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Abstract 

 

The main goal of this thesis is to overcome voltage related problems with increased penetration 

of photovoltaics (PVs) in the active distribution networks (ADNs). Hence, the thesis aims to 

develop a novel voltage controller to act in a decentralized local control strategy to regulate 

voltage, to enhance the hosting capacity of ADNs. Moreover, the developed problem 

formulation is extended to consider the stochastic nature of PV power output and load demand 

for higher accuracy of the results. 

In modern power systems, where a considerable number of converter interfaced generation 

(CIG) units (e.g. PVs) are increasing, the conventional distribution networks face issues from 

voltage regulation aspects. The network faces overvoltage problems with increased PV 

generation in peak generation hours (midday). With increased PV generation in the network, 

especially at peak periods of generation and low demand, there will be a massive amount of 

reactive power flow from distribution towards the upstream network. This leads to an increase 

in grid losses on the network, and also requires greater capacity in system components. ADNs 

are introduced to contribute to the voltage regulation with the high participation of intermittent 

renewable energy resources in the system, instead of using conventional grid reinforcement.  

This thesis proposes a decentralised voltage control strategy to enable a further amount of PVs 

in the system without exceeding pre-defined limits. The work aims to tackle the problems in 

previous local voltage control methods in literature (PF-power and Q-voltage methods). 

Previous methods are not able to overcome the overvoltage issues and tend to increase the grid 

losses, especially with high penetration of PVs in ADNs. Towards addressing the voltage 

related concerns, a computationally efficient algorithm is developed to minimize reactive 

power flow through the network electrical bottlenecks. In the proposed approach, all controllers 

are implemented locally, where the communication devices are eliminated, mitigating the 

investment cost significantly. 

Another challenge in the future ADNs is related to the stochastic characteristics of PVs and 

loads, where, the deterministic approaches may not reach to desired accuracy results with the 

limited number of time-domain simulations. The current state-of-the-art studies need further 

consideration for PV power output and load demand when defining the uncertainty. With a 

scenario generation based technique, the system uncertainties, PV generation output and load 

demand, have been probabilistically modelled and studied with Monte Carlo Simulations. The 

generation scenarios are reduced to a number of scenarios that is enough to represent the 

desired variety of samples, and simulations are carried out for these scenarios.  

 To investigate the practicality and scalability of the proposed approach, the proposed 

methodology has been applied to 33-nodes (radial) and 69-node (meshed and radial 

configurations) test feeders. The results prove that the developed controller can increase system 

hosting capacity by about 20% of the systems base power. Furthermore, network active power 

losses are considerably decreased by 30% concerning existing methods. Moreover, the 

transformer tap changer experiences fewer tap operations over a day. Thus, feeder hosting 

capacity can allocate more PVs in the ADN.  Besides, the accuracy of results is improved with 

the stochastic assessment of uncertain values for each generated scenario. Consequently, a 

more accurate perspective is gained with the overall outcomes for enhancing hosting capacity 

in ADNs. 
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1. INTRODUCTION 

 

Over the last decade, in the electrical power systems, conventional generation units have 

gradually been replaced by converter-interfaced generation (CIG) units, with the increased 

participation of renewable energy sources. The future distribution networks will be constituted 

by high proportions of solar and wind generation, controllable loads and energy storage 

systems where the management will be provided smartly. Renewable energy sources are 

largely installed at the distribution level, introducing new challenges to the distribution systems 

[1]. To be able to deliver the energy produced by the renewable energy sources efficiently, the 

power electronic (PE) devices are used. The PE interface technology is used to integrate the 

renewables e.g. wind and solar, to the power system, which allows the source of generation to 

provide voltage support to the network. However, this new technology has also brought several 

challenges for maintaining the power system stability from voltage and frequency aspects [2]. 

The stochastic characteristics of renewable energy sources (e.g. solar) and loads are expected 

to change the dynamic behaviour of the system.  New active network control strategies are 

required for the system to cope with the intermittent renewable energy sources, which can lead 

to the deterioration of power systems steady-state and dynamic performance [3].  

The focus of this research project was on challenges brought by the high penetration of PVs 

for voltage control in Active Distribution Networks (ADNs). With the integration of increased 

amount of PV power plants over time, voltage control is one of the critical aspects to be 

considered in the distribution network. Hence, the voltage regulation approaches for ADNs to 

deal with voltage related problems has become a highly investigated point of research in recent 

years. Due to the variable and uncertain characteristic of PVs, over-voltage problems arise at 
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distribution systems, primarily when the peak PV generation occurs. It leads to overloading of 

system components such as, lines, transformers, whereas also limits the further integration of 

PVs into the ADNs. To solve these issues, this thesis proposes a novel fully local voltage 

controller to regulate the voltage with the high integration of PVs. To achieve a simple, 

practical and decentralised control, this study proposes to control the voltage by partitioning 

the distribution network into several zones.  

Another crucial challenge faced in the ADNs caused by the overvoltage at peak PV generation 

hours is the limitations on feeder hosting capacity. The hosting capacity is defined as the 

maximum PV generation that can be integrated into the network without violating standard 

limits for voltage, protection and power quality and with no feeder upgrades. Remarkably, the 

use of this novel controller will allow further integration of PVs to the system by enhancing 

the hosting capacity of the feeder without using communication infrastructure. Finally, a 

stochastic approach has also been proposed in order to obtain more accurate results to enhance 

the feeder hosting capacity. 

1.1. Background 

 

The rise in global energy consumption has led to a massive climate change, and side effects on 

the environment, in parallel to the increase of fossil fuel consumption over the last century. The 

conventional energy sources that release greenhouse gases are evolving to be replaced by more 

efficient and cleaner sources, for instance, renewables. Wind and solar energy have become 

recognised energy sources and they are progressively competing with fossil fuel power plants.   

The evolvement from synchronous generation (SG) technology towards the new technologies 

like renewables (e.g., wind and solar) are replacing SGs in the future power systems. The 
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unequal distribution of SG is represented in Figure 1-1, confirming that SG in the GB network 

will reduce its capacity over the near future [4].   

 

Figure 1-1. Overall Reduction in the SG capacity across UK [4] 

 

According to the International Renewable Energy Agency (IRENA), wind and solar energy 

accounted for the most increase in generation over ten years scale (2010-2020), with capacities 

of 623 GW and 586 GW respectively [5]. Figure 1-2 represents the annual PV installations to 

the grid over the last ten years. There is a significant increase in PV installations over the 

previous years. Also, in 2019, the highest solar power capacity additions have been reached in 

a year, at 115 GW (DC) [6].  

Table 1-1., illustrates the share of PV capacities globally. According to the statistics shown in 

Table 1-1 , at least 32 countries operational renewable power capacity exceeded 10 GW by the 

end of 2019, resulting in a total of 627 GW installed capacity [6]. 
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Figure 1-2.Annual PV installations in the past ten years (GW) 
 

Table 1-1. Added PV capacity in the top 10 countries in 2019 

Top Countries by Total Capacity 

 

 Total 2018 (GW) Added 2019 (GW) Total 2019 (GW) 

China 175.4 30.1 204 

United States 62.7 13.3 76 

Japan 56 7 63 

Germany    45.2 3.8 49 

India     32.9 9.9 42.8 

Italy     20.1 0.7 20.8 

Australia    11 3.7 14.7 

United Kingdom  13.1 0.3 13.4 

Republic of Korea 8.1 3.1 11.2 

Spain 5.2 4.8 9.9 

Rest of World 82.3 38.3 120.6 

World Total   512 115 627 
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For the UK, the annual energy demand is projected to increase by 4% by 2035. UK government 

aims to reduce the greenhouse gas emmissions by at least 68% by 2030, and 100% by 2050 to 

reach net zero emmissions. PV integration is playing a crucial role to implement this goal. To 

cope with the challenges of uncertainty, National Grid ESO has introduced four main future 

energy scenarios namely Consumer transformation, System transformation, Leading the way 

and Steady progression scenarios [7]. In System Transformation, Consumer Transformation 

and Leading the Way scenarios, up to 60% electricity generation is expected to be provided by 

renewables. Across all scenarios, the solar generation is expected to increase to massive 

penetration levels within the near future, shown in Figure 1-3.    

 

Figure 1-3. Future Scenarios for the solar capacity increase over the years in UK [7] 

Voltage control is one of the critical aspects to be considered as the penetration of PVs in the 

distribution network increases.  The PV power plants are mainly connected to the distribution 
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network in the GB. National Grid in the UK aims to increase voltage support resources in 

ADNs, primarily through PV inverters [8]. Distribution networks need to be actively managed, 

along with the consumers they serve, to cope with rapidly changing demands on the system. 

With the integration of PVs and other PE interconnected devices, there is a move from 'passive' 

to 'active' network operation.  

While the growth in the solar generation is increasing in the power system, this technology 

brings new challenges to the power grid by the extended integration of PV power plants. 

Besides the advantages that PE interfaces allow the PVs participation in voltage control, 

however, there are some technical limitations such as, inverters capability, in this participation. 

The following chapters will address these challenges. Thus, the consideration of the voltage 

control should be focused on ADNs. To reach this target, the work focuses on the voltage 

control studies at the active distribution network.   

1.2. Active Distribution Networks 

Historically, ADNs were traditionally designed as a passive structure, which means having a 

unidirectional power flow (from generation to end-user). At present, when there is generation 

also in the distribution level, the excess power after meeting the consumers' demand, flows 

back to the upstream network (towards the high voltage). This excessive flow may result in the 

voltage to surpass the grid code voltage limits [9], which will be covered in Section 2.5.1.  

Recently, as the conventional passive distribution systems are shifting towards ADNs, the 

system flexibility increases for power generation. However, properly deploying this flexibility 

is challenging as it requires coordination of a large number of assets owned by consumers and 

producers. This behaviour may introduce reverse power flows in the upstream network and, 

potentially, cause system component overloads such as, lines, transformers, etc. Furthermore, 

the distribution networks are shifting towards more complex topologies like meshed 
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configurations [10]. Understanding the potential future network topologies is required to 

properly develop strategies to integrate PV generation into the grid.  

 

 

Figure 1-4. Structure of the active distribution networks [3] 

 

Figure 1-4 represents a vision of the future ADNs with the integration of wind turbine, PV, 

electric vehicle (EV), storage, demand-side participation, and active network management. In 

distribution level, smart metering and demand side participation will be important aspects. On 

the other hand, the highlight of this thesis will be only on the high penetration of PVs impact 

over the ADNs. The increased integration of PV generation may affect the power system with 

variability & uncertainty during the continuous balancing of the system. Especially with the 

high PV integration to ADNs, the voltage control issues arise with some complications. 

Considering that PV peak generation occurs near noon when UK demand is generally low, 

large PV integration can lead to technical issues like voltage rise and thermal overloading for 

the system components (lines and transformers). Therefore, the reactive power and voltage 

control cannot be ignored for the operational behaviour of ADNs in terms of reaching the 

reliable and secure operation of power systems. Figure 1-5 shows the balance of active and 

reactive powers related to frequency and voltage in UK, respectively. Where the balance of 
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frequency is dependent to active power, the balance of voltage is dependent to reactive power. 

In typical, majorly reactive networks, the voltage is directly proportional to the reactive power, 

as an increase in reactive power leads to voltage increment and vice versa.  

 

Figure 1-5.  Active and reactive power balances [11] 

 

Adequate voltage control can support PV integration, while deferring the need for costly 

network upgrades. According to the National Grid System operability framework report 2017 

[11], additional reactive power absorption is required in most regions to regulate high voltages, 

especially with the increased power flows from the distribution network. Also, additional 

reactive power generation is needed in areas where power flows are large and volatile. 

Depending on the needs of the system, the voltage regulation can be provided from the PV 

inverters’ reactive power capability. Voltage depends on the local balance between the reactive 

power supply and demand. Thus, the flexibility of PV inverters can be actively exploited by 

local reactive power management in future distribution networks. 

1.2.1 Network Configurations 

The distribution system functions to deliver the electrical energy from the transmission system 

having one path between the substation and each end user. A radial system is the most used 

architecture of a low voltage distribution system [12]. Radial topology has numerous 

advantages such as, being cheap, have an uncomplicated design & operation, to allocate more 

PV units [13]. On the other hand, parallel, ring or interconnected (mesh) systems are usually 
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preferred in transmission systems for increasing the reliability by providing [12] multiple 

routes for the end-users in case of fault occurrence. Hence, the grid network tends to be built 

underground, which significantly increases the cost of construction, repair, and maintenance. 

The distribution networks commonly have a high resistance to reactance R/X>>1 ratio which 

may cause voltage drops and rises within the bidirectional current flow. The higher resistance 

causes a higher voltage drop in the distribution feeder. Their high resistance to reactance (R/X) 

ratio makes voltage magnitudes to fluctuate more with changes in active power.  

 

(a) (b)

  

Figure 1-6 Network topologies: (a) Radial network, (b) Meshed network  

 

The studied network topologies radial and meshed networks are illustrated in Figure 1-6 [14]. 

The highly meshed network is another challenging research to be investigated by the 

researchers in future. As the conventional radial distribution systems are also shifting towards 

meshed distribution systems, the system flexibility increases for power generation. In contrast, 

power flow control becomes more complex. Ref. [15] points out that weakly meshed networks 

can accommodate more distributed generation than radial feeders by creating more uniform 

power flows. However, further research for meshed network systems is needed for future grid 

studies. Also methods to reduce meshed networks’ computational complexity should be 

investigated [16]. This is explored in greater detail in Chapter 5 of this thesis, where simulation 

studies are performed in radial and meshed ADNs. 



29 

 

1.3. Challenges of High Penetration of PVs in Active Distribution 

Networks  

With the continuing growth of the Distributed Energy Resource (DER) capacity in power 

systems with inverter based connection, the new electrical grid tends to be more interactive, 

distributed and flexible. Nevertheless, with the increasing proportion of PVs in the ADNs, 

some technical challenges occur in voltage regulation. The high penetration of PV systems 

leads to new problems such as, overvoltage, overloading of transformers and lines and voltage 

unbalances.  

In ADNs, meanwhile, the PV generation is high during peak times of the day, the excessive 

generation is surpassing consumers’ need. Thus, the excess power will be transferred to the 

upstream network, creating some possible voltage problems [17]. These problems mainly occur 

at periods of maximum generation and minimum demand, resulting in reverse power flows. 

Therefore, the reactive power and voltage alteration cannot be ignored for the operational 

behaviour of ADNs in terms of the reliable and secure operation of power systems.  

The challenges of the future grid raise the need to revise the current technical policies and 

regulatory changes in the power system. The technical authorities should also discuss further 

standardization of PVs integration to the grid where both consumers and 

transmission/distribution level participant should participate in the alteration of power systems. 

Most of the grid codes still need to update their guidelines for support schemes for solar PV 

and governing grid connections. Detailed information about grid code requirements will also 

be available in Chapter 2. 

1.3.1. Technical Challenges 

The technical challenges of utility power system both on PV and grid side are the ones 

considered for the safe operation of PV and to maintain the reliability of the grid. The technical 
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challenges arisen with the high penetration of PVs are power quality, voltage regulation, 

protection and stability issues [18].  

1) Power Quality: Relative to the integration of PVs to the system, the power quality can be 

affected. A weak distribution grid is highly prone to be affected by the inverter-based 

generation. Loads connected closer to the PVs are supplied by these PVs, causing less power 

to flow from distribution substation. The power loss from the substation to the consumer may 

be reduced. Transient voltage variation and harmonic distortion of the network voltage are the 

other problems in the power system. 

2) Stability:  Stability of the system is a significant issue in the distribution network. The PV 

integration into ADNs can be discussed through the voltage level, demand and penetration 

levels.  Even if the voltage control techniques don’t promise very fast voltage regulation, the 

system stability should be kept within its permissible limits in a large system [19].  

3) Voltage Regulation: The voltage produced by the PVs after the generation, needs to be 

controlled in an effective way to enhance the capability of the power system with high 

penetration of PVs. The control strategies consider the voltage regulation and loss reduction in 

distribution feeders.  

In the transmission grid, reactive power change is mainly dependent on the load types in the 

system. If the grid has an increase in inductive loads, this will lead to a voltage drop at the 

consumption side, also affecting other bus bars in the distribution network. In this case, the 

conventional voltage regulation strategies will try to compensate this voltage drop by possible 

ways to control the voltage (mainly controlled by the OLTC (on‐load tap changer). In case of 

a decrease in inductive loads, overvoltage would occur due to reactive power increase in the 

grid. After the occurrence of a disturbance in the system, load demand change or loss of 
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generators, the voltages at all buses should be stabilized according to the grid code 

requirements [20].  

The most significant reason requiring voltage regulation in ADNs is that, the generation does 

not meet the power demand. The voltage needs to be regulated if the reactive power in a bus is 

increasing, although the bus voltage magnitude is decreasing. Overvoltage occurs when 

capacitive current flows through an inductive reactance. When the lines are inductive, in case 

a capacitor installed at the end of the line, a voltage rise will occur due to the capacitive flow 

over lines, especially when the load is low rated. In modern networks with high penetration of 

PVs connected to the same distribution feeder, the voltage at the end of the feeder will increase 

as well [21]. Further mathematical explanations are also presented in Chapter 2. 

Another issue occurs if the reactive power flow from the distribution grid to the upstream grid 

is not managed correctly, the excessive reactive power released into the transmission network 

can cause high voltage issues. All the above mentioned problems discussed to suggest the 

reactive power should be consumed within the same generation units. The local voltage control 

strategies will be represented in detail in the following chapter with the introduction of reactive 

power control strategies. 

 1.3.2. Economic, Policy and Regulatory Challenges 

The distribution system allows connecting almost any generation plants when the connection 

requirements are satisfied. The PV systems have experienced the fastest adaptation in 

distribution networks, also helped by a continuous cost decrease in the technology itself. PV 

systems can be implemented simply as rooftop installations, enabling access to the customers 

(including residential, commercial and industrial types). On the other hand, the policies and 

regulations considering the conventional generation should be redesigned [22]. In this study, 
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the current grid code requirements and other regulatory challenges will be taken into 

consideration.  

1.4. Contributions of the Thesis 

The research presented in this thesis has been performed to tackle the overvoltage issues in 

ADNs with high penetration of PV units. The work aims to develop a novel voltage controller 

to act in a decentralized local control strategy to regulate voltage. When carrying out the 

research, several aspects, such as configuration of the test systems given in Appendix A, and 

the uncertainties introduced by PVs and loads in the network will be evaluated. Therefore, the 

hosting capacity of ADNs is aimed to be improved without violating the system limits. The 

research gaps will firstly discuss about the drawbacks of the current literature studies. 

Secondly, the contributions section will highlight the work completed in this thesis to tackle 

the problems faced in the previous studies.  

1.4.1. Identified Existing Research gaps:  

The research presented in this thesis is performed to tackle the overvoltage issues in ADNs 

with high penetration of PV units. Before carrying on to the state of art of voltage control, the 

research gaps addressed in this thesis are listed as below: 

1.  The PV inverters have limitations to absorb/inject reactive power to the system subject 

of their inverter capabilities. With the increased PV penetration in ADNs, the reactive 

power strategies used in literature, are not practical enough to prevent the overvoltage 

issues, especially in peak PV generation times. The modified control strategies which 

can help to improve the hosting capacity with the integration of the PVs into the system 

are desired to comply with the allowable limits of grid code requirements.  
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2. The literature studies, do not consider the impacts of absorbing the reactive power on 

the system components. Most of the studies are focused on managing voltage issues 

with reactive power absorption. However, the PVs reactive power absorption leads to 

an increase in feeder transformer and line loading. Integrated, practical control is 

essential, aiming to respond systems need simultaneously. Absorbing the reactive 

power may drop the voltage, but the other critical overloading situations of the 

transformers and cable should also be taken into consideration.   

 

3. Most of the centralized controller strategies require a higher level of supervisory control 

with communication infrastructure, which are not matching with the structure of future 

ADNs. The power system turns out to have some computational problems like timing 

and optimization difficulty. It will cause more troubles when the penetration level of 

PVs increase in a decentralized manner, in the system. All these reasons lead to design 

decentralized controller strategies for the ADNs in a practical, reliable and resilient 

way. In the proposed approach, all the controllers are implemented locally, and the 

communication devices are eliminated, mitigating the investment cost significantly.   

 

4. The conventional radial distribution systems are also altering towards meshed 

distribution systems. However, there are limited studies for solving complex meshed 

systems containing high PV penetration levels, with current power flow algorithms in 

the literature. This work considers the implementation of the proposed controller on the 

meshed topology besides the radial ones in the distribution level. Moreover, the work 

ensures easy reconfiguration between radial and meshed topologies, by modifications 

on the studied test benchmarks. 
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5. There are limited examples in the literature investigating the stochastic characteristic 

of PV power output and load demand in ADNs. A detailed stochastic analysis will 

enable distribution system operators to consider certainty in their decisions when 

assuming voltage control by inverters. The development of a methodology to 

probabilistically test the system will also help identifying standards in the grid codes, 

suitable for higher PV penetration levels.  
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1.4.2. Thesis Contributions 

 

Hosting Capacity Enhancement 

This work uses analytical techniques to assess feeder hosting capacity with high penetration of 

PVs in ADNs. The hosting capacity in this thesis stands for the maximum PV generation that 

can be integrated into the network without violating standard limits for voltage, protection and 

power quality and with no feeder upgrades. The PVs outgrowth in the distribution system has 

also introduced the use of their capabilities to enhance the hosting capacity. That means that 

the PV systems reactive power capability can provide voltage support to rise the feeder’s 

hosting capacity alternatively. The studies will allow to inspect the ways to increase the PV 

penetration where performance criteria for developing the feeder’s hosting capacity are defined 

in terms of the network losses and the transformer/branches loading.  

The work highlighting this contribution was published in the following journal; M. Selcen Ayaz, 

M. Malekpour, R. Azizipanah-Abarghooee and V. Terzija, "Local photovoltaic reactive power controller for 

increasing active distribution networks hosting capacity," in IET Generation, Transmission & Distribution, vol. 

14, no. 22, pp. 5152-5162, 13 11 2020, doi: 10.1049/iet-gtd.2020.0649. 

Decentralised control 

In this work, implementation of a comprehensive decentralised voltage control approach 

proposes exclusively local management to increase the feeder hosting capacity. The study 

primarily focuses on managing the power flow within the PV units locally. The system 

complexity tends to grow with the highly decentralised fashion of PVs in the future distribution 

network and possible meshed structures. Therefore, the research on decentralized control 

methods has gained more attention with the abovementioned concerns. Besides its necessity in 
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future distribution systems, another essential gain from the decentralised approach is no need 

of communication infrastructure. The proposed method confirm its ability to reduce the stress 

over the system components. Furthermore, it will contribute to the voltage regulation capability 

of the network through the PV inverters. 

The work highlighting this contribution was published in the following journal; M. Selcen Ayaz, 

M. Malekpour, R. Azizipanah-Abarghooee and V. Terzija, "Local photovoltaic reactive power controller for 

increasing active distribution networks hosting capacity," in IET Generation, Transmission & Distribution, vol. 

14, no. 22, pp. 5152-5162, 13 11 2020, doi: 10.1049/iet-gtd.2020.0649. 

Zonal voltage control management 

According to the straightforward, practical and decentralised manner of the control, this study 

proposes to control the voltage by partitioning the distribution network into several zones. 

Zonal voltage control divides the whole system into zones according to the partition index 

determined within the problem. Therefore, the zonal management becomes prominent, and 

each zone is managed independently, giving a chance for local voltage control without 

affecting other zones in the system. The studies are conducted over 24 hours, in 15 minutes 

time interval.    

The work highlighting this contribution was published in the following journal; M. Selcen Ayaz, 

M. Malekpour, R. Azizipanah-Abarghooee and V. Terzija, "Local photovoltaic reactive power controller for 

increasing active distribution networks hosting capacity," in IET Generation, Transmission & Distribution, vol. 

14, no. 22, pp. 5152-5162, 13 11 2020, doi: 10.1049/iet-gtd.2020.0649. 

Probabilistic approach 

The design of a decentralized controller should be capable of dealing with the uncertainties 

brought by PVs and loads. Probabilistic assessment is an alternative to solve the stochastic 

behaviour of future energy systems where the outcome of energy is uncertain. A rigorous 
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probabilistic approach is based on probabilistic data input and produces a set of results. In other 

words, instead of a mean value over time, there would be a distribution function representing 

occurrence probabilities of different quantities over the same time scale, which results in 

further accuracy. 

1. The work highlighting this contribution is currently under a journal preparation; M. Selcen Ayaz, 

M. Malekpour, R. Azizipanah-Abarghooee and V. Terzija, “ Probabilistic PV power output and load 

demand uncertainty modelling for Increasing Active Distribution Networks Hosting Capacity” (to be 

submitted).  
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1.4.3. List of Publications  

 

Journal Papers: 

1. M. Selcen Ayaz, M. Malekpour, R. Azizipanah-Abarghooee and V. Terzija, "Local 

photovoltaic reactive power controller for increasing active distribution networks 

hosting capacity," in IET Generation, Transmission & Distribution, vol. 14, no. 22, pp. 

5152-5162, 13 11 2020, doi: 10.1049/iet-gtd.2020.0649, (Published).  

2. M. Selcen Ayaz, M. Malekpour, R. Azizipanah-Abarghooee and V. Terzija, “ 

Probabilistic PV power output and load demand uncertainty modelling for Increasing 

Active Distribution Networks Hosting Capacity” (to be submitted).  

Conference Papers 

1. M. Selcen Ayaz, R. Azizipanah-Abarghooee and V. Terzija, "European LV microgrid 

benchmark network: Development and frequency response analysis" 2018 IEEE 

International Energy Conference (ENERGYCON), Limassol, 2018, pp.1-6, doi: 

10.1109/ENERGYCON.2018.8398759. 

 

2. R. Azizipanah-Abarghooee, M. Malekpour, M. Selcen Ayaz, M. Karimi and V. Terzija, 

"Small Signal Based Frequency Response Analysis for Power Systems," 2018 IEEE 

PES Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), 

Sarajevo, 2018, pp. 1-6, doi: 10.1109/ISGTEurope.2018.8571556. 

Poster Presentations 

1. M. Selcen Ayaz, R Azizipanah-Abarghooee, V Terzija, Development and Frequency 

Application of a European Low Voltage Microgrid Network, 2018 IEEE PES General 

Meeting Student Poster Competition.   
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1.5. Thesis Structure 

 

The Thesis has 6 logically connected Chapters, each briefly described below.  

 

Chapter 2 firstly introduces a critical literature review of voltage regulation strategies with the 

increased penetration of PVs in ADNs; by understanding the impacts of high penetration of PV 

integration on the distribution level. Firstly, a detailed overview of the distribution systems is 

presented. Conventional and advanced voltage control applications are summarized. Secondly, 

the local reactive power control strategies are introduced in the sake of future network scenarios 

with voltage regulation. Voltage variation problems in the distribution networks due to PVs are 

presented, and voltage regulation strategies are discussed. The voltage control methods in a PV 

integrated system can be generally divided into four categories [4]: i) centralized control, ii) 

distributed control and iii) decentralized control. The local voltage control method uses local 

measurements from the buses, where the voltage is regulated accordingly. The approach helps 

to reduce the losses without using costly and slow responding control resources such as, OLTC, 

static voltage regulator (SVR), and capacitor banks. Local reactive power control strategies are 

reviewed, by stating their need in future ADNs.  

 

Chapter 3 presents a simple, practical and decentralised novel local voltage controller 

proposed with the zonal network partition method. Zonal voltage control divides the whole 

network into zones where each zone is managed independently, giving a chance for 

decentralised management without affecting other zones in the system. Within the zones, the 

PVs close to ending of the feeder uses local standard reactive power voltage controller where 

PVs close to the transformer act as reactive power sources. Meantime, a fully local controller 

is performed within the PV inverters, which only requires local and neighbouring PVs 
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information. The regional management fulfils the method to achieve the goal without 

centralised control applied on active distribution networks, with no need for communication 

infrastructure. In this way, the PV inverters can enhance the performance of voltage regulation 

ability of the system. Specific scenarios are implemented to monitor the voltage controller 

performance and enhancement for voltage regulation. Hosting capacity definition and 

performance measures for developing the feeder hosting capacity are defined in terms of the 

network losses, the transformer/branches loading. 

 

Chapter 4 extends the decentralized voltage control approach to a stochastic assessment of 

input parameters to enhance the accuracy of the simulation results with the high penetration of 

PVs in distribution networks. A vital evaluation should also be considered from the stochastic 

nature introduced by PVs and loads in the future power systems. A brief understanding of the 

applicability of the stochastic approach of Monte Carlo simulations on the current work is 

presented. The main aim is to model the uncertainty in the ADNs with the probabilistic 

variables of solar PV generation and load demand. To this end, a scenario-based technique has 

been proposed to represent the method. Roulette Wheel Mechanism (RWM) and Monte Carlo 

Simulation (MCS) strategies are used to enhance the preciseness in representing Probability 

Density Function (PDF) s of PV generation and load demand random variables. 

 

Chapter 5 presents the proposed method’s effectiveness through comprehensive simulation 

results on the 33 and 69 node test systems. More importantly, each node is equipped with PV 

units on these test systems. The studies are performed through DIgSILENT Power Factory 

2020 software with the Quasi Dynamic simulation studies. Findings depict the hosting capacity 

improvement with the proposed approach considering a 15-minute resolution of PV and 

demand profiles. The novel method offers a fully local voltage control for PVs using the quasi-
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dynamic approach over 24 hours. The results are represented in terms of grid losses, 

transformer loading and upstream network support. Also, with the proposed strategy, the use 

of tap operations over 24 hours is reduced. Consequently, the feeder hosting capacity is 

increased. The controller reduces the reactive power burden on the feeder transformer without 

the need of communication interface whereas decreasing the active power losses. Afterwards, 

the performance of the proposed local voltage control approach also implemented to the 

meshed 69 node test system. Findings reveal that the new method can increase the distribution 

network hosting capacity almost to 125% of the feeder transformer nominal power, regardless 

of the studied network. As a further consideration, the stochastic assessment results are 

executed on 33 node test system. Hosting capacity expected value observations show that the 

proposed approach increases the hosting capacity by 20% in comparison to Q-voltage (Voltage 

Dependent Reactive Power Control) case.  

 

 

Chapter 6 presents the conclusions drawn from the entire research. The work is concluded 

with comments of enhanced reactive power control for inverters connected 

to distribution networks. As a conclusion, the importance of enhancing the feeder hosting 

capacity is highlighted. The proposed methodology is proven its practicality with advanced 

simulation results. The results prove that the developed controller can increase the system 

hosting capacity by about 20% of the systems base power. Furthermore, the network active 

power loss is considerably decreased by 30% concerning existing methods. Moreover, the 

transformer tap changer experiences fewer tap operations over a day. Thus, the feeder hosting 

capacity can allocate more PVs in the ADN.  In the proposed approach, all the controllers are 

implemented locally, and the communication devices are eliminated, mitigating the investment 

cost significantly.     
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1.6. Chapter Summary 

This chapter gives an overall background of the challenges brought by the high penetration of 

PVs for voltage control in Active Distribution Networks (ADNs). With the integration of 

increased amount of PV power plants over time, voltage control is one of the critical aspects to 

be considered in the distribution network. Due to the variable and uncertain characteristic of 

PVs, over-voltage problems arise at distribution systems, primarily when the peak PV 

generation occurs. It leads to overloading of system components such as, lines, transformers, 

whereas also limits the further integration of PVs into the ADNs. This thesis proposes a novel 

fully local voltage controller to regulate the voltage with the high integration of PVs. To 

achieve a computationally efficient and practical control, this study proposes to control the 

voltage by partitioning the distribution network into several zones.  

Another crucial challenge faced in the ADNs caused by the overvoltage at peak PV generation 

hours is the limitations on feeder hosting capacity. Remarkably, the use of this novel controller 

will allow further integration of PVs to the system by enhancing the hosting capacity of the 

feeder without using communication infrastructure. Finally, a stochastic approach has also been 

proposed in order to obtain more accurate results to enhance the feeder hosting capacity. 
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2. STATE–OF-THE-ART OF VOLTAGE CONTROL IN 

DISTRIBUTION NETWORKS 

 

 

2.1. Introduction 

 

Through the ever-fast growth and integration of PV systems into the ADNs, the stable grid 

operation is facing many challenges like voltage violation. Overvoltage issues rise when the 

maximum generation of PVs occur at noon, which restricts the DNs’ PV hosting capacity. 

However, this timescale does not coincide with the peak demand time of the loads in ADNs. 

Recently the research into overvoltage problems in the ADNs has gained pace. As an outcome, 

several methodologies are presented in the literature to tackle voltage related problems and to 

increase the DN hosting capacity. To increase DN hosting capacities; feeder reinforcement, PV 

active power curtailment and PV reactive power control strategies are presented [23]. However, 

the equipment upgrades, and PV power reduction are not cost-effective for system operators 

and customers. Alternatively, the PV systems reactive power capability can provide voltage 

support to rise hosting capacity[24]. 

This chapter outlines a critical literature review of voltage regulation strategies with the 

increased penetration of PVs in ADNs, by the current state-of-the-art regarding the impacts of 

high penetration of PV integration on the distribution level. First, a detailed overview of voltage 

control is presented. Conventional and advanced voltage control applications are summarized. 

Secondly, the local reactive power control strategies are introduced in the context of future 

network scenarios with voltage regulation. In these future scenarios, power systems are 

expected to become more decentralised, proving that local management of the voltage is 
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becoming more reliable in terms of reducing complexity levels. More importantly, local control 

strategies are discussed in detail to reflect their importance in the context of this work. Thirdly, 

to illustrate overvoltage problems in ADNs, the mathematical formulation of a simple test 

system is represented. The voltage alteration in the system when a PV is connected is 

emphasized. Afterwards, the impacts of high PV penetration in ADNs are highlighted. The grid 

code requirements are also discussed and evaluated in terms of the PV inverter contribution to 

the grid. 

2.2. Voltage Control in Active Distribution Networks 

 
Voltage control is required to ensure the safe, economic and efficient dispatch of power, 

considering statutory voltage limits. The future power system is continuing rapid growth in 

CIG, dominated by solar PVs. Overvoltage issues are become gradually related to be addressed, 

when consumption is low and generation is high, with the increased integration of PV 

generation units [25]. By improving the existing voltage control methods, the greater 

integration of PV generation can be allowed without requirement of costly and time consuming 

network upgrades. Therefore, the inspection of voltage control strategies for ADNs with high 

penetration of PVs is essential to be able to understand the future networks. Figure 2-1 

categorises the conventional voltage control techniques used in ADNs.  
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Voltage control techniques in ADNs

Conventional 

techniques Advanced 

techniques

Centralised Decentralised Local Distributed 
OLTCs Capacitor 

Banks  

Figure 2-1. Voltage control techniques in ADNs 

 

 
The voltage problems in distribution networks are under-voltage & overvoltage at any node 

and within the network and the nodes of the point of common coupling (PCC), leading to 

overloading of system components (transformers and lines) and other voltage related issues 

like unbalances, voltage sags. Under-voltage problems arise when high demand conditions 

coincide with low production of CIGs (i.e. at night there is no PV generation). In contrast, 

overvoltage problems generally occur when low demand conditions coincide with high CIG 

output (i.e. peak times of PV generation). The increased PV penetration may increase grid 

losses significantly if local generation exceeds all local demand resulting in excessive power 

flows PV towards the upstream network [26].  This work aims to tackle the overvoltage issues, 

which might lead to exceed the thermal limits of the system components (transformers and 

branch lines). 

Several mathematical representations have been proposed to describe the PVs impact on the 

voltage profile of ADNs [22]– [24]. Intensive studies have been performed on the conventional 

techniques to regulate the voltage, e.g., on-load tap changers and capacitor banks [22], [30]. 

Although these traditional techniques are effective, the drawback of using static devices such 

as inductors, capacitors and OLTCs for voltage control, is the response speed is relatively slow 
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compared to the dynamic voltage control devices, which are continuously variable and can 

respond much faster. Other disadvantages for the conventional techniques include the high 

technical expenses, such as maintenance costs. Moreover, the traditional controllers are 

centralised and they need a central controller to regulate each unit in the system. The use of 

centralised controllers is less effective and can become infeasible if applied to manage the 

increasing number of PV systems at the electricity distribution level [31]. The majority of 

centralised control methods proposed in the literature, use high computational optimisation 

techniques that require investments in network monitoring (not common in DNs) and 

communication infrastructure. The centralised control is prone to network failures and 

communication issues, where it becomes less cost-effective and less robust.  

Examples of coordinated voltage control architectures can be found in  [32]–[36], where a few 

coordinated control strategy uses multi-agent systems to communicate within the DERs. The 

method provides a real time control with the help of optimization tools, by controlling the 

voltage based according to upper and lower voltage limits [37]. Genetic Algorithms [38], [39] 

and Particle swarm optimisation [40] techniques are used to control the voltage in literature. 

Nevertheless, once again, communication between network components are needed in the 

abovementioned techniques.  

To overcome the drawbacks of centralised control, emerging techniques such as local voltage 

control by using reactive power capabilities of the PV inverters [9], [13], [33], [41] and storage 

system solutions [42]–[44] are progressively investigated. Local voltage control is based on 

local PCC measurement, each distributed generator (DG) works separately and uncoordinated 

with other devices, only with measurable local variables as the active power and terminal 

voltage. Various control strategies have been implemented and discussed by relative 

comparisons of the local control method performances [41],  [45]–[47]. Furthermore, numerous 

papers are focused on the voltage regulation in microgrid applications [27], [48], [49] and 
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increasing the grid hosting capacity for the PV systems  [11], [17]. When it comes to the local 

control, in the standard control techniques, redundant consumption of reactive power of the 

PVs may cause the line losses to increase and eventually instability to the system [50]. 

Alternatively, implementing battery energy solutions can enhance the benefits from the 

integration of distributed energy sources, aid power quality management, and reduce 

distribution network expansion costs [51]. However, to increase the distribution network’s 

hosting capacity, battery energy storage systems (BESS) may not be economically viable 

solutions [52].  

Other ways of controlling voltage have been proposed as the active power curtailment (APC) 

[53], reactive power compensation (RPC) [54] and optimal inverter dispatch (OID) [55]. 

Nonetheless, these methods lead the power to be curtailed and require additional compensation 

units. Following sections will discuss the conventional and advanced techniques for voltage 

control.  

2.2.1. Conventional Voltage Control Approaches 

 

In the conventional transmission grid, there are two types of voltage control devices, namely 

static and dynamic voltage control devices. The static voltage control devices are shunt 

reactors, fixed capacitors (FC) which have a fixed reactive power set value. On the contrary, 

dynamic voltage control devices can adapt the amount of reactive power injection/consumption 

according to the voltage level. These devices can be mentioned as FACTS devices; static 

synchronous compensators (STATCOMs) and static VAR compensators (SVCs). According 

to a cost-benefit analysis presented in [56], , STATCOM and voltage regulator solutions are 

both complex and costly. The voltage control mode is a less expensive solution, but this 

solution needs to be further resolved with coordinated operation. The voltage support 

equipment which are used in transmission systems are briefly introduced in Table 2-1. 
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Table 2-1. Characteristics comparison of transmission system voltage support equipment 

 

Equipment Equipment 

type 

Response 

speed 

Voltage support Operating cost 

FC Static 

compensator 

Slow Poor, changes with 

V2 

Very low 

Static 

Synchronous 

Series 

Compensator 

(SSSC) 

Static 

compensator 

Slow Poor, changes with 

V2 

Low 

SVC Dynamic 

compensator 

Fast Poor, changes with 

V2 

Moderate 

STATCOM Dynamic 

compensator 

Fast Good, changes 

with V 

High 

Unified Power 

Flow Controller 

(UPFC) 

Combination 

of SSSC and 

STATCOM 

Fast Good load flow 

control 

High 

 

In the distribution grid, consumer demand can also participate in generation or absorption of 

reactive power. If the grid has an increase in inductive loads, this will lead to a voltage drop at 

the consumer loads, also affecting other bus bars in the distribution network. In this case, 

conventional voltage regulation strategies will try to compensate this voltage drop by possible 

ways to control the voltage. In case of a decrease in inductive loads, overvoltage would occur 

due to reactive power increase in the grid. In the following, conventional voltage control 

techniques are explained in detail.  

OLTCs: In the conventional methods, the voltage regulation provided by on-load tap changers 

(OLTCs), capacitor banks and step voltage regulators. However, OLTCs are not common at 

the LV levels. OLTC logic aims to manage opposing issues of voltage rise (due to the presence 

of generation) and drop (due to loads) as an autotransformer. The automatic versions are mostly 

used in distribution networks to provide voltage regulation besides load consumption. The main 

drawback of OLTC is the long operation time (range of 100ms to several seconds) compared 
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to system events like fault and generation loss. Some other disadvantages include high 

maintenance and service cost, and high failure rates of tap-changers during operation. 

Capacitor Banks: Capacitor banks can provide the reactive power demand of the loads in the 

distribution network. The benefit of providing reactive power by capacitor banks is the 

reduction of the total current flowing through the feeder. This reduction of current reduces the 

feeder voltage drop and improves the voltage at the PCC. 

Individually, the load consumption model of LV distribution networks and the PV power 

output are inconstant variables. Also, the reactive power amount to be supplied is varying, out 

of the discrete steps of the capacitor bank. Therefore, fixed compensation of reactive power is 

not a practical solution for voltage regulation.  

To summarize traditional voltage control methods, which were designed to regulate the voltage 

for passive systems, are not able to sufficiently tackle the voltage issues caused by the high 

penetration of PVs in the system. Therefore, advanced control approaches are presented to 

explain what the future distribution networks will face in near future and how to overcome 

these issues. 

2.2.2. Advanced Voltage Control Approaches 

 

The future power networks are evolving in a way that conventional voltage control techniques 

are becoming costly and are not enough overcome the voltage issues, so that, advance control 

approaches are needed. The voltage control methods in PV integrated networks can be 

generally divided into four categories as follows [57], [58]: a) local control, b) centralized 

control, iii) distributed control and iv) decentralized control. Figure 2-2, represents the control 

schemes classification with high penetration of PVs. The advanced control techniques can be 

classified as centralised, distributed and decentralised control, based on communication. The 

local voltage control strategy doesn’t use communication, where it only uses local 
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measurements at the bus bars to regulate the voltage. This control technique will be investigated 

separately through Section 2.3. Local Voltage Control in ADNs  

CC

DC ZC ZC

(a) (b)

(c) (d)
 

Figure 2-2. Voltage Control schemes based on communication (a) Local Control (no 

communication) (b) centralized control CC: central coordinator, (c) Distributed control DC: 

Distributed coordinator (d) decentralized control ZC: zonal coordinator [58]  

 

2.2.2.1. Centralized Voltage Control: 

 

In the centralized control strategy, the control actions are managed by a central controller and 

provided by communication channels. The management system analyses the data and the 

coordinator sends the information to the relevant component. 

For the voltage regulation in distribution networks, the central controller needs to obtain the 

information of each bus on the feeder. In transmission level, this is provided by Supervisory 

Control and Data Acquisition (SCADA) systems. Nevertheless, the distribution grid mostly 
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has this information only at the primary side. From this point, the state estimation algorithms 

provide prediction data instead of the missing real-time data [26].  

The centralized control approaches have some drawback as they have high costs in 

communication assets and sensors and are not feasible. The central controller needs to control 

many different small sized PVs also having variability, which increases the computational 

complexity. The power flow solution at each time step needs to be calculated, and this brings 

high computational burden for the system [59]. Feeder control and protection are more multi-

layered in centralised control, compared to decentralized control systems. The issues about 

centralized control, i.e. the need extensive monitoring and communication create further 

challenges for the ADNs. 

2.2.2.2. Distributed Voltage Control: 

 

The distributed control structures improve the voltage regulation and mitigate the capital cost 

through the coordination between nodes, when compared to decentralised control [60]. The 

inverters are controlled in a coordinated manner, and the generated power information is shared 

within the nodes. When it is compared to centralised control, it requires less level of 

communication and less computational efforts. However, these methods have limited 

functionality in comparison with the centralized ones.  

2.2.2.3. Decentralized Voltage Control: 

 

 In decentralized control, the controllers receive information on their local network status. 

Then, according to the appropriate control strategy, voltage control will be applied to the 

system. Therefore, decentralized controllers can respond to the load fluctuations flexibly with 

only having local measurements of the system [26]. But the implementation of the control 

strategy can increase the power loss in the system. Different units of local control strategies 
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can coincide with the other ones, so this can affect their operations. Some researches 

highlighted that the thermal overloading of resources (i.e., transformer and feeders) might arise 

instantaneously with voltage rise issues. As a result, when injecting reactive power to the grid 

for voltage regulation, the overloading of the system components should also be taken into 

consideration and planned within the power flow.  

Decentralized coordinated control strategy is highly investigated among researchers recently 

due to its coordination capability over control devices to achieve the most efficient way of 

control with high penetration of PVs in ADNs [61].  Most of the decentralized control studies 

are applied for radial topologies [62]. Decentralized control method can be applied by dividing 

the whole grid into clusters to manage the system and by using voltage droop control methods, 

the system can be controlled locally. This zonal structure would decrease the computational 

burden by dividing the distribution network into zones, allowing practicality for future 

integration of PV units to the ADNs [63]. More information of partition based zonal networks 

will be given in Chapter 3. 

A brief summary for the advanced control techniques based on exchanging the information 

between the participating entities can be given as: i) centralized, ii) distributed, and iii) 

decentralised. In centralised control, there is one central controller to receive all measurements. 

In the distributed control, the PVs communicate with neighbouring nodes to give a co-operative 

decision set by the distributed controller. Decentralised control can be stated between 

centralised and distributed control, taking advantages of both techniques. The next section will 

introduce the local voltage control as a part of decentralised method, where all the local 

controllers adjust the voltage at the monitored bus, by only processing local data.  
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2.3. Local Voltage Control in ADNs 

 

Local voltage control can be categorised under decentralised control, where it uses local 

information to regulate the voltage. The local voltage control terminology is a commonly used 

in literature [64]–[66]. For the sake of simplicity, local control definition will be used to reflect 

the work in this thesis.   

With the increased PV generation especially in ADNs, the local voltage control strategies are 

increasingly used for voltage related problems [67]. The overvoltage problem is mostly related 

to high real power injection the feeder. Ref. [68] suggests the reactive power-based PV inverter 

mitigate this problem by providing sufficient reactive power as well as voltage regulation. To 

control the reactive power locally by different voltage droop control strategies is a regular 

solution for voltage regulation in ADNs [32], [66], [69], [70].  

PV inverters have limited capability to produce or absorb the required reactive power on the 

subject of their inverter capabilities [65] . In the case of high-power outputs like when the solar 

radiation is high, the available reactive power headroom also alters throughout the day 

depending on the weather conditions. However, the PVs reactive power absorption increases 

feeder transformer and lines loading, and this method requires a communication infrastructure 

[71]. To apprehend the facts about voltage and reactive power, Appendix B1, further explains 

the relation between these two indicators. In the following section, the local reactive power 

methods by different droop control strategies for voltage regulation in ADNs are discussed 

further.  

2.3.1. Local Reactive Power Control Strategies for Active Distribution Networks 

 
Reactive power control can be provided through several methods namely, fixed power factor 

method, active power-dependent reactive power regulation method (Q-active power) and 

voltage-dependent reactive power regulation method (Q-voltage) [47]. Q-active power control 
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is not mentioned in this work, hence, this method cannot address voltage limits [72]. The PF-

power (Active Power Dependent Power Factor Control) strategy supports the feeder voltage 

indirectly using only PV system active power generation. The voltage regulation capability of 

the PF-power method is strong. However, when the generation by PVs and load demand are at 

a high level, the method  tends to increase grid losses[73]. Also, the power factor based methods 

does not guarantee the equal share of reactive power by the PV inverters. Alternatively, the Q-

voltage approach controls the PV reactive power directly deploying the PV local voltage 𝑉𝑝𝑣 

[47]. Therefore, the grid loss is small, whereas, the voltage regulation capability might be 

weaker. The advantages and disadvantages of the local control strategies will be compared at 

the end of this section.  

2.3.1.1. Fixed power factor 

 

This method provides a constant amount of reactive power relative to active power. The 

drawback of this system is additional grid losses caused by unnecessary power consumption 

while the production is low. Figure 2-3 represents the characteristics of fixed power factor 

method where 𝑃𝑃𝑉  is the active power and 𝑃𝐹𝑃𝑉  is the power factor of the PV unit.  

 

Figure 2-3. The characteristics for PV reactive power controls with fixed PF control strategy 

 

2.3.1.2. Q-Voltage control strategy 

 

PFpv

PFfixed

Ppv (p.u.)

0

1
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In this strategy, the reactive power follows the PCC voltage change.  The reactive power limits 

are defined according to the grid codes. Q-voltage control is a nonlinear P-controller, with a 

gain within its controller configuration. Voltage regulation is not only used for the voltage rise 

or drop but also a reserve to enhance the power grid accordingly different assumptions, such 

as, total grid losses reduction or power factor control. The reactive power over limit (𝑄𝑜𝑣𝑒𝑟) 

limits reactive power capabilities.   

In this method, the voltage at the PV connection point is considered as a reference for the droop 

control, and the PV inverter absorbs the reactive power when the terminal voltage is higher 

than a specific value as given in Equation (2.1):   

2(1 )pvn pvn pvnQ S PF          (2.1) 

          

Where 𝑆𝑝𝑣𝑛, 𝑄𝑝𝑣𝑛 and 𝑃𝐹𝑝𝑣𝑛 are the PV system nominal apparent power, reactive power and 

power factor, respectively. On the other hand, when the PV active power generation decreases 

from its nominal, the PV reactive power is limited to the following reactive power value given 

in Equation (2.2):  

2 2

lim pvn pvQ S P           (2.2) 

           

Figure 2-4 portrays the character of this strategy. The reference voltage 𝑉𝑟𝑒𝑓, can be selected 

according to the lower (𝑉𝑚𝑖𝑛) and upper limits (𝑉𝑚𝑎𝑥) of the bus voltage magnitude, with the 

slope “-𝑅𝑣” Here, 𝑅𝑣 represents PV voltage droop gain. The reactive power of the PV unit 

(𝑄𝑝𝑣), alters between 𝑄𝑜𝑣𝑒𝑟 and 𝑄𝑢𝑛𝑑𝑒𝑟 values depending on the voltage.  
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Figure 2-4. The characteristics for PV reactive power controls with Q-voltage method 

 

2.3.1.3. The PF-power method  

 

This strategy is called the power factor (PF)-power in this study. In this method, the reactive 

power is a function of the produced active power, and power factor changes between 

𝑃𝐹𝑜𝑣𝑒𝑟 and 𝑃𝐹𝑢𝑛𝑑𝑒𝑟 represented in Figure 2-5. The generating units work in under-excited 

mode when the active power reaches to the threshold of 𝑃𝐹𝑜𝑣𝑒𝑟.  The reactive power starts to 

be absorbed by the inverter after this threshold. The active power-dependent power factor 

method was presented in Ref. [74], to control the PV system reactive power.  

PFpv

PFover

Ppv (p.u.)
Punder

PFunder

1

 

Figure 2-5. The characteristics for PV reactive power controls with PF-power method 
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2.3.1.4. Combined local reactive power control strategies  

 

Combined versions of the Q-voltage and PF-power strategies are also implemented in the 

literature [41]. This combined strategy offers the advantages of both strategies. While Q-

voltage approach controls the voltage limits, PF-Power control strategy regulates the power 

factor according to the active power output. That means that, when the voltage limits are within 

the operational limits of Q-voltage approach (i.e. 0.93<U<1.07 according to [41] ), the system 

will operate according to this control strategy.  If the voltage is not within these limits, the 

control method will change to the PF-Power control strategy and can improve the voltage 

regulation ability. Figure 2-6 illustrates the different curves for the combination of two voltage 

control strategies.  

PFpv

PFover

Ppv (p.u.)
Punder

PFunder

1

 

Figure 2-6. Combined Power Factor-P and Q-voltage strategy 

. 

Table 2-2., highlights the strong and weak points of standard reactive power strategies which 

are already imposed by specific grid codes of the future active power networks. In Q-voltage 

control, the PV reactive power is directly controlled with PV local voltage. Q-voltage control 

maintains the voltage at the terminal of the PV system within predefined voltage limits. The 

drawback of the control is the voltage regulation ability of the whole PV system is weak. PV 

contribution near the beginning of the feeder will be at a low level compared to the end of the 

feeder [73]. 
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Table 2-2. Reactive power control strategies comparison 

 

Control 

strategy 

Explanation Advantages Disadvantages Voltage 

regulation 

Grid 

Loss 

Fixed Q 𝑄𝑟𝑒𝑓    is 

determined by PV 

output & load 

consumption 

When PV 

generation is 

high, control is 

good 

Data of load & PV 

power is required 

Weak High 

(when PV 

generation 

is low)  

Fixed Power 

Factor 

Generated “Q” is 

proportional 

to “P” 

 

When 

PV generation is 

low, voltage is 

not over-limit. 

When power 

production is low, 

control increases 

loss 

Strong High 

Q-voltage collects PCC 

voltage to 

determine 

the  𝑄𝑟𝑒𝑓 value 

the grid loss 

is small 

Not suitable for 

LV string lines 

 

Weak Low 

Power Factor-P Sets power factor 

based on the P 

output of PV 

systems. 

the voltage 

regulation ability 

is strong 

Excessive Q 

generation in 

some cases 

 

 Very Strong High 

Combined 

Power Factor-P 

and Q-voltage 

based on PCC 

voltage and the PPV 

grid loss is less 

compared to 

previous 

techniques 

Requires larger  

Q demand than Q-

voltage control. 

Strong Low 

 

Power factor-P control sets the power factor based on the active power output of PV systems 

where it provides adequate voltage support. The grid losses and transformer loading can be 

high when this voltage control method is used because reactive power output continues increase 

if the generation is high.  The combined process improves the control ability by combining two 

techniques. However, with the increased penetration of PVs, a more comprehensive solution is 

needed for regulating the voltage. Therefore, in the literature, the local voltage control 

strategies are missing some competencies, and this study is aimed to bring further innovative 

contributions, like evaluating the grid losses and transformer and line loadings in the ADNs 

when determining the hosting capacity.   

2.4. Distribution network modeling representation 

 

In this section, the distribution network models will be mathematically represented to illustrate 

the PV system effect, and the voltage will be monitored. The distribution grid shows a 
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difference from the transmission system from several aspects. For the distribution grid, the 

most significant issue is the best way to serve the end-users by delivering power. In the 

conventional distribution grids, the existing network was designed according to the worst-case 

load conditions without consideration of PV systems.  

With retaining the increased PV integration to the grid, most noticeable among the DN 

topologies is the radial topology (reconfiguration) of the DN, also known as active radial 

distribution network (ARDN) [75]. For the sake of simplicity and following the practical 

examples, the study is firstly based on the ARDN topology. Correspondingly, the ARDN 

strategy is expected to be more flexible under emergency conditions such as, cyberattacks, 

where relying on less communication infrastructure. There are limited studies for solving 

complex meshed systems with current power flow algorithms with high penetration of PVs 

considered [76]. Nevertheless, the proposed scheme is inherent from the system topology, 

whereas it enables the creation and experimental approval of new topologies, control 

applications, communication and security.  

2.4.1. Simplified Distribution network model 

 

To further explain the context of the distribution network, a simplified LV distribution feeder 

is represented in Figure 2-7. The system contains the external grid, a load with 𝑃𝑙𝑑 and 𝑄𝑙𝑑 

active and reactive powers respectively, the line with 𝑅𝑙  𝑎𝑛𝑑 𝑋𝑙 resistance and reactance, 

respectively. 



60 

 

Il

Rl + j Xl

Vg

Vb

Grid
Pld + j Qld

 

Figure 2-7. Simplified LV distribution feeder 

  

For the sake of simplicity, let us consider the grid voltage phasor at the start of the feeder as 

Equation (2.3): 

0 1 0g gV V             (2.3) 

          

Then, the bus voltage vector may be represented as follows in Equation (2.4): 

b bV V              (2.4) 

This voltage phasor can be rewritten in terms of the line current in Equation (2.5):  

 b g l l lV V R jX I           (2.5) 

Also, from the power equations Equation (2.6) is derived as: 

**ld ld bP jQ V I           (2.6) 

where the current is rewritten in Equation (2.7) 

  ld ld

b

P jQ
I

V


          (2.7) 

In other words, the voltage deviation at the beginning of the feeder can be calculated in 

Equation (2.8): 

*( )  ld ld
g b l l

b

P jQ
V V R jX

V


         (2.8)  

If the formula is distributed evenly the voltage can be written as in Equation (2.9): 

l ld l ld l ld l ld
g b

b b

R P X Q X P R Q
V V j

V V

 
        (2.9) 
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Here, since 𝑅𝑄 ≈ 𝑋𝑃 is almost equal so the imaginary part is neglected [77].  

    l ld l ld

b

R P X Q
V

V


          (2.10)  

From Equation (2.10), it is evident that the voltage drop of the distribution feeder depends on 

the power factor of the connected load and the impedance of the distribution feeder. Therefore, 

the voltage drop can be prevented by injecting reactive power to the system opposing active 

power [78]. Let us assume that all parameter and variables in Equation (2.10) are in per unit 

value except the line current angle. Then, the bus voltage deviation may be rewritten in terms 

of the line active power and resistance as follow in Equation (2.11): 

 l ld lV R P R P            (2.11) 

Figure 2-8 represents the phasor diagram of the feeder without PV is inserted to the system. 

The voltage drop 𝛥𝑉𝑏 where the bus voltage angle (δ) and line current angle (φ) is illustrated 

in the phasor diagram.  The next session will investigate the changes with including the PV 

into the ADN.  

Vg

Vb

Il
f 

Vb

RlIl

XlIl

 

Figure 2-8. Phasor diagram of the feeder illustrated without PV reactive power absorption 
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2.4.2. PV integrated Distribution Network model 

 

For the planning and stable operation of future distribution structure, it is necessary to analyse 

the relationship between the integration of PVs and the present distribution network's 

behaviour. To see how the PVs will affect the dynamics on the test system, different a 

simplified PV is integrated into the distribution feeder. 

Il

Rl + j Xl

Vg
Vb

Grid Pld + j Qld

Ppv + j Qpv

 

Figure 2-9. Simplified PV integrated distribution feeder 

   
 

The feeder supplies a load through a line with resistance Rl and reactanceXl, in per unit. 

Additionally, a PV system injects active power Ppv and reactive power Qpv at the end of the 

feeder. It is assumed that the PV capacitive reactive power and the load inductive reactive 

power are positive in their shown direction in Figure 2-9. The process will be added the PV 

active and reactive powers as well. Let’s accept the equations (2.3)to (2.7) as the same for the 

PV integrated distribution feeder.  

One of the constraints that limit the penetration level of the PV power production in distribution 

feeders is voltage boundaries. The steady-state voltage amplitude at all the feeder buses must 

be kept within the prescribed limits as the Equation (2.12) [79]: 

min maxbV V V           (2.12) 
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At midday, when the PV generates its maximum active power, the bus voltage may exceed its 

upper limit. The phasor diagram of this situation is shown in Figure 2-10, where the PV system 

operates with unity power factor. Since the line resistance is more extensive than its reactance 

in the low voltage networks [12], the angle 𝛿 will be small. Therefore, the bus voltage deviation 

can be approximated as follows in Equation (2.13): 

   cos sinb l l l lV R I X I           (2.13) 

 

Let us assume that all parameter and variables in the (2.13) are in per unit except the line current 

angle. Then, the bus voltage deviation may be rewritten in terms of the line active and reactive 

powers as follows in Equation (2.14):  

b l l l lV R P X Q            (2.14)  

 

where the active and reactive power of the lines are given in Equation (2.15) 

l pv ld

l pv ld

P P P

Q Q Q

 

 
         (2.15)  
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Figure 2-10.  Phasor diagram of the feeder illustrated in simplified feeder with PV reactive 

power absorption 

  

Note that both 𝑃𝑙 and 𝑄𝑙 are positive in the direction of the line current in Figure 2-10,where 

the vector diagram of the simplified feeder is given and the PV system operates with a lagging 

power factor.  
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Figure 2-11.  PV system connection diagram 

 

Figure 2-11 represents the connection of the PV systems into the primary grid. As discussed in 

Section 2.2. , in the conventional techniques, the voltage level was controlled by the reactive 

power flow. A solar panel is modeled as a DC generator, which is not a reactive power source. 

However, the power converter connected to the PV system (DC/AC) is a source of reactive 

power. By using the inverter, the reactive power can be exchanged to and from the grid by 

controlling the inverter voltage. When several small generators (e.g. DERs) connected to the 

same LV level, the voltage will rise accordingly (See from above mathematical (2.10)).  In 

modern networks with high PV penetration connected to the same LV distribution feeder, this 

case may also raise the voltage at the end of the feeder [80]. So that, a further attention should 

be emphasized at the end of the feeders of ADNs.  

2.5. Impacts of the high PV penetration on the ADN  

 

Previous sections have declared the significant impacts from high penetration of PV systems 

can be stated as voltage variations, voltage unbalance and stress on distribution system 

components. The voltage rise issue on the peak generation times is one of the main challenges 

brought by the connection of PVs to ADNs.  

In the UK, the regulations ensure the Distribution Network Operator (DNO)s to guarantee a 

supply voltage within ±6% of the nominal for voltage levels above 0.4 kV and between +10% 

and -6% in LV under 1 kV [77]. The UK standard BS EN 50160 [78] states the 10 min average 
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voltage level to be between 0.94 and 1.1 p.u. (216 and 253 V) for at least 95% of the time 

(assessed weekly) and never below 0.85 or above 1.1 p.u. DNOs consider the worst-case 

scenario to ensure no voltage rise issues for the distribution network. At high voltages, (e.g. 

400 kV), unless abnormal conditions, the limits are defined with a variation of±5%. However, 

up to 15 minutes voltage variations are allowed up to ±10% [81].. At 132 kV and 275 kV 

voltage levels, variations of ±10% are allowed [79]. The UK standard BS EN 50160 [82] states 

the 10 min average voltage level to be between 0.94 and 1.1 p.u. (216 and 253 V) for at least 

95% of the time (assessed weekly) and never below 0.85 or above 1.1 p.u. Table 2-3, shows 

the voltage limits within the voltage level categories.  

Table 2-3. Voltage statutory limits of different voltage levels [83]  

Voltage Levels Voltage Range Voltage Limits 

 HV ≥ 132 kV ±5%, ±10% 

 
MV 1 kV ~ 132 kV ±6% 

 
LV < 1 kV +10% ~ - 6%  

 

 

To resolve the problem, as mentioned in Section 2.2.1., DNOs use a variety of devices (OLTC 

and capacitors banks) to constantly regulate voltages within desired limits. Even so, when it 

comes to distribution level voltage control with high PV penetration levels, some impacts 

cannot be ignored. To solve the overvoltage issue, either reinforcing the existing system 

components (e.g., transmission lines, transformers) or curtailing the maximum PV capacity can 

be an option. However, the former solution implies huge costs, and the latter solution leads to 

profit loss for the PV owner. Therefore, a more local control of the distribution network to 

ensure more PV penetration is greatly desired.  
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Figure 2-12 illustrates a typical load and PV profile during a typical summer day. As seen from 

the figure, the PV generation is high during the day where the load demand is low. As the PV 

generation reduces in the afternoon, the load demand starts to climb to its peak value. This 

situation is introduced as a duck curve by the California Independent System Operator 

(CAISO) in 2012 [84]. 

 

Figure 2-12. Typical PV generation and load daily demand profile during summer days 
 

Despite this mismatch between generation and demand, the PV reactive power capability can 

be used to regulate the system voltage for the grid support. Accordingly, the current grid code 

requirements for voltage control and the reactive power control of PV inverters will be 

discussed in the following sections. 

2.5.1. Grid code requirements for PV integration   

 

The future grid also brings challenges with the need to revise the current technical policies and 

regulatory changes in the power systems. In the UK, the distribution system operator (DSO) is 

responsible for taking action towards the problems to regulate the power flow in the distribution 



67 

 

network [32]. The requirements of reactive power management for grid-connected PV plants 

are based on Grid code requirements of the country and location of metering. For example, 

ANSI C84.1 standard requires the voltage variation up to ± 5% of the nominal voltage in the 

system [85]. 

The reactive power is crucial at PV integration stage for steady-state network voltage and 

voltage recovery where the need for dynamic and static grid codes arise. Grid codes are already 

defined for wind turbines in several countries [86]–[88]. IEEE 1547-2003 standard aiming the 

development of distributed energy resource (DER) interconnection to power systems [79], but 

does not allow inverters to actively regulate the voltage at the connection point, with different 

kind of PVs (residential rooftop and commercial). Similarly, PV inverters are not actively 

allowed to participate in the voltage regulation in some other standards UL 1741 and AS 4777 

[89] to avoid decentralized voltage regulation. On the other hand, German grid codes (GCCs) 

call for reactive power contribution [90], [91].  

Even though the PV systems are not entirely allowed to participate in the voltage 

regulation yet, the control ability of the PV inverter over the active and reactive power is 

turning into an essential [78]. Recently, another discussion is about the feeders with high 

penetration of PV integration to exhibit voltage oscillations. Extensive solar PV power 

production causes feeder voltages to rise, eventually exceeding the inverter over-voltage 

protection of solar PV inverters, leading the PV units to be disconnected based on current grid 

connection standards. Thus, the grid experiences a voltage drop, where after a delay, the PV 

inverters return to service. But then again the voltages rise to an unacceptable level and the 

inverters trip. The oscillating voltages do not satisfy the requirement of "statuary voltage limit" 

required for voltage regulation. However, as voltage regulating PVs are added, which is the 

expected with the modified grid codes, these would keep end-of-feeder voltages within 

statutory limits [92].  
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The standards hold a significant place to maintain the stability, security and resiliency of the 

system with increased PV penetration limits. Therefore, it is essential when standards describe 

the reactive power support criteria, the required level of the system resilience should be 

maintained. The technical authorities should also discuss further standardization of PVs 

integration to the grid, and both consumers and transmission/distribution level participant 

should participate in the alteration of power systems [93]. 

2.5.2. Reactive power control of PV inverters 

 

The PV systems are not generally expected to support the grid voltage. However, some 

commercial inverters have incorporated reactive power capacity [94]. PV inverters may 

provide reactive power service, either by injecting or consuming reactive power to maintain 

the system voltages within desired limits during continuous and contingent conditions. For 

instance, standard VDE-AR-N 4105 grid code states that the grid-connected distributed 

generation (DG)s at the LV grids should participate in voltage regulation depending on their 

capacity [95]. In particular, a power factor between 0.95 leading and 0.95 lagging is required 

to be considered for units smaller than 13.8 kVA. Furthermore, a power factor within 0.9 

leading and 0.9 lagging is essential for the larger units [96]. The reactive power flow in the 

distribution feeder should be kept small to reduce system losses.  

 

In distribution feeders, at low PV penetration levels (below 10%), inverters tend to have low 

impact on the feeder's voltage regulation during peak load condition. With medium PV 

penetration level (up to 25%), inverter voltage support can decrease the size of the conventional 

units by nearly 40%. At higher PV penetration levels (30–50%), PV inverters will take a more 

active role to contribute to voltage regulation [97]. These statements were considered for radial 

test systems, however, the findings should be case specific for different applications. In this 

work, the penetration levels will be in the very high level.  
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Figure 2-13 illustrates the reactive capability curve for a PV inverter power factor operation 

represented by the red line, and how it coincides with the reactive power requirement that is 

commonly specified for transmission interconnection. If the PV power plant doesn’t meet the 

grid code requirements at full output without additional inverter capacity, other solutions may 

be de-rating the plant, or to install external reactive power support devices which can cause 

higher costs. Inverters would be capable of producing/absorbing reactive power when they 

operate at a lower power level than Prated. PV power plants are also achieving a stage to 

provide reactive capability at full output as they are also technically capable like WTs [98].  

During high generation, the inverters’ reactive power capability is limited by the inverter's 

rating [21]. Oversizing is one possible solution for the inverter to access more capacity to 

absorb or inject reactive power.  In Figure 2-13, the inverter operates in the capacitive mode 

on the right side of the triangle when the overvoltage occurs. On the other hand, the inverter 

switches to the inductive mode on the left side of the triangle when under-voltage occurs. 

Prated

Reactive Power 

Capability

Reactive Power 

Requirement

P

+Q

- Q

 
Figure 2-13. Inverter reactive power capability curve  
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The maximum reactive power from the PV is determined based on the PV inverter capability. 

The grid codes define the upper- and lower-voltage limits and the dead zone. If the voltage 

surpasses the considered limits, the PV inverter injects/absorbs the reactive power to control 

the voltage locally. It can also be highlighted that the PV reactive power consumption decreases 

the bus voltage deviation (See Figure 2-10). Note that when the PV active power is low, the 

potential risk of the overvoltage becomes smaller as well. That is since all generated PV power 

may be consumed locally.  

The reactive power services can be used to provide ancillary service to the grid. Ancillary 

services can be named as reserves, regulation and load following, reactive power and voltage 

control, loss compensation, and system protection. Ancillary services from wind turbine 

includes frequency & voltage control, inertia support where PVs can also offer grid 

stabilisation features (voltage regulation/reactive power support). Role of these services in 

large-scale integration of PVs should be carefully examined, while appraising the impact of the 

massive use of PVs on the stability, security, and reliability of power systems. For the ancillary 

services supplied by PVs, more efforts have been still needed to fill the knowledge gap and to 

develop improved methods and solutions regarding available power estimation, faster and 

reliable communication and control within the plants and improved strategies. According to 

Ref. [99], technically, using the PVs for supplying reactive power support is feasible. As a 

drawback, economically, there is not enough proof for the practicality.  At the moment, pilot 

projects are exploring this potential, but very limited real market-based applications are 

present. 

2.6. Chapter Summary  

 

This chapter has presented a critical literature review of voltage regulation strategies with the 

increased penetration of PVs in ADNs. There are technical & economical, policy and 
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regulatory challenges such as, managing variability and uncertainty of renewables, in the 

system. Solutions to technical problems can be improved by including stochastic characteristics 

of loads and renewables into problem solving, smart inverter adjustments and real-time system 

awareness.  

The high penetration of PVs in radial distribution grids increase the voltage level at critical 

nodes, especially at the end of the feeder. The grid losses are high with the conventional voltage 

control techniques. The low load demand and high PV generation may result in reverse power 

flow, thus giving rise to the voltage in the upstream networks, also overloading the system 

components within the distribution network.  

The voltage control methods in PV integrated networks can be generally divided into four 

categories as follows: i) centralized control, ii) distributed control and iii) decentralized control. 

The centralized approaches aim to globally optimise the network losses, voltage deviation, PVs 

active\reactive powers and or to contain the total number of tap operations of OLTCs. The main 

disadvantage of these frameworks is their massive communication infrastructures with high 

investment costs. The distributed control structures improve the voltage regulation and mitigate 

the capital cost through the coordination between nodes. However, these methods have limited 

optimization impact in comparison with the centralized ones. On the other hand, decentralized 

control provides several advantages like high efficiency, network losses reduction, local power 

grid support and the voltage profile enhancement. The decentralized strategies combine the 

benefits of centralized and distributed methods through zonal control and inter-zonal 

coordination in the portioned DNs. Moreover, communication devices are eliminated, that 

mitigates the investment cost significantly.  

Recently, the future power systems are evolving in a more decentralised manner, proving that 

local management of the voltage is more reliable in terms of reducing the complexity level. In 
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the following chapters, to develop an enhanced voltage control strategy to cope with high 

penetration of PVs, the proposed local zonal voltage management approach will be presented. 

The proposed method is applied to 33 node (radial) and 69 node large-scale (radial and meshed) 

test systems will be compared with other traditional decentralized techniques. In addition, the 

stochastic assessment studies will be carried out to evaluate the system under high penetration 

of PVs.  
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3. METHODOLOGY OF THE PROPOSED LOCAL VOLTAGE 

CONTROLLER 

 

 

 

3.1. Introduction  

 

This chapter will provide an understanding of the methodology of the proposed local voltage 

controller and the zonal network partition method. Due to the increase anticipated in the growth 

of PVs in the following years, the centralised control will result in control complications with 

the highly decentralised control nodes in future distribution network [100]. Owing to the highly 

decentralised increment of PVs, network partition-based zonal voltage control is an appropriate 

and practical way to regulate the voltage in the distribution network [101]. Zonal voltage 

control divides the whole system into zones according to the partition index determined within 

the problem. Therefore, the zonal management becomes prominent, and each zone is managed 

independently. This gives the chance for decentralised management to operate without 

affecting other zones in the system.  According to the straightforward, practical and 

decentralised manner of the control, this study proposes to control the voltage by partitioning 

the distribution network into several zones.  

In the standard control approaches mentioned in Chapter 2, the PVs reactive power absorption 

leads to an increase in feeder transformer and lines loading. To be able to alleviate this burden, 

the previous studies suggest that PV units at the beginning of a feeder generate reactive power 

to be used at the PV systems located at the end of feeder [102]. However, this technique needs 

communication infrastructure. All of the abovementioned reasons are considered, and a novel 

local controller is proposed in this chapter to allow the further installation of PV units in ADNs. 
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The proposed network voltage support strategy deploys zonal reactive power management to 

regulate the voltage in the distribution network. This chapter will firstly give a brief 

understanding of the voltage sensitivity studies, and the technique will be applied to the 33 

node and 69 node distribution test networks. 

The fully local reactive power regulation strategy works in order for the PV systems to increase 

the feeder hosting capacity without using communication infrastructure. In the suggested 

framework, firstly the distribution feeder is partitioned into several zones based on the feeder’s 

electrical bottlenecks taking into account of the line loadings. The electrical bottleneck is the 

congestion point where the power transfer capability of the power system is limited by the 

maximum allowable power transfer of the lines. Afterwards, a fully local controller is 

performed within the PV inverters, which only requires local and neighbouring PVs 

information. This enables the method to achieve the goal without centralised control. After, the 

distribution network is partitioned into zones according to the partition index, within the zones, 

each zone is divided into two groups of PVs serving different purposes. The PV units placed 

in the vicinity of the electrical bottlenecks are equipped with the proposed local controller to 

moderate burden on the corresponding bottlenecks. Other PV units support the network voltage 

using a conventional local voltage-dependent reactive power controller.  

The zonal control methods demonstrate its efficiency and ability to overcome the technical 

challenges of centralized control for DN feeders. The proposed scheme has nearly the same 

control effect as the centralized control scheme achieves, however, zonal control is more 

feasible [100]. The inadequacies of existing control methods can be solved by the main 

contributions of the novel controller, is given as follows: 1) the aim of this work is to reduce 

the high computational burden of existing cluster partition methods, which most consider only 

the active power loss as an index. In this chapter, regarding the voltage sensitivity, the active 

power loss and reactive power exchange between the zones are selected as the indexes to be 
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monitored. More importantly, the voltage regulation capability of PVs is also investigated to 

increase the feeder PV hosting capacity.  

2) The proposed voltage control can achieve independent reactive power exchange within each 

cluster by no need of communication. Besides reducing the complexity of the control and 

communication burden, it also improves voltage regulation speed and avoids excessive 

generation.  

3) Compared with previous local voltage regulation methods [57], [63], [64], this technique 

has a simple structure and better suitability for governing high number of PV units in the ADNs.  

Discrete variables like transformer tap positions are also considered. 

4) The proposed method is capable of being implemented on any network topology 

independently. To prove the practicality, simulations are performed for both radial and meshed 

distribution test systems. 

Considering all abovementioned benefits of the proposed local controller, to be able to 

implement the method to the DN, the understanding of hosting capacity and definition of 

constraints are essential. Hosting capacity and the mathematical equations of constraints will 

be given first. Next, the proposed partition algorithm is represented and deployed to a simple 

test system. Subsequently, the voltage sensitivity studies are illustrated. Last, the summary for 

the chapter is given.  

3.2. Hosting Capacity of the Feeder 

 

Before defining the problem, the hosting capacity definition should be discussed. The hosting 

capacity (HC) is defined as the maximum PV generation that can be integrated into the network 

without violating standard limits for voltage, protection and power quality and with no feeder 

upgrades [103]. DNOs are responsible for indicating maximum available headroom in the 
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network to accommodate new DER integration to the system while keeping the voltage in the 

safe zone. In this context, several methodologies have been presented to increase ADNs hosting 

capacities such as, feeder reinforcement, PV active power curtailment and PV reactive power 

control [23]. However, the equipment upgrades and PV power reduction are not cost-effective 

for system operators and PV generation owners, respectively.  
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Figure 3-1. The hosting capacity according to penetration level and Performance Index 

 

Active network management, energy storage systems and demand-side response are some of 

other solutions from the literature [104]. Nevertheless, these methods usually need advanced 

communication infrastructure as well as their high cost. Some papers also take interest to 

augment DG and ESS capacity together [105]. However, then the combined hosting capacity 

problem is very challenging. Figure 3-1 represents the effect of increased penetration level 

following the performance index. The limit can be defined in terms of the defined performance 

index.  

The PVs outgrowth in the distribution system has also introduced the use of their capabilities 

to enhance the hosting capacity. That means that the PV systems reactive power capability can 

provide voltage support to rise the feeder’s hosting capacity alternatively. In this case, the PV 
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inverter will use its reactive power capacity to contribute to the voltage regulation. Reactive 

power control has been proven as a useful tool to increase the HC in the feeder. Still, this should 

be done in a smart way to tackle the grid losses and excessive reactive power consumption in 

the network. According to the technical report in [106] , in twenty year time the network will 

be able to increase the penetration level to 100 percent due to generation and reactive power 

absorption without need of curtailment.  

One of the critical points while defining hosting capacity is to determine the performance index 

limits according to power system quality parameters i.e. over/under voltage limits or others as 

security constraints. Hosting capacity can be directly associated with grid losses and 

minimisation of reactive power support [107]. Voltage and thermal limits of system 

components (e.g. line and transformers) are generally involved in the hosting capacity analysis. 

Overvoltage is a protruding factor that restricts the ADNs’ feeder hosting capacity. This work 

will comprise of voltage limits, transformer loading and branch flow limits. Besides, fault level 

constraints [108] and security constraints [109] are also important factors which also can be 

considered in further studies. 

 

3.2.1. Calculation of the feeder hosting capacity 

 

This section introduces the terminology for the problem formulation and constraints for voltage 

control captured by the methodology proposed in this thesis. The hosting capacity is a measure 

of how much new production (PV in this case) or new load allowed to be connected to the 

network without jeopardising the consistency of the network. As mentioned earlier, the feeder 

hosting capacity can be considered from different perspectives namely voltage level, feeder 

topology, system elements, controllable elements (e.g. transformers) and voltage regulation. 
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The calculation of hosting capacity can be done instead by analytical methods or some 

programming techniques and running optimal load flow.  

In this work, the main problem can be defined as increasing the PV penetration in the system 

without limiting the hosting capacity. To tackle the challenges of the feeder hosting capacity, 

some performance measures are introduced to outline the capability of the feeder. The bus 

voltage limits, current limits and transformer loading will be observed while high penetration 

of PVs is included in the ADN. Load flow analysis will be executed, and the performance 

indexes will be compared to the limits. The algorithm will check if the grid has a capacity 

allowance for more penetration. That will continue until one of the limitations are surpassed. 

Finally, that would determine the maximum allowable PV penetration to be allocated by the 

ADN.   

3.2.1.1. Constraints 

The network hosting capacity is considered from the perspective of three following 

performance indexes namely:  

i. Bus voltage constraints:  

ii. Transformer loading constraints  

iii. Branch flow constraints: 

 

(i) Bus voltage constraints,  

Each bus voltage should meet the limits as: the maximum and minimum voltage constraints 

are defined as follows[79], in Equation (3.1) and (3.2): 

,

max

Maximum voltage constraint

Max. voltage of buses ( . .) 1
                100

1

t i

p u

V



 
 

 

     (3.1)  
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,

min

Minimum voltage constraint

Min. voltage of buses ( . .) 1
                100

1

t i

p u

V



 
 

 

    (3.2) 

where, the boundaries of 𝑉𝑚𝑎𝑥 and  𝑉𝑚𝑖𝑛 are 1.1 and 0.9 per unit (p.u.) in this study, 

respectively, for each time interval 𝑡 and scenario 𝑖.  

(ii) transformer loading:   

The transformer loading constraint  in each scenario is equal to the maximum loading 

of the transformer over a day [110]. Its MVA rating will limit the maximum amount of 

apparent power flow through the transformer, presented by Equation (3.3). 

, , ,"Transformer loading constraint" =  tr f t i MVAS S     (3.3) 

Where 𝑆𝑡𝑟,𝑓,𝑡,𝑖 represents the forward apparent power flow across the transformer in each time 

interval 𝑡 and for the scenario 𝑖, 𝑆𝑀𝑉𝐴  is the MVA rating of the transformer. In this study, not 

being in the scope of the study, reverse power flow constraint is not included in the calculations.  

(iii) branch flow 

A branch flow constraint is also defined regarding the network lines loading. The flow of power 

through the distribution line should be less than its thermal capacity [111], by Equation (3.4): 

,"Branch flow constraint"=     t iIt Imax
      (3.4) 

3.2.1.2. Index parameters 

 

The algorithm aims to partition the distribution network into several clusters with reducing the 

losses in the system, also increasing the hosting capacity. For this aim, two important index 

parameters are selected for evaluating the performance of the network. The selected indexes 

are based on the network active power losses and the interchanged reactive power between 
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zones. Previous papers only considered the active power loss, without the consideration of 

exchanged reactive power between zones [111]. In the proposed work, the exchanged reactive 

power between zones is also considered as an additional index. The selected function will aim 

to avoid the generation reduction in PV generation for the DNs with high penetration of 

decentralised PV units.  

The approach doesn’t consider the centralised optimisation model, in means of the method 

doesn’t include an optimisation algorithm, but instead minimised the network active power 

losses and the interchanged reactive power between zones. The strategy is arranged according 

to the severity of voltage increment on the adjacent buses. The next section will give the voltage 

sensitivity studies required for the problem formulation of the proposed network partition 

algorithm.  

3.3. Voltage Sensitivity Studies  

 

For a better understanding of the proposed local voltage controller and to be able to compare it 

with standard reactive power control strategies, this section will focus on sensitivity studies of 

two primary strategies from the literature namely PF-power and Q-voltage. These control 

strategies are compared to comprehend their effect on voltage regulation. Afterwards, the 

proposed local voltage controller will be investigated from the voltage sensitivity point of view.  

3.3.1. Standard Reactive Power Strategies (PF-power and Q-voltage strategies) 

 
In this section, the performance of the PF-power and Q-voltage schemes are firstly investigated 

by voltage sensitivity analysis.  The active and reactive power flows in a radial feeder with four 

PV systems are shown in Figure 3-2. The PVs reactive power is controlled by the PF-power 

and Q-voltage characteristics.  



81 

 

PpvQpv4PpvQpv3PpvQpv2PpvQpv1

1 2 3 4

Pg

Qg

PpvQpvPpvQpvPpvQpvPpvQpv

Pg

Qg 1 2 3 4

a

b  
Figure 3-2. The PV systems reactive power flow (a) The PF-power scenario, (b) The Q-voltage 

scenario 

 

Let us presume that the PV systems are generating their nominal active power. Also, all loads 

are ignored to model the worst-case scenario from the overvoltage point of view. The required 

data for calculating overvoltage at the end of the feeder are listed in Table 3-1. All parameters 

are in per unit except for the PV power factor and voltage droop gain. 

Table 3-1. The parameters of the four PVs feeder 

𝑷𝒑𝒗𝒏 (𝒑𝒖) 𝑷𝑭𝒑𝒗𝒏 𝑹𝒍 (𝒑𝒖) 𝑿𝒍 (𝒑𝒖) 𝑽𝒎𝒊𝒏 (𝒑𝒖) 𝑽𝒎𝒂𝒙 (𝒑𝒖) 𝑽𝒓𝒆𝒇 (𝒑𝒖) 

0.25 0.9 0.04 0.03 0.9 1.1 1 

 

In case of the PF-power scenario, the voltage deviation at bus 4 can be derived using Equation 

(2.11) as follows in Equation (3.5) : 

 
4

4

1

b l pv l pv

i

V i R P X Q


          (3.5)    
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If PV systems operate with their unity power factor, the overvoltage becomes Equation (3.6): 

4 4

4

1 1

0.01 0.1b l pvn

i i

V iR P i
 

           (3.6) 

In PF-power scenario, when each PV consumes its nominal reactive power, the voltage rise 

rate decreases as follows in Equation (3.7): 

 
4

4

1

0.04 0.03 0.06b pvn pvn

i

V i P Q


         (3.7) 

The feeder transformer apparent power is calculated as Equation (3.8): 

   
2 2

4 4 1.1tr pvn pvnS P Q          (3.8) 

In other words, the PF-power method provides 0.4% voltage reduction per 1% increment in 

feeder transformer capacity. In the case of the Q-voltage scenario, the voltage rises at bus 1 can 

be derived considering the Equation (3.9): 

 1 14b l pvn l pvV R P X Q           (3.9) 

With 𝑄𝑝𝑣1 as a function of the voltage of bus 1 which can be calculated as Equation (3.10): 

1 1pv v bQ R V            (3.10) 

With 𝑄𝑝𝑣1 as a function of the voltage of bus 1 which can be calculated as Equation (3.11): 

1 1pv v bQ R V            (3.11) 

The voltage droop gain can be derived as follows in Equation (3.12): 

max

1.2
pvn

v
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Q
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V V
 


            (3.12) 
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Substituting Equation (3.10) into Equation (3.9) yields: 

1

4

1 4

l pvn

b

l v

R P
V

X R
 


         (3.13) 

The voltage deviation in bus 2 may be formulated as Equation (3.14): 

 2 1 23b b l pvn l pvV V R P X Q           (3.14) 

Then, this voltage deviation is found by replacing ∆𝑉𝑏1 with, (3.13) in (3.14) as follows: 

1

2

3

1 3

l pvn b

b

l v

R P V
V

X R

 
 


        (3.15) 

Following a similar procedure, it can be written as Equation (3.16): 

2

3

2

1 2

l pvn b

b

l v

R P V
V

X R

 
 


        (3.16) 

Finally, the voltage deviation at bus 4 is as Equation (3.17): 

3

4 0.081
1

l pvn b

b

l v

R P V
V

X R

 
  


       (3.17)   

Note this is permissible. The feeder transformer apparent power in this scenario is calculated 

as Equation (3.18): 

   
2 2

1 2 3 44 1.04tr pvn pv pv pv pvS P Q Q Q Q          (3.18) 

 

After all the numerical calculations, the outcome reveals that the Q-voltage method provides 

roughly 0.5% voltage reduction per 1% increase in the feeder transformer capacity. Therefore, 

the Q-voltage method is a more cost-effective solution than the PF-power strategy to mitigate 

the overvoltage problem. It is because the voltage sensitivity analysis determines the most 

efficient locations to serve reactive power for the feeder voltage support from the PV systems 

placed at the end of the feeder [80]. As an outcome of the sensitivity studies, it is possible to 

say that the PV system absorbs less reactive power under Q-voltage control strategy when 

compared to the Power Factor-P control strategy. 
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3.3.2. Proposed Local Reactive Power Control Strategy 

 

The reactive power flow under the proposed scenario is illustrated in Figure 3-3 at midday 

hours with a high PV generation on the selected day. According to the voltage sensitivity 

analysis, this study suggests that the PV systems in Group A2 will support network voltage 

using the Q-voltage scheme. This suggestion potentiate the voltage regulation of the system as 

explained in Ref. [41] since the same amount of reactive power becomes more efficient when 

the PV systems are placed at the end of the feeder. In this group, the feeder voltage is locally 

supported by the PV units, individually. On the other hand, the reactive power of the PV 

systems in the group A1 is modulated through the proposed local controller.    

PpvQpv4PpvQpv3PpvQpv2PpvQpv1

Qg  0 1 2 3 4

Group A1 Group A2

Pg

 

Figure 3-3.  The PVs reactive power flow with the proposed method 
 

The PVs in group A1 supply the reactive power for those of group A2. Hence, the reactive 

power flow in the first line will be minimized, and the bus 1 voltage deviation is given by 

Equation (3.19):  

1 4b l pvnV R P           (3.19) 

For simplicity, suppose that each of these first two PV systems generates one-half of the 

cumulative reactive power of the other two PV units. Therefore, the voltage increment of bus 

2 becomes as in Equation (3.20):  
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 2 1 3 43 0.5b b l pvn l pv pvV V R P X Q Q           (3.20) 

On the other hand, the voltage deviation at buses 3 and 4 may be expressed as Equation 

(3.21) and (3.22), respectively: 

 3 2 3 42b b l pvn l pv pvV V R P X Q Q           (3.21) 

4 3 4b b l pvn l pvV V R P X Q            (3.22) 

The reactive power of the PV systems in group A2 is determined by the Q-voltage 

characteristics as follows in Equation (3.23) and (3.24), respectively: 

3 3pv v bQ R V            (3.23) 

4 4pv v bQ R V            (3.24) 

∆𝑉𝑏3 can be derived as Equation (3.25): 
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      (3.25) 

Finally, the overvoltage at the end of the feeder is given by Equation (3.26): 

3

4 0.088
1

b l pvn

b

v l

V R P
V

R X

 
  


       (3.26) 

which is smaller than the allowable maximum voltage rise. This voltage increment rate is about 

0.01 larger than that of the Q-voltage scenario, however, the proposed method releases the 

transformer capacity occupied by the PVs reactive power. In comparison with the method in 

Ref. [102], the suggested framework does not need any communication structure. It can be 

observed that this framework results in a simultaneous and significant reduction of the feeder 

transformer and the network lines loading. Extended sensitivity studies applied on 33 bus test 

system can be found in Appendix B2.  
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3.4. The proposed network partitioning algorithm  

 

The network partitioning is a crucial part of the proposed reactive power control framework 

for active distribution feeders. In this study, a precise but straightforward practical algorithm 

is developed to find how the candidate PV systems will participate in the reactive power 

exchange in the clusters.  

The fully local reactive power regulation strategy works in order for the PV systems to increase 

the feeder hosting capacity without using communication infrastructure. In the suggested 

framework, firstly the distribution feeder is partitioned into several zones based on the feeder’s 

electrical bottlenecks from the perspective of lines loading condition. Afterwards, a fully 

distributed local controller is performed within the PV inverters, which only requires local and 

neighbouring PVs information, enables the method to achieve the goal without centralised 

control. After the distribution network is partitioned into zones according to the partition index, 

within the zones, each zone is divided into two groups of PVs serving different purposes. The 

PV units placed in the vicinity of the electrical bottlenecks are equipped with the proposed 

local controller to moderate burden on the corresponding bottlenecks. Other PV units support 

the network voltage using a conventional local voltage-dependent reactive power controller.  

In this algorithm, the selected index parameters are considered with the horizon of 15 minutes 

time interval, with obtaining the monitored parameters from the network. Two parameters are 

considered, namely the active power loss of the network losses and the interchanged reactive 

power between zones.  

It should be highlighted that this approach would be in use for any case of the distribution test 

system (meshed, radial, etc.) for practical purposes. In the following chapters, simulation 

results for both radial and meshed topologies are presented. Besides being suitable with each 
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network topology, the proposed partition method can also update and adapt itself to the 

generation alteration in the system for further applications.  

3.4.1. Network Partition Strategy 

 

 The proposed method mainly partitions a multi-lateral distribution feeder into several zones 

through finding the feeder electrical bottlenecks from the perspective of the lines loading 

values. In each zone, the PV systems are divided into two groups. The available reactive power 

capability of the PV systems of the group nearby a bottleneck is deployed to decrease the 

reactive power flow at the bottleneck. To this end, a local measurement monitors reactive 

power flow at the PV terminal. Accordingly, the PV inverter injects\absorbs the measured 

reactive power into\from the network in a fast and flexible manner considering the inverter 

power limit. On the contrary, the PV units at the second group provide grid voltage support 

using a traditional local droop-based voltage controller. Thus, the reactive power burden on the 

feeder bottlenecks as well as the feeder transformer will be reduced significantly. By this 

technique, zones will be effectively controlled with the reduced computational burden of the 

control variables. Figure 3-4 illustrates the network partition algorithm strategy. The network 

algorithm can be divided into two sections, each section with “n” groups.  
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Figure 3-4. Network Partition Algorithm 

 

In the existing zonal control algorithms, the reactive/active power of the PV systems was 

controlled in such a way that an objective function is minimised [112], [113]. In these studies, 

the network active power losses and the interchanged reactive power between zones were 

selected to be optimised as the fitness function. However, massive communication 

infrastructures are required to implement these zonal control strategies. Optimisation 

techniques endeavour to solve the optimization problem in a centralized manner, which 

requires massive communication infrastructures to implement these zonal control strategies 

with the large-scale integration of PVs to ADNs [112]..  

In the proposed study, the heavy computational burden by centralised strategy is overtaken 

with a decentralised local control strategy. Therefore, the need for centralised control is 

eliminated by grouping the ADN into zones by using a simple technique. Detailed information 

will be provided in Section 3.4.3. To be able to understand the local voltage control scheme in 

detail, advanced sensitivity studies are presented in Appendix B2.  In the proposed study, at 

the zones located at the end of feeder laterals, the PV systems support the grid voltage through 
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a standard local Q-voltage control. For the rest of the PV systems, a local controller is proposed 

to reduce the reactive power flow.  

3.4.2. Problem Solving 

 

The proposed network voltage support strategy deploys zonal reactive power management to 

control the voltage of ADNs without surpassing the voltage limits. In order to solve the 

problem, the PV system design will be investigated, followed by the integration of the proposed 

controller.  

3.4.2.1. Design and control of the PV system before implementation of the controller 

 

The PV system is demonstrated through DIgSILENT Power Factory software, represented in 

Figure 3-5. The PV module is interfaced with the AC grid through the PV inverter, where the 

inverter is represented by the Static Generator block. The inverter is controlled by the PQ 

controller which provides it with the reference values for id and iq. “PLL” is the device to 

obtain the phase degree of the output current of the PV inverter and provides the utility voltage 

angle for static generator [114].  

 

PV Array

AC Voltage 
Measurement

Reference Power 
(Proposed 
Control) 

PQ bus 
measurement

PQ controllerPpv Pref,Qref

Static 
Generator 
(Inverter)

Idref, Iqref

PLL
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Figure 3-5. A general overview of the PV topology 
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The bus voltage measurement and PV array active power are inputs to the proposed controller. 

𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 are the active and reactive power reference values calculated by the controller. 

Active power reference (𝑃𝑟𝑒𝑓) is determined by the PCC measured active power value and the 

PV power input (𝑃𝑃𝑉).  

The reference power block collects the voltage and PQ measurement data. The voltage error 

signal is determined through measurement and reference values then reactive power control 

method is applied. Output of the controller gives the output signal, 𝑄𝑟𝑒𝑓. On the other hand, 

the PV system 24 hour active power data is presented by a power factor of 0.9. Hereby, the 

𝑃𝑟𝑒𝑓 to be used in PQ controller, is evaluated.  

PQ measurements are taken from the buses of each terminal. The PQ controller consists of two 

PI controllers, which compare the bus measurement of PQ data with the 𝑃𝑟𝑒𝑓  and 𝑄𝑟𝑒𝑓values 

coming from the power reference block. The PI controllers have the droop value (K =0.5) and 

time delay (T=0.01). Outputs of the PI controllers are 𝑖𝑑𝑟𝑒𝑓 and 𝑖𝑞𝑟𝑒𝑓 , respectively. These two 

signals will be inputs for the static generator with the reference sin and cos signals obtained by 

the PLL. The static generator represents the PV generator in the frame. This frame doesn’t 

consider the use of inverter and maximum power point tracking (MPPT) models, simplified to 

observe the different control methods more with time-varying PV system with high resolution 

simulation configurations.  

3.4.2.2. Application of the local reactive power controller 

 

In the proposed control scheme, the available PV inverter capacity is deployed to decrease the 

up-stream reactive power flow. 



91 

 

QpvLimiter

Qlim

0

Qus Qds

A PV in group A1

Qlim





 

Figure 3-6. The proposed local controller for PVs reactive power 

 

Figure 3-6 presents the proposed local controller strategy. 𝑄𝑢𝑠 And 𝑄𝑑𝑠 denote up-stream and 

down-stream reactive power flow in the PV terminal, respectively. A measurement device 

monitors the up-stream reactive power 𝑄𝑢𝑠 at the PV terminal within every 15 minutes. After 

the measured value is received, the PV system tries to minimise the amount of the up-stream 

reactive power𝑄𝑢𝑠. However, this objective function is subject to the PV reactive power limit 

𝑄𝑙𝑖𝑚 defined previously in the Equation (2.2). 

To introduce the local reactive power control strategy, the four bus and four PV feeder has been 

partitioned into zones as previously explained in the problem formulation. As it is portrayed in 

Figure 3-7, the first two PV systems are clustered as Group A1 and the other two PVs as Group 

A2.  
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Figure 3-7. The PVs reactive power flow with the proposed method 
 

Following the voltage sensitivity analysis, this study suggests that in Figure 3-7, the PV 

systems in Group A2 support network voltage using the Q-voltage scheme. In this group, the 

feeder voltage is locally supported by the PV units, individually. On the other hand, the reactive 

power of the PV systems in the group A1 is modulated through the proposed local controller 

(Figure 3-6). In the proposed strategy, according to the contributions stated above, the need for 

centralised control is eliminated by grouping the ADN into zones by using a simple technique. 

According to proposed controller, the PVs allocated for the second group in each zone will 

work according to the Q-voltage strategy to decrease the grid losses. Network power losses can 

be presented as given in Equation (3.27) where B is set of network branches ij;  

( )

( )  
ij B

loss
ijNetwork power loss P



        (3.27) 

Thereby, the overloading of the system components, transformers and lines, would be reduced 

with the proposed control technique. The hosting capacity would be increased since this set 

point will improve the performance of the system. The excess reactive power will be consumed 

within its generation unit, without reaching to the upstream network. On the other hand, if the 

generation is meeting the demand for other consumers connected to the other terminals, those 

PV systems can continue their control strategy without consuming reactive power. That would 
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increase the flexibility of the system and contribute to the decentralized control strategy in 

means of the absence of central supervisory control. The issues like computational burden and 

communication time delay will be avoided in this regard.       

3.4.3. Deployment of the local voltage control scheme with network partitioning  

 

It is very crucial to deploy the local voltage control strategy to solve the overvoltage issue 

challenges. To clarify the method, the flowchart in Figure 3-8 represents the deployment of the 

local voltage scheme. 

The flowchart is also explained step by step:  

Step 1: the network data that includes the line parameters, and the feeder transformer is loaded 

to the algorithm.  

Step 2: to consider the worst-case scenario, all the loads are disconnected from the network. 

Step 3: each PV system is connected to each node of the feeder. For initial conditions, it is 

assumed that all the PV systems are initially equipped with the conventional Q-voltage local 

controllers.  

Step 4: the feeder transformer loading is monitored. If the transformer is not fully loaded, the 

nominal power of the PVs will be increased until the transformer reaches its full load operation.  

Step 5: if the transformer is fully loaded, the algorithm will find the bottlenecks from assessing 

the line loadings.  
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Figure 3-8. The flowchart of the network partitioning algorithm 
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Step 6: The PV systems near to the bottleneck of high line loading will be equipped with the 

proposed local reactive controller towards the downstream feeder to reduce the reactive power 

flow. 

Step 7: if the equipped PV systems are not capable of reducing the line loading, neighbouring 

PV systems closer to the downstream feeder will also be equipped with the proposed controller 

until the loading will be reduced to permissible limits.  

Subsequently, the algorithm finds the network electrical bottlenecks from the perspective of 

lines loading condition. Figure 3-9 represents the illustration of the bottleneck in the previously 

studied four bus test system. In case of the feeder laterals, the lateral’s connection point to the 

main feeder may be defined as a bottleneck. As illustrated, the PV system presented in the 

rectangular shape, has the proposed local controller to reduce the flow towards the bottleneck.  

PpvQpv4PpvQpv3PpvQpv2PpvQpv1
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Figure 3-9. Bottleneck in the system 
 

The following PV systems, which are in the vicinity of the bottlenecks towards the feeder 

downstream, will be equipped with the proposed local controller if needed. Then, the algorithm 

monitors the reactive power flow through the bottlenecks. If it is not minimized, the algorithm 

runs to equip the following PV units with the suggested controller as well. The process will be 

repeated toward achieving the desired results. 
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3.5. Chapter Summary  

 

This Chapter introduces the methodology of the proposed local voltage control method by the 

hosting capacity constraints, from the main voltage control problem identified in Chapter 2. 

For the network management, an upfront algorithm has been developed to do network 

partitioning for real-world distribution multi-lateral feeders. In the first step, the algorithm finds 

the network bottlenecks according to the lines loading. It is worth to note that the worst-case 

network scenario is selected to find the bottlenecks. In the worst case, all the network loads are 

disconnected, and it is assumed that PVs would generate their maximum active power. 

Following, the sensitivity studies for the standard reactive power control strategies, this study 

suggests that each zone is divided into two groups. PV systems in Group 2 will support network 

voltage using the Q-voltage scheme, where Group 1 tries to reduce the reactive power flow 

towards the upstream network. This suggestion potentiates from the explanation that the 

voltage regulation gets more effective since the same amount of reactive power becomes more 

efficient when the PV systems are placed at the end of the feeder. Afterwards, PV and load 

profile information are given for the studied test systems.  

The network partitioning is a vital part of the proposed reactive power control framework for 

active distribution feeders. In this study, a practical but straightforward algorithm is developed 

to find the candidate PV systems to be clustered. This mainly divides a multi-lateral distribution 

feeder into several zones to equip the PV systems located in half of these zones with the 

proposed local reactive power control strategy. In contrast, the other zones are regulated by Q-

voltage controller. The algorithm runs to minimise selected indexes, active power network loss 

and interchanged reactive power between zones. The upstream reactive power is measured 

every 15 minutes and the PV system tries to minimise upstream reactive power flow with a 

limiter from PV inverter. This process will be repeated towards achieving desired outcomes. 
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As a result, the voltage is kept within permissible limits, and the transformer loading decreases. 

Therefore, it leads to a growth in the hosting capacity of the feeder, allowing more PV units to 

be part of the ADN. 
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4. METHODS BASED ON STOCHASTIC EVALUATION FOR PV 

DOMINATED ADNs  

 

 

4.1. Introduction  
 

 

This chapter presents a stochastic assessment of input parameters to enhance the accuracy of 

the simulation results with the high penetration of PVs in active distribution networks. In the 

previous chapter, the feeder hosting capacity of the distribution network challenges was 

addressed by three constraints as bus voltage, branch flow and transformer loading. Besides 

considering these constraints, a vital evaluation from the stochastic nature introduced by PVs 

and loads in the future power systems, is studied.  

 

The modern power systems consist of high penetrations of DERs, considerably photovoltaic 

panels, wind turbines and storage devices. Several benefits will be achieved by the new smart 

infrastructure, e.g. PVs to be capable of injecting power to the grid and participating in the 

demand-side response. However, the stochastic nature of the PVs may cause critical problems 

for the distribution grid, such as the variability and uncertainty from PVs. Moreover, the load 

demand is another uncertain variable which needs to be considered when analysing the 

distribution network.  

 

Sensitivity analysis is a possible solution to determine uncertainty, but it can solve one 

uncertain variable at once. With sensitivity analysis, the most influencing uncertain parameter 

can be found, but it can’t select optimal design under conditional uncertainties [102]. The 

deterministic approaches have shortfalls to represent the current profile of the grid with 
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uncertain characters of PV and loads. Consequently, the stochastic analysis is an effective 

method to pre-manage the integration of PVs in distribution networks.  

The goal of this chapter is first to present an overall hierarchical background for stochastic 

approaches and their applications on modern power systems. After, the chapter will give a brief 

understanding of the applicability of the Monte Carlo simulations (MCS), to model the 

uncertainty in the ADNs with the random variables of solar PV power output and load demand. 

To this end, a scenario-based technique has been proposed to represent the method. Roulette 

Wheel Mechanism (RWM) and MCS simulations are used to enhance the preciseness by 

representing Probability Density Function (PDF) s of PV power output and load demand 

random variables. This chapter will assess the hosting capacity with more accuracy in the 

results by using the scenario generation & reduction. The stochastic variability of fifteen 

minutes load demand and PV power output are represented by thousand set of scenarios for a 

day throughout the year. For computational efficiency, the scenario reduction is applied, 

resulting in ten reduced scenarios as representative of the probability distributions of initial 

thousand scenarios. 

4.2. Overview of the Approaches for Uncertainty Modelling  

 

The challenges of the integration of renewable energy sources and different type of loads 

increase the uncertainties in the power system operation [115]. Uncertainty can be the load 

demand or power generation offered at that particular time, alteration in weather conditions in 

a dynamic system.  

Table 4-1 gives a brief impression over deterministic and stochastic model representations. 

Stochastic models have inherent random uncertainty where individual samples or empirical 

distributions from a set of samples are created. Usually, the stochastic models work in a discrete 
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time scale. The problem is decomposed into phases, and the solution is developed as a step by 

step approach.  

Table 4-1. Deterministic and stochastic models’ comparison 

Deterministic Models Stochastic Models 

Not always probable to solve uncertainties 

(multivariate uncertainty analysis problem) 

Reflect real world problems with a range of 

possible future outcomes  

The output is determined by the parameter 

values & initial conditions 

Probability distributions govern the data 

known/estimated  

 

system variables are combined to produce the 

system outputs, referring to all physical 

constraints 

Possess some inherent randomness using 

distribution functions, subject to change 

with uncertainties 

calculation time is limited for applications on 

larger systems 

Calculation time is inherent from the size of 

the system, depends on the sample number 

basic computations are enough to solve 

deterministic models, even without 

simplifying the mathematical models 

Computational burden may increase in 

some kind of stochastic models (e.g. MCS) 

 

 

A probabilistic method can accurately present the behaviour of the future power system in 

regards to uncertainties in the system. A probability density function is determined to observe 

the selected parameter to change a small-time step in a random direction. Repeating this 

approach several times, a frequency distribution of concentrations is being interpreted as a 

probability distribution. Following, based on the model, the concentration will be in range with 

a given probability. Neglecting the uncertainty of the PVs and loads may result in the incorrect 

assessment of solutions in reality. Therefore, recently important research institutes like EPRI, 

identify the need for probabilistic assessment to be included for defining uncertainties in future 
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distribution system studies [116].  Moreover, with the implementation of probabilistic analysis, 

the accuracy of the stochastic nature of PVs can be presented. 

In the literature, there are several approaches to solve existing uncertainty problems. Figure 

4-1 represents the fundamental approaches to solve uncertainties in the system depending on 

different techniques. They can be categorized as approximate methods, fuzzy methods, robust 

optimization methods, interval optimization and probabilistic approach. An extended 

explanation for fundamental approaches to solve uncertainties is presented in Appendix B3. 

Uncertainty modeling approaches

Fuzzy methods Probabilistic 

approaches

Numerical 

Approaches

Analytical 

Approaches

Interval 

Based 

Analysis

Approximate

Methods 

Scenario Based 

Programming

Monte Carlo 

Simulation(MCS)
  

Based on PDF  
-Point Estimate 

Methods 

Based on linearization

- Cumulant

-Convolution

- Taylor series expansion  

 

Figure 4-1 Classification of uncertainty modelling. 

  

Stochastic approaches are presented to improve accuracy of models with the eventual aim of 

reducing uncertainties in terms of renewable sources and consumption units [117].  To evaluate 

the uncertain random variables, studies [118]–[120], ensure that the Monte Carlo simulation 

(MCS) technique is a widely accepted method for the stochastic analysis. MCS includes several 

sampling uncertainties to resolve distributions of unknown stochastic parameters. Studies 

[121], [122] are conducted to increase the hosting capacity of ADNs with considering the 
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uncertainties of renewables. An extensive formulation is proposed for the hosting capacity 

enhancement of distribution network by using linear stochastic model, where the Roulette 

Wheel mechanism (RWM) is used to generate load samples for representing load uncertainties 

[123]. In [124], the association between the number of PVs connected to distribution network 

and hosting capacity is investigated. Considering the stochastic nature of PV generation and 

load demand and presenting them with random forms of probabilities, voltage levels were 

calculated to assess the PV hosting capacity. Next section will focus on the probabilistic 

methods to solve PV and load uncertainties. 

4.3. Probabilistic Approach to Represent PV an Load Uncertainties 

 

Probabilistic assessment is an alternative to solve the stochastic behaviour of future energy 

systems where the outcome of energy is uncertain. A probabilistic approach is based on 

probabilistic data input and produces a set of results. That means that instead of a mean value 

over the time, there would be a distribution function representing occurrence probabilities of 

different quantities over the same time scale. After obtaining the distribution function, the 

quantities which are mean values and standard deviations can be derived. 

4.3.1. Classification of Probabilistic Approaches  

 

Probabilistic approaches are divided into numerical and analytical methods. Furthermore, 

analytical methods can be categorized as convolution and cumulant methods. The stochastic 

frame in probabilistic approach uses constant distribution or probabilities linked with each 

scenario to define the uncertain parameters. Stochastic programming (SP) is considered as an 

appropriate approach for managing uncertainties where it is based on convex optimization 

problem, solving Monte Carlo (MC) approximations with many scenarios [125]. SP considers 

several scenarios and optimizes both design & scheduling, where PDFs of uncertain parameters 

are predicted in an acceptable way. Later, SP ensures feasibility for uncertainties and optimise 
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for a measure of performance. Literature studies [118]–[120], ensure that the Monte Carlo 

simulation (MCS) technique is a widely accepted method for the probabilistic analysis. MCS 

includes several sampling uncertainties to resolve distributions of unknown stochastic 

parameters. PDFs are marginal distributions, where the performance index is assessed 

separately for different uncertainties of the system with MCS. Solving the deterministic model 

multiple times by MC samples (random inputs are defined) for the uncertain model are repeated 

in terms of providing more accurate results [126].  

 

Two-stage stochastic optimization is another advanced method used widely in the literature 

[127], [128]. As a drawback of this solution, a large number of scenarios can cause a 

computational burden. This reveals the importance of scenario reduction techniques [129]. An 

enhanced alternative approach, multi-objective optimisation, needs the normalisation of 

objective functions between ideal and nadir points [130]. In this chapter, the uncertainty 

problem will be modelled according to a scenario generation based method, focusing on the 

PV output power and load demand forecast.   

4.3.2. Probabilistic Modelling of PV Power Output and Load Demand 

 

Concentrating on the uncertainties by the renewable sources, the wind and solar power 

generation were investigated widely in the literature [131]–[133]. Uncertainty can be defined 

by different distributions around the nominal value (i.e., Gaussian [134]). The uncertainty is 

probabilistic, and probability distributions controlling the data are whether known or 

predictable. A recognized continuous PDF used in many studies for wind speed, is Weibull 

distribution. It is used to generate scenarios for wind power forecasting. However, the Weibull 

distribution only provides short time scales of PDFs for the wind speed, resulting from being a 

static approach [132].  
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Predominantly due to PVs stochastic nature, it is challenging to consider the deterministic or 

heuristic mathematical models which are not accurate enough to redirect the capability of high 

integration of PVs in power systems [135]. In studies [136]–[138], the PV generation is mostly 

considered by the deterministic calculation of the PV power. However, deterministic model of 

PV power production, does not fully consider the stochastic character of the energy sources. 

PV systems output their maximum generation for a specific time of the day. Studies show that, 

an accurate PV output forecast is vitally needed to foresee and adapt the further integration of 

PVs into the power system [139]–[142]. In Ref. [138], PV production is represented in terms 

of time series. Correspondingly, in the proposed method, PV output power and load demand 

are the uncertain parameters. These parameters will be modelled with forecasted values, to 

obtain PDFs. As a result, the stochastic assessment of PV generation would provide more 

independent elaboration of PVs integration. A comprehensive review on probabilistic 

forecasting of PV power production and electricity consumption is given in Ref. 

[143].Likewise the PV power output, the power consumption units are also vital to the 

stochastic of the system to have a forthcoming perspective of load demand [144].  

Computational burden and extensive time are the outcomes of modelling the stochastic nature 

of PVs and loads with the existing methods. To overcome this issue, efficient probabilistic 

methods can be applied to reduce the computational burden of calculations whereas getting 

accurate results [135]. MCS technique used with scenario generation and reduction strategies 

is an optimal way to ensure uncertainty analysis and modelling in power system studies. MCS 

aims to generate random numbers to reach the desired accuracy. However, not to lead to the 

high computational burden, scenario reduction is a possible way to prevent this outcome.  

This work is focused on a Monte Carlo method by using scenario generation and reduction 

techniques. Scenario generation will be first step of this study and scenario reduction method 

will be used to reduce excessive computations. While actively controlling the voltage by 
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reactive power capabilities of inverters in the network, it is also very crucial to evaluate 

stochastic impacts of PVs and load as an alternative to worst-case assessment studies.  

4.4. Methodology: Modelling uncertainties in ADNs with Monte Carlo 

approach  

This section describes the Monte Carlo based approach to model the uncertainties in this work. 

Primarily in the literature, the studies mentioned and used a deterministic model of PV power 

production, without considering the stochastic character of the energy source. Due to PVs and 

loads stochastic nature, it can be challenging to evaluate the deterministic mathematical models 

which are usually used for PV power prediction and load demand. The uncertainty 

discretisation in power systems requires specific considerations. In the proposed method, the 

uncertain variables PV output power and load demand will be presented in forms of PDFs 

according to the solar power generation and load demand. Through scenario generation 

method, the stochastic nature of proposed problem will be decomposed into a deterministic 

solution. Figure 4-2 illustrates the steps followed in this uncertainty modelling.  

 

Figure 4-2. Uncertainty modelling steps for PV generation and load demand 
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Probabilistic assessment is related to the definition of probabilistic randomness. The 

probabilistic variables are transformed into linear and nonlinear programs to solve uncertainty. 

Though, the randomness inclines to the structure of uncertainty, which presented in the form 

of PDF. The computational process will gather the inputs and create their distributions to 

produce the desired outcomes. In the deterministic approach considerations of this study, the 

load flow is executed daily (24 hours), which obtains the mean values of each hour data (see 

detailed information in Section 5.2.1. ). The input parameters to the system were assumed to 

be deterministically known. However, the mean value consideration doesn’t fully represent the 

uncertainty of PVs practically due to changes in PV generations and load variations. When 

defining the uncertainty, the stochastic nature of the PVs and loads should be taken into 

account.   

This section will focus on modelling the PV power output and load demand with the stochastic 

approach. In other words, instead of using only one mean value per each hour (constant value), 

a larger number of data constituted in a probability density function will be entered as an input. 

That would increase the accuracy, and reliability of the results which are obtained to reach to 

the desired preciseness [145]. It also proves that the stochastic approach is more effective at 

voltage regulation compared to the deterministic approach [146]. Monte Carlo Studies with the 

probabilistic assessment will determine probability distribution for the system stochastic 

variables. The results will be represented through probabilistic approach by using MATLAB 

and DIgSILENT software. 

 

4.4.1. Uncertainty PDF modelling of PV power output and load demand  

 

The real time stochastic variables, load demand and PV power output, are represented in the 

uncertainty modelling. These two uncertainties are modelled based on their error defined by 
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their PDFs. The traditional load profiles are not sufficient to reflect the more volatile load 

profiles is ADNs. Thus, the loads are modelled by the Gaussian distribution function since their 

timescale generally changes over hourly [147]. Likewise, the PV power output is modelled by 

the Beta distribution. The PV power output and load demand are represented as the random 

variables in this study and their PDF function formulas are given by the equations (4.1)- (4.3). 

Thus, the real time uncertainty realizations are represented by their probability distributions 

and a further scenario-based method is proposed for creating the scenarios. 

4.4.1.1.Uncertainty modelling with PV and load variables 

 

The load demand and PV active power will be modelled based on their error defined by the 

PDF. A probability of a random x variable, in the interval [a, b], is referred to the area under 

the PDF curve. In order to model the uncertainties, firstly the PV power forecast error is 

modelled with the Beta distribution. Beta PDF is a common approach to model the PV output 

power distribution [148]. For modelling the uncertainty of the PV power, random samples are 

generated using the Beta distribution. Beta distribution is selected due to its flexibility in terms 

of the shape parameters α and β. Equation (4.1) represents the PDF of Beta distribution where 

𝐵(𝛼, 𝛽) is the Beta function in Equation (4.2). Here the probability density function is denoted 

by, PDF, as f(x),   

1 11
1           if 0<x<1

,; ,

0                                          otherwise

( )
( )( )
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x x
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1 1

0

( ) ( ), 1B x x dx              (4.2) 

The PV power forecast error is represented in Figure 4-3. This function specifies the 

insignificant change in probability for intervals of  x. The area between the probability density 

function and the x-axis from a point 𝑎 to a point 𝑏 corresponds to the probability of having a 
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value between α and β [149]. In this study, the solar radiation parameters for Beta distribution 

are assumed to be α = 6.38, β = 3.43. B (α, β) is the area under the graph of the Beta PDF from 

0 to 1, where the values of x in the range between (0, 1) have nonzero probabilities. 

 

Figure 4-3. PV power generation forecast error with the PDF (Beta distribution for α = 6.38, β 

= 3.43) 

 

Secondly, the load uncertainty is modelled according to Ref. [128], where Gaussian distribution 

is selected. Gaussian probability distribution is a proven method to represent the load 

uncertainty for more accuracy [147]. This distribution is represented in terms of mean (µ) and 

standard deviation (σ). It can be used to describe real parameter measurement errors (e.g., load 

demand) where the distribution is unknown. 
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       (4.3) 

       

PDF of the load demand is represented in Equation (4.3), where 𝑥 is the given load demand, µ 

and σ are mean and standard deviation of demand, respectively. Figure 4-4 represents the PDF 

of a Gaussian distribution function with the mean value zero and the standard deviation σ.  
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Figure 4-4. A Gaussian distribution PDF representation 

 

4.4.1.2.Mathematical Representation of Uncertainty Scenarios 

 

Beta and Gaussian distributions are chosen for modelling the uncertainties of solar active power 

generation and electric load, respectively. The uncertainty is captured by the associated 

randomness before evaluating the measurement error. Following, the PV powers output and 

load demand for each scenario can be presented as follows in Equations (4.4) and (4.5):  

1) PV power output for each scenario can be defined as: 

( , , ) ( , ) ( , , )

1,...

1,...

1...

forecast

PV t s PV t PV t s

PV

T

s

P P P

PV N

t N

s N

  







       (4.4) 

2) Load demand for each scenario can be defined as: 

 

( , , , ) ( , , ) ( , ,, , )

1,...

1,...

1...

forecast

D ld t s D ld t D ld t s

T

s

P P P

ld ND

t N

s N

  







        (4.5) 
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Here 𝑃𝑃𝑉,𝑡,𝑠 and 𝑃𝐷,𝑙𝑑,𝑡,𝑠represent the photovoltaic power output of unit PV (kW), ldth load level 

(kW), respectively. 𝛥𝑃𝑃𝑉,𝑡,𝑠 (kW), 𝛥𝑃𝐷,𝑙𝑑,,𝑡,𝑠 (kW) are the photovoltaic power forecasted error 

for unit PV, load demand forecasted error for load level ld; in the time ‘t’ at scenario ‘s’. Npv, 

ND, T and Ns are numbers of PV units, load levels, time intervals and the number of scenarios, 

respectively.  

 

4.4.2. PDF Discretization  

 

The probability distribution of a random variable is presented here with a set of scenarios for 

the load forecast error. Each scenario is related to a single realisation of the random variables 

selected in the overall scheme. In the beginning, the PDF is centred on the distribution mean 

(zero) where it's divided into seven segments shown in Figure 4-5. Each interval is owning an 

accumulated normalized probability. The probabilities of each interval are normalized, where 

the summation becomes equal to unity.  

 

Figure 4-5. Accumulated normalized probabilities of the load forecast error intervals 

 

 

Furthermore, Figure 4-6. Points out the corresponding interval representation for accumulated 

version of load forecast error. As shown in Figure 4-6, the highlighted segment α3 corresponds 

to interval 3 in accumulated version, Figure 4-5.   
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Figure 4-6. Segment representation of load level forecast error PDF  

 

The load forecast error PDF discretization for the time period “t” is illustrated in Figure 4-7. 

Each interval corresponds to one standard deviation value (σ) between 0 and 1 as well as a 

probability associated with βℓ, t, (ℓ=1,…, 7). The segments present the histogram of sampled 

values where the blue line represents the exact Gaussian distribution. The RWM method will 

be then used to generate the scenarios for each hour which will be explained in the scenario 

generation section.  

 

Figure 4-7. Load Forecast Error PDF Discretization 
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4.4.3. CDF Calculation  

 

The definition of Cumulative Distribution Function (CDF) states that the probability is 

evaluated according to the random variable, being less or equal to the given x value. The CDF 

formula for a Gaussian distribution is given by F(x), provided by Equation (4.6); 

2
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( ) )

( 2 )
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( ; , )
2

tx

F x e dt




 








        (4.6) 

where µ is the mean or expectation of the distribution and σ is its standard deviation of a 

Gaussian distributed “x” value.  

Let us assume to have a Beta distribution for the PV power generation input with the shape 

parameters α=2, β=4. To represent the PV generation input, all characteristic values are 

converted into a CDF form of random variables (between 0 and 1). The formula for the CDF of 

the beta distribution  also called as “incomplete beta function” (denoted by Ix) is defined as 

Equation (4.7) [150]; 
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    (4.7) 

 

where B (α, β) is the beta function. Figure 4-8 represents the CDF curve for the given PDF. For 

representing the distribution of PV power output with CDF, every single value (i.e. night hours 

will be zero generation) is indicated so that the data would be realistic. The random number 

“x” obtains values from the interval between [0, 1]. The PDF reaches “0” when CDF receives 

the final value “1”. In other words, CDF is the derivative of the PDF for the value of “x” 

between [0, x]. Furthermore, the PDF’s integral over the entire space is always equal to “1” 

where the probability density function is non-negative everywhere. The CDF is represented for 

illustrative purposes to be able to compare with PDF representation. 

https://www.itl.nist.gov/div898/handbook/eda/section3/eda362.htm#PDF
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Figure 4-8. PDF and CDF for a Beta distribution (α=2, β=4) 

 

4.4.4. Scenario Generation  

 

The scenario generation is a crucial step distinguishing the approach from deterministic 

models; before creating many scenarios subsequently for the problem to be solved in the 

following steps. In order to generate scenarios, random variables should be created for each 

input random variable, corresponding to a value between 0 and 1. Then, the uncertainties are 

modelled based on the error obtained by the Probability Density Function. The PDFs are 

represented by a set of scenarios. An extensive collection of scenarios are created with the 

Monte Carlo simulation technique. As the approach to generate the scenarios, Roulette Wheel 

Mechanism (RWM) is used accordingly [144]. Random numbers are computed as follows in 

Equation (4.8): 



114 

 

)1 ( 1

( ( ) 1, 1,..., , 1,...,
j

r N
j

i j

ij

k
v mod k N j r

n 

        (4.8) 

Intended for each random variable in individual time intervals, a random number is produced 

between 0 and 1 according to the random number generator. In this proposed work, there are 

1000 set of realisations created for each random variable in one scenario. Each scenario has a 

probability of occurrence represented in a numeric value.  Following the random numbers and 

probabilities from PDFs obtained, RWM generates scenarios for each hour represented in 

vector form recognising load demand and PV power output with binary parameters as 

following Equation (4.9): 

 

 (1, , ) (7, , ) (1, , ) (7 , ) ( 1,.., )
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     (4.9) 

 

The random numbers are produced for PV power generation and load demand for each time 

interval. The probabilities which are equal or less than the random numbers are selected, and 

their binary parameter is valued as 1, whereas the parameters of the other intervals equal to 0. 

This process repeats until the desired number of scenarios are generated. Eventually, the 

normalized probability of each scenario is calculated by Equation (4.10). 
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 (4.10) 

 

where ND is the total number of load levels in each hour. 𝛽𝑙,𝑡,  𝛽𝑝𝑣,𝑡 are the probabilities for 

the lth load interval and PVth photovoltaic power interval, respectively.  
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4.4.4.1. Computational Approach: Monte Carlo Method 

 

The computational method for probabilistic assessment can be calculated by Monte Carlo 

Simulations (MCS). This technique generates random variables to establish their PDF for 

solving the problem of nonlinear, complex models. Steps are given to create 1000 samples of 

the simulation model to create a PDF.  

 

Step.1 Firstly a random sampling model will be used  

Step.2 The uncertainties will be modelled by creating a set of random inputs using their PDF  

Step.3 Evaluate the model and calculate the scenarios 

Step.4 Repeat steps 2 and 3 for i = 1 to N 

Step.5 Analyse the results using histograms, bootstrapping, summary statistics, confidence 

intervals and etc.  

4.4.4.2. Constraints  

 

The same constraints used in deterministic approach are extendedly considered in stochastic 

approach  “3.2.1.1. Constraints”. Equations below are considered.   

 

Bus voltage constraints,  

 

Each bus voltage should meet the limits as: the maximum and minimum voltage constraints 

are defined as follows Equation (4.11) and (4.12), [79]: 
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where, the boundaries of 𝑉𝑚𝑎𝑥 and  𝑉𝑚𝑖𝑛 are 1.1 and 0.9 per unit in this study, respectively. 

𝑉𝑖𝑗,𝑠
𝑚𝑎𝑥 and  𝑉𝑖𝑗,𝑠

𝑚𝑖𝑛 are “(i,j)” th elements of the scenario “s”, for  𝑉𝑚𝑎𝑥 and  𝑉𝑚𝑖𝑛, respectively.  𝜌𝑠 

is occurrence probability of scenario s The transformer loading constraint in Equation (3.3) and 

line loading constraints in Equation (3.4) remain same for this considered study. 

4.4.5. Scenario Reduction  

 

A large number of scenarios increase the problem dimension and requires a long-run time. 

Also, some of the scenarios take over similarities and correlation with previous ones. Thus, to 

reduce the computational burdens and remove similar scenarios, the scenario reduction method 

is considered to eliminate redundant scenarios. Ref. [151] follows the scenario reduction 

method to gain probabilities of random variables. Scenarios with very low probabilities and 

high similarity to other scenarios are eliminated [152].  

In this work, there would be 96 samples of each input value (PV generation and load demand) 

over a day, where the scenarios would be generated in a 15-minute occurrence. The 15 minute 

interval data are obtained on all scenarios to reflect more efficient data collection routines from 

meters in reality. These 24-hour samples would be executed 1000 times to achieve the 

extensive set of realizations. Then, the 1000 set of realizations will be reduced to 20 

realizations, where they are sorted descending from the higher to lower probability according 

to the backward method [153]. The simultaneous backward method is implemented since this 

procedure depends on the accuracy of the approximation. 

ξs (s = 1, … , Ns)  with the Ns scenarios each having a probability 𝜋𝑠. Also the distance scenario 

pairs (s,s’) are represented with 𝐷𝑇𝑠,𝑠′ . These data with the simultaneous backward method is 

reduced to 20 scenarios as follows:  
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Step 1: S are the complete set of scenarios, and DS is the scenarios to be deleted (initially zero). 

The distances of all scenario pairs are calculated as in Equation (4.13); 
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v vDTs s 



           (4.13) 

Step 2: For each scenario k, 𝐷𝑇𝑘,𝑟 =min𝐷𝑇𝑘,𝑠′, 𝑘 ∈ 𝑆 and s’≠ k where r is the scenario index 

with being closest to scenario k. 

 

Step 3:  Calculate PD𝑘,𝑟 = 𝜋𝑘 × DT𝑘,𝑟  where 𝑘 ∈ 𝑆. Select d where PD𝑑 = 𝑚𝑖𝑛PD𝑘, 𝑘 ∈ 𝑆. 

 

Step 4: 𝑆 = 𝑆 − {d}, DS= DS+ {d},𝜋𝑟 =  𝜋𝑟 +  𝜋𝑑 . 

 

Step 5: Repeat Step 2 – Step 4 until the desired number of scenarios are left.  

Step 6: Stopping rule is applied in order to stop simulations when desired number of samples 

are achieved by Equation (4.14), [154].  

𝑐𝑣𝑓 =  
𝜎𝑓

µ𝑓√𝑁𝑠
          (4.14) 

where 𝜎𝑓 and µ𝑓 are standard deviation and mean values of random variable “𝑓”. 𝑐𝑣𝑓 is 

monitored to stop the simulations accordingly.  

 

The required scenario number for the desired accuracy of MCS is selected as 20 scenarios. 

These 20 scenarios are accordingly represented in simulation results. To represent the achieved 

accuracy in the simulation results, the outcomes will be represented in terms of; 

 

1) Network power losses in kW can be derived from Equation (3.27) as Equation (4.15); 

( )

( , )network power loss
ij B

s

s S

loss
ij sP



         (4.15) 

where S and s are set and index of scenarios, respectively and 𝜌𝑠 is occurrence probability of 

scenario s.  
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The outcomes out of a thousand simulation scenarios will be selected according to their 

probabilities, consisting of ten scenarios. The daily profiles are represented with fifteen minutes 

time intervals, depending on the varying values of the input data. In other words, the studied 

deterministic results will be extended to ten different scenarios for increasing the accuracy of 

the results. In the previous chapter where the deterministic approach was considered, the results 

were represented for 96 samples only (horizon of 15 minutes). Results are expected to be 

improved by accuracy with consideration of the probabilistic forecasts over 15 minute 

horizons. 

 Table 4-2, represents the probabilities the ten scenario probabilities for given load and PV 

profiles composed. The sum of all probabilities is equal to 1, where the expected value is the 

weighted sum of the random variable values, with probabilities for each random variable. 

 

Table 4-2. Ten scenario probabilities for load and PV profiles 

Scenario number  Probabilities  

1  0.314947  

2  0.306518  

3  0.194149  

4  0.052861  

5  0.048938  

6  0.031003  

7  0.021069  

8  0.014038  

9  0.007882  

10  0.008594  

 

 

Figure 4-9 represents the ten PV power output scenarios reduced from 1000 set of scenarios 

generated by the Monte Carlo simulations. Correspondingly, Figure 4-10 represents the ten 

load profile scenarios after the executed MCS. Scenarios are condensed to ten PV and load 
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scenarios with the given probabilities. These characteristic profiles will be appended to the 

results in Section 5.4.  

 

Figure 4-9. Ten PV generation output scenarios 

 

Figure 4-10.Ten load profile scenarios 
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4.5. Chapter Summary 

 

The chapter concludes by presenting the stochastic assessment concerning the local voltage 

controller’s potential in preserving satisfactory voltage regulation under high PV penetrated 

ADNs. The method has advantages by being producible and extendable. Beta distribution and 

Gaussian distribution are selected for demonstrating the uncertainties of the solar generation 

and the system loads, respectively. A scenario-based method was applied to solve uncertainties 

with a Monte Carlo simulation computational technique. With stochastic analysis where 

distributions of outputs are produced, the Monte Carlo simulation is used to generate 

uncertainties to reflect the stochastic behaviour of load and PV profiles. By considering the 

influences of uncertainties, the improved MCS method delivers an advanced HC evaluation. 

 It should be highlighted that using the scenario reduction technique following MCS technique 

has significantly reduced the complexity of the computation in probabilistic power flow 

studies. The simulation studies are provided in the simulation results, Section 5.4.  
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5. SIMULATION RESULTS FOR 33 NODE RADIAL AND 69 NODE 

RADIAL & MESHED TEST SYSTEMS  

 

 

5.1. Introduction 

 

 

In this chapter, the enhancement of the proposed controller in distribution systems is 

investigated. PF-power and Q-voltage methods are compared with proposed controller 

simulation studies, performed in DIgSILENT Power Factory software. The simulations are 

performed on the 33 node and 69 node radial test systems. Also, to observe the application of 

the proposed control on a meshed network, the modification of the 69 node meshed test system 

is considered. This study focuses mostly on the voltage rise and overloading limitations for the 

system components caused by very high PV generation in peak times of the day.  

The ADN is investigated with increased generation of PV systems and low load consumption 

scenarios. The simulation studies are conducted by running 24-hour advanced load flow and 

Quasi-Dynamic simulations. Moreover, a DIgSILENT Programming Language (DPL) script 

is improved to allow flexibility while running the program and group the components to be 

deactivated. During the simulations, all PV systems use the same strategy and have the same 

PV power output and load profile.  

The inputs of the proposed method are real-time measurements, including active power of PV 

inverters 𝑃𝑝𝑣, reactive power of PV inverters 𝑄𝑝𝑣 and PCC voltage 𝑉𝑃𝐶𝐶. The local control 

provides fast response compared to other voltage regulation methods. Following the test 

systems description, a daily case study evaluates the performance of the proposed scheme. 

Then, an assessment study derives the PV hosting capacity in the deployed test systems. In 

addition to deterministic simulations, all abovementioned simulations are repeated with the 

stochastic method and presented.  
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5.2. The studied test systems description 

 

The study examines the proposed method’s effectiveness through comprehensive simulations 

on Baran & Wu 33-node and 69-node test feeders [155], [156]. The 33-node test system is 

presented in Figure 5-1 with PVs integrated into each node [155]. Both test systems are 

hypothetical test systems, but then verified through many researchers and used in the literature 

for several studies, especially with high integration of PVs [157]. DIgSILENT Power Factory 

2020 software is used to execute the Quasi Dynamic simulation studies, to reduce the 

processing time of the dynamic simulations [134]. The quasi dynamic simulation offers 

multiple load-flow calculations with user-defined time-step over a twenty four hour time scale. 

In the study, 15 minutes time steps are selected as the scale, the feeders’ lines and loads data 

can be accessed through the Appendix A.  

 

Figure 5-1. The single line diagram of the 33 node test feeder  

5.2.1. PV and Load Profiles 

 

With the increased integration of PVs into the distribution network, the PV power output and 

varying load demand will play a significant role over the system. PV and load data changes 
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over the time, as well as showing different characteristics over months. It also varies according 

to the weekdays and weekends. The overall characteristics of the PVs within the distribution 

network can be considered to have a similar generation profile. In this regard, the PV and load 

profiles used in the network will be described according to UK standards [158].  

5.2.1.1. PV Profile  

 

PV profile refers to the power output of the system changing with solar irradiance. For 

simplicity, a linear relationship is considered between the active power profile and solar 

irradiance. The solar radiance data is obtained from a real-time monitored profile, from the 

practical PV outcome over a summer day [159]. Every residential-scale PV unit is equipped 

with an inverter that can control the voltage within its unit. Figure 5-2 illustrates the PV profile 

over a sunny summer day. The base power of this profile is the PVs nominal active power.

 

Figure 5-2. PV active power profile over a day (time in hours) 

 

5.2.1.2. Load Profile  

 

Load profile denotes to the time-dependent load active power data over a period (daily, weekly 

or monthly). In this study, the load profile is taken from a residential level load and has daily 
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(24 hours) time series [160]. All loads in the system will be assumed to have a power factor of 

0.95 lagging. In the studied test systems, all loads are assumed to have similar characteristics 

and thus their influences on system is considered alike.  

 

Figure 5-3. Load profile over a day (time in hours) 

 

In this study, Figure 5-3 shows the typical load data selected for the load profile in test system. 

The reason of the load profile description is to obtain a mathematical representation, which 

portrays the actual load behaviour. The base power of all load profile are transformed to PVs 

nominal active power, in order to adjust the values into a single form. The base power of this 

profile is the loads' nominal power and further data (active and reactive power values) 

according to each load is listed in Appendix A , Table A2. 

5.2.2. The 33-Bus Test System  

 

The 33-bus test system is portrayed in Figure 5-4 with the representation of zonal control 

strategy explained in Section 3.3.2. To model a high PV penetration level case, it is assumed 

that each node of the feeder is equipped with PV system which has a nominal apparent power 

of 10 kW. The nominal power factor of the PV systems is selected as 0.9 [161].  
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The test feeders are supplied by MV grid through three-phase transformers. The transformers 

are equipped with OLTC tap changers. The OLTCs automatically adjust voltage magnitude of 

the transformers LV bus at 1.0 per unit using steps of ±10, with 1% voltage change per step. 

The lower and upper bounds of the OLTCs are 0.9 and 1.1 per unit, respectively. The tap 

changers controller time constant is set to 120 seconds [162]. Further details regarding the 

system components can be obtained from the Appendix A: 33 and 69 Node Test System Data.  

 

B1 B2A1 A2

C1 C2

D1 D2 E1 E2

 
Figure 5-4 The single line diagram of the studied 33-node test feeder with zonal management 

 

 

 

5.2.3. The 69-Bus Test System  

 

The 69-bus test system will be presented by two different system representations, radial and 

meshed, respectively. The following assumptions are applied to both radial and meshed 

systems. By selecting the transformers’ nominal powers, the system base power is 6,150 kVA 

for both of the 69-node test feeders. Transformer settings are the same with 33 bus test system. 

In order to model a high PV penetration level case, it is assumed that each node of the feeder 
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is equipped with PV system which has a nominal apparent power of 10 kW. The nominal power 

factor of the PV systems is selected as 0.9 [163].  

5.2.3.1. Radial 69-Bus Test System 

 

The proposed methodology is firstly studied on the radial test system, where the 69-bus test 

system is portrayed in Figure 5-5. The PV systems working according to the proposed 

controller are shown with the pink color whereas the rest of PVs work under the Q-voltage 

strategy.  

5857
28e

65

27e

9089887069686766

44

43

4227

28

34

26252423222120

35

2e

3332313029

5655

54535251504948474645

4140383736

19181716151413121110987654

3

21

~~

~~~~~~~~

~

~

~

~~

~~~~~~~~~~

~

~

~

~~~~~~

~~~~~~

~

~

~~~~~~~~~~~~~~~~~~~~~~~~~~~

V~

0

 

Figure 5-5 The single line diagram of the radial 69-node test feeder 

 

 

5.2.3.2. Meshed 69-bus network topology 

 

To further investigate practicality of the suggested approach, the proposed methodology has 

been applied on the meshed 69-node test feeder. As the potential of the future networks can 

also consist of meshed topologies, a meshed structure is also worth for taking into consideration 

for the simulation studies. For this purpose, Figure 5-6, represents the single line diagram of 
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the meshed test system where the dotted trace show from which points the grid is connected. 

This section proves the reconfiguration of the benchmark test feeder is possible. Following, the 

results will be compared for this specific case with radial test feeder. 
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Figure 5-6 The single line diagram of the meshed 69-node test feeder 

 

With the simulations executed, the effectiveness of the proposed control strategy in increasing 

the standard distribution networks hosting capacity will be studied by comparing the 

abovementioned test systems by different aspects (i.e. size and topology of the test system). 

This will be concluded by comparing the listed results presented in further sections in Table 

5-2 and Table 5-3. In case of the meshed 69-node system, the suggested approach will 

investigated through its ability in reducing reactive power flow through the network electrical 

bottlenecks in comparison to the conventional strategy. Following, the results will be compared 

for this specific case with radial test feeder. 

5.3. Test System Simulation Results 

 

5.3.1. The 33-node test system simulation results  
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In this section, effectiveness of the proposed method is compared with the PF-power and Q-

voltage strategies through simulation results applied on the 33-node feeder. In this regard, three 

discrepant scenarios are considered. At the first scenario, reactive power for all the PV units 

are controlled via PF-power scheme. The Q-voltage method modulates the PVs reactive power 

in the second scenario. The parameters of these two conventional approaches are listed in the 

given in Table 5-1.  

  

Table 5-1.  The parameters of the conventional characteristics (p.u.) 

The parameters of the PF-power characteristic 

𝑷𝑭𝒑𝒗𝒏 𝑷𝑭𝒐𝒗𝒆𝒓 𝑷𝑭𝒖𝒏𝒅𝒆𝒓 𝑷𝒐𝒗𝒆𝒓 𝑷𝒖𝒏𝒅𝒆𝒓 

0.9 𝑃𝐹𝑝𝑣𝑛 −𝑃𝐹𝑝𝑣𝑛 0.2𝑃𝐹𝑝𝑣𝑛𝑆𝑝𝑣𝑛 𝑃𝐹𝑝𝑣𝑛𝑆𝑝𝑣𝑛 

     

Parameters of the Q-voltage characteristic 

𝑸𝒍𝒊𝒎 𝑸𝒐𝒗𝒆𝒓 𝑸𝒖𝒏𝒅𝒆𝒓 𝑽𝒎𝒊𝒏 𝑽𝒎𝒂𝒙 𝑽𝒓𝒆𝒇 

√𝑺𝒑𝒗𝒏
𝟐 − 𝑷𝒑𝒗

𝟐  𝑄𝑙𝑖𝑚 −𝑄𝑙𝑖𝑚 0.9 1.1 1 

 

In the third scenario, the feeder is divided into 5 zones using the algorithm explained in 3.3. 

Voltage Sensitivity Studies as shown in Figure 5-4. In this case, the suggested framework 

manages the reactive power of the PV units located in groups A1, B1, C1, D1 and E1. On the 

other hand, the PV in groups A2 to E2 operate with the Q-voltage characteristic. 

 

The achieved results with the PVs nominal apparent power of 250 kVA are shown from Figure 

5-7 to Figure 5-14. The results are derived through load flow calculations over the specific 

dispatch interval of 15 minutes. The active and reactive power variables are shown in the 

percentage of the system base power, which is the transformer nominal apparent power, 5,750 

kVA. In addition, the transformer and branch loadings are presented in percentage of their 

nominal capacity. The voltage variation at the most critical node of the 33 bus feeder, i.e. bus 

18, is portrayed in Figure 5-7.  
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Figure 5-7.The voltage amplitude at the bus 18 (a) The PF-power (black) and the Q-voltage 

(red) scenarios, (b) The proposed scenario (p.u.) 

 

The MV grid’s reactive power and the network losses are plotted in Figure 5-8.a and Figure 

5-8.b, respectively. It is observed that the proposed strategy reduces the maximum of these 

quantities during a day, significantly.  

On the other hand, the loading of the feeder transformer and line 8 are depicted in Figure 5-9. 

It can be observed that the proposed technique also results in substantial reduction in the 

transformer and line loadings.  
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Figure 5-8. The 33-node test feeder results with thirty three 250 kVA PV systems (a) The MV 

grid reactive power generation, (b) The test feeder active power losses 
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Figure 5-9.The 33-node test feeder results with thirty three 250 kVA PV systems (a) The 

transformer loading, (b) The line 8 loading 

 



131 

 

The grouped PVs reactive power variation for the proposed scenario is illustrated in Figure 

5-10. It is precise that the PV units located in the first groups (solid traces) supply the reactive 

power for the PV units located in the second groups (dotted traces). Additionally, the former 

groups generate part of the loads reactive power demand. 
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Figure 5-10. The 33-node test feeder results with thirty three 250 kVA PV systems: the PVs 

reactive power using the proposed scenario  (a) The group A1 and A2, (b) The group B1 and 

B2, (c) The group E1 and E2, (d) The one-third of total of the groups A to E 

 

For further investigation of the results, the reactive power flow in the first lateral of the network 

C1 is investigated and evaluated for the Q-voltage and the suggested scenario as shown in 

Figure 5-11. These flows, represented in percentage of the system base power, are pertinent to 

PVs maximum active power generation instant.  

 

In the Q-voltage case, all the four PVs consume reactive power like the loads. Therefore, the 

lateral draws 2.5% reactive power from the main feeder. In the proposed method, the available 

capacity of the first two PV units is used to locally generate reactive power. Consequently, the 

drawn reactive power from the main feeder decreases to zero neglecting losses. 
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Figure 5-11. The 33-node test feeder results with thirty three 250 kVA PV systems: the reactive 

power flow at PVs maximum generation time (a) The Q-voltage scenario, (b) The proposed 

scenario 

 

 

5.3.1.1. Active and Reactive Power Results  

 

This section will present the capability of the proposed system to enhance the voltage control 

of the system. It is important to consider the reactive power generation and consumption for 

maximum generation and maximum load demand scenarios. Therefore, the bar diagram in 

Figure 5-12 (a) shows the cumulative reactive power generation and consumption for the 

considered scenarios at midday hours.  

 

In the PF-power case, the PVs consume their possible maximum reactive power, i.e. 60%. This 

provides a considerable voltage support, however, it puts a high burden on the MV grid. This 

burden is reduced by 30% when the Q-voltage controller governs the PVs reactive power. In 

the case of the proposed scenario, the reactive power balance is achieved with less dependency 

to the MV grid. Figure 5-12 (b) provides this comparison for the maximum loads demand time 

interval. To keep the bus voltages above the permissible lower limit, the PVs supply half of the 

loads’ reactive power when the Q-voltage strategy is deployed.  
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Figure 5-12. The 33-node test feeder results with thirty three 250 kVA PV systems: the reactive 

power generation and consumption in percentage (a) For maximum PVs generation time, (b) 

For maximum loads demand time 
 

5.3.1.2. Tap positions 

 

The greater voltage deviation occurs due to weather conditions in one day, it may cause the 

total number of tap-changes to exceed the allowable value and shorten the OLTC service life. 

However, in the proposed method, the OLTC tap-position only changes four times, which 

effectively reduces the number of tap-changes. Moreover, the total number of tap-changes per 

day is much less than the maximum allowable value. 

 

In the proposed scenario, the PVs located at the first groups deploy their remaining reactive 

power capability to supply the loads in addition to the network voltage support. Therefore, all 

of the reactive power demand is approximately supplied by the PV units. The performance of 
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the reactive power control scenarios from the transformer tap changing point of view is 

investigated in Figure 5-13 and Figure 5-14. 
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Figure 5-13. The 33-node test feeder results with thirty three 250 kVA PV systems: the voltage 

amplitude at the bus 1 (a) The PF-power and the Q-voltage scenarios, (b) The proposed scenario 
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Figure 5-14. The 33-node test feeder results with thirty three 250 kVA PV systems: the tap 

position of the feeder transformer (a) The PF-power scenario, (b) The Q-voltage scenario, (c) 

The proposed scenario 
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The voltage amplitude at the LV-side of the transformer is presented in Figure 5-13. However, 

the voltage profile shows a slightly higher trend compared to Q-voltage scenario, yet it’s still 

regulated within the permissible voltage limits. The transformer tap positions are provided in 

Figure 5-14. As can be seen, the OLTC experiences fewer tap changes when the proposed 

technique is deployed. 

5.3.1.3. Hosting Capacity Simulations  

 

After accomplishing the power studies and tap position considerations, hereinafter, the 33-node 

feeder hosting capacity is determined. Here, the network hosting capacity is defined as the 

amount of PV capacity that can be connected to the network without system constraints 

violation [164]. In this context, the maximum and minimum voltage constraints are defined as 

follows [79], in Equation (3.1) and (3.2), where the boundaries of 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 are 1.1 and 

0.9 per unit in this study, respectively. Additionally, the transformer loading constraint is equal 

to the maximum loading of the transformer over a day. Similarly, a branch flow constraint is 

also defined regarding the network lines loading. 

 

To determine the PV hosting capacity for the 33-node network, load flow calculations are 

derived over 24 hours over the time intervals of 15 minutes for the PVs nominal apparent power 

ranged from 75 to 350 kVA with 25 kVA increment steps. The derived constraints versus the 

cumulative PVs apparent power (in percentage of the system base power) are illustrated in 

Figure 5-15.a to Figure 5-15.c. In addition, the determined hosting capacities are listed in Table 

5.2 for the three scenarios.  
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Table 5-2. The PV hosting capacity of the 33-node test feeder (in percentage of the system base 

power 5750 kW) 

 control method 
Hosting capacity subject to constraint 

Max. voltage Trans. loading Branch flow 

PF-power 215 114 100 

Q-voltage 286 132 107 

Proposed 187 150 124 

 

 

Ignoring the loading constraints, the Q-voltage approach gives the largest hosting capacity. On 

the other hand, the proposed algorithm has the largest hosting capacity considering the loading 

constraints. Particularly, it increases the PVs hosting capacity by 16% in comparison with that 

of the Q-voltage case, proving the system can embrace more PV capacity for future studies. 

Finally, the total number of the OLTC tap operations over 24 hours is provided in Figure 

5-15.d. As can be clearly observed, the suggested method results in fewer tap changes where it 

eliminates unnecessary tap changes, compared to the standard voltage control strategies,  
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Figure 5-15. The 33-node test feeder: (a) The constraints for the PF-power scenario, (b) The 

constraints for the Q-voltage scenario, (c) The constraints for the proposed scenario, (d) The 

number of transformer tap operations over a day 

 

5.3.2. The 69-node test system simulation results  

 

In order to verify the generality of the proposed scheme, simulation studies on the 69-node 

feeder has also been carried out. In this regard, simulation results have been provided for both 

radial and meshed configurations of the test network. The diagram of the radial 69-node feeder 

was shown in Figure 5-5, while its meshed configuration also depicted in Figure 5-6. In the 
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proposed strategy, the PV units highlighted in the work, deploy the Q-voltage local controller 

and the rest are equipped with the suggested local controller.  

5.3.2.1. Hosting Capacity Simulations 

 

The network constraints along with the daily OLTC tap operations for the radial and meshed 

configurations are demonstrated in Figure 5-16 and Figure 5-17, respectively. The horizontal 

axis represents the total PVs apparent power in percentage of the system base power, i.e., 

transformer apparent power, 6,150 kVA.  
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Figure 5-16. The radial 69-node test feeder: (a) The constraints for the Q-voltage scenario, (b) 

The constraints for the proposed scenario (c) The number of transformer tap operations over a 

day 
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Figure 5-17. The meshed 69-node test feeder: (a) The constraints for the Q-voltage scenario, 

(b) The constraints for the proposed scenario (c) The number of transformer tap operations 

over a day 
 

The achieved results are shown for the Q-voltage and the proposed scenarios. Accordingly, the 

hosting capacities of the 69-node feeder are listed in Table 5-3, for the radial and meshed 

configurations. 

Table 5-3. The PV hosting capacity of the 69-node test feeders (in percentage of the system 

base power 6,150 kW) 

control 

method 

Network 

configuration 

Hosting capacity subject to constraint 

Max. voltage Trans. loading Branch flow 

Q-voltage 
Radial 270 135 110 

Meshed 1,000 140 114 

Proposed 
Radial 190 148 129 

Meshed 560 146 120 
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Several observations are in order from Table 5-3. First, the devised scheme can increase the 

network hosting capacity even in the meshed feeder. However, the achieved hosting capacity 

with the radial feeder is slightly larger than that of the meshed one.  

Second, for the PVs capacities further than 90% of the system base power, the proposed method 

results in fewer OLTC tap operations in comparison with that of the Q-voltage approach. It is 

also interesting to point out that the effectiveness of the proposed and/or the Q-voltage 

strategies are roughly independent of the feeders’ topology by comparing Figure 5-16 with 

Figure 5-15. It’s worth to highlight this is a very important outcome, since the future network 

studies can be made based on this consideration.  

5.3.2.2. Power loss Simulations 

The maximum power losses of the radial and meshed 69-node feeders, over a day, is illustrated 

in Figure 5-18.a and b, respectively. It is deduced that the power losses can be approximately 

reduced by half using the meshed network. Besides, it can be observed that the proposed 

methodology offers lower system power losses in comparison with that of the conventional Q-

voltage strategy.  
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Figure 5-18. The maximum power losses of the 69-node test feeder: (a) The radial 

configuration (b) The meshed configuration  
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5.4. Stochastic Evolution Simulation Results  

 

This section presents the stochastic assessment results of selected input parameters to enhance 

the accuracy of the simulation results in Section 5.3. , with advanced probabilistic methods. 

Stochastic approaches were used for the test networks to calculate the probability distribution 

of PV power output and load demand inputs, as explained in Chapter 4.   

The distributions of the stochastic variables can be approached by a discrete distribution with 

a limited number of scenarios with the corresponding probabilities. An extensive collection of 

scenarios are created with the Monte Carlo simulation technique by using the Roulette Wheel 

Mechanism (RWM). To accurately decrease the number of scenarios and handle the stochastic 

problem, scenario reduction algorithm is applied. Out of one thousand scenarios with infinite 

probabilities, these scenarios are reduced to ten set of scenarios with backward scenario 

reduction method. On the basis of demonstrating the results with selected uncertainties, the 

effectiveness of the suggested approach for increasing the DN hosting capacity is demonstrated 

through different case studies on 33 node and 69 node test feeders. The figures illustrate the 

results of the system with the reduced ten different probability scenarios. Here, each PV power 

output and load demand scenario was represented as a single probability, given in Table 4-2.  

5.4.1. Generated Scenario Results 

 

The stochastic assessment results are represented over the specific dispatch interval of 15 

minutes, resulting in 96 data points over a day, on the 33 node test system. The achieved results 

with the PVs nominal apparent power of 250 kVA are represented. The active and reactive 

power variables are shown in the percentage of the system base power 5750 kVA. It should be 

noted that the results are shown for 24 hours over a day, although, there are 96 evaluated data 

points. The generated scenario results are represented only on 33 node system because the PV 

generation and load demand profiles are quite similar within these networks, whereas the 
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further comparisons will be evaluated for both test systems. Figure 5-19 illustrates the voltage 

amplitude at the critical bus 18, where the voltage tends to have an increased magnitude, 

especially in peak PV generation time. The alteration among scenarios also show difference at 

this point. Figure 5-20 presents the bus 1, at the LV-side of the transformer. As seen, the voltage 

deviation shows difference among number of scenarios. For none of the simulations, the 

overvoltage limit (110% of nominal) is exceeded with the proposed voltage control method.  

 

Figure 5-19. The voltage amplitude at the bus 18 with generated scenarios with proposed 

voltage control strategy 

 

 

 

Figure 5-20. The voltage amplitude at the bus 1 with generated scenarios with proposed voltage 

control strategy 
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Figure 5-21 illustrates the grid losses in kW, where some scenarios have possible higher grid 

losses in the peak generation times. Similarly, Figure 5-22 illustrates the MV grid reactive 

power generated by the upstream network. It is obvious that in some scenarios, the MV grid 

reactive power support would be needed more and for a longer time scale.  

 

Figure 5-21. The 33-node test feeder results with thirty three 250 kVA PV systems, active 

power losses (kW) in the system with generated scenarios 

 

 

Figure 5-22. The MV grid reactive power generation (kVAr) 

 

Figure 5-23 represents the transformer loading at the beginning of the feeder. Figure 5-24 

illustrates the loading of line 8, as it is referred being the critical bus in the 33 node test system, 

previously. Overall, the transformer loading results are aligned within the permissible limits. 
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However for the line loadings, in some scenarios, there is a small probability that loadings may 

exceed the limits provided.  

 

Figure 5-23 The 33-node test feeder results with thirty three 250 kVA PV systems, 

transformer loading results with generated scenarios  

 

 

Figure 5-24. The 33-node test feeder results with thirty three 250 kVA PV systems, line 8 

loading results with generated scenarios 
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Figure 5-25. The 33-node test feeder results with thirty three 250 kVA PV systems, tap 

changes per day transformer of the feeder with generated scenarios 

 

Finally, Figure 5-25 illustrates the tap changers over the day. As can be seen, there might be 

up to three tap change differences between some scenario cases. This would be a vital 

consideration before addressing the tap changer operations in a practical high penetrated PV 

test system. So that, the simulation results reveal the importance of evaluating the stochastic 

analysis results. Next section will compare the expected value of stochastic analysis with 

deterministic results.  

5.4.2. Deterministic and Expected Value Results comparisons 

 

This section will compare the evaluated deterministic results in Section 5.3. , with the stochastic 

assessment expected value results. Expected value is a generalization of the weighted average, 

which is the arithmetic mean of a large number of independent realizations of random variable. 

The 33 node test system is evaluated with the stochastic expected value of proposed voltage 

controller and deterministic study results.  

https://en.wikipedia.org/wiki/Independence_(probability_theory)
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Figure 5-26 The 33-node test feeder voltage magnitude results by deterministic and expected 

values (a) Bus1, (b) Bus18 

 

Figure 5-26 illustrates the voltage magnitudes at the bus “Bus1” at the transformer LV side and 

the critical bus “Bus 18”. While the simulation results demonstrate similar trends with 

deterministic results over the most of the day, it becomes significantly different for the peak 

generation times. Figure 5-27 illustrates the active power losses over the 33 node test feeder. 

Lastly, Figure 5-28 illustrates the transformer and line loading with the expected value and 

deterministic results. With the expected results, there is a small probability that line loadings 

may exceed the limits provided. 
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Figure 5-27. The 33-node test feeder network power losses results by deterministic and 

expected values (kW) 

 

 

Figure 5-28. The 33-node test feeder results by deterministic and expected values with thirty 

three 250 kVA PV systems (a) The transformer loading, (b) The line 8 loading 
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5.4.3. Expected Value Results Comparison with Existing Voltage Control Methodologies 

 

It is a necessity to compare the evaluated stochastic assessment results with the expected values 

of the existing voltage control techniques to reveal the effectiveness of the proposed technique. 

Thus, this section will illustrate the PF-Power, Q-Voltage and proposed voltage control 

methods comparison over their expected values, on the 33 node test feeder.   

 

Figure 5-29. Voltage amplitude at the (critical) bus 18 for expected values 

 

 

Figure 5-30. The 33-node test feeder network power losses (kW) for expected values 

 

 

The voltage variation at the most critical node of the 33 bus feeder, i.e. bus 18, is portrayed in 

Figure 5-29. For the voltage profiles, similar to the results in deterministic studies, the voltage 
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on the bus 18 is slightly higher over the day. From further numerical studies, this result appears 

to be reasonable, thus it is preserved within the critical voltage limits. Figure 5-30 presents the 

network power losses in terms of active power, compared with three discrepant scenarios. 

Another interesting aspect is the decrease of losses in standard voltage control techniques, 

while the generation is increased, thereby can be explained by the excessive reactive power 

consumption. However, network power losses are much lower in the proposed stochastic 

results over the daily trend.   

 

Figure 5-31. The 33-node test feeder MV grid reactive power generation for expected values 

 

In Figure 5-31, there is a massive difference for the MV grid reactive power requirement from 

the upstream network, regarding the proposed controller. As seen, the PF-power and Q-voltage 

strategies require an excessive amount of reactive power support from the upstream network. 

However, the proposed controller results in a significant reduction in MV grid reactive power 

support, being able to generate the desired reactive power within its own PV units. Figure 5-32 

illustrates the transformer and line 8 loadings for the studied test system. For the lines, both 

PF-power and Q-voltage strategies violates the safety limit, and further, comes quite close by 

violating the strict voltage limits of the system. It is clear that the time of the over-loading 

coincide with the period of highest solar generation in standard voltage control techniques. 
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Figure 5-32. The 33-node test feeder results with thirty three 250 kVA PV systems for 

expected values (a) The transformer loading, (b) The line 8 loading 

 

Table 5-4the enhanced PV hosting capacity with expected values of proposed method 

compared to the conventional control methods is given in Table 5-4. The hosting capacity 

defined by maximum voltage is lower compared to deterministic results, due to the increase in 

the load demand and slight decrease in PV generated power with generated scenarios. For the 

loading constraints, the proposed strategy, will allow more PV units to be integrated without 

violating the limits. For conventional voltage control methodologies, it is anticipated that PVs 

may cause the grid components to be overloaded under the several scenario considerations. 

Thus, when loading constraints are observed under several predicted scenarios, it is obvious 

that the proposed strategy, is the most effective method to increase the hosting capacity.  
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Table 5-4.  The PV hosting capacity of the 33-node test feeder with the expected values (in 

percentage of the system base power 5750 kW) 

 

 control method 
Hosting capacity subject to constraint 

Max. voltage Trans. loading Branch flow 

PF-power 210 112 100 

Q-voltage 280 132 105 

Proposed 205 152 120 

 

From the expanded evaluations by stochastic assessment, the results demonstrate that, the 

proposed method is a reliable and robust way to increase the PV capacity within the network 

without surpassing the constraints defined in the grid codes.  

5.5. Chapter Summary 

 

To demonstrate the proposed strategy’s applicability on different occasions, the first step to 

investigate the effectiveness of the proposed scheme, is to apply simulations on the 33-node 

test system with deterministic calculations. Second step, the simulations are extended by using 

a broader test system, i.e., 69-node test feeder, not only the radial network but also the meshed 

one. The achieved results are added into the simulation results in addition to that of the 33-

node system. Third step, ten different scenarios are generated for load profile and PV 

generation output by stochastic scenario generation and reduction techniques, from a wide 

variety of probabilities database. The deterministic results are compared with the derived ten 

different stochastic assessment results.  

 

For the deterministic studies, the simulation results on the radial and meshed test feeders verify 

the practicality of the proposed voltage control method. The proposed method resulted in 35% 

reduction in transformer and 20% reduction in line loadings, respectively, over the 

conventional Q-control method. Also at the PVs maximum generation time, the reactive power 

flow from PVs towards the upstream network is reduced 70% and 33%, respectively, over PF-
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Power and Q-Voltage strategies. The tap changer positions with OLTCs experienced fewer tap 

changes with the proposed controller over the day. The results prove that, when the transformer 

loading and branch flow constraints are taken into consideration, the hosting capacity 

enhancement is greater by about 20%, for the proposed method. Comparative results of the 69-

node feeder with that of the 33-node, reveals that the new method can increase the distribution 

network hosting capacity almost by 15% of the feeder transformer nominal power, regardless 

of the studied network.  

As a further consideration, the stochastic assessment results are executed on 33 node test 

system. The studies were conducted for ten different scenarios considering load profile and PV 

power generation output as uncertain variables. The expected value, which is the summation 

over the probabilities of given ten scenarios, is compared with the deterministic results. Active 

power losses decreased by %50 and %40 compared to PF-power and Q-voltage strategy, 

respectively. There is a major reduction over the MW reactive power supplied to the studied 

33- node test system, for the proposed controller (%75 less than PF-power and %65 less than 

Q-voltage). Hosting capacity expected value observations show that the proposed approach 

increases the hosting capacity by 20% in comparison to PF-power case.  

 
For the distribution system studies, the proposed strategy will contribute to the integration of 

more PV units. With the proposed strategy, especially at higher penetration levels a significant 

reduction can be expected by the excessive reactive power flow, and 70 percent less 

requirement from the MV network reactive power. Thus, the proposed methodology can assist 

in maintaining grid limitations, even when increasing the penetration of PVs far beyond the 

levels currently applied to the electric grid, 
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6. CONCLUSIONS AND  FUTURE WORK 

 

 

The main goal of this thesis is to propose a novel decentralised voltage control for achieving 

the desired level of additional hosting capacity for the distribution network feeder. The issues 

about centralized control, i.e. the need extensive monitoring and communication makes 

decentralised control more attractive which presents compact solutions and local strategies.  

Firstly, the impact of the standard local voltage controllers Power Factor-P and Q-Voltage 

strategies are studied and evaluated by sensitivity studies with high penetration levels of PVs. 

The aim is to enhance reactive power control by improving the performance of 

conventional local voltage control strategies. 

This study derives a novel entirely local reactive power management method for the PV 

systems to improve the distribution feeders hosting capacity. In this strategy, a feeder is divided 

into several zones. To this end, a simple algorithm has been developed which aims to minimise 

the reactive power flow through the network electrical bottlenecks. Firstly, the network data 

that includes the line parameters and the feeder transformer is loaded. Secondly, all the loads 

are disconnected from the network. Then, one PV system is connected to each node of the 

feeder. It is assumed that all the PV systems are initially equipped with the conventional Q-

voltage local controllers. Afterwards, the feeder transformer loading is checked. If it’s not fully 

loaded, the nominal power of the PVs will be increased until the transformer reaches its full 

load operation. Subsequently, the algorithm finds the network electrical bottlenecks according 

to the line loadings. Next, the closest PV systems, which are neighbouring the bottlenecks 

towards the feeder downstream, will be equipped with the proposed local controller. Then, the 
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reactive power flow through the bottlenecks should be checked. If it is not minimized, the next 

PV units must be equipped with the suggested controller. 

First of all, the proposed control strategy is tested without loads to observe the overvoltage 

problem. All the nodes in the distribution feeder are equipped with a PV unit to represent the 

high penetration issue. Sensitivity studies are performed to select the most appropriate local 

control strategy from the literature, to support the novel approach. The PF-power and Q-voltage 

method leads to 1% increment in feeder transformer capacity and provides 0.4% and 0.5% 

voltage reduction, respectively. The outcomes of the sensitivity studies revealed that Q-voltage 

strategy shows 25% more efficient control than PF-power. Thus, Q-voltage was used as the 

supporting method to the proposed controller.  

The proposed network voltage support strategy deploys zonal reactive power management to 

regulate the voltage in the distribution network. In this strategy, a distribution feeder is divided 

into several zones. To this end, a computationally efficient algorithm has been developed, 

aiming to minimize the reactive power flow, which is measured every 15 minutes, through the 

network electrical bottlenecks. In the zones located at the end of feeder laterals, the PV systems 

support the grid voltage through a standard local voltage-dependent reactive power regulator 

(Q-voltage). Alternatively, each PV unit located in the zones neighbouring the bottlenecks is 

equipped with the proposed local controller. These PV units try to minimise the reactive power 

flow at their up-stream branch.  

Extensive studies were carried out for increasing the accuracy of all the results obtained in 

deterministic results. The stochastic evaluation of the uncertain variables is executed to 

improve the performance of the decentralised controller with consideration of the variable 

nature of PVs and loads in the distribution network. On one hand, mainly in the literature, the 

studies mentioned and used a deterministic model of PV power production, not fully 



155 

 

considering the stochastic character of the energy sources. On the other hand, in the proposed 

method, PV output power and load demand are the two parameters to be modelled in a 

stochastic manner with probability density functions. Computational burden and extensive time 

are the outcomes of modelling the stochastic nature of PVs with the existing methods. Through 

the scenario generation method, the stochastic nature of the proposed problem will be 

decomposed into a deterministic solution.  This research has found that with the stochastic 

assessment of the uncertain variables, the hosting capacity of the feeder can reach more 

accurate results in terms of grid losses, transformer loading and upstream network support.  

In the suggested voltage control approach, all the controllers are implemented locally for each 

PV unit. Thus, the communication devices are eliminated, mitigating the investment cost 

significantly. The simulation results on the radial and meshed test feeders verify the practicality 

of the proposed method. When calculating the hosting capacity, the maximum voltage, 

transformer loading and branch flow are the three metrics to measure the efficiency of the 

proposed method. The results on the 33 node test system, prove that the developed controller 

can increase the system hosting capacity by about 20% of the systems base power in 

comparison with the existing controllers. Furthermore, using the proposed method 

considerably decreased the network active power loss. Moreover, the transformer tap changer 

experiences reduced tap operations (20 less tap changes) over a day using the suggested 

technique. The proposed algorithm increases the PVs hosting capacity by 16% in comparison 

with that of the Q-voltage case, proving the system can embrace more PV capacity for future 

studies. As a result, the voltage is within permissible limits alongside the voltage control ability, 

and feeder hosting capacity is enhanced to allow further PV integration. 

To investigate practicality of the suggested approach, the proposed methodology has been 

applied on both meshed and radial 69-node test feeders. Interestingly, it has been observed that 
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effectiveness of the proposed controlling strategy in increasing the standard distribution 

networks is roughly independent of the studied test system. In case of meshed 69-node system, 

the suggested approach preserves its ability and superiority in reducing reactive power flow 

through the network electrical bottlenecks in comparison to the conventional strategy. 

However, the achieved hosting capacity in the meshed configuration (120% of the system base 

power) is somehow lower than that of the radial feeder (129% of the system base power). 

The stochastic assessment results are also in line with the deterministic results, highlighting the 

importance of more studies for including stochastic behaviour of PVs and loads. The studies 

were conducted for ten different scenarios considering load profile and PV power generation 

output as uncertain variables. The expected value, which is the summation over the 

probabilities of given ten scenarios, is compared with the deterministic results. Active power 

losses decreased by %50 and %40 compared to PF-power and Q-voltage strategy, respectively. 

A major reduction was observed over the MW reactive power supplied to the studied 33- node 

test system, for the proposed controller (%75 less than PF-power and %65 less than Q-voltage). 

Hosting capacity expected value observations show that the proposed approach increases the 

hosting capacity by 20% in comparison to PF-power case.  

 

One of the biggest outcomes of this work is that the hosting capacity enhancement occurs 

regardless of the studied network. So that, the results have revealed that the system hosting 

capacity can be increased without overloading the transformers and lines in the system, with 

mitigating the overvoltage issues with the proposed controller and constraint considerations in 

this thesis. The simulation results on the radial and meshed test feeders verify the practicality 

of the proposed voltage control method. The results prove that the developed controller can 

increase the system hosting capacity by about 20% of the systems base power in comparison 

with the existing controllers. The main contributions are summarised in next section.  
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6.1. Contributions of the Thesis 

 

The main contributions of this thesis can be summarized as follows: 

 

1. The simultaneous use of proposed control can significantly mitigate overvoltage issues 

and increase hosting capacity of the feeder. Decentralized control provides several 

advantages like high efficiency, network losses reduction, local power grid support and 

the voltage profile enhancement. The decentralized strategies combine the benefits of 

centralized and distributed methods through zonal control and inter-zonal coordination 

in the portioned ADNs. The proposed approach has been applied to two different small- 

and large-scale radial and meshed systems and attains superior performance in 

comparison with other traditional decentralized techniques. 

 

2. The network partitioning is a crucial part of the proposed reactive power control 

framework for active distribution feeders. In this study, a practical and straightforward 

algorithm is developed to find the candidate PV systems to be clustered for real-world 

distribution multi-lateral feeders. The approach mainly divides a multi-lateral 

distribution feeder into several zones to equip the PV systems located in half of these 

zones with the proposed local reactive power control strategy. On the other hand, the 

rest of the zones follow the Q-voltage controller strategy. This allocation provides a 

further control structure that provides reactive power control with the PV inverters in 

ADNs.  
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3. The algorithm finds the network electrical bottlenecks in according to the line loadings. 

The closest PV systems, which are neighbouring the bottlenecks towards the feeder 

downstream, will be equipped with the proposed local controller. Then, the reactive 

power flow through the bottlenecks should be investigated. If the power flow is still not 

minimized, in addition, the next PV units are equipped with the suggested controller. 

This process will repeat towards optimizing the objective function.  

 

4. Comprehensive simulations are performed to elaborate on the developed algorithm.  

The effectiveness of the proposed scheme has been investigated using a more extensive 

test system, i.e., 69-node test feeder, not only the radial network but also the meshed 

one. The achieved results are appended into the simulation results in addition to that of 

the 33-node system. Comparative outcomes of the 69-node feeder with that of the 33-

node, reveals that the new method can increase the distribution network hosting 

capacity from 100% to effectively 125% of the feeder transformer nominal power, 

regardless of the studied network.  

 

5.  To further investigate the practicality of the suggested approach, the proposed 

methodology has been applied on both meshed and radial 69-node test feeder, and the 

results are illustrated. Interestingly, studies showed that the effectiveness of the 

proposed controlling strategy in the standard distribution networks is roughly 

independent of the studied test system. In the case of meshed 69-node system, the 

suggested approach preserves its ability and superiority in reducing reactive power flow 

through the network electrical bottlenecks in comparison to the conventional strategy. 

However, the achieved hosting capacity in the meshed configuration (120% of the 
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system base power) is somehow lower than that of the radial feeder (129% of the system 

base power). 

 

6. Stochastic assessment of the uncertain parameters is practised to improve the accuracy 

of the simulations. Most of the decentralized control approaches in the literature use 

simple resolution PV and load forecast. The proposed stochastic process will allow both 

customers and operators to understand the benefits of using more advanced techniques 

for the decentralized control of PVs. Following the detailed stochastic analysis, it is 

expected that the distribution system operators should also consider uncertainty in their 

decisions when assuming voltage control by inverters. This would further contribute to 

identify standards in the grid codes, suitable for higher PV penetration levels. 

 

7. In future networks the customers are offered to have flexible control, like demand 

response, resulting to the popularity of decentralized control. Decentralized control 

provides several advantages such as, high efficiency, reduce the transmission & 

distribution grid losses, provide support to the local power grid and enhance the voltage 

profile. The communication between distributed controllers is also much more cost 

effective and promising from less computational burden.  

Accordingly, the feeder hosting capacity is enhanced while equipment loadings remain in their 

permissible limits. Moreover, the network power loss is decreased due to the local reactive 

power management. Furthermore, the proposed approach provides superior coordination 

between the PV systems controller and the transformer feeder tap changing mechanism. 

Another important parameter is the voltage control speed, where the proposed methodology 

has an improved response time in comparison to the centralised control methods which use 

communication infrastructure. From this point of view, the proposed strategy is a flexible tool 
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to make a trade-off between various benefits. As a result, the proposed controller can enhance 

the resiliency of the system and provide additional capacity in the system to accommodate 

more penetration of DERs in the system.   

6.2. Future Work 

 

Future work will extend the developed formulation to consider the stochastic nature of the PV 

power and load demands in an active micro-grid network with other distributed generators and 

battery energy storages. With the future power system, there is a big importance to investigate 

the distribution network with the technical and economic aspects of flexibility in energy 

systems. Since the DERs have an impact on voltage profile and power flow direction, reliability 

decrease caused by dynamic connection/reconnection of individual DERs, this is also 

penetration reasoned impacts on ADNs. Another important component of the future ADNs is 

the energy storage devices. Next section will describe the further integration of inverter based 

generation, and their possible participation in future work. After that, the microgrid application 

will be elaborated.  

6.2.1. Further integration of inverter based generation 

 

In the presented PhD work, the focus intended to tackle the challenges of high penetration of 

PVs in distribution level. Considering the current challenges, the simulations were addressed 

by considering only PVs, in this study. However, it is obvious that the future power system 

will also heavily consist of more DERs in the distribution network [165]. In distribution level, 

in addition to PVs, there are also more generic DERs like WTs and BESSs. Further work is 

needed to understand the increased penetration effect of the DERs on the distribution level.  
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With the future low inertia scenario, there is a big importance to investigate the distribution 

network with the technical and economic aspects of flexibility in energy systems. Since the 

DERs have an impact on voltage profile and power flow direction, reliability decrease caused 

by dynamic connection/reconnection of individual DERs, this is also penetration reasoned 

impacts on microgrids. With the further integration of DERs into the distribution systems, the 

correlation between PVs and other DERs should also be taken into consideration.  

6.2.1.1. Battery Energy Storage System 

 

The energy storage systems can improve the operations of the network because this equipment 

gives the distribution network operators (DNOs) a solution for network upgrade deferral [166]. 

This deferral can be achieved through the coordination between storages and other renewable 

resources (e.g., PV systems). In this regard, numerous energy management strategies have been 

developed in the literature [36], [166], [167]. However, these management strategies were out 

of the scope of the PhD study. The superior performance of the proposed reactive power control 

strategy will be maintained considering other service providers, e.g. storage systems. The 

proposed controlling methodology is improved as much as necessary to achieve excellent 

results even without storage devices. Still, it is highly possible to investigate battery 

applications in future studies on the proposed method.   

Aiming to increase the distribution network’s hosting capacity, BESS may not be an 

economically viable solution [52]. Although having an individual BESS with PVs can cope 

with the overvoltage problem and improve the hosting capacity, it is complicated to coordinate 

them for voltage regulation and to integrate them in the ancillary service market. Because of 

the high investment cost of storage systems, some research focused on optimizing the size and 

place of a central BESS. To this end, an optimal sizing and placement method using a quadratic 

power control is deployed in [168]. A multi-variable non-linear constrained optimization 
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problem is solved for a central BESS in LV grids to improve the hosting capacity of rooftop 

PVs. It is concluded that a device that provides only reactive power control (e.g., D-STATCOM 

or thyristor-controlled reactor (TCR)) might improve the hosting capacity of distribution grids 

with much lower investment cost rather than a central BESS. Also another technical report 

showed that batteries with common self-consumption controllers do not contribute to the 

hosting capacity as they are unable to reduce peak PV generation [169]. 

On the other hand, the contributions from BESS can be both from the economic and technical 

aspects when there is not enough generation to meet the demand in the system.  Economically, 

BESS can help the price trading when purchasing electricity during the period of low cost and 

then selling at a high cost. BESS can help to flatten and stabilise the PV generation output 

variations and can support the upstream network in case of insufficient capacity. It can also 

support the power quality and reliability improvement, providing provision to PV systems. To 

achieve the overall maximum fulfilment, the capacity of PVs and BESS need be co-optimised.  

Evaluating the ideal location of the batteries along with the DERs, controllable loads and 

demand response is also critical in the LV distribution network. The impact of penetration 

levels of converter connected units in the distribution system should be also analysed under 

discrepant battery locations. Especially in case of largescale applications, battery storage 

systems can enhance the benefits from the integration of distributed energy sources, aid power 

quality management, and reduce distribution network expansion costs [51]. From this point of 

view, battery storage should be included in the future work of this study to meet the power 

needs of consumers reliably and economically. In the case of battery storages added to the 

system, the proposed voltage control strategy will be obviously needed to contribute to the 

reduction of the charge/discharge cycles of the battery, so that even larger levels of PV can be 

integrated with smaller battery capacities. When used together with proposed controller, the 

extra headroom would allow batteries to provide ancillary services at low cost. This brings the 
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proposed strategy to a technical and economical solutions for the advanced voltage control of 

ADNs. 

6.2.2. Microgrid application 

 

With the evolution of power grid towards non-synchronous generation, the inertia is more 

decoupled from the grid. As the rotational inertia decreases, the stability of the system also 

becomes more vulnerable to disturbances, generation losses. Hence, there is a need for extra 

support to preserve the strength of the new distribution system. The introduced control 

capabilities should allow microgrids already interconnected to the upstream network, also to 

operate when isolated from the main grid in case of faults or other external disturbances. 

Overall, the control application is the crucial feature that distinguishes microgrids from 

distribution networks with DERs.  

A microgrid application study was presented in the authors work given in 1.4.3, and would be 

improved on future studies. Microgrids are capable of coordinating DERs and loads in a 

decentralised way without the need for a centralised scheme. Main challenges to be taken into 

account are the uncertainties due to unstable demand from loads and generation from renewable 

energy sources. The load profile varies with time and season. The future work microgrid studies 

are intended to focus on the evaluation of the effect of DERs’ dynamic behaviours and 

frequency response following the islanded-mode and/or frequency excursion. In Appendix C, 

a practical European MV-LV network is demonstrated with the dynamics of the system. The 

main target is to observe the microgrid system under load increment and loss of generation 

events also with high penetration of DERs. The microgrid test system was modelled based on 

the CIGRE’s “Benchmark Systems for Network Integration of Renewable and Distributed 

Energy Resources”, [170]. 
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Presented in Figure C-1, firstly a low-voltage (MV/LV) distribution microgrid system is 

presented. The 20 kV MV upstream network is converted to 0, 4 kV (LV) by 0.5 MVA rated 

power and 20/0.4 kV rated voltage transformer. The lines are modelled in two topology namely 

overhead and underground lines (all the parameters can be found in Appendix C). Grounding 

resistances are not applied to the system because a significant change isn’t observed in the load 

flow analysis. The loads are in three models including residential, industrial and commercial 

loads. The bus/plate/pole representations are made as residential buses/plates from R0 to R18, 

industrial buses as I0, I1, I2 and commercial buses/ poles from C0 to C20. First of all the 

analyses are conducted under load flow analysis to see the systems steady state behaviour. 

Afterwards, the time domain RMS studies are conducted. 

In grid connected mode, microgrid frequency is the same as that of the main grid, where in 

islanded mode the frequency regulation should be defined independently. In this case the 

integration of some additional control approaches like inertia emulation for the wind turbine, 

can increase the reference power to the turbine, which provides flexibility after the disturbance. 

Inertia emulators are designed to be deployed in wind energy conversion system for the sake 

of frequency support. Consequently, the kinetic energy stored in the wind turbine’s shaft can 

be released following the frequency excursion in order to help frequency restoration process. 

The inertia emulator allows a rapid active power contribution by obtaining a high 
𝑑𝑃

𝑑𝑡
, which 

makes a significant change. Inertia emulator will be added to the wind turbine dynamics to 

investigate the overall effects of injecting inertial power to the distribution network to help 

frequency restoration process. The inertia emulator can reduce the settling time and can 

decrease the frequency nadir of the system. In Figure C-2, the additional power support from 

the rotor is added to reference power value.  
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APPENDICES 

 

Appendix A: 33 and 69 Node Test System Data 

 

The lines nominal current 𝐼𝑙𝑛 is selected in such a way that the lines loading condition under 

the nominal system demand is at most 50%. In addition, the minimum lines nominal currents 

are assumed to be 70 Ampere [156].  

The single line diagrams of the 33 node and 69 node test systems can be found in Figure 5-1 

and Figure 5-5, respectively.  

 

Table A-1. Parameters of the test feeders’ transformers 

 

Network 
𝑺𝒕𝒓𝒏 

(kVA) 

𝑽𝒉𝒗𝒏  

(kV) 

𝑽𝒍𝒗𝒏  

(kV) 

uk  

(%) 
Re(uk) 

Vector 

group 

33-node 5750 66 12.66 6 0.96 Dyn11 

69-node 6150 66 12.66 6 0.96 Dyn11 
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Table A-2. Loads nominal powers for the 33-node test feeder 

 

Load Bus 𝑷𝒍𝒅(kW) 𝑸𝒍𝒅 (kvar) 

Load 02 2 100 60 

Load 03 3 90 40 

Load 04 4 120 80 

Load 05 5 60 30 

Load 06 6 60 20 

Load 07 7 200 100 

Load 08 8 200 100 

Load 09 9 60 20 

Load 10 10 60 20 

Load 11 11 45 30 

Load 12 12 60 35 

Load 13 13 60 35 

Load 14 14 120 80 

Load 15 15 60 10 

Load 16 16 60 20 

Load 17 17 60 20 

Load 18 18 90 40 

Load 19 19 90 40 

Load 20 20 90 40 

Load 21-22 21,22 90 40 

Load 23 23 90 50 

Load 24 24 420 200 

Load 25 25 420 200 

Load 26 26 60 25 

Load 27 27 60 25 

Load 28 28 60 20 

Load 29 29 120 70 

Load 30 30 200 600 

Load 31 31 150 70 

Load 32 32 210 100 

Load 33 33 60 40 
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Table A-3. The lines data for the 33-node test feeder 

 

Line 

No. 

Bus  

1 

Bus  

2 
𝑹𝒍 (𝛀) 𝑿𝒍 (𝛀) 𝑰𝒍𝒏 (A) 

Line 

No. 

Bus  

1 

Bus  

2 
𝑹𝒍 (𝛀) 𝑿𝒍 (𝛀) 𝑰𝒍𝒏 (A) 

01 1 2 0.09 0.05 400 17 17 18 0.73 0.57 70 

02 2 3 0.49 0.25 400 18 2 19 0.16 0.16 70 

03 3 4 0.37 0.19 270 19 19 20 1.50 1.36 70 

04 4 5 0.38 0.19 260 20 20 21 0.41 0.48 70 

05 5 6 0.82 0.71 260 21 21 22 0.71 0.94 70 

06 6 7 0.19 0.62 115 22 3 23 0.45 0.31 115 

07 7 8 0.71 0.24 115 23 23 24 0.90 0.71 115 

08 8 9 1.03 0.74 70 24 24 25 0.90 0.70 70 

09 9 10 1.04 0.74 70 25 26 6 0.20 0.10 138 

10 10 11 0.20 0.07 70 26 26 27 0.28 0.14 138 

11 11 12 0.37 0.13 70 27 27 28 1.06 0.93 138 

12 12 13 1.47 1.16 70 28 28 29 0.80 0.70 115 

13 13 14 0.54 0.71 70 29 29 30 0.51 0.26 115 

14 14 15 0.59 0.53 70 30 30 31 0.97 0.96 70 

15 15 16 0.75 0.55 70 31 31 32 0.31 0.36 70 

16 16 17 1.29 1.72 70 32 32 33 0.34 0.53 70 
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Table A-4. Loads nominal powers for the 69-node test feeder 

 

Load Bus 𝑷𝒍𝒅(kW) 𝑸𝒍𝒅 (kvar) Load Bus 𝑷𝒍𝒅(kW) 𝑸𝒍𝒅 (kvar) 

Load 05 5 2.60 2.20 Load 36 36 26.0 18.55 

Load 06 6 40.40 30.00 Load 38 38 24.0 17.0 

Load 07 7 75.00 54.00 Load 39 39 24.0 17.0 

Load 08 8 30.00 22.00 Load 40 40 1.20 1.0 

Load 09 9 28.00 19.00 Load 42 42 6.0 4.30 

Load 10 10 145.00 104.00 Load 44 44 39.22 26.30 

Load 11 11 145.00 104.00 Load 45 45 39.22 26.30 

Load 12 12 8.00 5.00 Load 47 47 79.0 56.40 

Load 13 13 8.00 5.50 Load 48 48 384.70 274.50 

Load 15 15 45.50 30.00 Load 49 49 384.70 274.50 

Load 16 16 60.00 35.00 Load 50 50 40.50 28.30 

Load 17 17 60.00 35.00 Load 51 51 3.60 2.70 

Load 19 19 1.00 0.60 Load 52 52 4.35 3.50 

Load 20 20 114.00 81.00 Load 53 53 26.40 19.00 

Load 21 21 5.00 3.50 Load 54 54 24.0 17.20 

Load 23 23 28.0 20.0 Load 58 58 100.0 72.0 

Load 25 25 14.0 10.0 Load 60 60 1244.0 888.0 

Load 26 26 14.0 10.0 Load 61 61 32.0 23.0 

Load 27 27 26.0 18.6 Load 63 63 227.0 162.0 

Load 28 28 26.0 18.6 Load 64 64 59.0 42.0 

Load 32 32 14.0 10.0 Load 65 65 18.0 13.0 

Load 33 33 9.50 14.00 Load 66 66 18.0 13.0 

Load 34 34 6.00 4.00 Load 67 67 28.0 20.0 

Load 35 35 26.0 18.55 Load 68 68 28.0 20.0 
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Table A-5. The lines data for the 69-node test feeder 

 

line 

No. 

bus 

1 

bus 

2 

𝑹𝒍  

(𝛀) 

𝑿𝒍  

(𝛀) 
𝑰𝒍𝒏 (A) 

line 

No. 

bus 

1 

bus 

2 

𝑹𝒍  

(𝛀) 

𝑿𝒍  

(𝛀) 
𝑰𝒍𝒏 (A) 

1 LV 1 0.0005 0.0012 450 36 27e 02e 0.0044 0.0108 70 

2 1 2 0.0005 0.0012 450 37 28e 27e 0.0640 0.1565 70 

3 2 02e 0.0000 0.0000 450 38 65 28e 0.1053 0.1230 70 

4 02e 3 0.0015 0.0036 450 39 66 65 0.0304 0.0355 70 

5 3 4 0.0251 0.0294 320 40 66 67 0.0018 0.0021 70 

6 4 5 0.3660 0.1864 320 41 67 68 0.7283 0.8509 70 

7 5 6 0.3811 0.1941 320 42 68 69 0.3100 0.3623 70 

8 6 7 0.0922 0.0470 320 43 69 70 0.0410 0.0478 70 

9 7 8 0.0493 0.0251 320 44 70 88 0.0092 0.0116 70 

10 8 9 0.8190 0.2707 115 45 88 89 0.1089 0.1373 70 

11 9 10 0.1872 0.0619 115 46 89 90 0.0009 0.0012 70 

12 10 11 0.7114 0.2351 70 47 35 3 0.0034 0.0084 115 

13 11 12 1.0300 0.3400 70 48 35 36 0.0851 0.2083 115 

14 12 13 1.0440 0.3450 70 49 36 37 0.2898 0.7091 115 

15 13 14 1.0580 0.3496 70 50 37 38 0.0822 0.2011 70 

16 14 15 0.1966 0.0650 70 51 7 40 0.0928 0.0473 70 

17 15 16 0.3744 0.1238 70 52 40 41 0.3319 0.1114 70 

18 16 17 0.0047 0.0016 70 53 8 42 0.1740 0.0886 208 

19 17 18 0.3276 0.1083 70 54 42 43 0.2030 0.1034 208 

20 18 19 0.2106 0.0696 70 55 43 44 0.2842 0.1447 208 

21 19 20 0.3416 0.1129 70 56 44 45 0.2813 0.1433 208 

22 20 21 0.0140 0.0046 70 57 45 46 1.5900 0.5337 208 

23 21 22 0.1591 0.0526 70 58 46 47 0.7837 0.2630 208 

24 22 23 0.3463 0.1145 70 59 47 48 0.3042 0.1006 208 

25 23 24 0.7488 0.2475 70 60 48 49 0.3861 0.1172 208 

26 24 25 0.3089 0.1021 70 61 49 50 0.5075 0.2585 208 

27 25 26 0.1732 0.0572 70 62 50 51 0.0974 0.0496 70 

28 2 27 0.0044 0.0108 70 63 51 52 0.1450 0.0738 70 
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29 27 28 0.0640 0.1565 70 64 52 53 0.7105 0.3619 70 

30 28 29 0.3978 0.1315 70 65 53 54 1.0410 0.5302 70 

31 29 30 0.0702 0.0232 70 66 10 55 0.2012 0.0611 70 

32 30 31 0.3510 0.1160 70 67 55 56 0.0047 0.0014 70 

33 31 32 0.8390 0.2816 70 68 11 57 0.7394 0.2444 70 

34 32 33 1.7080 0.5646 70 69 57 58 0.0047 0.0016 70 

35 33 34 1.4740 0.4873 70       
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Appendix B: Extensive Studies  

B1. The voltage and reactive power relation  

 
Voltage concept fits in the local balance of the reactive power (kvar). Since voltage control is 

regional, the reactive power is the most significant source for voltage control to compensate 

for the mismatch between generation and demand. In the balancing process, the reactive power 

is responsible for regulating the voltage in the system, where voltage is directly proportional to 

the kvar in the grid. The graphical representation among the bus voltage and the reactive power 

is shown in Figure B-1, where the Q-V droop characteristic of the synchronous generator is 

presented. 
nlV and 

flV  denotes the no load and full load considerations where 
flQ refers to the 

full load operation of reactive power. When the power flow is high in the network, there is a 

need to consume reactive power. Counter wise, when the power flow is low, the electric 

networks tend to generate more reactive power. This concern reveals the need for more reactive 

power consuming units in the distribution systems [171]. 

Voltage

Vnl

Qfl

Vfl

Reactive 

Power

0

 

Figure B-1. Bus voltage alteration with reactive power for a SG 
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As mentioned in the introduction section, synchronous generation is declining in the future 

network, causing a reduction in the voltage support. Synchronous generators are those directly 

coupled to the electricity system and not through an inverter (e.g. thermal and hydroelectricity 

generation). That means the voltage control capabilities are also limited due to deprivation from 

the inherent dynamic overload capability of synchronous machines.  

 The future distribution system contains high renewable distributed generation, namely non- 

synchronous, which have more generation/demand imbalances due to their forecast uncertainty 

(e.g. wind speed and solar radiation). While both synchronous and non-synchronous providers 

can provide reactive power, synchronous providers contribute to the overall stability of the 

network is higher. 

The static and dynamic voltage control devices are mostly used in the transmission network. 

Compared to the transmission network, fewer controllable sources of reactive power are 

present within the distribution networks. Therefore, the role of the DG inverters is very crucial 

to take over the part of synchronous units in the system to provide voltage support. By 

considering all the challenges, the voltage control capabilities within the control units must be 

detained in reserve during normal operation to be able to provide a dynamic response when a 

disturbance occurs.  

  



187 

 

B2. Sensitivity studies on the 33 bus test system 

 

In this section, the sensitivity studies in previous section is extended to the studies on the 

considered 33 node test system. Another way of determining the sensitivity, the voltage 

sensitivity matrix, is identified. The radial distribution networks are mostly considered to be 

analysed under unbalanced load flow simulations due to the characteristic of loads (e.g., single 

or three-phase loads).  Unbalances are regular in DNs since household electrical and PV units 

are usually single-phase [172].  In this study, the unbalanced load-flow studies are performed 

in the distribution network to verify the effectiveness of the proposed approach.  This part of 

the study demonstrates sensitivity studies on the selected 33 node distribution network 

illustrated in Figure 5-1.  

Load flow studies are performed for defining the voltage sensitivity matrix S , constituted by 

solving two nonlinear load flow equation using Newton– Raphson algorithm. Iterations update 

the system Jacobian matrix till convergence tolerance is fulfilled, and the inverse of Jacobian 

matrix is used to calculate S matrix. In equations (B.1) - (B.4) where P ,Q ,U , , Y and 

represent the active power flow, reactive power flow, phasor bus voltage, voltage angle, line 

admittance, and impedance angle, respectively. 

( 1)

| | | || | ( ) |
n

i i j ij ij i j

j

P U U Y cos   


         (B.1) 

( 1)

| | | || | sin( ) |
n

i i j ij ij i j

j

Q U U Y   


         (B.2) 

QP

UP UQ

SS

U S S

   
  

    

         (B.3) 
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        (B.4) 

The focus of the studies are emphasised on the active and reactive power variations with 

voltage magnitude variation UPS  and 
UQS  , respectively. The voltage sensitivity of the system 

to active power ( /UPS dv dP ), the voltage variations at each PV output terminal due to the 

active power changes of all the PV inverters in the system is investigated.  

 

 Figure B-2. Bus Voltage sensitivities to active and reactive power injection 

 

Figure B-2, illustrates the voltage sensitivity of the system to active power ( /UPS dv dP ) and 

reactive power ( /UQS dv dQ ).  UQS  is higher when PV is closer to the transformer. The effect 

of the injections of P and Q  at each bus bar is evaluated for the bus bar itself. It is obvious that 

the sensitivity increases along the line until the end of the feeder. Therefore, it attracts more 

consideration and voltage regulation studies to be performed at the end of the feeder. 
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Figure B-3, illustrates the voltage profile of the system with different local control strategies. 

From the figure, the proposed control strategy has the most superior voltage value at the end 

of the feeder and while the voltage increment with the Power Factor-P control is higher 

compared Q-voltage and proposed strategy. If the voltage upper limit is considered as 1.05 p.u., 

all standard control methods have overvoltage nodes whereas the proposed control strategy has 

only one node to surpass the voltage limit.   

    

Figure B-3. Voltage profile of the network buses with studied voltage control methods 

 

As can be observed, the proposed controller can enhance the voltage profile of the system 

considerably in compare to other local voltage control techniques. Noticeably, when the 

generation is peak during the day times, the voltage would be high as explained in the 

mathematical equations for ADNs.  

Q-voltage strategy improves the voltage at the end of feeder, by reducing the voltage level. 

Supporting the sensitivity studies in Section 3.3.1. Standard Reactive Power Strategies (PF-



190 

 

power and Q-voltage strategies), the voltage sensitivity matrix proves that Q-Voltage control 

should be taken into consideration for the use in the proposed local control, as the supporting 

voltage control method.  
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B3. Fundamental approaches to solve uncertainties  

 

Approximate methods: Simplifies the stochastic environment using approximate formulas in 

the process of computing the statistical moments of random variables. One of the well-known 

application of approximate methods is their use with point estimate method [56]. 

Fuzzy methods: In fuzzy methods the characteristic of random variables can be modelled by 

expert linguistic expressions. The fuzzy models proposed so far are not able to model 

interdependency of random variables [173], [174].  

Robust optimization method: The strategy of robust optimization is to minimize or maximize 

the objective function under the worst-case bounds of random variables.  In robust 

optimisation, uncertainty is described in  given interval uncertainty sets to optimize PV against 

risk and worst-case scenarios [175]. In [176], a two-stage adaptive robust optimization method 

is considered for microgrid energy management considering renewable generation 

uncertainties. Robust optimisation is appropriate when limited information is available, and 

low computation complexity is requested. It doesn’t need probabilistic information, whereas it 

only uses a set-based representation for uncertainty. Ref. [177] uses the convex approximation 

of chance-constrained optimal power flow to compute PV reactive power set points with 

considering uncertainties, resulted in improvement in terms of grid losses. Hence, robust 

optimisation doesn’t match the needs of representing decentralised energy systems such as, 

PV, WT, BESS, because of the variable and independent input profiles and are not suitable for 

long term applications. 

Interval optimization: Minimizes or maximizes the objective function under the predefined 

bounds of random variables by decision-maker. Nevertheless, this method is the lack of 

modelling the correlations between the intervals [178].  
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Appendix C: Microgrid Test System 

 

Figure C-1. CIGRE MV/LV Distribution Network- Benchmark model for microgrid studies  

 

 

Figure C-2. GE Wind Turbine inertial emulator model[179] 
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Table C-1. Connections and line parameters of residential feeder of European distribution 

network Benchmark 

 

Line 

segment 

Node 

from Node to Conductor ID L (m) Installation 

1 R1 R2 UG1 35 UG 3-ph 

2 R2 R3 UG1 35 UG 3-ph 

3 R3 R4 UG1 35 UG 3-ph 

4 R4 R5 UG1 35 UG 3-ph 

5 R5 R6 UG1 35 UG 3-ph 

6 R6 R7 UG1 35 UG 3-ph 

7 R7 R8 UG1 35 UG 3-ph 

8 R8 R9 UG1 35 UG 3-ph 

9 R9 R10 UG1 35 UG 3-ph 

10 R10 R11 UG3 35 UG 3-ph 

11 R11 R12 UG3 35 UG 3-ph 

12 R12 R13 UG3 35 UG 3-ph 

13 R13 R14 UG3 35 UG 3-ph 

14 R14 R15 UG3 35 UG 3-ph 

15 R15 R16 UG3 35 UG 3-ph 

16 R16 R17 UG3 35 UG 3-ph 

17 R17 R18 UG3 35 UG 3-ph 
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Table C-2. Connections and line parameters of commercial feeder of European distribution 

network benchmark 

 

Line 

segment 

Node 

from Node to Conductor ID L (m) Installation 

1 C1 C2 OH1 30 OH 3-ph 

2 C2 C3 OH1 30 OH 3-ph 

3 C3 C4 OH1 30 OH 3-ph 

4 C4 C5 OH1 30 OH 3-ph 

5 C5 C6 OH1 30 OH 3-ph 

6 C6 C7 OH1 30 OH 3-ph 

7 C7 C8 OH1 30 OH 3-ph 

8 C8 C9 OH1 30 OH 3-ph 

9 C3 C10 OH2 30 OH 3-ph 

10 C10 C11 OH2 30 OH 3-ph 

11 C11 C12 OH3 30 OH 3-ph 

12 C11 C13 OH3 30 OH 3-ph 

13 C10 C14 OH3 30 OH 3-ph 

14 C5 C15 OH2 30 OH 3-ph 

15 C15 C16 OH2 30 OH 3-ph 

16 C15 C17 OH3 30 OH 3-ph 

 

 

Table C-3. Connections and line parameters of industrial feeder of European distribution 

network Benchmark  

 

Line 

segment 

Node 

from Node to Conductor ID L (m) Installation 

1 I1 I2 UG2 200 UG 3-ph 
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Table C-4. Primitive impedance matrices of overhead lines of European distribution network 

benchmark 

 

Conductor ID/ 

Installation 

The primitive impedance matrix [Ω/km] 

     A                       B                            C                        D 

OH1 / 3-ph A 

B 

C 

N 

0.540 + j0.777           0.049 + j0.505                    0.049 + j0.462                    0.049 + j0.436 

 

0.049 + j0.505           0.540 + j0.777                    0.049 + j0.505                    0.049 + j0.462 

 

0.049 + j0.462           0.049 + j0.505                    0.540 + j0.777                    0.049 + j0.505 

 

0.049 + j0.436           0.049 + j0.462                    0.049 + j0.505                    0.540 + j0.777 

OH2 / 3-ph A 

B 

C 

N 

 

1.369 + j0.812          0.049 + j0.505                     0.049 + j0.462 0.                049 + j0.436 

 

0.049 + j0.505          1.369 + j0.812                     0.049 + j0.505                    0.049 + j0.462 

 

0.049 + j0.462          0.049 + j0.505                     1.369 + j0.812                    0.049 + j0.505 

 

0.049 + j0.436          0.049 + j0.462                     0.049 + j0.505                    1.369 + j0.812 

OH3 / 3-ph A 

B 

C 

N 

 

2.065 + j0.825          0.049 + j0.505                     0.049 + j0.462                    0.049 + j0.436 

 

0.049 + j0.505          2.065 + j0.825                     0.049 + j0.505                    0.049 + j0.462 

 

0.049 + j0.462          0.049 + j0.505                     2.065 + j0.825                    0.049 + j0.505 

 

0.049 + j0.436          0.049 + j0.462                     0.049 + j0.505                    2.065 + j0.825 
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Table C-5. Primitive impedance matrices of underground lines of European distribution 

network benchmark 

 

Conductor ID/ 

Installation 

The primitive impedance matrix [Ω/km] 

     A                       B                            C                        D 

UG1 / 3-ph A 

B 

C 

N 

0.211 + j0.747           0.049 + j0.673                    0.049 + j0.651                    0.049 + 

j0.673 

 

0.049 + j0.673           0.540 + j0.747                    0.049 + j0.673                    0.049 + 

j0.651 

 

0.049 + j0.651           0.049 + j0.673                    0.211 + j0.747                    0.049 + 

j0.673 

 

0.049 + j0.673           0.049 + j0.651                    0.049 + j0.673                    0.540 + 

j0.747 

UG2 / 3-ph A 

B 

C 

N 

 

0.314 + j0.762          0.049 + j0.687                     0.049 + j0.665                   0.049 + j0.687 

 

0.049 + j0.687          0.314 + j0.762                     0.049 + j0.687                   0.049 + j0.665 

 

0.049 + j0.665          0.049 + j0.687                     0.314 + j0.762                   0.049 + j0.687 

 

0.049 + j0.687          0.049 + j0.665                     0.049 + j0.687                    0.314 + 

j0.762 

UG3 / 3-ph A 

B 

C 

N 

 

0.871 + j0.797           0.049 + j0.719                    0.049 + j0.697                   0.049 + j0.719 

0.049 + j0.719           0.871 + j0.797                    0.049 + j0.719                   0.049 + j0.697 

0.049 + j0.697           0.049 + j0.719                    0.871 + j0.797                   0.049 + j0.719 

0.049 + j0.719           0.049 + j0.697                    0.049 + j0.719                   0.871 + j0.797 

 

Table C-6. Transformer parameters of European distribution network benchmark 

 

Node from Node to Connection V1 

(kV) 

V2 

(kV) 

Ztr (Ω) Srated (kVA) 

R0 R1 3-ph Dyn1 20 0.4 0.0032+j0.0128 500 

I0 I1 3-ph Dyn1 20 0.4 0.0107+j0.0427 150 

C0 C1 3-ph Dyn1 20 0.4 0.0053+j0.0213 300 
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Table C-7. Load Parameters for European Network 

 

Node Apparent Power, S [kVA] Power Factor, pf 

R1 200 0.95 

R11 15 0.95 

R15  52 0.95 

R16  55 0.95 

R17  35 0.95 

R18  47 0.95 

I2  100 0.85 

C1  120 0.90 

C12  20 0.90 

C13 20 0.90 

C14  25 0.90 

C17  25 0.90 

C18  8 0.90 

C19  16 0.90 

C20  8 0.90 
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Table C-8. GE wind inertia model parameters [179] 

Variable Value 

K 10 

db 0.0025 

Tlp 1 

Two 5.5 

Pmax 0.1 

Pmin 0 

 

 


