, 

encompassing fuel cells (FC), renewable generations of solar photovoltaic (PV) plants  

and wind turbines (WT), with the overarching goal of minimising fuel expenses. 

Reference [11] introduced a hybrid approach combining DE technique, Strength 

Pareto Evolutionary technique, and genetic algorithm (GA) to find the positioning of 

solar and wind renewable generators and capacitor bank (CB) systems within the 

grid, while considering uncertainties related to renewable sources (RS), load 

variations, and demand for electric vehicles (EV). This approach was designed to 

improve the voltage stability index (VSI), reduce CO2 emissions, and minimise 

installation, operation, and maintenance costs. In Ref. [12], a modified DE technique 

version, mentioned as self-balanced DE, is developed to optimise the reactive power 

dispatch of generators, transformers, and CBs, with the goal of minimising lost active 

power.  
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1.2.2 Honey Badger technique  

The HB technique first presented by Hashim et al. in 2022 [13], emerged as an 

effective optimisation method for use in practical applications such as predicting 

COVID-19 [14], effective load balancing for wireless 5G [15], skin cancer detection 

[16], optimal size of standalone RS systems [17], etc.  

The HB algorithm has also been applied to address operational and planning 

challenges within the electrical power system, as evidenced in references [18], [19], 

[20], [21], [22]. In [18], the HB approach has been utilised to adjust the parameters 

of the proportional integral derivative (PID) setup, with the objective of minimising 

voltage and frequency deviations within an IMG, particularly during sudden changes 

or load disturbances, and in the absence of a robust control system. Reference [19] 

saw the development of a mathematical model to optimise energy use in on-grid 

microgrid that incorporates renewable DG, microturbine (MT), battery electric 

storage device (BESD), and fuel cell using the HB algorithm. The goal was to 

simultaneously minimise operating costs and environmental pollutant emissions. 

Kamarzaman et al. [20] developed the HB technique to identify the ideal size of PV 

modules within a standalone grid that integrates a diesel generator and BESD, with 

the aim of enhancing the reliable source supply. In [21], the HB algorithm has been 

utilised to dispatch reactive power from transformers and CBs to mitigate 

transmission line losses and bus voltage deviations in IEEE 30-bus DN. To address 

the problem of system frequency stability under load changes and stochastic 

intermittency of RS, Khadanga et al. [22] developed the HB algorithm to regularise 

the settings of fractional-order PID controllers. 

1.2.3 MBFS load flow approach  

The MBFS technique, initially presented in 2017 by Hameed et al. [23], holds a crucial 

role in identifying the optimal operational point of DIMG networks. Remarkably, its 

versatility extends to computing load flow within radial and ill-conditioned 

autonomous microgrids (AMG) [24]. This efficiency is attributed to its dependence 



Introduction 

5 

 

on linear equations, which eliminates the need for variable derivatives and the 

Hessian matrix [25].  

The MBFS method serves to compute the proper placement and capacity of 

dump loads (DL) within IMGs and weakly meshed grids [26], [27], [28], with the 

primary objective of mitigating voltage deviation and frequency deviation. In [26], an 

analytical method is developed to optimise the placement of DLs in AMG, focussing 

on reducing power mismatches during peak hours of RS and low load conditions 

under high penetration of RS. Ref. [27] introduced the modified whale optimisation 

algorithm and the non-dominated sorted genetic algorithm-II (NSGA-II) for DL siting 

within weakly meshed grids operating within the autonomous mode of the 

microgrid. Furthermore, in [28], an improved MBFS approach coupled with a mixed 

integer distributed ant colony algorithm minimises power losses in IMG between 

times of low load demand and high RS generation. Reference [29] presented robust 

optimisation techniques, Sensitivity Region (SR) and Feasibility-SR, to assess the 

hosting capacity of RS in an IMG, taking into account the stochasticity of RS and the 

variation in load, while the MBFS approach is utilised to meet operational criteria. 

Ashfaq et al. [30] introduced a novel load flow approach-based MBFS technique to 

optimise DG placement in regionalised IMG, distinguishing between droop and 

renewable regions based on DG, with the goal of improving the speed of problem 

convergence. 

1.3 Droop control method 

Within IMG grids, the droop technique is applied to control dispatchable DGs, with 

the aim of sharing load power among these DGs. This technique allows dispatchable 

DGs to connect in parallel. The concept of the droop control originated from the 

behaviour seen in traditional synchronous generators, in which the frequency 

decreases as the load demand for power increases, as presented in [31]. The IMG 

voltage magnitude and frequency can be adjusted through the droop parameters 

(i.e., p qm , n ,  and ref|V |) from droop-based generators. 
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The benefit of the droop technique is the reduction in the cost of communication 

systems, the improvement of a reliable system, and the flexibility and expandability. 

However, the droop operation has some disadvantages: poor harmonic sharing 

caused by nonlinear loads and power mismatch on the line impedance between 

parallel inverters. 

       

Fig. 1. 1     Droop properties: (a) P f− droop laws; (b) Q V−  droop laws 

Within droop-DG-based IMGs, active power sharing is tuned through the real 

power droop gain pm , as depicted in Fig. 1. 1(a). The droop equation related to active 

power sharing can be described in [23] 

 ref pi DGi DGiοf  = f   +  m (P P )−  (1.1) 

where: reff  and f  represent the reference and working frequency; DGiP  denotes the 

production power of the droop-DG at node ,i  {1 2 }, i , ,..., N N  signifies the number 

of nodes within the grid; the droop-DG’s power reference point at node i  is 

expressed as ;DGiοP  pim  denotes the droop gain of the DG frequency.  

Each dispatchable droop-DG operates in the islanded MG mode, and it is first 

created to supply the output of active power DGiοP  according to the reference 

frequency ,reff  as illustrated in Fig. 1. 1(a) [32]. When the frequency of IMG fluctuates 

due to  the current generation and consumer power mismatch, DGs should regulate 

their power outputs at a permissible level through their droop gains pim  to power 

all loads on the grid at the steady-state frequency of .f  This approach enables the 
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predetermined sharing of total load demands between droop-DGs based on their 

individual rated active powers.  

Reactive power sharing in the IMG grid is adjusted by reactive power droop gain 

qn  and reference voltage magnitude ref|V |, as depicted in Fig. 1. 1(b). This approach 

can be mathematically modelled by [23] 

 i refi qi DGi DGiο|V |  = | V |    n (Q Q )+ −  (1.2) 

where: 
DGiQ  denotes the production power of the droop-DG at node ,i  the droop-

DG’s power reference point at node i  is denoted as ,DGiοQ  and qin  signifies the V  

droop coefficient, while i|V | and refi|V | are its terminal and reference voltage 

magnitudes.  

Similar to P f− characteristics, in islanded MG mode of functioning, each droop-

DG is first created to provide the output of reactive power DGiοQ at the reference 

voltage magnitude ,refi|V |  as depicted in Fig. 1. 1(b). By tuning droop gain qin  and 

reference voltage refi|V | inside respective limits, DGs can control their reactive power 

outputs at a permitted level, allowing them to satisfy load requirements at the 

operating voltage magnitude of 
i

|V | when the droop-DG's terminal voltage changes 

resulting from the reactive power mismatch during the operational process. By using 

this approach, the load demands of the droop-DGs can be pre-shared according to 

their respective rated reactive powers. 

The accuracy of power sharing in the grid depends on the option of the proper 

droop equations of the DG for each investigated power grid, as expressed in 

Subsection 3.3.2 of Chapter 3. The mathematical model for tuning DG droop 

parameters within predefined ranges is described in more detail in Subsection 3.3.4 

of Chapter 3. 
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1.4 Research Problem Statement  

Research problems are addressed in this thesis and are outlined below.  

• To begin with, the selection of the appropriate power flow approach for 

computing an IMG’s working point is crucial. The significance of this study is 

also twofold: It relates to the formulation of a proper mathematical model 

and the development of an efficient algorithm. These considerations are used 

to identify the droop parameters of DGs, including their P and Q droop gains 

and reference voltage magnitudes. The ultimate aim is to tune these 

parameters to the corresponding sites of the DGs to ensure that they can 

effectively meet a load that changes over time while simultaneously 

minimising lost power and enhancing bus voltage.  

• Second, the extent of mitigating lost power in IMGs is dependent upon the 

number of DG placements [33]. Therefore, the investigation of optimising the 

sites of multiple droop-DGs is a significant research objective. In this thesis, 

the development of a proper model of mathematics and an effective 

algorithm to tackle the problem mentioned is also considered.   

1.5 Contributions of Research 

Optimal planning, including the capacity and positioning of droop-DGs in an IMG, is 

essential. It significantly contributes to efficient energy use, improved power quality, 

easy operation and maintenance, and the development of the future power grid 

infrastructure. This thesis focusses on the establishment of a mathematical model 

to find the rating and placement of droop-DGs within the off-grid microgrid 

considering uncertainty of local load and various constraint conditions. Additionally, 

efficient metaheuristic algorithms are also developed to find the appropriate droop 

parameters for DGs at their respective sites in an islanded microgrid. Furthermore, 

the problem of optimising the number of DG sites within an islanded microgrid is 

also concerned, with the purpose of maximising the minimisation of power losses.  
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The primary task of this thesis is to show that the lost active and reactive power 

within the DIMG grid is considerably mitigated, and nodal voltage magnitudes are 

also improved through robust methodologies for both the proper allocation (i.e., 

capacity and positioning) of droop-DGs and the optimal deployment of multiple 

droop-DG placements within the DIMG grid. The outcomes achieved demonstrate 

that the extent of lost power mitigation and bus voltage level are the best when 

installing suitable multiple droop-DG units on the grid. This thesis statement is 

proven in the following main contributions:  

1. The selection of the appropriate load flow method for a DIMG is significant 

for identifying optimal operational points and a lower computational burden; 

In this thesis, the robust MBFS load flow approach is applied to resolve both 

the proper position and sizing of the droop-DGs within the IMG and multiple 

droop-DG sites in the IMG grid, taking into account local load uncertainty.  

2. Robust and reliable Differential Evolution and Honey Badger techniques, 

focused on optimising droop parameters and DG placement in an islanded 

microgrid, excel in effectively adapting to the variations in time-varying local 

load demands, aims to mitigate lost power, and boost bus voltage. 

3. Deploying multiple DG placements with the purpose of maximising lost power 

mitigation and simultaneously improving nodal voltage using droop 

operation in an IMG, using the powerful DE technique. 

1.6 The scope of thesis  

This thesis focusses primarily on optimising the allocation of droop-DGs and 

deploying multiple droop-DG units within an islanded mode of radial microgrid 

networks. Furthermore, on the examined power grid, a maximum of five droop-DGs 

are installed to fulfil the load. The aim of these tasks is to lower lost power and gain 

IMG power quality throughout operational processes. 
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1.7 Structure of thesis 

In Chapter 1, the motivation for the implementation of this thesis is presented, along 

with the research problem. Then a survey of several studies related to the proposed 

methodologies that are used for the identification of the proper size and site of 

droop-DGs in IMGs, specifically the DE and HB techniques and the MBFS method. 

The description of droop control method, research problem statement, 

contributions, scope of research, and structure of thesis can be found at the end of 

this chapter.  

Chapter 2 gives a comprehensive review of existing studies concerning both the 

appropriate allocation of DG in a DIMG and the impact analysis of deploying multiple 

droop-DG sites in a DIMG to minimise line loss and improve bus voltage. 

In Chapter 3, the suggested methodologies to tackle the proper allocation, 

including size and site of droop-DGs within an IMG are described in more detail 

consisting of the DE and HB techniques, the MBFS load flow approach, and a 

mathematical model formulation to optimise the DG droop parameters. Specifically, 

the linear equation-based MBFS approach is employed to identify the ideal operating 

points of the IMG using the droop strategy. 

Chapter 4 expresses a mathematical modelling for droop-DGs size and site in an 

IEEE 33-bus IMG incorporating various operational constraints. The DE and HB 

techniques are then developed to determine the proper droop parameters of the 

DGs for their respective sites. Additionally, the MBFS technique is used to compute 

the energy flow in branches of the grid corresponding to different load profiles. The 

results achieved after the simulation demonstrate that the HB algorithm 

outperforms the DE technique in mitigating lost power and increasing nodal voltage 

when resolving the proper allocation of droop-DGs within the DIMG. 

In Chapter 5, the impact of deploying multiple droop-DG placements in a DIMG 

to maximise lost power minimisation and enhance voltage profile is investigated and 

analysed, considering the variation of load demand. In this chapter, the DE algorithm 

is utilised to find appropriate multiple droop-DG locations on the grid, while the 

MBFS approach is to determine the energy flow in the DIMG and satisfy operational 
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constraints. The efficacy of the DE technique for the selected cases is contrasted with 

some previous techniques. The simulation outcomes obtained demonstrate that the 

suggested DE technique works well to detect the best multiple droop-DG sites. 

Chapter 6 comprises conclusions and ideas for further research. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 

 
 

 

CHAPTER 

2 
LITERATURE REVIEW 

2.1  Related work of planning (placement and size) of Droop-DG for 

Islanded AC Microgrid 

Two main categories can be employed to ascertain where distributed resources (DR) 

should be placed within IMG networks. The first category resolves the question of DR 

capacity, while the second is about optimising their allocation and location at the 

same time.

The determination of the appropriate size for DRs can be achieved through a 

variety of well-established techniques within both non-droop-based IMG (NDIMG) 

[34], [35], [36], [37], [38], [39], [40], [41], [42] and DIMG [29], [43], [44], [45], [46], [47], 

[48], [49], [50], [51]. The details of each approach are presented as follows: 

• The optimal BESD size is addressed to effectively mitigate the power 

fluctuations originating from wind and solar-based DRs, and the local and EV 

loads [34]. In Ref. [35] proposed using GridLab-D tool to optimise BESD 

capacity in an IMG for minimising the total cost. Lee et al. [36] applied a 

pattern search algorithm to find the appropriate reserve capacity in an IMG 

to control the operating frequency. Reference [37] introduced a particle 

swarm optimisation algorithm (PSO) for BESD size with the aim of adjusting 

the frequency of the standalone microgrid and minimising the overall cost of 

BESD, considering the presence of a solar PV plant. Furthermore, Ref. [38] 

presented an integrated algorithm designed to optimise the size of a 
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hydrogen-based EBD, with the aim of enhancing the penetration level of RS 

within an autonomous network. In [39], optimal energy management is 

proposed in an NDIMG using the General Algebraic Modelling System tool  

considering the capacity and number of renewable generations (RG) to 

minimise operational and reactive power costs. Reference [40], a bi-objective 

model used to optimise RG and EBD sizes in standalone microgrids that 

account for the supply risk and cost. The use of a distributionally robust 

strategy with the Wasserstein metric deals with load supply risk. In [41], the 

HOME tool is proposed for the ideal capacity of island areas within Taiwan 

considering techno-economic issues. The authors in [42] proposed a discrete 

Fourier transform technique for rating of diesel generators and EBD within an 

IMG. The optimal values of the cut-off frequency balance the costs of capital 

and fuel for economic size.   

• Zang et al. presented a hybrid approach that combines the GA toolbox, the 

sensitivity region method, and feasibility-SR is introduced to find the hosting 

capacity of RS within a DIMG [29]. Ref. [43] employed a weighted aggregate 

sum-based grey wolf optimiser (GWO) for the suitable size of droop 

distributed generator (DDG), renewable DG, and BESD within a DIMG, with the 

primary goal of minimising operating and maintenance costs, loss of lines, 

and emissions. Roy et al. [44] focused on optimising the size of DDGs, RGs, 

and CBs within a DIMG network, employing a hybrid methodology known as 

multi-objective PSO (MOPSO) and fuzzy to achieve reductions in lost active 

power, operation cost, and CO2 emissions. In [45], the optimal EBD size is to 

adjust the primary frequency of self-sustainable DIMGs within predefined 

limits, addressing the inherent stochastic nature of intermittent RSs. 

Reference [46], solar PV plant and BESD-based DIMG size are calculated by 

adjusting DG’s droop parameters to minimise fuel price, emissions and 

variations in voltage. The optimal droop parameters of DG are developed in 

a DIMG with RG [47] and an integrated battery [48]. In [47], a fuzzy approach 

and a PSO algorithm are used for the size of the microgrid. Hong's point 

estimate models the variation of electric load and RG. The aim of the study in 
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[48] was to minimise cost and emission and meet the heat demand. BESD 

capacity is conducted on a DIMG [49] and a standalone microgrid [50]. Ref. 

[49] used BESD to adjust the primary frequency, considering the properties of 

short-term overload of BESD. In [50], the fluctuation in the microgrid working 

frequency is significantly decreased due to the presence of BESD. This 

deviation arises from the increasing level of penetration of renewable DGs. In 

[51], the optimal size of a DIMG considers the cost and dependability of the 

electricity supply; however, the MG’s power losses is disregarded.  

Various techniques have been developed to tune the setting of the DG droop 

parameters in IMGs throughout the operation processes for the following purposes:  

• Adjusting the operating frequency and voltage of IMG using bifurcation theory 

[52], multiplayer optimisation [53], probabilistic analytical technique [54] and 

PSO [55]. 

• Minimising lost active powers and voltage deviations using the artificial bee 

colony technique [56].  

• Improving reactive power sharing for grid voltage regulation [57], [58] with an 

analytical method as in Ref. [58].  

To solve technical issues consisting of overvoltage and reverse load flow [59], 

[60] induced by the high integration of RGs into microgrids, and increase the injected 

power into the grid from renewable DG, devices such as BESD, static synchronous 

compensator (STATCOM), distribution static compensator (DSTATCOM) and PV-

STATCOM are often suggested. In renewable sources-based primarily microgrids, 

BESD is prioritised for the above-mentioned goals due to its flexibility in periods 

when the generation of RS is high and the load is low, especially in peak shaving 

applications [61], [62], [63], [64]. Resolving the proper size of BESD through economic 

dispatch (ED) while factoring in power losses and satisfying operational constraints 

within an islanded MG emerges as a multifaceted challenge that includes studies of 

both DGs without using droop operation [65], [66], [67], [68], [69], [70], [71], [72], [73] 

and within droop control [74].  
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• Salman et al. examined the capacity of BESD, considering the variation of DG 

driven by wind turbine and load demands [65]. The impacts of a dump load 

on the optimised model are also considered. Kirthiga et al. [66] developed a 

hybrid GA and PSO methodology for the ideal sizing of MTs, solar and wind 

plants, and BESDs to minimise generator installation costs, mitigate losses, 

and improve nodal voltage. Reference [67], the cost minimisation for the RS 

and EBD unit commitment schedules (UC) is solved using a mixed linear 

integer approach. A forward neural network-based machine learning is 

proposed to forecast RS output power and mitigate losses. In [68], a novel UC 

problem is introduced to identify the appropriate size of battery bank systems 

in conjunction with WTs. This approach, known as the Here-and-Now method, 

aims to reduce the total cost. Reference [69] developed mixed integer 

nonlinear programming (MINLP) to resolve the UC issue while incorporating 

demand response approach (DR), considering various operational 

constraints. The objective was to optimise the BESD capacity and 

simultaneously meet operational constraints. Sufyan et al. [70] used a firefly 

algorithm in order to optimise economical planning with battery capacity in 

RG-based IMG considering the lifespan of BESD. The PSO approach has been 

introduced in [71] to identify the proper location of hydrogen-based energy 

storage capacity in IMG integrating renewable DG. In [72], the MINLP model 

is resolved through a two-stage decomposition approach. The first involved 

determining the proper BESD ratings, and the second calculated the optimal 

installation year. Ref. [73] developed a novel convex technique for the BESD 

rating within an IMG to reduce the entire price.  

• Hesaroor et al. investigated the optimal BESD size within DIMGs, with a focus 

on integration of the ED problem [74]. A new heuristic programme is 

developed for the optimal charge and discharge strategies of BESD.  

The ideal size of the off-grid network determined by the demand side 

management strategy (DSM) [75], demand response [76], [77], [78], [79].  
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• Khezri et al. presented a new DSM method using the fuzzy logic for the proper 

size of solar PV, WT, and BESD integration for the whole house considering 

the degradation of battery capacity [75].  

• The PSO technique is developed for the proper capacity of a standalone grid 

while taking into account incentive-based DR [76]. In WT, solar PV plant-based 

off-grid microgrid, as mentioned in [77], the best capacity for different types 

of battery system is obtained through the incentive-based DR approach and 

the exchange market algorithm. The researchers in [78] introduced a mixed-

integer linear programming technique (MILP) in order to optimise the size and 

operational schedule of an IMG considering the DR approach. The aim was to 

minimise the mismatch between generation capacity and consumer load, as 

well as the total cost. In [79], the load-shifting approach is introduced to meet 

air conditioning and heating ventilation loads. An autoregressive moving 

average model has been used for the stochastic analysis of solar and wind 

resource-based generators and load.  

Previous studies introduced several methodologies for the ideal DG size and 

placement within NDIMG [33], [80], [81], [82], [83], [84], [85], [86], [87], [88], [89], [90]. 

Positioning DG units without considering the droop strategy involves the 

transformation of standard DN to create islanded topology [80], [81], [83], [86], [87]. 

In [80], effective load flow and active power injection approaches are used to find the 

suitable DG location. Subsequently, the proper DG size is achieved through the PSO 

technique. Reference [81] evaluated the effects of placing multiple DGs to minimise 

energy losses. Kayalvizhi et al. [83] developed a harmony search technique (HS) for 

the operation and planning of an autonomous MG integrated DR to lower lost 

energy, voltage deviation, and the entire price of DR. The variation of RS is modelled 

by the beta and Weibull distributions. Reference [84] formulated a multi-objective 

optimal allocation model designed for a standalone microgrid system, addressing 

the conflict issue that arises between the distributed generation owner and the 

distribution company. In [85], the appropriate allocation, type, and cost of five hybrid 

storage devices are tested considering the on-grid and islanded microgrid modes of 
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operation. Hussain et al. [86] developed PSO and GA techniques in order to identify 

the DG size and site within the microgrid cluster operating in islanded mode to 

reduce load shedding, losses, and voltage deviations. Referring to [87], the PSO and 

modified Dijkstra algorithms are applied to find the suitable positioning and capacity 

of energy hubs to satisfy energy demands for the electricity, heat, and cooling of an 

AMG. The proper location and size of solar and WT plants within AMG, while 

accounting for the EV load, are demonstrated by the use of a multi-objective ant lion 

optimiser technique [88] and a multi-objective grey wolf optimisation technique [89]-

based bilevel optimisation technique. The purpose of these studies was to reduce 

both variations in voltage and the energy transmitted to AMGs from the national 

electric system. In [90], the NSGA III technique is proposed for the proper position of 

solar energy plants and BESDs in the off-grid network to solve challenges related to 

economic, technical, and environmental issues.  

Research on the optimal siting and rating of DR in DIMG has increased 

significantly in recent years [30], [91], [92], [93], [94], [95], [96], [97], [98], [99], [100]. 

A novel mathematical modelling for the planning and management of an IMG's 

operations was presented in reference [91] through the regionalisation approach to 

partition the IMG into non-renewable and renewable DG-dominated areas, with the 

optimal area calculation using the hierarchical clustering technique. Uniyal et al. [92] 

developed combining a fuzzy approach with the NSGA II algorithm to concurrently 

optimise the DG’s location in an IMG. The aim was to decrease working voltage and 

frequency deviation. The MINLP technique is used in [93] to reduce lost active power, 

and variations in the IMG voltage magnitude and frequency. References in [94], [95] 

proposed the MILP technique for both optimal DG site capable of injecting/absorbing 

reactive power and a reconfigurable network in DIMGs in order to minimise active 

power loss. In [96], a chaotic GWO algorithm is developed to size and place droop 

and renewable DGs, and CBs within the IMG system to lower losses and increase the 

VSI of the node. The cost of DG droop fuel, together with overall voltage deviation, 

and VSI, is optimised as a consequence of the hybrid strategy [97] that incorporates 

fuzzy technique, harmonic search, and GA to discover the ideal size and location of 

the IMG system based on fuel and renewable resources. In [98], a hybrid technique 
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combining GA and MINLP is used to find the best allocation of WTs, diesel 

generations, and compensable capacitor devices within an IMG network to minimise 

the total price. Reference [99] developed an optimal two-stage model employing a 

GA algorithm to minimise total cost. In the first one, it allocated power to distributed 

EBDs for possible island scenarios, while the second stage used sequential Monte 

Carlo simulation to assess system reliability. Castro et al. [100] presented a 

hierarchical optimisation approach to manage energy and volt/var control in AMG 

clusters using decentralised controllers. While central controllers are to determine 

the boundary of inverter reactive power capability for the grid voltage control.   

The appropriate positioning of BESD in IMGs is essential for some reasons: 1) to 

maintain the microgrid voltage frequency and magnitude in predefined bounds; 2) 

to optimise energy flow in the system; 3) to efficiently harvest energy from RS; 4) to 

minimise environmental issues; and more. Many different techniques have been 

used for the purpose of optimising the site and size of BESD in IMGs, including the 

PSO algorithm [85], NSGA III [90], teaching learning-based optimisation [101], Bat 

optimisation algorithm [102], analytical method [103], MILP [104], mixed-integer 

quadratic programming [105], MOPSO and fuzzy techniques [106], stability and 

economy-oriented approaches [107].  

The stable operation of IMGs that integrate renewable DGs in standard limits is 

not easy because this electric system does not exist a slack bus. To this end, dump 

load, CB, STATCOM, etc. can be used. Researchers have also paid great attention to 

the discussion of the appropriate location and size of dump loads [26], [28], shunt 

capacitors [108], [109], [110], [111], [112], and STATCOM [113] in IMGs. The strategic 

site of the shunt capacitors (SC) in IMG is obtained using the HS algorithm that takes 

into account the demand response [108] and the GA algorithm [109]. The location of 

the type of switchable and fixed CB (SF) in both the off-grid and on-grid modes of the 

microgrid is reached using the GA algorithm [110], [112] and the spotted hyena 

optimiser algorithm [111]. When optimising SC and SF positioning, microgrid energy 

losses are considerably minimised. In [113] the optimal operation of the STATCOM 
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device in isolated MGs that include WT is proposed to enhance the stable grid against 

fluctuation of WT.  

2.2  Related work on the investigation of the effect of deploying 

multiple Droop-DG sites for islanded AC Microgrid for lost power 

mitigation 

To take advantage of the compact DG size, one shall be deployed in many places (i.e., 

buses) on the grid. The aim is to maximise the advantages of installing DG, including 

mitigating transmission and distribution power losses, resulting in increased energy 

efficiency [33], [114], [115], [116], [117]. Furthermore, this strategy also helps the grid 

maintain a stable voltage state and contributes to improving its power quality.  

DG number and capacity in DN have been examined using distinct techniques, 

including multi-objective genetic algorithm [118], direct and continuation power flow 

methods [119], improved analytical method [120], PSO [121], [122], GA tool [123], 

arithmetic optimisation and Salp swarm algorithms [124], Harris Hawks optimiser 

[125], GA algorithm [126], plant propagation algorithm [127], improved sine cosine 

algorithm [128]. The study investigates the deployment of one, two, and three DGs 

[119], [120], [121], [122], [123], [124], [128], one, two, three, and four DGs [125], [126], 

[127], ten DGs [122], and greater than 30% of all system buses [114], [115], [116], 

[117].    

In IMG networks that are no droop-based, multiple DG sites can be deployed in 

order to mitigate energy losses, in accordance with Refs. [33], [80], [81], [83], [86], as 

described in Section 2.1 of Chapter 2. For this approach, existing DNs are 

transformed into autonomous network topologies. Afterward, the identification 

process is conducted to properly place the DGs on the investigated grid.  

Furthermore, Sivakumar et al. [117] also suggested bi-direct load flow and lost active 

power sensitivity approaches to the size of fuel and renewable DGs in non-droop 

microgrid clusters operating in on-grid and isolated modes. 

The DG siting and/or capacity in IMGs using the droop strategy are also detailed 

in the references mentioned above, as presented in Section 2.1 of Chapter 2. The 



Literature Review 

21 
 

primary purpose of these works was to lower lost power and improve bus voltage 

magnitudes.  

2.3    Conclusion 

The literature survey is provided in Section 2.1, which focusses on the optimal 

allocation and location of DR units, dump loads and VAR compensable devices in 

IMGs, integrating the problem of economic dispatch, environmental issues, demand 

side management, and optimal operation. The purpose of these works is to enhance 

the operational capacity of the IMG grid, mitigate environmental pollutants, and be 

economically optimal. As mentioned in [5], no algorithm can ever fully resolve all 

optimisation problems. Therefore, it is imperative to develop and/or apply an 

effective algorithm to tackle the ideal droop-DG allocation within the IMG for 

maximum benefits of installing this generator on the grid, as expressed in more 

detail in Section 1.1 of Chapter 1. In this thesis, the new honey badger-based 

metaheuristic algorithm is applied to deal with the problem mentioned above.  

 Section 2.2 reviews existing studies related to the problem of installing a 

number of droop-DG locations in DNs both in the on-grid and islanded modes to 

maximise lost power reduction. The analysis of the above-mentioned literature, 

which is summarised in Table 2. 1, points out a knowledge gap: There is a lack of 

research to investigate the impact of optimally placing multiple droop-DGs in an 

islanded microgrid to significantly minimise power loss in lines, as well as bus voltage 

improvement. Therefore, this thesis also addresses the aforementioned gap. This 

work develops a differential evolution algorithm along with the MBFS load flow 

approach to find the appropriate multiple droop-DG sites in IMGs to maximise the 

extent of minimising lost power and gain bus voltage. 
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Table 2. 1      Summarising literature, highlighting key contributions of the work 

Ref. Year 
On-

grid 

Off-

grid 

Droop 

control 

Ploss 

reduction 

Qloss 

reduction 

Optimal  

P 

and/or 

S 

Investigate 

the effect 

of placing 

multiple 

DG sites 

[120] 2011 C   C  P and S C 

[33] 2012  C  C C P and S C 

[114] 2014 C   C C P and S C 

[80] 2015 C C  C  P and S C 

[121] 2016 C   C  P and S C 

[97] 2016  C C C C P and S  

[96] 2017  C C C C P and S  

[48] 2017  C C C C S  

[101] 2018  C  C  P and S  

[81] 2019 C C  C C P and S C 

[123] 2019 C   C  P and S C 

[94] 2020  C C C C P and S  

[127] 2020 C   C  P and S C 

[98] 2020  C C C C P and S  

[43] 2021  C C C  S  

[46] 2021  C C C C S  

[44] 2021  C C C  S  

[93] 2021  C C C  P and S  

[39] 2021  C    P and S C 

[117] 2021 C C  C  P and S  

[124] 2022 C   C  P and S C 

[125] 2022 C   C C P and S C 

[122] 2023 C   C C P and S C 

[129] 2023  C C C C P and S  

This 

study 

  
C C C C C C 

Ploss–lost active power, Qloss–lost reactive power, P–positioning, S–size, C–consider 



 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 
 

 

CHAPTER  

3 
METHODOLOGIES FOR THE OPTIMAL 

ALLOCATION OF DROOP-DG IN 

ISLANDED AC MICROGRID 

In this doctoral thesis, robust methodologies are proposed to resolve the proper 

allocation and site of droop-DGs in IMGs to minimise lost power and gain bus voltage 

and voltage stability margin. Specifically, DE and HB techniques are applied to tune 

control variables (i.e., droop parameters and droop-DG site), while the suggested 

MBFS load flow approach is used to find optimal operational points and satisfy 

constraint conditions. Furthermore, a mathematical model formulation for tuning 

the droop parameters of droop-DGs in IMGs is also presented.  

3.1 Differential evolution technique 

The DE technique is a global optimisation method that is conducted iteratively by 

evolving a population solution. It has been designed in order to resolve real 

applications. One of the conveniences of this algorithm is that the initial inhabitants 

(i.e., the population) can be generated through a random technique without 

requiring knowledge about the objective function. Inhabitants of the DE algorithm 

can be formed, 
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where: DZ  denotes candidate solution habitants; DS  represents the size of habitants; 

DD  signifies the dimensional vectors of the control variables; Z  denotes a numerical 

integer. 

The following describes the performance phases of the DE algorithm [130]. 

Phase 1: Initial inhabitants can be generated in the first generation (g=0). The 

elements of the initial inhabitants can be ascertained as 

 0  =   rand (0, 1) ( )ij j,B j j,T j,Bz bound bound bound+ −  (3.2) 

where: j,Bbound  and j,Tbound  comprise the bottom and top thresholds of the thj -  

control variable respectively while rand (0, 1)j  represents a randomness number of 

the thj -  control variable that falls between [0, 1).  

Phase 2: Reassembling random components from three distinct population solution 

vectors including , ,1 2
g g
c cz  z  and 3

g
cz  yields the mutation vector g

iv  in each thg -  

generation. Equation (3.3) presents the DE/rand/1/bin-based mutation strategy 

[131]. 

 max=   ( ),   [1, ]  ,   [1, ]  DF i S Z g ZG+ −  3 1 2
g g g g

c c civ  z z  z    (3.3) 

where: F  signifies the scaling factor [0, 2],  higher values of F  point out better 

exploration throughout the search space. In contrast, smaller values of F  boost a 

faster speed of convergence [132]; the highest generation count is represented by 

max ;G  the values of 1, 2,c c  and 3c  are various randomised positive integer indices 

[1, ],DS  where 4.DS    
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The various types of mutation strategies of the DE algorithm are presented 

below [131]:  

• Mutation strategy 1–DE/rand/2/bin 

 =   ( )  ( )F F+ − + −1 2 3 4 5
g g g g g g

c c c c civ  z z   z z   z  (3.4) 

• Mutation strategy 2–DE/best/1/bin 

 =   ( ) F+ −1 2
g g g

best c civ  z z   z  (3.5) 

• Mutation strategy 3–DE/best/2/bin 

 =   ( )  ( )F F+ − + −1 2 3 4
g g g g g

best c c c civ  z z   z z   z  (3.6) 

• Mutation strategy 4–DE/current to best/1  

 =   ( )  ( )F F+ − + −1 2
g g g g g

best c ci i iv  z z   z z   z  (3.7) 

• Mutation strategy 5–DE/current to rand/1 

 =   ( )  ( )F F+ − + −1 2 3
g g gg g g

c c ci i iv  z z    z z   z  (3.8) 

where: the different random integer indices 1, 2, 3, 4,c c c c  and 5c  are within the 

range of [1, ];
D

S  bestz  represents the best inhabitant in the population up to the 

thg - generation.  

The DE/rand/1/bin and DE/rand/2/bin mutation strategies have been applying 

for many real-world applications due to their ability to find out new inhabitants 

throughout the search process. However, the exploitability of these two strategies is 

low. The advantage of strategies 2 and 3 is a rapid convergence speed toward the 

global optimal. Nevertheless, the previously mentioned two mutation techniques 

lack the exploration capability in the inhabitants. Also, leaving a local extreme is hard. 

To overcome the shortcomings of the DE algorithm’s mentioned strategies, 

strategies 4 and 5 are developed to balance its exploration and exploitation ability.  
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Phase 3: The DE algorithm uses the crossover operator in order to produce new 

inhabitants by modifying the mutant vector. This process increases the multiplicity 

of population solutions, and the trial vector is shown by  

 1 2( ,  ,..., ),    [1, ]  g g g
i i ij Du u u j D Z= 

g
iu  (3.9) 

It can be expressed as follows: 

 
    if  [1, ]    or  (0, 1)   

   otherwise

g
ij D jg

ij g
ij

v j D Z r CR 
u

z

  
= 


 
 (3.10) 

where: (0, 1)jr  denotes a uniform randomness number while CR  represents the 

crossover factor, and its best values range 0.4–1.0 [133]. 

Phase 4: Comparing the respective fitness values of solutions g
iu  and g

iz  is in order 

to update an inhabitant for the subsequent generation. For a minimisation problem, 

the solution (i.e., inhabitant) with the lower fitness value is chosen and given by  

 
  if   ( )  ( )   

,     () denote  s the fitness
   otherwise

 
f f

f
 

= 


g g g
g i i i
i g

i

u u z
z

z

 
 (3.11) 

3.2 Honey badger technique  

The HB technique draws inspiration from the hunting habits of honey badgers in the 

wild. This algorithm has been applied in practice because of its balance in exploration 

and exploitation. This equilibrium is essential for metaheuristic-based techniques, 

such as the HB algorithm. Therefore, the HB algorithm is able to adapt to complex 

search spaces in order to identify optimal solutions.   

The inhabitants HH  of the HB algorithm are defined in a matrix below. 

 

11 12 1

21 22 2

1 2

   ...  

    ...  
,    [1, ]  , [1, ]  

...          ...

     ...  

j

j
H H

i i ij

h  h h

h h h
i S Z  j D Z

h h h

 
 
 

=   
 
 
 

    HH  (3.12) 
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where: HS  denotes the population’s size; HD  signifies dimensional search area; Z  

signifies a numerical integer. 

The sequential performance of the HB technique is represented as follows [13]: 

Phase 1: Generate the first honey badger site with the inhabitants’ size HS  based on 

equation (3.13):  

 ( )   = − +1i i i ih r UB LB LB  (3.13) 

where: the vectors iUB  and iLB  represent the search space's upper and lower 

ranges; and the vector 
1

r  denotes a random number (0, 1).  

Phase 2: The mobility of honey badgers to find prey depends on how well the prey 

scents. Intensity denotes a factor that concerns the prey's level of focus and its length 

from the HB. The badger's movement will be faster if its smell intensity is strong, and 

slower if its smell intensity is low. The odour intensity  iI  can be calculated by 

 2 2
 

4
i

i

S 
I = r

πd
,    2r  denotes a random value (0, 1)  (3.14) 

 2S = ( )   − 1i i+h h  (3.15) 

 = −i prey id h h  (3.16) 

where: S  represents source strength (i.e., a prey siting); the vector id  signifies a 

length calculated from the prey to the thi -  HB; the vector 1i+h  denotes the ( 1) thi + -  

HB siting; and the vector preyh  represents a prey placement.  

Phase 3: To ensure an easy transition from the exploration step to the exploitation 

step, the density factor    is used. The value of    decreases randomly over time as 

the number of iterations increases.  

 max
maxα ,  [1, ]  

it

IT
= Ce  it IT Z

−

  (3.17) 
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where: C  is a real constant and 1C   (its default value with 2C = ); the iteration in 

use represents it;  the highest iteration count is denoted by max.IT  

Phase 4: The HB technique uses a digging phase (i.e., a digging technique) or a honey 

phase (i.e., a honey technique) to create a new position for the thi - honey badger. 

The details of these two phases can be clarified as follows. 

Phase 4-1: In the digging technique, the badger moves in a similar way to the cardioid 

shape. The honey badger’s movement can be described by  

 3 4 5  cos2 [1 cos(2 )]F I Fr πr πr= +  +  −it
i,update prey prey ih h h d  (3.18) 

 6
1      if 0.5  

1   otherwise

r
F

 
= 

−
,   6r  signifies a random value (0, 1)  (3.19) 

where: at the thit -  iteration, the vector it
i,updateh  shows an updated position of the 

thi -  HB; F acts as a flag that aims to select the badger’s movement direction;  

represents the badger’s capacity to seek for food and 1   (default value with 6 =

); I  is the level of the odour intensity; 3 4, ,r r  and 5r  denote distinct random values  

(0, 1).  

Phase 4-2:  The following is another approach that is used to update the new siting 

of the badger, which is aided in its food search by a honeyguide bird and is known 

as the honey technique.  

 7Fr= + it
i,update prey ih h d ,   7r  represents a randomness value 7(0 1)r   (3.20) 

Phase 5: In order to calculate the fitness value updatef  of an updated candidate 

solution it
i,updateh  and compare it with the fitness value if  of a present solution .it

ih  

For a problem concerning minimisation, if update if f  then substitute =it it
i i,updateh h  

and i updatef f .=   
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Phase 6: If update if f  then compare the fitness values updatef  and preyf , where preyf

represents the fitness value of a solution .preyh  If update preyf f  then substitute 

= it
prey i,updateh h  and .prey updatef f=   

Phase 7: In order to verify the stopping criterion, if not met, subsequently redo from 

Phase two through Phase six; otherwise, print the best objective function/fitness 

preyf , together with its solution .preyh  

3.3 Optimal power flow within a DIMG 

Optimal Power Flow is a computational technique that optimises the setting of 

decision variables like generator output, transformer and voltage regulator taps, etc. 

to reduce production power costs, operating and maintenance costs while ensuring 

operational efficiency and reliable grid. In the operation of DIMG systems, it is 

essential to optimise the calculation of energy flow within the grid, contributing to 

efficient resource use, increasing grid stability, and improving power quality. 

3.3.1 Electric load modelling 

The electric load’s power consumption depends on the working voltage magnitude 

and frequency. Therefore, a static load model in [134] is taken into account for the 

shift in bus power regarding nodal voltage variation, specifically LiP  and ,LiQ  is 

determined by  

 

( )

( )

  

  

| |
1 ( )

| |

| |
1 ( )

| |

p

i
Li Liο pf ο

ο

q

i
Li Liο qf ο

ο

V
P P K f   f

V

V
Q Q K f   f

V

 
= + −  

 

 
= + −  

 

 (3.21) 

where: LiοP  and LiοQ  denote the power consumption at the device’s rated voltage 

value; | |iV  signifies the working voltage magnitude, while | |V  represents the 

device’s rated voltage magnitude; f  signifies the rated frequency; f  denotes the 
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working frequency; p  and q  are the exponent values; pfK  and qfK  represent the 

frequency sensitivity parameters.  

3.3.2 DG model functioning in a DIMG  

In cutting-edge electric power systems like microgrids, DGs equipped with inverter 

interfaces are preferred to be installed due to their advantages. One of these 

advantages is compact size, quick response to power grid fluctuations arising from 

RS and load variations, and the ability to gain the system dependability and stability 

throughout the operating process.  

Inverter-based DG is offered by two modes of functioning as follows [135]:   

• PQ inverter control mode: In this mode, the DG can provide/draw 

predetermined active and reactive powers to/from the electric system.  

• Voltage source inverter control mode: In this scenario, the DG acts as 

synchronous generators, utilised to control the working voltage 

magnitude and frequency using droop operation.  

The inverter-based DG’s mathematical model, operating in an IMG through the 

droop law, depends on the impedance Z  that encompasses the DG internal 

impedance and the impedance along the lines that link the DG to the power grid, as 

illustrated in Fig. 3. 1 [136].  

 

Fig. 3. 1      Inverter-based DG linking to the power grid 

where: V  denotes the DG terminal voltage; gV  represents the grid voltage; Z  signifies 

the equivalent impedance. 
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The following expresses the droop equations of the DG within IMG networks 

depending on the impedance :Z  

When the impedance’s value Z  is a predominant resistance. That is, the DG 

internal impedance is greatly resistive. Furthermore, the impedance of the line is 

mainly resistive. Therefore, the droop strategy with the impedance of the 

predominant resistance can be expressed by [137], [138] 

  =   ( )p DG DGοf f m Q Q + −  (3.22) 

 | |  | |  ( )ref q DG DGοV V n P P= − −  (3.23) 

where: DGP  and DGQ  signify the DG production power; DGοP  and DGοQ  denote the 

power reference points of the DG [23], and have the option to be set to zero [139]; 

pm  and qn  are the P  and Q  droop gains of the DG while  | |refV  and | |V  are its 

reference and terminal voltage magnitudes; οf  signifies the set frequency; f  

represents the working voltage’s frequency.  

When the value of the impedance Z  is a predominant inductance. In other 

words, the internal impedance of the DG is mostly inductive and the impedance of 

the line is also primarily inductive [136], [140]. As a result, the droop technique based 

on the predominant inductance impedance is determined as in equations (3.24) and 

(3.25) [23]: 

  =   ( )p DG DGοf f m P P + −  (3.24) 

 | |  | |  ( )ref q DG DGοV V n Q Q= + −  (3.25) 

In practice, to improve the control quality of the DG droop strategy in microgrids, 

it is crucial to note that the considered impedance Z  should consist of resistive and 

inductive components and is called a complex impedance. At that time, the 

frequency and magnitude of the grid voltage are simultaneously influenced by the 

active and reactive production power of DG. Consequently, the complex impedance-

based droop equations are given as [136]  
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  =   ( )p DG DGf f m P Q − −  (3.26) 

 | |  | |  ( )ref q DG DGV V n P Q= − +  (3.27) 

3.3.3 MBFS load flow method in a DIMG 

The noticeable feature of operating microgrids in an islanded mode does exist no 

slack bus. This results from using compact-size dispersed and/or distributed 

generators (DG) to create potential benefits of deploying DGs. As a result, the must-

have condition of having at least one DG uses the droop law to regulate the IMG 

voltage and frequency inside the intended bounds [43].  

The MBFS approach is applicable to calculate the energy flow within the DIMGs 

mentioned above. This algorithm can be partitioned into the following four phases: 

first, an initialisation phase is performed for the installation of the initial parameters 

of the system; second, a backward sweep is used to calculate the apparent power 

and current injected at every bus, as well as the branch current; third, a forward 

sweep is employed to determine the bus voltage that excludes a virtual bus (VB); and 

finally, the update phase corrects the VB voltage and frequency values, the power 

injection of all DG buses, and the branch impedances.  

The following describes the phases of the MBFS approach [23]:  

Phase 1: Initial Phase 

Presuming the presence of one swing bus (slack bus) within a DIMG system, we 

should regulate the slack bus’s voltage and the operating frequency so that power 

intake fed into the slack bus is zero, while maintaining them inside a permissible 

threshold. This bus is considered the virtual bus. To reduce the use of computer 

resources, the first node is often designated as the swing bus.   

Initial settings comprise the following parameters: set the working frequency 

1  puf =  and the voltage of all microgrid buses 1 0  pu;iV =   the VB’s voltage 

deviation 1 0;V =  the microgrid’s frequency deviation 0;f =  outer and inner 

iteration counters u  and w  are equal to 0; tolerance limits 4  = 10 .i oε  ε −=  
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In the MBFS method, the DG model using the droop law based on equations 

(3.24) and (3.25) is used. To minimise deviations in IMG frequency and voltage, 

islanded DG output power must be adjusted at a suitable level, and determined by   

   ,        ,          DGi DGiο DGi DGi ο
pi

f
P P P P f f f

m


= +   =  = −  (3.28) 

   ,         ,          | | 1i
DGi DGiο DGi DGi i i

qi

V
Q Q Q Q V V

n


= +   =  = −  (3.29) 

where: [1, ]  , i N Z N  represents the IMG’s number of buses/nodes while Z   

signifies a numerical integer; the production power of droop-DG at node i  is denoted 

by DGiP  and ;DGiQ  the power reference points of DG at  bus i  are expressed by DGiοP  

and ;DGiοQ  DGiP  and DGiQ are the production power given by droop-DG at node i  

to decrease the IMG’s power mismatches; the DG terminal voltage deviation at bus 

i  is signified by ;iV the f  and V  droop gains of DG at node i  are represented by 

pim  and ;qin  the value of the reference frequency οf  is set at 1.0 

Phase 2: Backward sweep 

The apparent power and current iS  and iI  injected at every node can be 

computed through equations  (3.30)  and  (3.31) when the load and DG power values, 

as well as the bus voltage, are known.  

 
i i i

i Li DGi

i Li DGi

S P jQ

P P P

Q Q Q

= +

= −

= −

 (3.30) 

 

*

,     [2, ]  i
i

i

S
I N Z

V
i

 
=   
 

 (3.31) 

Determining the vector of branch current  branchB  through the bus current vector 

busI  and the matrix of bus-injection to branch-current BIBC  is as 

 [ ] = [ ][ ]branch busB BIBC I  (3.32) 
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In radial microgrids, the matrix BIBC can be computed as in [141], [142]. 

Phase 3: Forward sweep  

In this phase, the new values of the bus voltage from the second bus to the last 

bus can be updated as in equation (3.33) through the VB’s voltage vector ,1V  the 

branch current vector ,branchB  and the branch current to bus voltage matrix .BCBV  

 [ ] = [ ] [ ][ ]−1 branchV V BCBV B  (3.33) 

In radial microgrids, the transformation matrix BCBV can be determined as 

follows [142]:  

 [ ] [ ] [ ]= diag branchBCBV BIBC ZT  (3.34) 

where: TBIBC denotes an inverse of the matrix ;BIBC  branchZ  signifies the branch 

impedance matrix. 

The following equation is applied to compute the voltage tolerance value TOL  

for the convergence criterion in order to stop the thw -  inner iteration. 

 1  max| [2,|  ] ,    w w
i iT ZV iOL NV − −=   (3.35) 

where: | |w
iV  and 1| |w

iV −  signify the voltage’s magnitudes at node i  during the  inner 

iterations w  and ( 1).w −   

Phase 4: Updated Phase  

If the tolerance TOL  value is below the threshold value ,iε  the VB voltage 

frequency and magnitude are updated according to equations (3.36) and (3.39). 

 1            u uf f  f+ = +   (3.36) 

 *
1 1 1[ ]    ( )pE DG jm P V Bf

−
= −  (3.37) 

 

1

1

1DGN

pE
i= pi

m
m

−
 
 
 
 
=  (3.38) 
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where: 1uf + and uf  are the IMG’s operating frequency during both the ( 1) thu+ -  and 

-thu  outer iterations; pEm  denotes the equivalent f  droop coefficient; 
1DGP  signifies 

the power yielded by DG in the VB; *
1 1( )jV B

−
  represents a real component of the 

apparent power that flows to the -thj  node from the VB.  

 1
1 1 1| |  | |         u uV V V+ = +   (3.39) 

 *
1 1 1 1([ ]    )qE DG jV n Q V B

−
 = −   (3.40) 

 

1

1

1DGN

qE
i= qi

n
n

−
 
 
 
 
=         (3.41) 

where: 1
1| |uV +  and 1| |uV  are the VB’s voltage magnitudes during both the ( 1) thu+ -  

and -thu  outer iterations; qEn  is the equivalent  V  droop coefficient; 1DGQ  represents 

the power yielded by DG in the VB; *
1 1( )jV B

−
  denotes an imaginary component of 

the apparent power that flows to the -thj  node from the VB. 

The DG’s output power is updated according to equations (3.42) and (3.43). 

   DGi DGiο
pi

f
P P

m


= +  (3.42) 

   i
DGi DGiο

qi

V
Q Q

n


= +  (3.43) 

The microgrid’s branch impedances should be updated as 

 
1

         
u

ij ij ij u

f
Z R X

f
  j

+

= +  (3.44) 

If the value of 1V  in equation (3.40) is below the limit value ,οε  the MBFS 

algorithm is over.  
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3.3.4 Optimisation droop parameters of dispatchable droop-DGs 

Within the islanded working of microgrids, the power sharing among droop-DGs is 

proposed. Real power sharing is tuned by pim  while sharing reactive power is 

performed by qin  and | |.refiV  The mathematical formulation of the DG droop 

parameters in an IMG is expressed, where the author of this doctoral thesis modifies 

the proposed equations from references [44], [48]. Specifically, the mathematical 

model formulation for tuning droop parameters of DGs consists of the power set 

points DGiοP  and ,DGiοQ  is described as follows: 

Under no-load functioning conditions, the frequency of each droop-DG is the 

same. From equation (3.24), we can write below  

 ,     1,  ][   
  

  

s
refs

DGi DGiο
pi

f f
P ZP

m
s S

−
+ =  (3.45) 

where: s
DGiP  is the DG’s active production power at the -thi  bus in scenario ;s sf  is 

the IMG’s operating frequency in scenario ;s reff  signifies the reference frequency; 

s  denotes the investigated scenario; S  is the total studied scenarios; Z  signifies a 

numerical integer. 

When the IMG frequency functions at the lowest permissible threshold, the DGs 

will provide rated active powers.  

 

min   
  

refrated
DGi DGiο

pi

f f
P P

m

−
= +  (3.46) 

where: rated
DGiP  is the DG’s rated active power at the -thi  bus; minf represents the 

minimum frequency threshold. 

From equation (3.45), we can acquire: 

 
1 1 1

1
(   )     

DG DG DGN N N
s s

DGi ref DGiο
i i ipi

P f f P
m= = =

= − +    (3.47) 
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From equation (3.46), we can get: 

 

min

1 1

max max min

1 1

  
  

1
              =     ,  with   

DG DG

DG DG

N N
refrated

DGi DGiο
i i pi

N N

DGiο ref
i ipi

f f
P P

m

f P f f f
m

= =

= =

 −
 = +
 
 

 +  = −

 

 

 (3.48) 

where: the maximum permitted frequency deviation is denoted by max.f  

Dividing equation (3.45) by equation (3.47) yields: 

 

1 1 1

1
(   )    

1
(   )     

DG DG DG

s
ref DGiοs

piDGi

N N N
s s

DGi ref DGiο
i i ipi

f f P
mP

P f f P
m= = =

− +

=

− +  

 (3.49) 

From equation (3.48), we obtain: 

 1 1

max max
1

1
  

DG DG

DG

N N
rated

N DGi DGiο
i i

i pi

P P

m f f
= =

=

= −
 

 
  (3.50) 

By substituting 
1

1DGN

i pim=

  in equation (3.50) into equation (3.49), we get: 

 

max
1 1 1 1

1
(  )   

(  )
    

DG DG DG DG

s
ref DGiοs

piDGi

N s N N N
s ref rated

DGi DGi DGiο DGiο
i i i i

f  f  P
mP

f  f
P P P P

f= = = =

− +

=
 −
 − +
   

   

 (3.51) 

We can infer the value of pim  from equation (3.51) as follows: 

 

max
1 1 1

1

(   )

(   )
    

DG DG DG

DG

s
ref

pi s N N Ns
ref ratedDGi

DGi DGiο DGiο DGiοN
i i is

DGi
i

f f
m

f fP
P P P P

f
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=

−
=

  −
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 (3.52) 
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If the value of 0,DGiοP =  equation (3.52) can be rewritten:  

 
max

1

1

DG

DG

N
s

DGi
i

pi N s
rated DGi

DGi
i

P
f

m
P

P

=

=


=





 (3.53) 

The tuning value of pim  can be computed through the known value of the active  

power sharing ratio 1 ,

DGN
s

DGi
i

s
DGi

P

P

=


 as described in equation (3.52). To explain further, if the 

active power sharing ratio between droop-DGs is found then the value of pim  can be 

calculated.  

Under no-load functioning conditions, the terminal voltage of each droop-DG is 

distinct. Based on equation (3.25), we can then write as 

 
| |  | |

  
 

s
i refis

DGi DGiο
qi

V V
Q Q

n

−
= +  (3.54) 

where: s
DGiQ  represents the DG’s reactive production power at node i  within scenario 

;s |V |si  denotes the DG terminal voltage magnitude at node i  within scenario ,s  while 

| |refiV  signifies its reference voltage magnitude. 

When the IMG voltage functions at the lowest predetermined value, the DGs will 

also supply rated reactive powers, described as in equation (3.55). 

 

min

max
max min

| |  | |
  

 

|V |
         =   ,  with |V |  |V |  | |

 

i refirated
DGi DGiο

qi

i
DGiο i i refi

qi

V V
Q Q

n

Q V
n

−
= +


+  = −

 (3.55) 

where: rated
DGiQ  is the DG’s rated reactive production power at bus ;i max|V |i  

represents the maximum permitted node voltage deviation. 
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From equation (3.54), we can acquire: 

 
1 1 1

| |  | |
    

 

DG DG DG
sN N N

i refis
DGi DGiο

i i iqi

V V
Q Q

n= = =

−
= +    (3.56) 

Dividing equation (3.54) by equation (3.56) yields: 

 

1 1 1

1
(| |  | |)    

| |  | |
    

 

DG DG DG
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i refi DGiοs

qiDGi

N sN N
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+  

 (3.57) 

From equation (3.55), we obtain: 

 
max

  1

 | |

rated
DGi DGiο

qi i

Q Q

n V

−
=


 (3.58) 

Substituting 
1

 qin
 in equation (3.58) into equation (3.57), we acquire:  
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1 1 1

   
(| |  | |)   

| |
 

| |  | |
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 (3.59) 

If 0,DGiοQ =  equation (3.59) can be rewritten as  

 
max

1 1

(| |  | |) 
 

| | | |  | |
 

 

DG DG
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i refiDGi DGi

N sN
s i i refi
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i i qi
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n= =

−
=
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 (3.60) 

The optimal value of the power sharing ratio 

1

DG

s
DGi

N
s
DGi

i

Q

Q
=



 in equation (3.59) is known. 

By tuning the droop parameters qin  and | |refiV  be inside the set ranges min max[ ,  ]qi qin n  

and min max[| |, | |]refi refiV V  respectively, we must ascertain the correct value of 
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1

(| |  | |) 

| |  | |
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In conclusion, in the scenario of appropriate active power allocation, to reach the 

tuning values of ,pim  we must compute the ideal active power sharing coefficient 

values. Furthermore, in the scenario of suitable reactive production power allocation, 

when the ideal values of the reactive power sharing coefficient are known. To obtain 

those values, the proper values of qin  and | |refiV  must be tuned inside the 

predetermined ranges. 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

CHAPTER 

4 

OPTIMAL PLANNING OF DROOP-DG IN 

ISLANDED AC MICROGRID FOR LOST 

POWER MITIGATION AND BUS 

VOLTAGE IMPROVEMENT 

In this chapter, metaheuristic based on DE and HB techniques, along with the MBFS 

load flow approach, are described in Chapter 3 and applied in order to detect the 

suitable allocation (that is, site and capacity) of droop-DGs within the IEEE 33-bus 

DIMG. This study aims to mitigate lost active and reactive power, as well as to boost 

the nodal voltage magnitude. The following presents the content of this chapter. 

4.1 Mathematical modelling formulation  

4.1.1 Fitness/Objective functions 

The main focus is on minimising DIMG’s lost active power 1,F  while taking into 

account lost reactive power 2 ,F  total node voltage variation 3 ,F  and maximising 

nodal VSI 4.F

 1min ( )  F x  (4.1) 

[ , , , ]
p qloc m n Vrefx x x  x  x=  

1 2 1 2[ ,  ,...,  ],     [ ,  ,...,  ],i p p piloc loc loc m m m= =
ploc mx x   

1 2 1 2 [ ,  ,...,  ],      [| |,  | |,...,  | |],q q qi ref ref refin n n V V V= =
q refn Vx x  
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where: the vector 
locx  denotes location of all DGs, while the vectors 

pmx and 
qnx

represent their f  and V  droop gains respectively; the vector 
refVx signifies DGs’ 

reference voltage magnitude;  [1, ]  ,DGi N Z  the DIMG number of DGs is denoted 

by  DGN  while Z  represents a numerical integer; iloc  is site of the -thi  droop-DG; 

pim  and qin  represent f  and V  droop gains of the -thi  droop-DG respectively; | |refiV  

is reference voltage magnitude. 

Fig. 4. 1 shows the branch structure in radial networks consisting of sending and 

receiving end node voltages jV  and 1,jV
+

 impedance between two nodes ,kZ  the -thk

branch’s current flow ,kI  and the production power provided through the ( 1)-thj +

bus 1jP
+

 and 1.jQ
+

 

 

Fig. 4. 1      The structure of the radial branch 

Power losses fall on the branches during the transfer process, which are 

considered as objective functions, and are determined by 

 2
1

1 1

  
brNT

k k
t k

F R I
= =

=   (4.2) 

 2
2

1 1

  
brNT

k k
t k

F X I
= =

=   (4.3) 

where: kR  and kX  denote the -thk  branch’s resistance and reactance respectively; 

the DN’s number of branches is represented by ;brN  the entire investigated time is 

indicated by .T  
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The indicator of total nodal voltage deviation is used to verify the efficiency of 

the suggested methodologies for the proper allocation of droop-DGs in DIMG and 

given as  

 3
1 1

  1 |
T N

j
t j

F | V
= =

= −  (4.4) 

where: the DN’s number of buses is denoted by .N  

The VSI indicator is also proposed to detect nodes that are susceptible to voltage 

collapse [143]. A DIMG system that functions in a stable state if the value of VSI on 

each node is above zero [97]. Additionally, ( 1) ( )jVSI t
+

 has a large value, this 

contributes considerably to enhancing the stable DIMG operating, and is determined 

by  

 4 2 2
( 1) 1 1 1 1( )  | |   4( )   4( )| |j j j k j k j k j k jVSI t V P X Q R P R Q X V
+ + + + +

= − − − +  (4.5) 

 4 ( 1)  ( )jF VSI t
+

=  (4.6) 

where:  [1, ]  Z, [1, 1]  Z;N k N    −j ( 1) ( )jVSI t
+

 is the VSI of bus ( 1)j +  at the 

investigated time .t  

4.1.2 Operational constraints in a DIMG 

Under steady-state operating conditions, the power injection from all droop-DGs into 

load buses is expressed as in equations (4.7) and (4.8). These two equations are 

known as nonlinear load flow equations.  

 

( )

( )

1 1 1

1 1

1
( )     ( )

            | ( )|| ( )|| ( )|cos ( ) ( ) ( )

DG DGN N N

ref DGiο Li
i i ipi

N N

i j ij i j ij
i j

f t f P P t
m

V t V t Y t t t t  

= = =

= =

− + −

= − −

  



 (4.7) 

 

( )

( )

1 1 1

1 1

1
| ( )| | ( )|     ( )

          | ( )|| ( )|| ( )|sin ( ) ( ) ( )

DG DGN N N

i refi DGiο Li
i i iqi

N N

i j ij i j ij
i j

V t V t Q Q t
n

V t V t Y t t t t  

= = =

= =

− + −

= − −

  



 (4.8) 
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where: pim  and qin  denote the P  and Q  droop gains of droop-DG i  at time t  

respectively; ( )f t  represents the operating frequency at time ;t reff  is the DIMG’s 

reference frequency; DGiοP  and DGiοQ signify the reference powers of droop-DG ;i  

( )LiP t represents the load’s active power consumption at time ,t  while ( )LiQ t  denotes 

the  reactive power consumption; ( )|refi|V t  is the magnitude of the reference voltage 

of droop-DG  i  at time ;t  ( )iV t  and ( )jV t  denote the working voltage magnitudes of 

buses i  and j  at time ;t ( )i t  and ( )j t  signify the phase angles of the working 

voltage of node i  and node j  at time ;t  the phase angle and magnitude of the 

branch admittance between two nodes i  and j  at time t  are expressed by ( )ij t  and 

| ( )|.ijY t  

Constraints (4.9) and (4.10) are to keep the DIMG’s voltage frequency and 

magnitude inside standard ranges [3]. To operate dispatchable DGs based on the 

droop law in a steady state, their output powers at any time should conform to 

constraints (4.11) and (4.12). These limits depend on the producer standard for each 

type of DG. Constraint (4.13) describes the tuned limit of each DG set voltage 

magnitude to decrease the nodal voltage variation from the reference value. 

Constraints (4.14) and (4.15), along with constraint (4.13) maintain the DG’s output 

power at the desired value inside a permitted range to satisfy load requirements, 

decrease the deviation of the operating voltage and frequency of a DIMG, etc.  

 min max ( ) ,    [1, ]    f f t f t T Z    (4.9) 

 min max| |  | ( )|  | |,    [1, ]   
i

V V t V i N Z    (4.10) 

 min max ( ) ,     [1, ]  DGi DGi DGi DGP P t P i N Z    (4.11) 

 min max ( ) ,     [1, ]  DGi DGi DGi DGQ Q t Q i N Z    (4.12) 

 min max| |  | ( )|  | |,     [1, ]  ref refi ref DGV V t V i N Z    (4.13) 
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 min max ( ) ,     [1, ]     pi pi pi DGm m t m i N Z    (4.14) 

 min max ( ) ,     [1, ]    qi qi qi DGn n t n i N Z    (4.15) 

The above constraints are used for the computation of an example illustrated in 

Section 4.2 below. 

4.2 Case study 

4.2.1 Investigated cases 

In this chapter, DE and HB techniques, together with the MBFS power flow approach, 

are described in Chapter 3, which are applied to ascertain the right droop-DG place 

and size within a standard IEEE 33-bus IMG network [144]. This IMG network is a 

preferred choice for experiments as a reference to verify the efficacy of the proposed 

methodologies, facilitating comparisons and assessments of distinct approaches 

and algorithms in established work. 

To assess the operability of the suggested methodologies in identifying the ideal 

allocation of droop-DGs within the previously mentioned IMG, in this work, four 

cases are selected for the experiment. These cases are representative of the impact 

of optimising both separate and combined decision variables to lower lost power 

and gain bus voltage and voltage stability margin. 

Case 1: Optimise the droop coefficients (i.e., size including pim  and qin ) of five 

droop-DGs, while each DG’s reference voltage  | |refiV  is fixed at 1.0 pu 

Case 2: Optimise the droop parameters (i.e., size including ,  ,pi qim n  and | |refiV ) of 

five droop-DGs, where each DG’s reference voltage | |refiV  is tuned inside 

the predefined range of 1.0–1.2 pu 

Case 3: Optimise the simultaneous droop coefficients and placement of five 

droop-DGs, while the reference voltage of each DG is fixed at 1.0 pu 
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Case 4: Optimise the simultaneous droop parameters and placement of five 

droop-DGs, where the reference voltage of each DG is tuned inside the 

predetermined range of 1.0–1.2 pu. 

4.2.2 Data for the test system  

The IEEE 33-bus DIMG grid [144] is experimented for the appropriate allocation of 

five droop-DGs using the methodologies proposed in Chapter 3. In this work, the 

number of droop-DGs is chosen to be five units, with the aim of evaluating and 

comparing the suggested methodologies with an existing method. The investigated 

system’s rated electrical demands are 3715 kW and 2300 kvar, while the voltage 

magnitude is 12.66 kV when rated. The test system-related data are the following. 

Fig. 4. 2 shows the reconfigured IEEE 33-bus DIMG topology. Furthermore, Tables A. 

1 and A. 2 in the Appendix section represent line and load parameters of the IMG 

test system mentioned above respectively. The droop-DGs are powered by gas 

turbines and fuel cells, and the electrical load is fulfilled by these types of generators. 

In this work, constant power load modelling is used, and the load modelling 

values are described in detail as in Table 4. 1. The power reference points for all DGs 

in droop are given as in Table 4. 2.    

In this study, the DE/rand/1/bin-based mutation strategy is used. The predefined 

settings of the DE and HB techniques are shown in Tables 4. 3 and 4. 4 respectively. 

The upper power thresholds of five droop-DGs are tabulated in Table 4. 5. The 

bottom and top thresholds of the DIMG working voltage frequency and magnitude, 

and each droop-DG reference voltage magnitude for this study, are presented in 

Table 4. 6. Furthermore, the ideal site of five droop-DGs in the 33-bus DIMG for Cases 

1 and 2 is assumed as mentioned in [23] (that is, at the following nodes 1, 6, 13, 25, 

and 33). This work’s investigated load is designated to a level of 40%, 60%, 80%, and 

100% of the nominal capacity corresponding to the timespan [1, 4],t as illustrated 

within Fig. 4. 3. 
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The top and bottom P  droop coefficients max
pim  and min

pim  are  

min   
1.06

  

ref

rated
DGi DGiο

f f

P P

−

−
 

and 

min   
21

  

ref

rated
DGi DGiο

f f

P P

−

−
 respectively. The upper and lower Q  droop gains max

qin  and min
qin  

are 

min max| |  | |
1.07

  

ref ref

rated
DGi DGiο

V V

Q Q

−

−
 and 

min max| |  | |
27

  

ref ref

rated
DGi DGiο

V V

Q Q

−

−
 respectively.  

Table 4.  1      The given parameters of load modelling 

Parameters Values 

p  0 

q  0 

pfK  0 

qfK  0 

Table 4.  2      Power set points for five DGs 

Parameters 
Values 

(pu) 

DGiοP  0.2  

DGiοQ  0.2  

Table 4.  3      Pre-determined settings for the DE algorithm 

Cases 
maxG  

DS  F  CR  
DD  

1 20 30 0.2 0.5 10 

2 20 30 0.2 0.5 15 

3 15 20 0.2 0.5 15 

4 15 20 0.2 0.5 20 
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Table 4.  4      Predetermined settings for the HB algorithm 

Cases 
maxIT  

HS    C  HD  

1 20 30 6 2 10 

2 20 30 6 2 15 

3 15 20 6 2 15 

4 15 20 6 2 20 

Table 4.  5      Upper power thresholds of five DGs 

DDG no. DDG1 DDG2 DDG3 DDG4 DDG5 

max
DDGiP  (kW) 950 875 800 775 700 

 max
DDGiQ  (kvar) 520 515 510 505 490 

 

Table 4.  6      Lower and upper thresholds of the IMG operating frequency and 

voltage, and DG’s reference voltage magnitude 

minf  

(pu) 

maxf  

(pu) 

min||V  

(pu) 

max ||V  

(pu) 

min| |refV  

(pu) 

max| |refV  

(pu) 

0.99 1.0 0.95 1.05 1.0 1.02 
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Fig. 4. 2      The reconfigured IEEE 33-bus DIMG topology 

 

Fig. 4. 3      Investigated load profile t (h) 

4.3 Results and discussion  

As mentioned in Section 4.1.1, in order to optimise the control variables, the 

experiment was run on a computer. The machine was used to independently run 

each case 40 times, using the suggested parameters for both the DE and HB 

techniques, to guarantee the accuracy of the results. 

The following shows the results achieved after simulating the proposed problem 

in the MATLAB tool. These outcomes are published in [129]. 

Tables 4. 7 and 4. 9 tabulate the tuned values of five DGs’ reference voltage 

magnitude for Cases 2 and 4, while Figs. 4. 4 and 4. 5 list their optimal droop gains 
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for Cases 1–4 in the load profile as referred to in Fig. 4. 3 through both DE and HB 

techniques. These droop parameters (i.e., ,  ,pi qim n  and | |refiV ) optimise the five DGs’ 

production power for the levels of the previously mentioned load profile. The 

information from Figs. 4. 4 and 4. 5 reveals that the power yield by five DGs increased 

with increasing values of the droop gains pm  and .qn  In contrast, their generated 

powers decreased with decreasing levels of pm  and .
q

n  The tuning of DGs’ droop 

parameters is to meet the load and minimise power mismatches.  

For Cases 3 and 4, Table 4. 8 shows where five droop-DGs should be placed on 

the 33-bus DIMG based on their respective DE and HB algorithms’ sites. As indicated 

by the data in Tables 4. 13 and 4. 14, the inclusion of decision variables to identify 

the best placements for droop-DG leads to a more significant mitigation of losses in 

Cases 3 and 4 as opposed to Cases 1 and 2. Furthermore, the concurrent tuning of 

the DG droop parameters, together with optimal site in Case 4, effectively minimises 

power losses compared to the remaining cases, as depicted in Tables 4. 13 and 4. 14. 

This approach also helps reduce the total voltage deviation. In addition, it improves 

the nodal voltage and voltage stability index of the 33-bus DIMG, as presented within 

Figs. 4. 6 and 4. 7 respectively.  

The operating frequency on the 33-bus DIMG for four investigated cases relating 

to the aforementioned load profile, which is computed through two metaheuristic 

algorithms, is shown in Table 4. 10. Each frequency value in this table complies with 

the mentioned constraints. In the meantime, the rated powers yielded by five droop-

DGs between cases using each algorithm are presented in Tables 4. 11 and 4. 12. 

These optimal values based on control variables are tuned including variables such 

as droop parameters and site.  

Table 4. 13 tabulates the objective functions and the percentage of losses for 

four cases using two DE and HB techniques. One of the potential benefits of 

functioning the microgrid electric system in islanded mode is to lower the lost power; 

Active power loss percentages between 0.5% and 1.5% of the rated load are allowed 

[94]. Data from Table 4. 13 point out that the best (lowest) power losses relate to 
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Case 4 using the HB algorithm with 19.2 kW and 17.45 kvar. Additionally, Case 4 using 

the HB approach yields the best (lowest) percentages of lost reactive and real power, 

at 0.271% and 0.184% respectively. On the other hand, the application of the DE 

technique in Case 1 produces the worst (highest) numerical results for power losses 

and percentages of loss. This table demonstrates that losses are considerably 

reduced when the HB algorithm is applied to the proposed model. Furthermore, 

Case 2 produces the better value in order to decrease the overall voltage deviation 

using the HB method, but Cases 1 and 3 give the worse values for both algorithms. 

In this work, the experimental results at the rated power load level are compared 

with the numerical results shown in Table 4 [23], playing the role of a base case. In 

this table, the corresponding lost active and reactive powers are 17.2 kW and 13.0 

kvar. In contrast to the base case, lost power in lines is greatly minimised in Cases 1–

4 using the DE algorithm and the HB algorithm, as displayed in Table 4. 14. 

Furthermore, with the HB approach, Case 4 produces the best losses and the 

percentage of lost active and reactive power minimisation, while Case 1 utilising the 

DE and HB techniques yields the worst findings. Also, when comparing Cases 2 and 

4 with Cases 1 and 3, and the base case, the total voltage deviation shows lower 

values.  

Figs. 4. 6 and 4. 7 show the nodal voltage magnitude and the bus VSI of the DIMG 

test system at the nominal power load level for the respective cases utilising the DE 

algorithm and the HB algorithm. The information in these figures reveals that the 

optimal node voltage and VSI at all IMG nodes are found in Case 4, which uses the 

HB technique. On the other hand, Case 1's DE technique produces the worst 

outcomes. The figures above illustrate how the nodal voltage and VSI can be 

increased using the best DG droop parameters and location. 

As indicated in Table 4. 15, when utilising the DE technique, the minimal nodal 

voltage magnitude values for Cases 2 and 4 are greater than those for Cases 1 and 3 

when using the HB approach. Furthermore, using the DE technique, the optimal VSI 

value is found for Case 4, and the worst value is identified for Case 1. 
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Table 4.  7      | |refV  (pu) reference voltage values of five droop-DGs in Case 2 

Methods DDG no. 
Percentage of nominal power load 

40% 60% 80% 100% 

DE DDG1 1.0109 1.0139 1.0112 1.0156 

DDG2 1.0190 1.0127 1.0188 1.0146 

DDG3 1.0117 1.0128 1.0064 1.0118 

DDG4 1.0113 1.0158 1.0083 1.0160 

DDG5 1.0182 1.0199 1.0195 1.0143 

HB DDG1 1.0105 1.0124 1.0156 1.0137 

DDG2 1.0200 1.0200 1.0200 1.0166 

DDG3 1.0000 1.0143 1.0080 1.0143 

DDG4 1.0005 1.0147 1.0066 1.0167 

DDG5 1.0200 1.0200 1.0200 1.0168 

 

Table 4.  8      The proper site (node) of five droop-DGs in Cases 3 and 4 

Cases Methods 
DDG1 

(node) 

DDG2 

(node) 

DDG3 

(node) 

DDG4 

(node) 

DDG5 

(node) 

3 DE 30 3 14 25 26 

 HB 24 26 31 14 2 

4 DE 24 26 31 2 13 

 HB 30 19 25 6 14 
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Table 4.  9      | |refV  (pu) reference voltage values of five droop-DGs in Case 4 

Methods DDG no. 

Percentage of nominal power load 

40% 60% 80% 100% 

DE DDG1 1.0167 1.0100 1.0182 1.0151 

DDG2 1.0178 1.0179 1.0199 1.0158 

DDG3 1.0200 1.0190 1.0185 1.0133 

DDG4 1.0188 1.0122 1.0086 1.0106 

DDG5 1.0142 1.0027 1.0049 1.0108 

HB DDG1 1.0188 1.0200 1.0200 1.0151 

DDG2 1.0182 1.0000 1.0000 1.0167 

DDG3 1.0057 1.0000 1.0128 1.0171 

DDG4 1.0186 1.0048 1.0200 1.0177 

DDG5 1.0136 1.0000 1.0000 1.0123 

 

Table 4.  10      Values of the 33-bus DIMG frequency (pu) for four cases 

Cases Methods 

Percentage of nominal power load 

40% 60% 80% 100% 

1 DE 0.9903 0.9903 0.9901 0.9900 

HB 0.9900 0.9900 0.9900 0.9903 

2 DE 0.9907 0.9900 0.9903 0.9901 

HB 0.9902 0.9901 0.9900 0.9900 

3 DE 0.9904 0.9900 0.9900 0.9900 

HB 0.9901 0.9900 0.9902 0.9900 

4 DE 0.9905 0.9901 0.9901 0.9900 

HB 0.9900 0.9910 0.9902 0.9900 

Base               – – – – 0.9984 
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         Fig. 4. 4      Optimal droop coefficients of five DGs 1–5 (categorised as I–V) 

concerning pm and droop gains of five DGs 1–5 (identified as VI–X) 

regarding qn for Cases 1 and 2 

where: Ci  is the -thi  Case with [1, 4].i  
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         Fig. 4. 5      Optimal droop coefficients of five DGs 1–5 (categorised as I–V) 

concerning pm  and droop gains of five DGs 1–5 (identified as VI–X) 

regarding qn  for Cases 3 and 4 

where: Ci  denotes the -thi  Case with [1, 4].i  
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Table 4.  11      The rated active power values (kW) of five droop-DGs for the cases 

 

Table 4.  12      The rated reactive power values (kvar) of five droop-DGs in the cases 

Cases Methods 

DDG no. 

DDG1 DDG2 DDG3 DDG4 DDG5 

1 DE 461.25 507.65 416.75 436.95 488.15 

HB 425.20 514.30 419.30 459.35 490.00 

2 DE 466.45 511.40 367.85 470.40 489.75 

HB 454.20 510.10 382.70 467.10 489.85 

3 DE 519.45 482.00 394.25 433.10 475.50 

HB 460.55 510.05 508.25 380.40 448.20 

4 DE 504.85 507.65 505.95 407.20 374.60 

HB 520.00 450.55 462.35 502.25 365.75 

Base – 1180.50 187.60 166.20 155.20 626.70 

Cases Methods 

DDG no. 

DDG1 DDG2 DDG3 DDG4 DDG5 

1 DE 821.20 829.65 694.75 728.60 653.75 

HB 872.00 806.80 672.40 723.80 652.90 

2 DE 838.05 817.00 725.45 709.85 637.25 

HB 821.90 831.70 711.70 729.80 632.45 

3 DE 859.50 822.25 695.70 730.30 618.15 

HB 906.30 749.35 727.05 674.20 668.20 

4 DE 833.60 833.60 715.85 693.85 648.20 

HB 866.20 830.30 711.45 684.20 632.85 

Base         – 800.30 800.30 800.30 800.30 533.55 
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Fig. 4. 6     Voltage profile (pu) of the investigated DIMG at the nominal load 

 

Fig. 4. 7      Voltage stability index (pu) of the investigated DIMG at the nominal load  

where: Ci  is the -thi  Case with [1, 4].i   
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Table 4.  13      Comparison of objective functions, percentage of lost active power 

(percentage of Ploss), and percentage of lost reactive power (percentage of Qloss) 

 for cases 

Objectives Methods 
Cases 

1 2 3 4 

1 (kW)F  DE 27.55 26.10 22.70 20.50 

HB 27.40 25.90 21.60 19.20 

2  (kvar)F  DE 25.55 24.50 19.75 18.65 

HB 25.40 24.35 19.15 17.45 

3  (pu)F  DE 2.915 1.001 2.865 1.034 

HB 2.966 0.961 2.858 1.328 

Percentage 

of Ploss (%) 

DE 0.265 0.251 0.218 0.197 

HB 0.263 0.249 0.208 0.184 

Percentage 

of Qloss (%) 

DE 0.396 0.380 0.306 0.290 

HB 0.395 0.378 0.297 0.271 

Table 4.  14      Comparison of power losses Ploss and Qloss, percentage of lost active 

power minimisation (% Ploss minimisation) and lost reactive power minimisation (% 

Qloss minimisation), and sum nodal voltage variation ΔV at the nominal load 

Cases Methods 
Ploss % Ploss Qloss % Qloss ΔV 

(kW) minimisation (kvar) minimisation (pu) 

Base – 17.20 – 13.00 – 0.634 

1 DE 12.90 25.00 11.95 8.08 0.758 

HB 12.90 25.00 11.95 8.08 0.737 

2 DE 12.60 26.74 11.55 11.15 0.255 

HB 12.45 27.62 11.50 11.54 0.257 

3 DE 10.90 36.63 9.40 27.69 0.740 

HB 10.05 41.57 8.90 31.54 0.727 

4 DE 10.10 41.28 9.05 30.38 0.281 

HB 10.00 41.86 8.90 31.54 0.231 
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Table 4.  15      Minimal working voltage magnitude and VSI in (pu) of the 

investigated DIMG at the nominal load 

Cases Methods 
| |iV  VSI 

(bus) (bus) 

1 DE 0.9704 0.8816 

(30) (31) 

HB 0.9710 0.8841 

(30) (31) 

2 DE 0.9854 0.9379 

(30) (31) 

HB 0.9853 0.9375 

(30) (31) 

3 DE 0.9712 0.8895 

(33) (33) 

HB 0.9735 0.8928 

(30) (30) 

4 DE 0.9880 0.9483 

(18) (30) 

HB 0.9860 0.9451 

(33) (33) 

Base – 0.9733 – 

 (30)  

4.4 Conclusion  

In this work, the proper droop-DG positioning and sizing in the islanded microgrid 

are achieved in order to minimise lost power in lines and enhance the bus voltage, 

considering load demand variations over time. From the above-mentioned analyses 

and discussion, the HB algorithm is demonstrated to be an efficient technique for 

tackling the ideal allocation (i.e., site and size) of five droop-DGs within the DIMG to 

mitigate lost power and gain bus voltage magnitude (as illustrated in Case 4, Tables 



Optimal planning of Droop-DG in Islanded AC Microgrid for Lost Power mitigation 

and bus Voltage improvement 
 

64 
 

4. 13 and 4. 14). Furthermore, when simultaneous tuning of the DG droop 

parameters and site helps the DIMG system considerably minimise lost active and 

reactive power, as well as improve nodal voltage. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

CHAPTER  

5 

MULTIPLE DROOP–DG SITES IN AN 

ISLANDED AC MICROGRID FOR LOST 

POWER MITIGATION AND BUS 

VOLTAGE IMPROVEMENT 

An effective method to minimise the degree of lost powers in distribution grids is the 

deployment of a suitable number of DGs. To implement this approach, small-sized 

DGs can be installed on the grid. This not only helps in minimising potential losses 

but also enhances the efficient use of the distribution network, such as maintaining 

a stable voltage, improving power quality, etc. This chapter is conducted as follows.  

5.1  Mathematical modelling formulation 

5.1.1 Objective functions  

In this work, lost active power aF  is taken into account as an objective function in 

order to optimise it to the minimum value, while mitigating lost reactive power .bF  

The optimisation of these objective functions based on decision variables is 

described as

 min ( )a  F x  (5.1) 

[ ,  ,  ]pos capa Vrefx x x x=  

1 2 1 2 1 2[ ,  ,...,  ],     [ ,  ,...,  ,  ,  ,...,  ],i p p pi q q qipos pos pos m m m n n n= =pos capax x   
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1 2 [| |,  | |,...,  | |],ref ref refiV V V=
refVx  

where: the vector posx  denotes location of all DGs, while the vector capax signifies 

their f  and V  droop gains; the vector 
refVx is DGs’ reference voltage magnitude; 

 [1, ]  ,DGi N Z  the number of droop-DGs functioning in the power grid to meet 

load demands is denoted by DGN  while Z  represents a numerical integer; ipos  is 

site of the -thi  droop-DG; pim  and qin  represent f  and V  droop gains of the -thi  

droop-DG respectively; | |refiV  is reference voltage magnitude. 

Power losses on the radial branches of a DIMG as depicted in Fig. 4. 1, Chapter 

4 can be determined by, 

 2

1 1

  
brNS

a k k
s k

F R I
= =

=   (5.2) 

 2

1 1

  
brNS

b k k
s k

F X I
= =

=   (5.3) 

where: in branch k, kR  is the resistance, and kX  expresses the reactance, while kI   

denotes the current through this branch; the DIMG number of branches is denoted 

by  ;brN  the investigated load scenarios are represented by S. 

5.1.2  Operational constraints in a DIMG 

Equations (5.4) and (5.5) are nonlinear load flow equations that describe the 

production power of droop-DG units injected into load buses, considering steady-

state operating conditions. 

 

( )

( )

1 1 1

1 1

1
    

            | || || |cos

DG DGN N N
s s

ref DGiο Li
i i ipi

N N
s s s s s s

i j ij i j ij
i j

f f P P
m

V V Y   

= = =

= =

− + −

= − −

  



 (5.4) 
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( )

( )

1 1

1 1

1
| | | |     

          | || || |sin

DG DGN N N
s s s

i refi DGiο Li
i i=1 iqi

N N
s s s s s s

i j ij i j ij
i j

V V Q Q
n

V V Y   

= =

= =

− + −

= − −

  



 (5.5) 

where: pim  and qin  denote the f  and V droop gains of the -thi droop-DG in scenario 

s  respectively; sf  represents the operating frequency in scenario ;s reff  denotes the 

DIMG’s reference frequency; DGiοP  and DGiοQ  signify the reference powers of droop-

DG ;i  s
LiP  and s

LiQ  express the load’s power consumption in scenario ;s | |s
refiV  is the 

reference voltage of droop-DG i  in scenario ;s | |s
iV  and | |s

jV  denote the working 

voltage of nodes i  and j  in scenario ;s s
i  and s

j  signify the phase angles of the 

working voltage of bus i  and bus j  in scenario ;s  the line admittance phase angle 

and magnitude between two nodes i  and j  in scenario s  are denoted by s
ij  and 

| |;s
ijY  N  denotes the DIMG number of nodes/buses.  

The purpose of constraints (5.6) and (5.7) is to maintain the DIMG voltage 

magnitude and frequency inside standard ranges [3]. In an operational steady state, 

the production power of dispatchable droop-DGs is restricted by constraints (5.8) 

and (5.9). Where both upper and lower generation levels of DG are dependent on 

the producer standard. Constraint (5.10) expresses the tuned limit of the droop-DG 

reference voltage magnitude to minimise the node voltage deviation from the 

reference value. Constraints (5.10), (5.11), and (5.12) keep the production power of 

droop-DGs at the optimal value inside an allowed range to fulfil the demands of the 

electric load and reduce DIMG’s voltage and frequency deviation.  

 min max     ,     [1, ]    sf f f s S Z    (5.6) 

 min max| |  | |  | |,    [1, ]    s
iV V V i N Z    (5.7) 

 min max  ,     [1, ]   s
DGi DGi DGi DGP P P i N Z    (5.8) 
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 min max  ,     [1, ]  s
DGi DGi DGi DGQ Q Q i N Z    (5.9) 

 min max| |  | |  | |,     [1, ]  Zs
ref refi ref DGV V V i N    (5.10) 

 min max  ,     [1, ]  s
pi pi pi DGm m m i N Z    (5.11) 

 min max  ,     [1, ]     s
qi qi qi DGn n n i N Z    (5.12) 

The aforesaid constraints are employed for the computation of an example 

illustrated in Section 5.2 below. 

5.2  Case study 

5.2.1  Investigated cases 

In this work, the DE algorithm and the MBFS power flow approach are introduced in 

Chapter 3, which are used in order to optimise the deployment of multiple droop-

DG placements within the IEEE 33-bus DIMG grid [144].  

To check the working capability of the suggested techniques for the suitable 

deployment of multiple droop-DG sites within the reconfigured 33-bus DIMG grid, 

four cases are selected below. 

Case 1:  Optimise the capacity of three DGs 

Case 2: Optimise the simultaneous capacity and positioning of three DGs 

Case 3: Optimise the capacity of five DGs 

Case 4: Optimise the simultaneous capacity and positioning of five DGs.  

In this study, five droop-DGs are used in order to assess and contrast the 

proposed approaches with existing techniques because the permitted 

computational resources are restricted. To maximise the extent of lost power 

mitigation, a number of DG units installing on the grid shall be greater than thirty 

percent of all IMG buses.  
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5.2.2  Data for the testing system  

The investigated grid is the configured 33-bus DIMG as illustrated in Fig. 4. 2 of 

Chapter 4, which is employed for the proposed model. This system consisting of the 

nominal load is 3715 kW and 2300 kvar, while the voltage magnitude is 12.66 kV 

when rated. The branch and electrical load parameters of the grid are 

predetermined as in Tables A. 1 and A. 2 in the Appendix section. The 33-bus DIMG's 

energy needs are met by diesel generators and gas turbines, and 20% of these DGs' 

rated capacities is the minimum capacity these generators must have in order to 

provide the electric load.  

The constant power load modelling is proposed in order to employ, and its 

parameters are determined in Table 5. 1. Also, Table 5. 2 shows the power reference 

points of the droop-DGs for all cases. 

In this work, the strategy for mutation of the DE approach is based on 

DE/rand/1/bin. The predetermined parameters of the DE technique are set as in 

Table 5. 3. The upper power limits of the droop-DGs for cases are shown in Table 5. 

4. The bottom and top thresholds of the working voltage frequency and magnitude, 

and the set voltage magnitude of each droop-DG for cases, are determined as in 

Table 5. 5. Regarding the positioning of the DG for Cases 1 and 3, it is assumed that 

it would be the same as in [46], that is, on buses 2, 12, and 26, and in [23], on buses 

1, 6, 13, 25, and 33. For the two scenarios in the load profile study, the load demand 

is set at 30% and 100% levels of the nominal capacity at s = 1 and s = 2 respectively, 

as represented in Fig. 5. 1. 

For three droop-DGs: The upper and lower P  droop coefficients max
pim  and min

pim  

are  

min   
1.06

  

ref

rated
DGi DGiο

f f

P P

−

−
 and 

min   
18

  

ref

rated
DGi DGiο

f f

P P

−

−
 respectively. The upper and lower Q  

droop gains max
qin  and min

qin  are 

min max| |  | |
1.05

  

ref ref

rated
DGi DGiο

V V

Q Q

−

−
 and 

min max| |  | |
30

  

ref ref

rated
DGi DGiο

V V

Q Q

−

−
 

respectively.  
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For five droop-DGs: The upper and lower P  droop coefficients max
pim  and min

pim  

are  

min   
1.06

  

ref

rated
DGi DGiο

f f

P P

−

−
 and 

min   
21

  

ref

rated
DGi DGiο

f f

P P

−

−
 respectively. The upper and lower Q  

droop gains max
qin  and min

qin  are 

min max| |  | |
1.07

  

ref ref

rated
DGi DGiο

V V

Q Q

−

−
 and 

min max| |  | |
27

  

ref ref

rated
DGi DGiο

V V

Q Q

−

−
 

respectively. 

Table 5.  1      The parameters of the load modelling 

Parameters Values 

p  0 

q  0 

pfK  0 

qfK  0 

Table 5.  2      The power set points of the DGs for all cases 

Parameters 
Values 

(pu) 

DGiοP  0.2  

DGiοQ  0.2  

Table 5.  3      Pre-determined settings for the DE algorithm  

Cases  
maxG  

DS  F  CR  
DD  

1 30 40 0.2 0.5 9 

2 30 40 0.2 0.5 12 

3 15 20 0.2 0.5 15 

4 15 20 0.2 0.5 20 
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Table 5.  4      Upper power thresholds of DG for cases 

DG no. 

Cases 1 and 2 Cases 3 and 4 

max
DGiP  

(kW) 

max
DGiQ  

(kvar) 

max
DGiP  

(kW) 

max
DGiQ  

(kvar) 

DG1 1750 1300 975 522.5 

DG2 950 440 850 517.5 

DG3 1400 800 825 510 

DG4 – – 750 500 

DG5 – – 700 490 

Table 5.  5      Bottom and top thresholds of the DIMG working voltage frequency 

and magnitude, and the DG reference voltage magnitude for cases  

minf  

(pu) 

maxf  

(pu) 

min||V  

(pu) 

max ||V  

(pu) 

min |ref|V  

(pu) 

max |ref|V  

(pu) 

0.99 1.0 0.95 1.05 1.0 1.02 

 

Fig. 5.  1      Load scenarios of the investigated load profile 
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5.3  Results and discussion 

The suggested problem is conducted and experimented with using the MATLAB 

2021a tool. The following is more detailed of the results and a discussion of the 

investigated cases. These findings are documented in [145]. 

5.3.1  Case 1: Optimise the capacity of three DGs 

Table 5.  6      Optimal droop parameters and reference frequency of DG (pu) for 

each technique  

 

Techniques Parameters DG1 DG2 DG3 

B-MOPSO [48] 
pm  0.001029 0.001467 0.001037 

qn  0.032205 0.044444 0.033333 

| |refV  0.999758 1.020000 1.002497 

reff  1.000900 0.999593 0.999641 

TV-MOPSO [146] 
pm  0.001111 0.001380 0.001125 

qn  0.031154 0.040534 0.030152 

| |refV  1.020000 1.002900 1.020000 

reff  1.000891 0.999543 0.999829 

NLTV-MOPSO 

[46] 
pm  0.001125 0.001351 0.001019 

qn  0.030373 0.042535 0.030000 

| |refV  1.011400 1.014400 1.020000 

reff  1.000880 0.999100 0.999250 

DE (proposed) 
pm  –0.013700 –0.032900 –0.014800 

qn  –0.058600 –0.213100 –0.063400 

| |refV  1.012800 1.009100 1.020000 

reff  1.000000 1.000000 1.000000 
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Table 5.  7      Optimal values of the working frequency in pu for various methods  

B-MOPSO 

[48] 

TV-MOPSO 

[146] 

NLTV-MOPSO 

[46] 

DE  

(proposed) 

0.998304 0.998359 0.997930 0.990200 

 

 

Table 5.  8      Droop-DG capacity and lost power of techniques  

  B-MOPSO 

[48] 

TV-MOPSO 

[146] 

NLTV-MOPSO 

[46] 

DE 

(proposed) 

Prated  

(kW) 

DG1 1600.00 1600.00 1600.00 1558.25 

DG2 878.70 858.10 866.00 817.65 

DG3 1289.00 1306.90 1298.40 1387.30 

 Sum 3767.70 3765.00 3764.40 3763.20 

Qrated 

(kvar) 

DG1 1200.00 1200.00 1200.00 1121.45 

DG2 612.70 229.20 349.40 424.10 

DG3 526.40 908.50 787.80 789.60 

 Sum 2339.10 2337.70 2337.20 2335.15 

Ploss 

(kW) 

 
52.70 50.00 49.40 48.15 

Qloss 

(kvar) 

 
39.20 37.70 37.20 36.45 

 

In this work, the DE technique is introduced in order to identify the proper size of 

three droop-DGs within the suggested 33-bus DIMG grid at the nominal power load. 

The effectiveness of the suggested DE algorithm in Case 1 is compared with existing 

techniques, including B-MOPSO technique [48], Time-Varying MOPSO technique (TV-

MOPSO) [146], and Non-Linear TV-MOPSO technique (NLTV-MOPSO) [46]. Table 5. 6 

tabulates the parameters of three DGs, including the f  and V  droop gains, the 

reference voltage and frequency in each technique mentioned above. Table 5. 7 
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shows the frequency of the DIMG system related to each technique, with all values 

satisfying predetermined ranges.   

Table 5. 8 shows the rated powers yielded by three DGs and the lost active and 

reactive power at the rated load for each technique. These optimally rated powers 

are computed through the tuned values of DG droop parameters (decision 

variables). As detailed in Table 5. 6, the proposed DE technique produces the best 

DG parameters, leading to the highest extent of the lost active and reactive power 

minimisation (Table 5. 8); in contrast, the B-MOPSO approach provides the worst 

(lowest) lost power mitigation due to its ineffective selection of parameters (Table 5. 

8).  

5.3.2   Case 2: Optimise the simultaneous capacity and positioning of 

three DGs 

Table 5.  9      DG capacity and positioning and lost power of techniques 

Techniques DG No. 

Optimal 

site 

(bus) 

Capacity of DGs Power Losses 

Prated 

(kW) 

Qrated 

(kvar) 

Ploss 

(kW) 

Qloss 

(kvar) 

CSI-IP  

[81] 

 

DG1 13 680.00 421.40 30.40 23.40 

DG2 24 1950.00 1208.00 – – 

DG3 29 1110.00 693.50 – – 

CSI-PSO  

[81] 

 

DG1 13 789.40 489.20 24.60 19.20 

DG2 24 1551.90 961.80 – – 

DG3 29 1390.00 868.10 – – 

DE 

(proposed)  

 

DG1 23 1661.30 1109.60 23.90 18.85 

DG2 13 863.35 407.35 – – 

DG3 30 1212.45 797.45 – – 
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In this case, the DE technique is utilised to identify the simultaneous ideal positioning 

and size of three droop-DGs within the 33-bus DIMG test system that provide energy 

for the rated load. Table 5. 9 and Table 5. 10 detail the tuned values of the DG site 

and droop parameters (i.e., ,  ,pi qim n  and | |refiV ) for control variables respectively, as 

mentioned in Section 5.1.1. When the droop parameters of three DGs are tuned, the 

optimal capacity of three DGs is achieved, which comprises the rated active and 

reactive power (Table 5. 9). 

The suggested DE technique's efficacy for minimising lost power is tested by 

comparing it to the two current approaches, as listed in Table 5. 9, including 

Combined Sensitivity Index-Iterative Procedure technique (CSI-IP) [81], and CSI-PSO 

technique [81]. Data from Table 5. 9 indicate that the suggested DE approach is the 

most effective technique for mitigating power losses through the effective option of 

the droop gains, reference voltage, and placement of three DGs.  

5.3.3  Comparison of lost active and reactive power minimisation 

between four cases 

In this chapter, the effect of installing multiple droop-DG placements within the IMG 

system is considered to lower lost power in lines and gain nodal voltage. The load 

profile is set at the 30% and 100% levels of the rated load. Table 5. 10 tabulates the 

tuned parameters of the three and five droop-DGs using the suggested DE technique 

for four cases. Furthermore, all operating frequencies in each case are listed in Table 

5. 11, where every frequency value conforms to the predetermined range.  

Table 5. 12 shows a comparison of the objective functions (i.e., the lost active 

power and the reactive power loss) and the corresponding loss percentages for the 

deployment of three- and five-droop-DG placements in the investigated electric 

power system, accounting for site and/or size. Data from this table demonstrate that, 

compared to Case 1, which solely optimises the capacity of three droop-DGs and 

provides less desirable results because there is no optimal DG positioning (in 

contrast to Cases 2 and 4) and fewer DG sites (relative to Cases 3 and 4) than in other 

cases, Case 4 shows the most effective power loss minimisation. This case concerns 
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the optimisation of both the siting and sizing of five droop-DGs. Gupta et al. in Ref. 

[94] stated that an IMG's allowable range for lost active power is 0.5% to 1.5% of the 

rated load. With an outstanding 0.23% lost active power and 0.32% lost reactive 

power, Case 4 demonstrates superior performance among all cases. 

Fig. 5. 2 illustrates the nodal voltage magnitudes of the above mentioned cases 

through the suggested DE algorithm at the rated load level. This figure makes it clear 

that Case 4 has the best voltage profile, since it gets the optimal number of droop-

DG placements within the grid. On the contrary, Case 1 provides the magnitude 

values of the nodal voltage that are the least desired. 
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Table 5.  10      Droop parameters of DG (pu) for cases 

Cases  

Rated 

load Parameters DG1 DG2 DG3 DG4 DG5 

(%) 

1 30 
pm  –0.0137 –0.0329 –0.0148 – – 

qn  –0.0586 –0.2131 –0.0634 – – 

| |refV  1.0128 1.0091 1.0200 – – 

100 
pm  –0.0034 –0.0068 –0.0038 – – 

qn  –0.0083 –0.0294 –0.0161 – – 

| |refV  1.0196 1.0189 1.0189 – – 

2 30 
pm  –0.0116 –0.0327 –0.0209 – – 

qn  –0.0474 –0.2353 –0.0649 – – 

| |refV  1.0191 1.0041 1.0183 – – 

100 
pm  –0.0032 –0.0066 –0.0044 – – 

qn  –0.0098 –0.0334 –0.0160 – – 

| |refV  1.0145 1.0186 1.0184 – – 

3 30 
pm  –0.0276 –0.0372 –0.0542 –0.0394 –0.0563 

qn  –0.2821 –0.2918 –0.5283 –0.2180 –0.1718 

| |refV  1.0009 1.0200 1.0059 1.0136 1.0168 

100 
pm  –0.0061 –0.0073 –0.0081 –0.0081 –0.0092 

qn  –0.0284 –0.0276 –0.0293 –0.0279 –0.0278 

| |refV  1.0186 1.0159 1.0098 1.0174 1.0141 

4 30 pm  –0.0331 –0.0530 –0.0417 –0.0413 –0.0375 

qn  –0.1586 –0.1605 –0.5149 –0.2496 –0.4471 

| |refV  1.0142 1.0191 1.0200 1.0025 1.0104 

100 
pm  –0.0066 –0.0079 –0.0073 –0.0081 –0.0091 

qn  –0.0269 –0.0287 –0.0285 –0.0273 –0.0291 

| |refV  1.0169 1.0182 1.0103 1.0166 1.0152 
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Table 5.  11      Values of the frequency of the system (pu) for the cases  

Rated load  

(%) 

Cases 

1 2 3 4 

 30 0.9904 0.9901 0.9901 0.9901 

100 0.9902 0.9900 0.9901 0.9900 

Table 5.  12      Optimal number and placements of droop-DGs for four cases   

Cases DDG 

No. 

Ideal 

site 

(bus) 

Capacity of DDGs Power losses 
Percentage 

of losses 

Prated Qrated Fa Fb Ploss Qloss 

(kW) (kvar) (kW) (kvar) (%) (%) 

1 DDG1  1558.25 1121.45 52.20 39.55 1.08 1.32 

DDG2  817.65 424.10 – – – – 

DDG3  1387.30 789.60 – – – – 

2 DDG1 23 1661.30 1109.60 23.90 18.85 0.50 0.63 

DDG2 13 863.35 407.35 – – – – 

DDG3 30 1212.45 797.45 – – – – 

3 DDG1  905.95 485.45 13.85 12.70 0.29 0.42 

DDG2  773.50 514.55 – – – – 

DDG3  706.95 333.65 – – – – 

DDG4  706.95 481.35 – – – – 

DDG5  634.40 489.85 – – – – 

4 DDG1 26 839.30 520.75 10.95 9.65 0.23 0.32 

DDG2 31 736.35 510.00 – – – – 

DDG3 25 781.30 473.00 – – – – 

DDG4 2 712.75 430.90 – – – – 

DDG5 12 655.45 369.00 – – – – 
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Fig. 5.  2      Voltage profile of four cases using the DE technique at the rated load 

where: Ci  is the -thi  Case with [1, 4].i   

5.4  Conclusion 

In this chapter, the proper multiple droop-DG locations within the islanded microgrid 

are obtained to maximise lost power mitigation and increase the nodal voltage, 

taking into account load demands at minimum and maximum values (that is, 30% 

and 100%) of the rated capacity by the suggested DE approach. This technique is 

applied to tune the droop parameters (i.e., size) and the DG site, while the MBFS load 

flow approach is used to meet the operational requirements. The efficacy of the DE 

technique for the investigated cases is contrasted with some prior algorithms, 

including B-MOPSO, TV-MOPSO, NLTV-MOPSO, CSI-IP, and CSI-PSO. The simulation 

outcomes obtained point out that the suggested DE algorithm is efficient for the 

problem of deploying a number of droop-DGs to reduce lost power on the IMG grid 

(as presented in Tables 5. 8, 5. 9, and 5. 12). Furthermore, based on the findings in 

this chapter, it is demonstrated that when multiple droop-DG locations are 

optimised, power losses are considerably minimised, and bus voltage is improved, 

as shown in Case 4 of Table 5. 12 and Fig. 5. 2 respectively. 
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CHAPTER  

6 
CONCLUSIONS AND FUTURE STUDIES 

Within the operation of DIMG networks, the uncertainty of the local load, coupled 

with the improper output power of the DG, leads to power mismatches. These 

mismatches give rise to inefficient energy use, where generation capacity exceeds 

demand, resulting in a reduction in power quality and impacting to voltage 

adjustment. Planning and mitigating power mismatches are necessary to guarantee 

the steady and dependable operation of the DIMGs. In order to resolve the issues 

mentioned above and achieve optimal DG planning in DIMGs, this thesis develops 

and suggests mathematical models, the optimal load flow method, and optimisation 

algorithms. The following is a summary of the key contributions presented in this 

thesis.

1. The author successfully applies the robust MBFS load flow approach to 

identify the ideal operational points in droop-based IMG, taking into account 

load variations over time for the proposed research. 

2. The author develops Differential Evolution and Honey Badger-based 

metaheuristic algorithms to tune DG droop parameters and positioning in the 

islanded microgrid, which exhibit remarkable adaptability to changes in time-

varying local load needs. Furthermore, the energy flow optimisation within 

the DIMG network is conducted through the MBFS approach. The results 

achieved after the simulation demonstrate that the HB technique is a reliable 

and robust technique for finding the proper capacity and site of droop-DGs 
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within the DIMG to reduce lost power and increase bus voltage. Moreover, 

the DIMG grid is assisted in lowering lost power and gaining bus voltage 

magnitude by simultaneous optimisation of the location and DG droop 

parameters. 

3.  The author implements multiple droop-DG placements with the aim of 

maximising lost active and reactive power minimisation while simultaneously 

increasing the nodal voltage in the IMG using the differential evolution 

technique, considering the variation of load demands at minimum and 

maximum values (i.e., 30% and 100%) of the nominal load level. The DE 

technique is applicable to optimise the droop parameters (i.e., sizing) and the 

DG positioning, while the MBFS approach is employed to satisfy operational 

constraints. The efficacy of the suggested DE technique for the investigated 

cases is compared with some established algorithms. The results obtained 

clearly demonstrate that the proposed DE algorithm is a robust and efficient 

technique for the problem of installing multiple droop-DG units. 
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The encouraging study findings described in this doctoral thesis suggest that 

other issues of operation, planning, and power system optimisation control can be 

tackled by using the suggested models, the optimal load flow method, and the 

optimisation algorithms. The following tasks are anticipated in the future. 

1. The power grid is integrating renewable sources, like wind and solar-based 

DGs, more and more, driven by the more affordable generation costs and the 

reduced environmental impact. Therefore, optimising the allocation of DGs is 

crucial in an integrated DIMG consisting of these renewable generations.  

2. To boost the penetration level of renewable generations within DNs, 

particularly in DIMG networks, future studies should consider the appropriate 

location and allocation of smart inverter devices, such as the PV plant, BESD, 

STATCOM, DSTATCOM, and PV-STATCOM for adaptive Volt-Var control (VVC). 

3. Determining the optimal allocation of DRs operating in MGs is essential for 

transitioning between the on-grid and islanded modes of function. The 

purpose is to flexibly provide energy in order to meet the electrical demands 

throughout the MG operational process: a) MG can work within the 

autonomous mode when the national grid occurs intentional and 

unintentional issues, such as schedule maintenance and short circuits; b) In 

peak hours of RG and low local load, excess power of MG can inject into the 

national grid to minimise stress for the mentioned above smart inverter 

devices. On the contrary, the national grid provides energy to the local load 

when the microgrid is power-deficient due to reduced RGs throughout peak-

off periods and high demand.  

4. In practice, the operation of power girds with imbalanced three-phase 

networks is popular. As a result, performing the proper capacity and 

positioning of RGs under high penetration within IMG networks with 

imbalanced three-phase configurations is crucial for future research.  

5. Mitigating distribution level losses and improving nodal voltages can be 

accomplished in a number of ways, including load balancing, installing 
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capacitors, reconfiguring a network, placing and numbering DG optimally, 

and raising voltage levels. This thesis mainly focusses on the suitable capacity 

and site of droop-DGs and the deployment of multiple droop-DG placements. 

The optimal simultaneous allocation (that is, size and site) of DRs and 

reconfigurable topology in IMGs significantly contribute to minimise lost 

power and improve nodal voltage. The future study should formulate an 

appropriate mathematical model to simultaneously optimise the allocation of 

DRs under a high penetration and reconfigurable topology, taking into 

account the presence of the mentioned smart inverter devices to obtain 

adaptive VVC. 

6.  In future studies, the deployment of a number of DR sites in IMGs is more 

than 30% of the total grid buses. This approach is significant with the aim of 

maximising lost power mitigation within the grid and gaining bus voltage. 
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APPENDIX

Table A.  1      Line parameters of the standard IEEE 33-node network 

From node To node 
R 

( )  

X 

( )  

1 2 0.0922 0.0470 

2 3 0.4930 0.2511 

3 4 0.3660 0.1864 

4 5 0.3811 0.1941 

5 6 0.8190 0.7070 

6 7 0.1872 0.6188 

7 8 0.7114 0.2351 

8 9 1.0300 0.7400 

9 10 1.0440 0.7400 

10 11 0.1966 0.0650 

11 12 0.3744 0.1238 

12 13 1.4680 1.1550 

13 14 0.5416 0.7129 

14 15 0.5910 0.5260 

15 16 0.7463 0.5450 

16 17 1.2890 1.7210 

17 18 0.7320 0.5740 

2 19 0.1640 0.1565 

19 20 1.5042 1.3554 

20 21 0.4095 0.4784 

21 22 0.7089 0.9373 

3 23 0.4512 0.3083 

23 24 0.8980 0.7091 

24 25 0.8960 0.7011 

6 26 0.2030 0.1034 

26 27 0.2842 0.1447 

27 28 1.0590 0.9337 

28 29 0.8042 0.7006 

29 30 0.5075 0.2585 

30 31 0.9744 0.9630 

31 32 0.3105 0.3619 

32 33 0.3410 0.5302 
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Table A.  2      Load parameters of the standard IEEE 33-bus network 

Bus no. 
V 

(kV) 

Angle 

(rad) 

PLio 

(kW) 

QLio 

(kvar) 

1 12.66 0 0 0 

2 12.66 0 100 60 

3 12.66 0 90 40 

4 12.66 0 120 80 

5 12.66 0 60 30 

6 12.66 0 60 20 

7 12.66 0 200 100 

8 12.66 0 200 100 

9 12.66 0 60 20 

10 12.66 0 60 20 

11 12.66 0 45 30 

12 12.66 0 60 35 

13 12.66 0 60 35 

14 12.66 0 120 80 

15 12.66 0 60 10 

16 12.66 0 60 20 

17 12.66 0 60 20 

18 12.66 0 90 40 

19 12.66 0 90 40 

20 12.66 0 90 40 

21 12.66 0 90 40 

22 12.66 0 90 40 

23 12.66 0 90 50 

24 12.66 0 420 200 

25 12.66 0 420 200 

26 12.66 0 60 25 

27 12.66 0 60 25 

28 12.66 0 60 20 

29 12.66 0 120 70 

30 12.66 0 200 600 

31 12.66 0 150 70 

32 12.66 0 210 100 

33 12.66 0 60 40 
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