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Abstract 
 

In recent years, the number of distribution feeders with a high penetration level of 

small-scale generation units like solar Photovoltaic has increased significantly. 

Government incentives, environmental concerns, and declining prices of technologies 

have accelerated the emergence of residential and commercial feeders enriched with 

solar PVs. Other emerging technologies such as Residential Battery Storage Systems, 

Plug-in Electrical Vehicles (PEVs), Home management Systems (HMS), and Peer to 

Peer Transactive Energy Markets have impacted the operation and management of the 

low voltage distribution network. These changes have given rise to the concept of 

Active Distribution Network (ADN), in which distribution networks migrate from a 

conventional passive role as a lumped load to an active role. In the context of ADN, 

some decision-making and control tasks to achieve optimal performance are performed 

in a low voltage network. These new management schemes are inevitable since the 

conventional distribution networks are not designed to operate with the high level of 

integration of the aforementioned technologies smoothly. For instance, the penetration 

level of solar PVs is curtailed by the hosting capacity of the distribution feeders. This 

hosting capacity is the level of penetration level beyond which indicative variables such 

as voltage and frequency of the network violate the safe operating zone. The research 

interest in the context of ADN is initially on assessing the potential issues that could 

arise from a high level of penetration of distributed energy resources such as solar PVs. 

The other area of interest is proposing new methodologies for the control and 

management of distribution networks to mitigate the impact of a high level of 

penetrations of DERs while the optimum efficiency in terms of cost of operation and a 

higher level of renewable generation is achieved. The research topics in this thesis 

consider both of these trends, namely analysis, and management of Active Distribution 

Networks. 

In the analysis part, firstly, a comprehensive review on assessment techniques of the 



impact of Solar PVs on power quality indices is provided. Solar PVs are focused as the 

DER technology since it is the dominant generation type, especially in residential and 

commercial networks. Also, different uncertainty modeling techniques are discussed, 

and the importance of the development of stochastic assessment techniques is 

expressed.  The published research output provides a valuable literature review, which 

can be the source of new trends for researchers interested in the topic. Secondly, a 

numerical method of assessment to evaluate the impact of a high level of penetration of 

single-phase solar PVs on the voltage unbalance in distribution feeders is proposed. The 

assessment technique uses non-sequential Monte-Carlo to model the uncertainty arising 

from solar PVs. It also suggests a straightforward simulation tool to implement the 

assessment method. The result of simulation on a large-scale MV/LV distribution 

network demonstrates the functionality of the assessment technique and simulation 

platform. 

The second part of the thesis is focused on management techniques of active 

distribution networks and particularly studies the application of the theory of Discrete 

Event System and Supervisory Control in network management. Firstly, the theory of 

Supervisory Control and how to synthesize supervisor is explained. In the next chapter, 

a Supervisory Control is designed to perform the high-level management of various 

devices in a typical custom power part. Also, a new method of simulation of the Discrete 

Event System over time is proposed.  

In the following section, the problem of power admission control of Electric Vehicles 

in a demand response scheme is modeled as a Discrete Event System. A control strategy 

is proposed as a Supervisor to manage power admission control and maintain the power 

of the distribution transformer within a limit indicated by the demand response scheme. 

The result of the simulation confirms the efficacy of the proposed control strategy. 

In the next section, the theory of the Timed Discrete Event System is explored and is 

applied to a load balancing solution in a residential feeder. In the proposed scheme, the 

phase connection of single-phase solar PVs is swapped to make three-phase loading 

balanced. By exploiting Timed Discrete Model, a decentralized control unit is designed, 

which eliminates the need for a communication system while the timed bound constraint 



 

is modeled in an event-triggered model using the Timed-Discrete Event System. 

Finally, a framework for simulation of the local transactive market and their impact on 

control and management of distribution network is proposed. The last chapter of the 

thesis provides conclusion and future works.  
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Chapter 1: 

Introduction 
 

1.1 Background 

The conventional power systems were designed based on centralized dispatchable 

large-scale power stations. In this conventional setup, the power system is controlled 

by Transmission System Operator (TSO) and Distribution System Operators (DSO).  

Since the generation in the distribution network is minimal, most of the control 

strategies and management were related to the high voltage transmission network. 

DSOs are mainly in charge of the installation and maintenance of Distribution Networks 

and managing retail markets.  Since there is no or limited generation at the distribution 

level, DSOs have no or limited jurisdiction in control of power system operation. 

In recent years, the increased penetration of Distributed Energy Resources (DER) 
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with small-scale capacity (in the range of 1 kW to 10 MW) has raised the necessity of 

developing control and management strategies applied to low voltage distribution 

networks. The number of distribution feeders with a high penetration level of small-

scale generation and storage units has increased significantly. Government incentives, 

environmental concerns, and declining costs have accelerated the emergence of 

residential and commercial feeders enriched with solar PVs. Other emerging 

technologies such as Residential Battery Storage Systems, Plug-in Electrical Vehicles 

(PEVs), Demand Side Response (DSR) plans, Home management Systems (HMS), and 

Peer to Peer (P2P) Transactive Energy Markets have impacted the operation and 

management of the low voltage Distribution Network. These changes have raised the 

context of Active Distribution Network (ADN). In the ADN context, distribution 

networks migrate from a conventional passive role as a lumped load to an active role 

where ADNs contribute to decision-making and control of the network's operation to 

achieve optimal performance. These changes in management and control schemes are 

inevitable since the conventional distribution networks are not designed to operate 

normally with the high level of integration of the aforementioned technologies. For 

instance, the penetration level of solar PVs is curtailed by the hosting capacity of the 

distribution feeders. This hosting capacity is the level of penetration level beyond which 

indicative variables such as voltage and frequency of the network will violate the safe 

operation zone indicated by standards. These challenges are changing the structure of 

power system management, and the new paradigm of Distribution Network Operators 

(DNOs) has emerged. DNOs are not only in charge of installation and maintenance of 

low-voltage distribution networks and substations, but they should also actively 

participate in control strategies and network upgrades with new technologies to 

maintain the safe and reliable operation of the whole network. These challenges have 

also grabbed the attention of the research community. The research activities are 

focused on the analysis of distribution networks in the presence of new technologies 

and proposing new control strategies along with new technologies that facilitate the 

higher penetration level of DERs. In this dissertation, which presents the author’s 

research activity toward fulfillment of the Ph.D. degree, some of the challenges related 

to ADN analysis are provided, and some new control strategies are proposed. 
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1.2 Challenges of ADN Operation 

The main distinctive characteristic of ADN is the generation in distribution level in 

the form of DER. Conventional distribution networks are not designed to host 

generation units and are mainly based on the assumption of downstream power flow 

from the transmission network. Therefore, due to this new paradigm, new analysis 

techniques are required to assess the state of the operation of the Distribution Network.  

In the following, some of the challenges of the penetration of DERs are discussed. 

1.2.1 Power Flow Formulation 

Control of power systems is mostly formulated in the form of optimization problems 

that are solved to find the optimal control variables to manage control quantities. Some 

examples of such problems are voltage control, network reconfiguration, loss reduction, 

generation scheduling, etc. In the context of the distribution network, examples of the 

optimization problem are DER scheduling, Volt/VAR control, phase reconfiguration, 

demand response, etc.  The link between control variable and control quantities are 

mostly based on power flow equations. There is a rich research archive on power flow 

formulation in transmission networks that have led to established and commercial 

power flow solutions.  However, those solutions might not be suitable to be applied to 

the distribution network. The majority of distribution networks have radial  or weakly 

meshed configuration, which may trigger convergence problems in solving the power 

flow equation. Also, the R/X ratio in the distribution line is high compared to the 

transmission line, and the voltage drop due to active power flow is not negligible, as in 

the case of the transmission line. Some efficient techniques, such as forward and 

backward sweep, have been used. Nonetheless, these techniques are solved iteratively 

and might not be fast enough for real-time applications. 

1.2.2 Power Quality Issues 

Penetration of DER could potentially deteriorate the quality of delivered power at 

the distribution level. The most observed power quality problems include voltage rise, 

voltage unbalance, and harmonic distortion.  
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Voltage rise is mostly seen at a very high penetration level where the demand in the 

distribution network is lower compared to generation from DERs. This may cause 

reverse power flow, which means the flow of power is toward the distribution 

transformer. Normally distribution transformers are equipped with a tap changer to 

regulate the voltage. However, this strategy might not be effective in high reverse power 

flow conditions, and overvoltage might be observed in some nodes. Active power 

curtailment is commonly deployed to avoid overvoltage, but this strategy is in contrast 

with the economic benefits of DERs to exploit maximum use of solar power. 

Voltage Unbalance is a common problem in distribution networks with single-phase 

DERs. Distribution feeders are inherently unbalanced due to the uneven distribution of 

loads. Single-phase DERs could potentially exacerbate the voltage unbalance level, 

especially if the demand on the phase with connected DER is low compared to the other 

phases. 

Most DERs are connected to the distribution network through switching power 

electronic devices such as Inverters and converters. These types of technologies could 

be the source of current harmonic injection in point of connection.    

1.2.3 Uncertainty 

Due to the sporadic nature of loads in the distribution network, there exists some 

level of uncertainty in the load profile of these networks. This level of uncertainty could 

be handled since a sufficient amount of historical data could be collected. Additionally, 

most customer’s behavior follows a certain pattern that could be detected from historical 

data and makes planning easy in the presence of uncertainty. Integration of DER could 

significantly increase the level of uncertainty in the distribution network.  Most DERs 

use renewable sources, such as solar and wind. These sources are heavily dependent on 

sporadic environmental changes. For example, the shading of solar PVs due to 

intermittent passing clouds is a huge source of uncertainty in the output power. 

Although some probabilistic models could be found for these types of uncertain 

paradigms, there are some other sources of uncertainty related to DERs that are very 

hard to handle. For instance, most DERs at the distribution level are privately owned 
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by residential customers or landowners. These DER's owners make decisions purely 

based on their economic interest and  their decisions have a severe impact on the 

operation of the distribution network. For example, the location and size of the 

installation are purely made by the private owner and out of control of DNOs. Modeling 

these uncertainties is quite hard since they do not fit in any probabilistic models. 

1.2.4 Technical issues 

Apart from power quality issues, there are some other technical issues related to the 

integration of DERs into the distribution network. For instance, the protection system 

malfunction could be observed in the case of reverse power flow. Also, a high level of 

unbalance due to DERs may increase the neutral line current and subsequently tease the 

protection system. Equipment overloading could also be seen in transmission lines and 

distribution transformers. 

1.3 Hosting capacity 

The aforementioned challenges mentioned in the previous section may limit the 

capacity of the distribution network to integrate DERs. The capacity beyond which the 

healthy operation of the system might be jeopardized is called the hosting capacity. In 

order to reach a high level of hosting capacity, mitigation techniques should be devised 

to control the underlying technical issues. However, the cost of mitigation techniques 

in some cases may be less than the benefit of installing a new DER. For example, it 

would be very costly if the cross-section of the conductor is needed to be enhanced in 

order to install a new DER.  

1.4 Analysis of ADN 

In order to have a fully healthy functioning ADN, it is of paramount importance to 

be able to analyze these types of networks. That involves efficient assessment 

techniques to be able to forecast the state of operation of the system in the presence of 

DERs. The result of these assessments is mostly indicative parameters that reflect the 

state of the system. The control strategies are planned based on these assessments. For 

example, voltage and frequency control strategies are decided based on assessing these 
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parameters in different penetration levels of DERs. Long-term planning decisions are 

also made if there is a clear forecast from an efficient assessment. Parameters such as 

total consumed energy, environmental parameters, operational and network upgrade 

cost should be known by assessing the network in the presence of DERs. Therefore the 

development of accurate and efficient assessment techniques has been the focus of the 

research community. One important issue is being able to model the uncertain 

parameters that arise from the installation of DERs. Uncertainty modeling and efficient 

computational tools and methods are of paramount importance.  

1.5 Management of ADN 

Management of ADN involves the deployment of accurate control strategies to 

achieve healthy and optimal operation of ADNs. In the following sections, some 

examples of these management strategies are mentioned: 

• Active power Curtailment: Control and management strategies to limit and 

curtail the active power of DERs. The aim of this control strategy is mainly to 

keep the voltage level in an acceptable range. 

• Volt/VAR control: Controlling the voltage level by allowing DERs to inject or 

absorb reactive power. Although, in some grid codes and standards, DERs are 

just allowed to work at unity power factor. This strategy eliminates curtailing 

active power. However, the rating of DER’s apparent power capacity should 

be higher to account for reactive power injection/absorption. 

• Demand Response: Control and management strategies to shift loads in order 

to control and flatten the load profile. This is most efficient in shifting the load 

to the time when the power from renewable DERs such as solar PVs is at its 

peak. However, it requires the existence of controllable loads that could be 

shifted. 

• Battery Storage Management: Deployment of the storage system is common 

in the distribution network. The main purpose is to save energy during high 

generation and low demand and inject the saved energy during peak demand. 

Capacity Storage system could also be used for control purposes such as 
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voltage control.  

• Phase reconfiguration: These are techniques that dynamically change the 

topology of the network to achieve control objectives such as loss reduction 

• Load Balancing: The objective of load balancing is mitigating the voltage 

unbalance level in the three-phase distribution network. The strategies to 

achieve this include using custom devices (e.g., DSTATCOM) to circulate the 

excessive power between phases, using FACT devices (e.g., SVS) for voltage 

control purposes, and switching the phase connection of loads using static 

transfer switches. 

• Peer to Peer Energy trading: These are strategies that enable the emergence 

of local energy markets in the distribution network. The DNOs could benefit 

from these markets since the customer could provide services to the grid by 

participating in local markets and sell their excessive power or buy their 

demand and help to flatten the demand curve of the network.  

• Home management system and smart building: These are technologies that 

are deployed and installed in a residential and commercial building that 

enables the participation of customers in control of the network. Most of these 

technologies are equipped with communication system and enables sending 

control signals from DNOs to the customer’s equipment.  

1.6 Control Strategies in ADN 

In order to achieve the management strategies mentioned in the previous section, 

rigorous control techniques are required. Researchers and power and control engineers 

have suggested many efficient control strategies base on decades of developed control 

theories ranging from conventional control systems, intelligent systems based on 

artificial intelligence, Fuzzy control system, Discrete Event System, Supervisory and 

Hierarchical schemes, optimal control theory, Blockchain technologies, Stochastic 

programming, etc. Also, communication systems have an important role in ADN. 

Different wireless communication technologies, Power Line Carriers (PLC), and IoT 

technologies are examples of communication systems used in ADN. 
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1.7 Motivation and Research Gap 

Although there exists a rich literature of research work on the subject of ADN, there 

still exists a research gap, and several research topics are still open. As mentioned in 

the previous section, the topics related to ADN are numerous and beyond the scope of 

a dissertation. Thus, in this dissertation, some elected topics in terms of analysis and 

management of ADN are considered. The motivation of the chosen topics and main 

contributions of this thesis are explained in the following: 

• Comprehensive research work on assessment techniques of the impact of 

DER on power quality of distribution networks is still needed. In chapter 2 of 

this thesis, a comprehensive review of assessment techniques of integration 

of solar PVs on three main power quality metrics is provided. The main focus 

is on techniques to model the uncertainty arising from solar PVs.  Also, a 

literature review of recent publication and research direction are discussed in 

detail as well 

• Reliable and efficient simulation tools for assessment of distribution network 

with a high penetration level of DERs is still missing. In chapter two, a new 

Monte Carlo simulation is proposed, and a simulation platform is suggested 

and tested on a large-scale distribution network.  

• The complexity of technologies used in the distribution network requires 

complex theoretical control schemes. One solution is to divide the dynamic 

variables into time and event domains. This strategy enables the deployment 

of the Discrete Event System to design a supervisory control system and 

avoid the necessity of a complex hybrid control system. There are limited 

research works that employ the application of Supervisory Control of 

Discrete Event Systems. In this dissertation, an attempt is made to identify 

potential dynamics that could be defined as Discrete Event dynamics and 

design control strategies as high-level supervisors to manage different 

functionalities in ADN. This includes applications in the control of 

Microgrids, Demand Response, and Electric Vehicles charge scheduling and 

control of dynamic switching devices in load balancing applications. Also, 



Introduction 

9 

the theory of the Timed Discrete Event System is exploited in event-triggered 

dynamics that are bounded by time.  

•  Most load balancing control strategies in distribution feeders are based on a 

central controller. In this dissertation, a decentralized control scheme for 

control and management of Dynamic Switching Devices is proposed, which 

eliminates the necessity of a communication system.  

1.8 Structure of Thesis 

This thesis is organized into nine chapters. The background, as well as research aims 

and objectives, is represented in Chapter1. 

In Chapter 2, a comprehensive review of assessment techniques of the impact of 

solar PVs on power quality indices is presented. The focus is on modeling techniques 

of uncertainty. It is followed by a comprehensive literature review. 

In chapter 3, a new probabilistic assessment technique based on non-sequential 

Monte-Carlo simulation is provided. The suggested technique is the used for assessing 

the impact of the high level of penetration of solar PVs on voltage unbalance of a large 

distribution network and introduces a simple simulation scheme.  

In chapter 4, a brief introduction of Discrete Event System fundamentals is 

provided. It is followed by the methods to synthesize Supervisory Control for Discrete 

Event System. 

In chapter 5, the theory of Discrete Event System is applied to high-level control of 

devices in a Microgrid set up used as a custom power park. This chapter is a foundation 

of exploring the potential of the theory of Discrete Event System in Distribution 

network Control 

Further in Chapter 6, a power admission management scheme for charging control 

of Electric Vehicles is developed using the Discrete Event System theory. This chapter 

is an example of the application of the Discrete Event System in Demand-Side 

management.  

In chapter 7, a new load balancing strategy by switching the phase connection of 
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single-phase PVs is proposed. The novelty of the control scheme is that it does not 

require a central controller and communication system. 

In chapter 8, a brief introduction to the Transactive Energy and P2P market and 

application of Blockchain technologies is provided. Also, a simulation framework is 

designed that could be used for co-simulation of the distribution network and market 

simultaneously. 

Finally, in chapter 9, a conclusion of the main findings of the dissertation as well as 

future research directions are presented. 

If the reader is interested in the analysis of ADN, the suggested chapters are chapter 2 

and chapter 3. Chapter 2 could be read individually as a literature review for the reader 

that is interested only in the review of assessment techniques. Chapter 4, 5, 6, and 7 

cover the theory and some possible applications of Supervisory Control of Discrete 

Event System. The reader can skip chapters 2 and 3 if only interested in Supervisory 

Control of Discrete Event System. 
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Chapter 2: 

Impact of Grid-tied Solar PVs on Distribution 

Network   
The content of this chapter is mostly based on a published article with the 

following details: 

Kharrazi, A., V. Sreeram, and Y. Mishra. "Assessment techniques of the 

impact of grid-tied rooftop photovoltaic generation on the power quality of 

low voltage distribution network-A review." Renewable and Sustainable 

Energy Reviews 120 (2020): 109643 

DOI: https://doi.org/10.1016/j.rser.2019.109643 

The abstract of the publication: 

https://doi.org/10.1016/j.rser.2019.109643
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In recent years the integration of photovoltaic generation into the power 

grid had a dramatic increase. The environmental and economic benefits of 

solar panels as a renewable and clean source of energy suggest a growing 

surge in their share of electricity production. However, most of the 

photovoltaic panels are integrated into the low, and medium-voltage 

distribution networks are in the form of small-scale generation units. 

Generation at this level could jeopardize the healthy operation of the active 

electricity distribution systems. A significant concern is the impact of these 

units on the quality of the supplied voltage. Namely, photovoltaic panels 

could deteriorate the quality of power in the distribution network by 

increasing the level of voltage unbalance, injecting harmonic current, and 

causing voltage regulation problems. These drawbacks may limit the 

capacity of the distribution networks to host a high level of penetration of 

grid-tied photovoltaic panels. Thus, proper assessment techniques 

considering the stochastic behavior of solar generation are vital for network 

operators for the planning and decision-making process. The accuracy and 

efficiency of these assessment methods are of paramount importance since 

they could be utilized by network operators to indicate the hosting capacity 

of the distribution network. This paper provides an extensive review of 

assessment methods and mitigation techniques of the power quality issues 

involved with the high penetration of grid-connected photovoltaic panels in 

medium and low voltage distribution systems.  

2.1 Introduction 

Electricity generation from Photovoltaic (PV) systems has had the highest increase 

among other renewable energy sources in recent years. According to the International 

Energy Agency (IEA), the total capacity of installed photovoltaic panels reached 402 

GW worldwide by 2017, with 76 GW installed only in 2016 [1]. The growth rate 

boosted significantly to 98 GW in 2017, as shown in Fig.2.1. This trend continued in 

2019, and the total capacity surpassed 600 GW, as reported in [2].  In Australia, the 

capacity of photovoltaic panels installed has risen to more than 10 GW in 2018, which 
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encompasses 5.5% of total electricity demand [3]. With this trend, PV panels would 

play a vital role in the low carbon energy generation as well as decarburization 

commitments, and many countries are investing in large and small scale Solar PV to 

meet their renewable energy targets. Fig 2.2 depicts the total growth of PV capacity in 

Australia in the last decade and distinguishes the growth rate of the PV industry based 

on the size of the installation. Normally, units with a capacity above 100 kW are 

recognized as utility-scale, units with a capacity between 10 to 100 kW as commercial, 

and units up to 10 kW as residential. Although the growth rate is significantly higher 

for utility-scale solar, as could be seen in Fig.2.2, commercial and residential units still 

encompass a large portion of solar PV capacity.  A study on the life-cycle cost-

effectiveness of using PV systems, done in [4], concludes that all dwellings in major 

cities in Australia could benefit from life cycle cost savings by using rooftop PV 

systems. The advances in techno-economic aspects of using home battery storage 

systems [5] followed by a decrease in battery prices [6] could persuade more 

homeowners and commercial premises to invest in installing rooftop PV panels.  

According to the Clean Energy Regulator report [7], up to 65% of homeowners have 

installed PV panels in some suburbs in Australia. 

 

 

 

 

 

 

 

Figure 2.1 Solar PV global capacity and annual additions, 2007-2019 

Despite the promising growth of PV solar generation as a clean source of energy, 

their integration into the power grid creates new technical challenges for the network 

operators[8]. Residential and commercial PV panels are integrated into medium and 
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low voltage distribution networks in the form of a Small-scale Generation Unit (SSGU). 

These units are distributed alongside the distribution network as Photovoltaic 

Distributed Generation (PVDG). Generation at this level will raise common technical 

issues similar to those originated from the integration of conventional Distributed 

Energy Resources (DER) into the low voltage feeders of a conventional power network 

which is designed for the downstream flow of power from transmission network into a 

passive distribution network with no generation[9][10]. Voltage stability and protection 

problems due to reverse power flow as well as network congestion and excess loading 

of transformers are the main technical challenges exerted to the distribution networks 

due to the high integration of DERs. Additionally, PVDGs are normally connected to 

the network through converter-based technologies, and most of the rooftop residential 

units have single-phase connections. These types of connections will create power 

quality problems such as increasing voltage unbalance rate and injecting harmonic 

distortions. These technical challenges may limit the capacity of the power system to 

support the connection of more PVDGs if proper mitigation techniques are not available 

[11].  In many countries, the hosting capacity of renewable sources, especially rooftop 

PV panels, is limited by regulations and grid codes [12]. The Distribution System 

Operators (DSO) will investigate each application for a new connection of the PV 

system to ensure that it complies with the regulation and limitation of low voltage grids. 

Many measures have been taken by DSOs in different countries to increase the capacity 

of the grid. In [13], the author has interviewed the German DSOs’ representative and 

has summarized their actions to empower the low voltage grid to mitigate these 

technical challenges or to increase the hosting capacity. Most of the DSOs have run 

investigations on two issues of exceeding permissible voltage limits and thermal rating 

of the equipment. Classical grid expansion solutions like upgrading distribution 

transformers, laying parallel cables, and increasing the cross-section of the conductors 

are among actions taken by DSOs. Using intelligent operating equipment such as step 

voltage regulators and grid optimization techniques such as wide-area control, feed-in 

tariffs for reactive power, and grid reconfiguration have also been reported as measures 

taken by DSOs.    
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Figure 2.2 Solar PV growth by capacity and scale (utility, commercial and residential) of 

installation in Australia, 2007-2018 [14] 

Among technical challenges caused by PVDGs, their impact on power quality 

indices of Medium Voltage (MV) and Low Voltage (LV) networks, such as voltage 

unbalance and harmonic distortion, has rarely been considered as a major challenge by 

DSOs.  The customers also have less sensitivity to many power quality problems at their 

point of connection to the grid.  This lack of sensitivity is mainly due to the lack of 

monitoring and measurement of power quality indices in the LV grids. However, with 

the liberalization of the power market as well as the introduction of Advanced Metering 

Infrastructure (AMI) [14][15], the quality of supply voltage would be noticeably 

important in the market as a factor of financial gain. Also, with anticipated higher 

penetration levels, these problems may rise above standard limits and jeopardize the 

healthy operation of the network. Thus, it is vital for DSOs to have a vivid 

understanding of network operational conditions for a very high penetration level of 

PVDGs. The accurate and comprehensive assessment of the operation of a distribution 

network with high penetration of PVDGS is of paramount importance for DSOs so that 

appropriate policies are anticipated to have a smooth transition to a distribution network 

that can host a higher capacity of low carbon technologies. Otherwise, DSOs would be 

overwhelmed with technical problems and obliged to resort to limiting the hosting 

capacity.   

The assessment methods of the impact of PVDGs on distribution network has been 
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the focus of the research community in recent years. The main challenge is to find a 

solution which deals with the intermittent nature of solar power, which imposes further 

uncertainty on distribution networks. Solar generation, like many other renewable 

sources, has an inherent intermittent behavior due to the intermittency of solar radiation. 

Moreover, since most of PVDGs are privately owned, the DSOs have little control and 

accurate predictions of where and with what capacity a PVDG would be integrated into 

the LV feeders. These characteristics introduce further uncertainty to the assessment of 

the grid for which DSOs are obligated to perform an uncertainty analysis. In a report 

from the Electric Power Research Institute (EPRI) [16],  it has been recommended that 

stochastic assessment should be performed to determine the hosting capacity of the grid. 

The uncertainty regarding the size and location of PV systems is considered in the 

stochastic analysis. It is vital to have an accurate model of uncertainties imposed by 

PVDGs to have a valid, reliable stochastic assessment. In  [17], a review of methods of 

modeling uncertainty associated with the power system is presented.  These methods 

differ in the techniques they employ to define and formulate the uncertainty in the 

system input parameters.  

Regarding the problems mentioned above, this chapter provides a review of recent 

publications and research works focusing on assessment methods of the impact of high 

penetration of PVDGs on the quality of power of the distribution network. It also 

reviews the mitigation techniques to alleviate those impacts. The technical challenges 

of high penetration of PVDGs have been previously reviewed in [18][19][20].  In [18], 

the mismatch of solar generation and load demand and the formation of the known duck 

curve is named as the major challenge of high penetration of PVDGs. In [19], voltage 

regulation and voltage unbalance problems and possible mitigation techniques of them 

are mentioned. In [20], in addition to voltage regulation issues, a review on harmonic 

distortion issues is also provided. Although these publications expand on the nature of 

these issues and the results of every research work, a comprehensive review of 

assessment techniques with a focus on the specific characteristic of PVDGs like its 

stochastic nature is still missing. The goal of this paper is to introduce and study the 

stochastic techniques to model the uncertainty from PVDGs rather than reviewing the 

result of the assessment. Although the paper considers only power quality issues 
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(voltage unbalance harmonic distortion and voltage rise),  most of the assessment 

techniques could be adapted to other technical issues such as equipment loading, 

flickers, protection issues, etc. Researchers who are working on new methods and DSOs 

who may adapt the introduced techniques for assessment of their networks are the target 

readers of this chapter. 

The rest of this chapter is structured as follows. Section 2.2 expands on the concept 

of hosting capacity and penetration level. Section 2.3 illustrates and compares the two 

deterministic and stochastic assessment methods. Section 4 provides a comprehensive 

review of assessment and mitigation techniques considering voltage unbalance, section 

2.5 on voltage regulation, and section 2.6 on harmonic distortion as common power 

quality issues.  In this section, the relevant standards regarding the power quality indices 

are mentioned as well. Finally, section 2.6 presents the conclusion and 

recommendations. 

2.2 Hosting Capacity and penetration level 

The term hosting capacity is defined as the penetration level of DERs into the 

distribution grid, which does not trigger excessive disturbances in power quality or 

upset the healthy operation of the grid [21]. The term excessive implies that the indices 

of power quality would be out of limits imposed by standards and the grid codes. Also, 

the thermal capacity of equipment, such as the rating of transformers and conductors, 

could be jeopardized if operating above the hosting capacity.  Regarding PVDGs, the 

PV hosting capacity is the maximum PV generation level that can be integrated into a 

single LV feeder, sections, or bulk of the distribution grid. For the distribution feeder, 

the penetration level is commonly defined as the ratio of the rated capacity of all 

installed PVDGS to the rating of the service transformer of the feeder. Other definitions 

might be used based on the topic or issues under consideration or the characteristic of 

the considered distribution gird. For example, the ratio of PV generation to the 

maximum or minimum load of the feeder or the ratio of the number of nodes with 

installed PVDG to the total number of customers are different ways of defining 

penetration level.  Hosting capacity is an indicative tool used by DSOs to manage their 

communication with stakeholders and as a determining measure regarding policy and 
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decision making. If the future forecast of the request for new installations of PVDGs in 

a certain region is exceeding the hosting capacity, DSOs have to devise a new strategy. 

Mitigation techniques are common solutions for increasing hosting capacity, which 

involves contemplating techniques to alleviate the impact of those disturbances that are 

close to their limits. However, the high cost of these mitigation techniques could be a 

drawback that hinders DSOs from adopting them in a way that these costs overshadow 

the economic benefits of integrating more PV systems. In [22], Horowitz et al. have 

tried to introduce a framework that provides a transparent regime for assessing the cost 

of network upgrade associated with the deployment of PV systems. It is noted that the 

main cost of deployment of PVDGs is related to the upgrade of the distribution system 

to host PVDGs. A prominent cost related to PVDGs is the cost of techniques to mitigate 

the power quality disturbances as a result of integrating PVDGs. However, as 

mentioned in [22], due to many uncertainties in the cost of the advanced solution and 

also in the deployment of PVDGs, it is difficult to quantify these costs. Hence, thorough 

and comprehensive assessment techniques of the impact of the integration of PVDGs 

on power quality indices of the distribution grids considering the inherent uncertainty 

of these assessments is of paramount importance.  

 

2.3 Stochastic vs. Deterministic Assessment. 

Deterministic assessment methods, which are based on predefined values for 

systems’ parameters, have been widely used for the analysis of operation and planning 

of power systems [23]. These methods evaluate the system in a scenario-based fashion 

and normally consider the worst-case scenario to assess the extreme impact of uncertain 

parameters. However, ignoring the inherent properties of uncertain variables may result 

in an inaccurate assessment and consequently overestimating or underestimating the 

impact of some uncertain variables. There exists a wide range of uncertain parameters 

in power systems that could be divided into two categories,  technical parameters (e.g., 

load profile, photovoltaic generation, etc.) and economic parameters (e.g., the price of 

resources, Inflation rate, government incentives, etc.) [24].  The uncertainties from 

renewable sources originate from their dependency on intermittent climate conditions 
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like solar radiation and wind speed. Another form of uncertainty, which is common with 

conventional DER units [25], originates from the operational decisions of the DER’s 

owners.  

Uncertainty modeling techniques have been developed to offer a powerful tool to 

deal with the variability associated with renewable sources [17].  The main challenge is 

to calculate the impact of random input parameters and variables on the output variable 

of interest. In the case of power quality assessment considering the integration of PVs, 

the uncertain input variables are the variability of PV output power, and the output 

variables are power quality indices. The calculation of output necessitates suitable 

probabilistic analysis. The framework to achieve probabilistic analysis has three stages: 

(i) modeling of uncertain input variables (ii) using a suitable probabilistic computational 

tool (iii) representing statistical output data [26]. Probabilistic input models are 

represented in the form of probability distribution functions (PDF) obtained from 

historical data and measurements.  Another approach of representing the variability of 

input parameters is employing time series modeling techniques like Markov chain, 

Autoregressive (AR) Model, Autoregressive Moving Average (ARMA), and Artificial 

Neural Networks (ANN)[27]. For higher accuracy, it might be necessary to consider the 

correlation of probabilistic input variables. Section 2.3.1 provides a list of uncertain 

parameters related to PV systems and their modeling techniques. The computational 

tool is a probabilistic method that relates the uncertainty of input variables to power 

quality indices. Probabilistic power flow methods based on numerical or analytical 

methods are incorporated in power quality assessments (section 2.3.2). The 

probabilistic Output data are power quality indices from relevant standards, and they 

describe the impact of input uncertain parameters on these indices.  Additionally, in 

many standards, the indices are coded based on statistical data to consider the 

chronological aspects of the probability of occurrence of values of the indices. The 

indices are indicated in the form of 99 and 95 percentile of yearly, weekly, or daily 

statistical data, measured in short-time (3s) or long-time intervals (10min).  The 

stochastic analysis, which considers a wide range of scenarios of uncertain parameters 

of the inputs provides the statistical data of the output in the form of Probability 

Distribution Function (PDF) and Cumulative distribution Function (CDF) which fit the 
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format of indices defiend in standards.    

2.3.1 Uncertain Parameters of PV systems 

The main source of uncertainty in PV systems is the variability of solar irradiance 

due to climate conditions [27]. This uncertainty is normally incorporated in modeling 

PV active (and reactive) injected power.  Also, in literature, some studies have modeled 

climate-related uncertainty in detail by modeling the uncertainty of diffuse fraction and 

sky clearness indexes. Other uncertain parameters pertaining to PV systems are the 

number, size, and location of the PV system in the distribution network. Table 2.1 lists 

uncertain parameters related to PV systems. 

Table 2.1 Uncertain parameters of solar PV 

Category parameters Sample Uncertainty 

modelling of parameters 

Remarks 

 

Solar Solar Irradiance 

PDF: Normal [28], Beta 

[29][30] Uniform [31], 

Time series: AR model 

[32] ARMA [33] …cont 

Solar irradiance could be considered 

uncertain due to climate variation (clouds), 

seasonal variability, inaccurate measurement 

Sky Clearness Index Cont…PDF: calculated 

mean and deviation from 

diffuse factor (cumulants 

method)[34][35] Spatial 

Correlation Copula [36] 

The randomness due to passing clouds 

characterized based on sky cleanness index 

PV system Location of PV 

system 

PDF: Uniform[37], [38] The location of PV system in the feeder is 

considered uncertain, normally a uniform 

distribution is considered for sampling space 

Size of PV systems PDF: Uniform [38], 

Normal [37]  

The capacity of PV systems could be 

considered as an uncertain parameter, for 

rooftop PVs this could range from 2.5 kW to 30 

kW 

Rooftop Area PDF: Built from 

statistical data from 

estimation or 

The available rooftop area in urban 

networks could be considered as an uncertain 

parameter 
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2.3.2 Probabilistic Computational methods: 

Probabilistic techniques are generally divided into two categories: numerical and 

analytical techniques. 

2.3.2.1 Numerical Methods: 

The most common numerical method is Monte Carlo (MC)[41]. MC is an iterative 

algorithm that generates the PDF of the output variables by running the deterministic 

experiment many times using randomly generated samples of the inputs from their 

PDFs. The strength of this method is its ability to deal with the nonlinearity of the 

system with no need to devise a complex linearization procedure. In other words, it 

treats the system as a black box to which the random samples of the inputs are fed, and 

the outputs are recorded. It also has a high level of accuracy since it covers all domains 

of uncertain parameters. It is normally considered a benchmark for other probabilistic 

techniques. However, the computational cost of this method is high since a huge number 

of experiments should be executed.  In order to reduce the computational cost of MC, 

sample reduction techniques could be employed (Also known as the Quasi-Monte Carlo 

method). MC has been used in many topics related to a power system, including DER’s 

measurements methods 

like GIS methods[39] 

Penetration Level PDF: Normal distribution 

for various level 

The penetration level in a distribution 

network could be considered as an uncertain 

parameter 

Output power PDF:  Built from solar 

irradiance or historical 

data[35]          

Time series: ARMA[40]  

The active (and/or) reactive power of PV is 

modelled as an independent or correlated 

uncertain variable 

PV system reliability PDF: Binomial 

Distribution[40] 

 

Uncertainty 

from Other 

sources 

Load, Topology of feeder, Energy prices, 

Inflation rate, Electric vehicle penetration 

 

The correlation of  uncertain parameters 

could be considered  
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impact assessment, reliability, and safety assessment, Probabilistic Load Flow (PLF), 

optimization problems, etc. [42][43][44]. Three types of MC simulation techniques 

based on methods of random number generation could be mentioned: Non-Sequential, 

Sequential, and Pseudo-Sequential.  

a) Non-Sequential Monte Carlo: 

This method is based on the assumption that a system state could be established based 

on the combination of states of each component of that system. The component’s state 

is determined by sampling through the probability of the component being in that state. 

In other words, the sample values of the random input variables are selected in each 

iteration, and the outputs are calculated. This iterative process will continue until a stop 

criterion is met. Normally the stop criteria are defined on the convergence of the mean 

or variance of statistical data of the output variables.  This method does not consider the 

chronological dependency of the uncertain parameters, which reduces the complexity 

of the method [44].   

b) Sequential Monte Carlo: 

This method considers the chronological data sampling by considering a time 

sequence which in turn adds to the computational cost of the simulation. The uncertain 

values would be sampled through a temporal sampling strategy from time series of input 

variables. Although it is a convenient method to compute the posterior distribution for 

many applications, the substantial computational effort needed makes it infeasible for 

some applications [42].  

c) Pseudo-Sequential Monte Carlo: 

Pseudo-sequential Monte Carlo is a hybrid approach. It has been first used in  [45] 

to calculate the power system interruption costs. The approach is based on a non-

sequential sampling of system states and chronological simulation of subsequences with 

a certain attribute. This method is significantly faster than the sequential approach due 

to the lower computational efforts needed [43].   
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2.3.2.2 Analytical methods 

These techniques perform an arithmetic operation on the PDF of input variables to 

identify the PDF of the desired output. Analytical models are computationally more 

efficient. However, they are based on certain mathematical assumptions like 

linearization of the system. Based on this approach, the PDF of the output is obtained 

from the PDF of the inputs by use of an analytical technique like convolution or based 

on approximation of the output PDF. Thus the analytical models could be divided into 

two categories: linearization-based methods and approximation-based methods.  

a) Linearization based method: 

The main linearization method is convolution which directly estimates the PDF of 

uncertain output parameters by performing convolution on a linear combination of 

PDFs of input variables. This technique is computationally inefficient for large systems 

due to convolution operation. In order to avoid convolution operation, the Cumulants 

method has been used. This method uses the Moments and Cumulants to determine the 

PDF of a linear combination of random input variables[46][47]. Another technique is 

the Gram-Charlier A series which allows the PDFs of variables to be expressed as series 

derivatives [48]. Another method is the Taylor series which approximates a given 

function including uncertain variables using a finite number of terms of its Taylor series 

and evaluates the estimation error. If the PDF of input variables is unknown, the first-

order second-moment method could be employed, which is based on first-order Taylor 

series approximation [49]. Another method worse mentioning is the corner fisher 

expansion which is based on approximating the quantile of the CDF function of input 

variables in terms of the quantile of normal distribution [35].  

b) Approximation-based methods: 

These methods try to approximate the PDF of the output, which is an easier task 

compared to approximating a nonlinear transformation. However, these methods do not 

return the PDF of output, and the PDF should be approximated from moments of output 

variables. The most well-known approximation method is the point of estimation which 

is based on deriving the mean and standard deviation of output, using a small number 
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of weighted samples from the probability distribution of input variables. Like MC 

simulation, this method is based on obtaining a deterministic result from nonlinear 

transfer functions [50]. However, it requires a much lower number of calculations. 

Another approximation method is the Unscented Transformation (UT) which is capable 

of providing a solution with correlated input variables. It is based on feeding weighed 

sample points from input variables to the nonlinear function, from which the mean and 

covariance of output are calculated [51]. 

2.3.2.3 Other uncertainty modeling techniques 

Most of the techniques mentioned above are based on the assumption that the 

historical data of input variables and their PDFs are available. However, in some cases, 

it is difficult or impossible to obtain the PDF of uncertain variables, or the historical 

data are not available. Scenario-based techniques are used when uncertainties are 

expressed based on possible scenarios and the probability of each scenario [52]. 

Clustering techniques like k-means clustering are used when sufficient historical data 

exists. Each cluster represents a possible scenario. Possibilistic techniques are another 

useful approach when historical data are scarce. In these techniques, a linguistic 

description of uncertain parameters is expressed as fuzzy sets [53]. It is also possible to 

use hybrid techniques where some uncertain variables are modeled as PDF and others 

as fuzzy sets.  

2.4 Voltage Unbalance 

In this section, the impact of solar PVs on Voltage Unbalance is discussed.  

2.4.1 Voltage unbalance definition, indices, and standards: 

Voltage unbalance indices are defined to quantify and evaluate the level and severity 

of voltage unbalance in a three-phase system [54]. Based on the application and the 

complexity of the system under study, different communities use different parameters 

and relations to define the indices. Table 2.2 depicts the different definitions and 

relations used by different communities to establish an index to measure the level of 

voltage unbalance. Phase Voltage Unbalance Ratio (PVUR) used in IEEE Std 936 [55] 
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is defined as the ratio of the difference between the highest and lowest phase-voltage 

magnitude to the average phase voltage magnitude. In IEEE Std 112 [56], the PVUR is 

defined as the ratio of the maximum voltage deviation of phase voltages from the 

average phase-voltage magnitude to the average phase-voltage magnitude. The most 

commonly used definition known as Voltage Unbalance True Definition (VUTD), used 

in IEEE Std 1159 [57] and EN std 50160[58], which defines the voltage unbalance as 

the ratio of negative sequence component voltage to the positive sequence component 

of the voltage. Line Voltage Unbalance Ratio (LVUR), defined in NEMA (National 

Electric Manufacturers Associations) [59] standard, is the ratio of maximum voltage 

deviation from the average line-voltage magnitude to the average line-voltage 

magnitude. In the IEC standard for disturbing installation and DG systems [60], voltage 

unbalance ratio is defined the same as VUTD. However, the index is measured for each 

harmonic order. The International Council of Large Electric System (CIGRE) report 

[61] defines the voltage unbalance based on phase to phase voltages. This definition is 

useful when only the RMS values of the voltages of each phase are available, and the 

sequence component could not be calculated. These definitions apply to the current 

unbalance as well. The acceptable limit of voltage unbalance rate is indicated based on 

the ratio obtained from these relations. IEEE recommended practice for monitoring 

Electric power quality (IEEE Std 1159[57]) indicates that the allowable limit for VUTD 

is 2%. According to the American National Standard Institute (ANSI)[62], electrical 

supply systems should be designed to limit voltage unbalance ratio (LVUR) below 3%.  

According to this standard, the measurement should be at the electric utility endpoints 

under no-load conditions. UK Engineering recommendation P29 [63] limits the VUTD 

to 1.3% at the load point.  In many standards, the measurement procedure of voltage 

unbalanced is not based on the momentary values of the indices. For example, the IEC 

standard [64] recommends the measurement to be done in very short (3s) or short 

(10min) intervals. Then, the acceptable limits will be defined based on the percentage 

of measurements that exceeded the acceptable limit in a weekly or daily measurement 

campaign with the defined time-averaging fitting of measurements.  For example, in 

IEC/TR std 61000-3-14 [64], the 99% weekly for very short (3s) and 95% weekly 

measurement for short (10 min) interval are defined. In the following section, the 
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Voltage Unbalance Rate (VUR) is used as a generic term for all the indices. 

Table 2.2 Voltage unbalance indices in various standards 

Standard/ Document 

title 
Indices definition Limits 

IEEE Standard 

936™_1987 [55] 

IEEE guide for self-

commuted converters  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 %

=
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 {𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑃𝑃𝑏𝑏𝑎𝑎 ,𝑃𝑃𝑐𝑐𝑎𝑎}−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 {𝑃𝑃𝑎𝑎𝑎𝑎,𝑃𝑃𝑏𝑏𝑎𝑎 ,𝑃𝑃𝑐𝑐𝑎𝑎}

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 {𝑃𝑃𝑎𝑎𝑎𝑎,𝑃𝑃𝑏𝑏𝑎𝑎 ,𝑃𝑃𝑐𝑐𝑎𝑎} 100 

Where, 𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑃𝑃𝑏𝑏𝑎𝑎,𝑃𝑃𝑐𝑐𝑎𝑎  are the 

phase to neutral voltages 

The standard is inactive 

IEEE Standard 

112™-2017 [56] 

IEEE Standard Test 

Procedure for Poly-

phase Induction 

Motors and 

Generators 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼112%

=
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑜𝑜𝑀𝑀 𝑜𝑜𝑓𝑓𝑜𝑜𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 {𝑃𝑃𝑎𝑎𝑎𝑎,𝑃𝑃𝑏𝑏𝑎𝑎 ,𝑃𝑃𝑐𝑐𝑎𝑎}

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 {𝑃𝑃𝑎𝑎𝑎𝑎,𝑃𝑃𝑏𝑏𝑎𝑎,𝑃𝑃𝑐𝑐𝑎𝑎} 100 

Where, 𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑃𝑃𝑏𝑏𝑎𝑎,𝑃𝑃𝑐𝑐𝑎𝑎  are 

phase to neutral voltages  

Limit 0.5% 

IEEE  Standard 

1159™_2009 [57] 

IEEE Recommended 

Practice for 

Monitoring Electric 

Power Quality 

𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇 =
𝑁𝑁𝑀𝑀𝑁𝑁𝑀𝑀𝑑𝑑𝑀𝑀𝑑𝑑𝑀𝑀 𝑆𝑆𝑀𝑀𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝑃𝑃𝑜𝑜𝑉𝑉𝑑𝑑𝑀𝑀𝑁𝑁𝑀𝑀(𝑃𝑃−)
𝑃𝑃𝑜𝑜𝑃𝑃𝑀𝑀𝑑𝑑𝑀𝑀𝑑𝑑𝑀𝑀 𝑆𝑆𝑀𝑀𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝑃𝑃𝑜𝑜𝑉𝑉𝑑𝑑𝑀𝑀𝑁𝑁𝑀𝑀(𝑃𝑃+)

100 

Where, 𝑃𝑃− and 𝑃𝑃+ are 

negative and positive 

sequence voltages, 

respectively 

Limit 2% 

ANSI C84.1_2011 

(NEMA [59]) 

The American 

National Standard for 

Electric Power  

Systems and 

Equipment 

𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃%

=
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑜𝑜𝑀𝑀 𝑜𝑜𝑓𝑓𝑜𝑜𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 {𝑃𝑃𝑎𝑎𝑏𝑏 ,𝑃𝑃𝑏𝑏𝑐𝑐 ,𝑃𝑃𝑐𝑐𝑎𝑎}

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 {𝑃𝑃𝑎𝑎𝑏𝑏 ,𝑃𝑃𝑏𝑏𝑐𝑐 ,𝑃𝑃𝑐𝑐𝑎𝑎} 100 

Where, 𝑃𝑃𝑎𝑎𝑏𝑏 ,𝑃𝑃𝑏𝑏𝑐𝑐 ,𝑃𝑃𝑐𝑐𝑎𝑎 are 

phase to phase voltages  

Limit 3% 
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Standard/ Document 

title 
Indices definition Limits 

IEC/TR6100-3-14(-

13-15)[64][60][65] 
𝑃𝑃𝑃𝑃𝑃𝑃% = 𝜉𝜉ℎ𝑈𝑈 =

�𝑃𝑃��⃗ ℎ2�
�𝑃𝑃��⃗ ℎ1�

100 

Where, 𝑃𝑃��⃗ ℎ2and 𝑃𝑃��⃗ ℎ1 are 

negative and positive 

sequences respectively. 

ℎ is the harmonic order 

Limit: as objectives in the 

procedure of [64], 

e.g.  𝜉𝜉1,𝑣𝑣𝑣𝑣,99𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾
𝑈𝑈  below 2 

% (99 percentile of weekly 

measurements for very 

short 3s intervals) 

 

EN 50160 [58] 

Voltage 

Characteristics in 

Public Distribution 

Systems 

𝑃𝑃𝑃𝑃𝑃𝑃% =
𝑃𝑃𝑎𝑎𝑛𝑛𝑛𝑛
𝑃𝑃𝑃𝑃𝑃𝑃𝑣𝑣

100 

Where 𝑃𝑃𝑎𝑎𝑛𝑛𝑛𝑛 and 𝑃𝑃𝑃𝑃𝑃𝑃𝑣𝑣 are 

negative and positive 

sequence  voltage 

components 

Limit: 𝑃𝑃𝑃𝑃𝑃𝑃95 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾,𝑣𝑣ℎ 

below 2% (95 percentile 

of the weekly 

measurement for short 

intervals 10min) 

CIGRE[61] 

𝑃𝑃𝑃𝑃𝑃𝑃% = �
1 −�3 − 6𝛽𝛽
1 + �3 − 6𝛽𝛽

100 

                        Where 

𝛽𝛽 =
|𝑃𝑃𝐴𝐴𝐴𝐴|4 + |𝑃𝑃𝐴𝐴𝐵𝐵|4 + |𝑃𝑃𝐵𝐵𝐴𝐴|4

(|𝑃𝑃𝐴𝐴𝐴𝐴|2 + |𝑃𝑃𝐴𝐴𝐵𝐵|2 + |𝑃𝑃𝐵𝐵𝐴𝐴|2)2
 

Where 𝑃𝑃𝐴𝐴𝐴𝐴 ,𝑃𝑃𝐴𝐴𝐵𝐵 ,𝑃𝑃𝐵𝐵𝐴𝐴 are 

the phase to phase 

voltages 

 

2.4.2 Voltage unbalance assessment methods: 

Integration of PVs into low voltage feeder could potentially improve or deteriorate 

the VUR. If a phase with a high load acquires PV power, it will compensate for the 

voltage drop along the feeder and consequently improves the voltage unbalance. On the 

contrary, an increase in the PV generation in a phase with the lower load will cause a 
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voltage rise and deteriorate the voltage unbalance degree. The location of the PV is also 

a determining factor on how PV generation will impact the voltage unbalance. The low 

voltage feeders are fundamentally designed based on the assumption that the voltage 

will drop at each node in the downstream direction to the end of the feeder. The location 

of a PVDG could manipulate this power flow and cause reverse power flow and voltage 

rise along the feeder. The feeder characteristics such as voltage level, load profile, the 

topology of feeder and power delivery elements (lines, regulators, transformers, etc.) 

would affect how a feeder responds to PV generation. Another aspect of the assessment 

procedure is dealing with a chronological aspect of PV generation and loads. PV 

generation is at its maximum during midday when the solar irradiation is the highest. 

This temporal behavior may not match with the load profile of the feeder, where the 

peak demand may emerge later in the day. The assessment could be a steady-state 

assessment where it considers one specific point at a time which is normally the time of 

the occurrence of the worst-case scenario during the day when the largest discrepancy 

between solar generation and load consumption takes place. Instead of constant values 

at one point in time, the time series of the variables could be used for the assessment, 

where it is performed at fixed intervals for daily, weekly or monthly periods.   

Another challenge of the assessment of voltage unbalance is calculating nodal 

voltages’ amplitude and phase along the feeder. Most low voltage residential feeders 

are radial networks with a high R/X ratio.  Due to these characteristics, conventional 

methods applied to the calculation of three-phase load flow are not suitable for radial 

distribution feeders due to poor convergence. In [66], a forward-backward iterative 

method is proposed, which iteratively sweeps all the nodes until it converges to a 

solution. The issues mentioned above have been covered in many publications in recent 

years.  
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Figure 2.3 Single line diagram of the studied LV distribution network 

  

Figure 2.4 Single line diagram of PV connection to the grid [56] 

Shahnia and et al. in [38] have used both deterministic and stochastic approaches on 

a typical 3phase 4-wire residential urban distribution network consisting of three 400m 

long feeders with 20 houses connected to each feeder.  The considered feeder topology 

is shown in Fig. 2.3. The conductors and loads are considered as impedances (ignoring 

mutual impedances of the lines) and PVDGs as power sources (shown in Fig. 2.4). The 

nodal voltages are calculated based on nodal analysis formulation and recursive 

calculation until convergence. In the deterministic approach, the impact of location and 

phase connection of a single PV is investigated. In the stochastic approach, a non-

sequential Monte Carlo (MC) simulation is developed where the random inputs are 

PVDGs location, phase connection, and total penetration level. All these uncertain 

parameters are assumed to have a uniform PDF. Based on the results, it has been 

concluded that the impact of PV generation on the VUR is lower when it is connected 

to the beginning of the feeder. The result of stochastic simulation shows a failure index 

of 30.19%, which implies that in 30.19% of scenarios based on random parameters, the 

VUR would be more than the 2% limit. The same stochastic approach is used in [37] 

on a real distribution network with 480 customers. The power flow calculation is 

performed using Powerfactory DIgSILENT software (Newton-Raphson), and the 
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random variables are created in the MATLAB environment. The results of the 

simulation are used to compare the impact on two different voltage unbalance indices. 

It is shown that the failure index is significantly higher when considering LVUR 

compared to 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇 .  MC simulation is predominantly used in most of the researches. 

Fig. 2.5. shows the flowchart of the MC simulation used in [37]. The stop criteria of the 

simulation are based on the convergence of the mean value of the output (VU index) 

from the total number of trials. The details of this simulation are discussed in chapter 3. 

 

Figure 2.5 A sample of Monte Carlo simulation chart (Chapter 3) 

The result could be shown in the form of scatter plots or probabilistic representation 

(PDF and/or CDF). Fig. 2.6 shows the scattered plot of trials as performed in [37]. A 

number of publications have tried to reduce the computational cost of MC simulation.  

In [67], a pseudo-sequential MC simulation is employed to perform a sensitivity 
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analysis of random variables related to PV outputs and loads on the voltage unbalance 

ratio.  The location of the nodes with single-phase PV and the connected phase are the 

random variables with uniform PDF for MC simulation.   The time-dependent random 

values for PV output and loads are represented in the form of marginal distribution (PDF 

and CDF) for every 10 min intervals for each month. The PV random output is built 

from random variables of hourly diffuse fractions and daily clearness index as proposed 

in [35].  The random load variables are obtained using actual yearly data from smart 

metering of an actual rural network which is recorded in 10-min intervals. Then, the 

probabilistic load flow is performed using a 2𝑀𝑀 +1 scheme Point of Estimation (PEM) 

approximation method.  The PEM scheme uses a few deterministic radial three-phase 

load flow to solve the probabilistic one.  The result of each iteration of MC simulation 

is the weekly random variable of VUR based on the 10-min mean in the mth month of 

each kth node of the network.  The PDF of the VUR of each node is obtained as a finite 

mixture distribution applied to the result of each iteration. By observing the result of 

the probabilistic assessment method, it has been concluded that the connection of large 

size PV (15kW) will not exceed the limit for low-level penetration (5%). For lower size 

(5kW), the permissible penetration level could be up to 15 % (As shown in Fig. 2.7). 

 

Figure 2.6 A sample scatter chart, the result of Monte Carlo simulation [57] (Chapter 3) 

Silva and et al. in  [40] considered a stochastic model considering the load fluctuation 

and uncertainty associated with temperature variation and  PV reliability model.  The 

temporal dependency of solar radiation and temperature as well as load curves are 

modeled as time series using the Auto-Regressive Moving Average (ARMA) and 

Fourier models. PVs’ reliability is introduced in the form of a binomial distribution 

function, considering the failure rate and the repair time of a string of PV panels.  
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However, the location and sizing of the PVDGs are considered to be deterministic, 

which are determined based on the optimal location of PVDG where the optimal voltage 

conformity is achieved. The probabilistic load flow is performed using a sequential MC 

method. The result of the simulation shows that the voltage unbalances with the 

existence of PVDG would not be impacted during the night time, but it has deteriorated 

during midday.  The simulation is repeated for a scenario where the PVDGs are replaced 

with conventional DERs (e.g., diesel generators with constant and dispatchable output 

power). With the presence of conventional DGs, the voltage unbalance is improved at 

all times during the day 

 

Figure 2.7 Weekly VUF based on a 10-min means for a sample node of low voltage grid in the 

worst month (July) with different PV penetration levels and PVDG sizes[58]. 

Klonari et al. in [68] propose a simulation framework based on pseudo-sequential 

MC simulation and real statistical data from smart metering (SM) measurements. The 

random input variables to MC simulation are PV injection and energy consumption 

defined as CDFs produced from 15-min time-averaged recorded data.   The proposed 

power flow algorithm also takes into account the mutual coupling effect of the three-

phase lines. The application of the proposed framework to a 19-node real LV feeder is 

demonstrated, and the result of simulation shows that it is very unlikely that PV 

injection causes exceeding of VUR limits. It is also concluded that the effects of 

unbalance loading on VUR are higher than PV power injection.  Schwanz et al. in [69] 

use a stochastic method to investigate the impact of single-phase PVs on the negative 

sequence voltage. The simulations are performed on two low voltage networks in 

Sweden with 6 and 28 customers and a low voltage network in Germany with 40 
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customers. A non-sequential Monte Carlo is performed by generating random locations 

and phases for single-phase PVs. The VUR in the two scenarios is compared. In the first 

one, only the contribution of PVs is considered, and in the second scenario, the 

background unbalance from the MV network, and unbalanced loads are included as 

well. The VUR at every bus is calculated as a negative sequence voltage at each point 

which is calculated based on unbalanced emission from all the buses and the 

background negative sequence voltage. When multiple sources exist, the negative 

sequence voltage is calculated from the superposition of contribution of each unit added 

to the background negative sequence voltage. Eq. 2.1 shows the relation to calculate the 

negative sequence at location r when N sources (Inverters) exist. 

                                                                𝑃𝑃𝑟𝑟 = 𝑃𝑃𝑏𝑏𝑎𝑎𝑐𝑐𝑏𝑏𝑛𝑛𝑟𝑟𝑃𝑃𝑏𝑏𝑎𝑎𝑏𝑏 +  �𝑍𝑍𝑣𝑣𝑟𝑟 . 𝐼𝐼𝑆𝑆

𝑁𝑁

𝑣𝑣=1

                                                     (2.1) 

𝑃𝑃𝑟𝑟  is the negative sequence voltage at location r, 𝑃𝑃𝑏𝑏𝑎𝑎𝑐𝑐𝑏𝑏𝑛𝑛𝑟𝑟𝑃𝑃𝑏𝑏𝑎𝑎𝑏𝑏 is the background 

negative sequence voltage, 𝑍𝑍𝑣𝑣𝑟𝑟 is the transfer impedance between s (location of source) 

and r and 𝐼𝐼𝑆𝑆 is the injected current at the source. From the result of the simulation, it is 

clear that the introduction of PVs will exceed the 1% limit of VUR but exceeding 2% 

is very unlikely in many scenarios.    

In  [70], a  pseudo-sequential MC simulation is performed considering the random 

nature of temporal and spatial characteristics of both load demand and PV generation 

profile.  The simulation is repeated for different penetration levels on a typical 3-phase 

4-wires LV feeder with 55 customers.  The result of the simulation shows the integration 

of PVDGs at different penetration levels could alleviate the impact of unbalanced load 

on VUR. However, the worst-case scenarios occur when the PV generation is at 

maximum, and load demand is the lowest, or vice versa. In [71], a comprehensive 

assessment of the hosting capacity of PVDGs in 50000 real LV feeder in Brazil is 

performed. The location of PVDGs is the random variable of a non-sequential MC 

simulation. The capacity of PV is increased in simulations until one of the limits of PQ 

indices is breached. The result of the simulation suggests that most LV feeders will 

operate according to the standard limits if PV penetration is curtailed to 20% of the 

associated transformer capacity. However, only 9.6% of the networks under study have 
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their hosting capacity limited due to the occurrence of unacceptable VUR.    

Table 2.3 summarizes the specification and the conclusion of each study. The results 

of all these researches suggest that the probability of exceeding the standard limits of 

VUR as a consequence of the distributed integration of PVDGs is not significant. 

However, the result of each study is dependent on many factors such as network 

topology, load profile, solar radiation, etc. Thus, it not adequate to extrapolate the 

conclusion of these studies to all networks and areas, but they suggest methodologies 

that could be adapted to any network.  

Table 2.3 Comparison of voltage unbalance assessment studies 

Ref  

Year 
Methodology Network Topology Power flow Method Conclusion 

[38]   

2011 

Non-Sequential 

Mont-Carlo 

Typical LV feeder 

400m 3 phase 4 

wires, 60 nodes  

Recursive based on 

KCL at nodes 

A failure index of 30.19 at 

the end of the feeder 

[37] 

2017 

Stochastic 

Non-Sequential 

Mont-Carlo 

Real MV/LV 

feeder with 480 

nodes 

Newton-Raphson 
50% failure index for 

LUVR 

[67] 

2015 

Pseudo-sequential 

Monte Carlo and 

Corner fisher 

Expansion 

Rural secondary 

radial distribution 

network with 31 

nodes and 211 

KVA 

Forward/backward 

sweep/ Point of 

estimation on 

deterministic power 

flow 

Large sizes of PVDG 

(15kW) is permissible for 

low penetration (up to 5%) 

[40] 

2016  

Pseudo-sequential 

Monte Carlo and 

Taylor series  

Expansion and Auto 

Regressive Moving 

Average 

Real Distribution 

feeder in Brazil 

with 1560 nodes 

and  

Probabilistic load Flow 
PVDG reduces VUR 

during the daytime 

[68] 

2016 

pseudo-sequential 

Monte Carlo 

simulation and real 

statistical data from 

smart metering cont. 

MV/LV feeder 19 

nodes radial feeder 

 

 

Forward/backward 

hybrid power flow 

using sequence 

components  

The effects of unbalance 

loading on VUR is higher 

than PV injection 
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Ref  

Year 
Methodology Network Topology Power flow Method Conclusion 

cont.. (SM) 

measurements 
 

[69] 

2017 

Stochastic 

Non-Sequential 

Mont-Carlo 

Three networks, 6 

customers, and 28 

customers in 

Sweden 

40 customers  in 

Germany 

Voltage unbalance 

emission using transfer 

impedance  

Failure index of 10 to 30% 

for penetration level 

higher than 50 % 

 [70] 

2018 

Pseudo-Sequential 

Mont-Carlo 

IEEE EU low 

voltage test feeder 

with 55 customers 

Phasor mode power 

flow 

OpenDSS (Newton) 

PVDG reduces the voltage 

unbalance. 

[71] 

2018 

Non-Sequential 

Mont-Carlo 

50000 real LV 

feeder in Brazil 
OpenDSS (Newton) 

9.6 % of all feeders will 

experience breach of limit 

above 20 % penetration 

level 

[72] 

2018 

Real-time 

distribution network 

digital simulator 

A 630 kVA urban 

network with 107 

customers and 12 

buses 

Using RTDS network 

simulator 

The average injected 

power before exceeding 

the limits is 10 to 13 kW  

for the balanced case and 

3.5 to 4,5 kW for 

unbalanced case 

 

2.4.3 Mitigation technique for improving Voltage Unbalance Index 

The conventional approach devised by DSOs to decrease the level of VUR in 

distribution networks is the even distribution of loads across the feeders. The random 

integration of PVDGs restricts the leeway to mitigate the VUR by a conventional 

method.  Changing the network topology or improving the network (e.g., increasing 

the cross-section of feeders) are other plausible solutions. However, they could be very 

costly and economically inefficient. Another approach commonly used by DSOs is to 

curtail the active output power of PVDGs. This approach could be implemented by 
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imposing a limit on the hosting capacity or active management from DSOs by sending 

control signals to the inverters of PVDGs. However, this approach is in contrast with 

the main aim of exploiting the maximum energy from renewable sources. In recent 

years, the effort is to find practical and economical solutions that could ensure the 

proper operation of the network while providing a higher hosting capacity for PVDGs. 

The integration of energy storage systems (ESS), applying custom power devices, and 

new control algorithms for PVDGs inverter (Mainly reactive power control) have been 

suggested in recent research work.  
Custom power devices have been used in many applications to improve power 

quality issues such as voltage variation, harmonics, and reactive power compensation 

[73]. In [74], Shahnia et al. have investigated the application of custom devices to 

improve the VUR. Two configurations are proposed, the first one is a parallel 

DSTATCOM at the PCC and the second one is a Dynamic Voltage Regulator (DVR) 

connected in series along the feeder. The performance of the network is compared using 

a Pseudo-Sequential MC simulation on a network similar to the LV feeder used in [38]. 

Also, the impact of location of installation and the number of installed custom devices 

on the voltage profile and the VUR of the feeder are investigated. The result of the 

stochastic assessment shows that the mean value of the PDF of the VUR is significantly 

reduced after deploying custom devices.  
 Voltage unbalance reduction based on control injected reactive power from of 

PVDGs has been proposed in many research work and technical applications. The older 

version of the IEEE standard for interconnecting distributed sources with electric power 

systems [75] (IEEE std 1547-2003) prohibits reactive power injection or absorption by 

DERs. Also, the grid codes of many countries state that PV inverters should operate 

with a unity power factor. However, in the new amendments and editions of this 

standard [76][77]  followed by new grid codes of some countries such as Italy and 

Germany  [78][79], the role of reactive power control strategies for voltage support has 

been stipulated. In [80], an optimization strategy for PV operation with a single-phase 

inverter is proposed. The aim is to improve the performance of an unbalance 3-phase 4-

wire network. The optimization problem is solved using Sequential Quadratic 
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Programming (SQP) by considering the capacity of the reactive power of inverters as a 

constraint.  The proposed algorithm is tested for two worse-case scenarios of the 

mismatch of the load and generation. The result of the simulation on a 101-bus 240-

volts system shows that optimal reactive power injection could significantly reduce 

VUR in the 4-wire network.  In [81], Emmanuel et al. have investigated the impact of 

the control strategy of the PV inverters on the voltage unbalance of the nodes. In power 

flow formulation, PVDGs are modeled as P-V nodes (voltage control) or P-Q nodes 

(Constant power injection). The P-V nodes act as grid-forming nodes with a control 

strategy for voltage regulation. A comparison of the two modes is performed using a 

deterministic simulation on the IEEE-13 test feeder. The simulation results demonstrate 

that the VUR is improved during solar radiation if PVDGs work in P-V mode. Also in 

[38], a control scheme for reactive power absorption or injection based on the amplitude 

of the voltage at the PCC is tested. The result of stochastic simulation shows that this 

control strategy could significantly improve the VUR. The only drawback of this 

method is that the converter should be upgraded to a higher capacity to meet the desired 

reactive power injection level. 
Energy storage systems (ESS) have a significant potential to be integrated into 

conjunction with PVDGs to enhance the performance of the network and mitigate the 

adverse impact of PVs. Battery Energy Storage System (BESS) installed in residential 

houses are becoming the most prominent storage technology [82]. In [83], a hybrid 

methodology to find the optimal size and location of BESS is proposed. The 

optimization problem is constrained to power quality issues with particular attention to 

unbalance reduction. In [84], Chua et al. have developed a control algorithm to study 

the applicability of BESS to mitigate network voltage unbalance.  The result of the 

simulation shows that VUR could be lowered below 0.8% if the BESS is connected to 

the same phase with PV and load. Although BESSs are the most effective solution, their 

integration is still limited due to high costs.  
Another approach to curtail the voltage unbalance due to single-phase PV power 

injection is phase reconfiguration or phase swapping in the 3-phase distribution 

network. In Chapter 7, this approach is fully explained along with a literature review 
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and proposal of a new decentralized management system for control of phase 

connection of single-phase solar PVs 

2.5 Voltage Regulation 

One of the most likely observed impacts of integration of PVDGs in the distribution 

network is voltage regulation disturbances, specifically voltage rise issues. The 

distribution networks are traditionally designed based on the downstream flow of power 

from the transmission network to the distribution network, delivering power to passive 

consumers. The focus of voltage variation control was mainly on the voltage drop 

alongside the feeder. Integration of PVDGs as a source of power generation at the 

consumer site will change this passive role into an active role, known as prosumers.  

Injecting current from these active prosumers changes the old mechanism of 

downstream power flow and consequently alters the voltage profile of the distribution 

feeders. The worst-case scenario is when the generation level is higher than the demand 

of the feeder and the excess power is injected back into the upstream grid. This reverse 

power flow (RPF) may cause a voltage rise (VR) beyond acceptable limits throughout 

the feeder.  

 

 

 

 
Figure 2.8 A simple grid of grid-tied PV systems 

Fig. 2.8 shows a simple network of a typical pair of nodes with loads and grid-tied 

PVDGs. According to Fig. 2.8, the relation of the voltage drop across the conductor is: 

                             ∆𝑃𝑃��⃗ = 𝑃𝑃��⃗ 𝑚𝑚 − 𝑃𝑃��⃗ 𝑎𝑎 = 𝐼𝐼(𝑓𝑓 + 𝑗𝑗𝑀𝑀) = ∆𝑃𝑃��⃗ 𝑅𝑅𝑛𝑛 + ∆𝑃𝑃��⃗ 𝐼𝐼𝑚𝑚                                         (2.2) 

We can fairly assume that the phase difference between the two neighboring nodes 

is very small, and the imaginary part of the voltage drop is negligible. Considering the 
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relation between active and reactive power, we obtain: 

                                      �∆𝑃𝑃��⃗ � ≈ �∆𝑃𝑃��⃗ 𝑅𝑅𝑛𝑛� =
𝑓𝑓.𝑃𝑃𝑟𝑟 + 𝑀𝑀.𝑄𝑄𝑟𝑟

�𝑃𝑃��⃗ 𝑎𝑎�
                                                            (2.3) 

The derivative of (2.3) w.r.t power transfer could be written as:  

                         
𝜕𝜕�∆𝑃𝑃��⃗ �
𝜕𝜕𝑃𝑃𝑟𝑟

𝑑𝑑𝑃𝑃𝑟𝑟 +
𝜕𝜕�∆𝑃𝑃��⃗ �
𝜕𝜕𝑄𝑄𝑟𝑟

𝑑𝑑𝑄𝑄𝑟𝑟 =
𝑓𝑓

�𝑃𝑃��⃗ 𝑎𝑎�
𝑑𝑑𝑃𝑃𝑟𝑟 +

𝑀𝑀
�𝑃𝑃��⃗ 𝑎𝑎�

𝑑𝑑𝑄𝑄𝑟𝑟                                          (2.4) 

From Eq.2.4, it could be seen that the voltage difference will increase if the active 

power is increased. In other words, if the active power from PV generation is larger 

than active power demand in node m, the voltage at this node would be larger than node 

n. Voltage regulation devices such as capacitor banks and On Load Tap Changing 

Transformers (OLTC) are used to regulate the voltage along the feeder within the 

standard range. However, these devices are designed for direct power flow and limited 

ranges and, they may not also be able to respond to fast changes in PV-generated power. 

Thus, the distribution feeder may experience voltage rise out of standard limits, 

especially during peak PV generation. This could be avoided by curtailing the active 

power from PVDGs, but this is in contrast with the goal of exploiting the maximum 

power from solar energy. So, a judicious voltage control mechanism is required to 

perform voltage regulation while allowing the maximum capacity from PVDGs. This 

involves a proper assessment of voltage sensitivity of the distribution network regarding 

PV generation and considering numerous operational scenarios. The control strategy 

aims to keep the level in compliance with the voltage range of the relevant standards 

2.5.1 Voltage regulation indices and standards: 

The standards covering voltage levels in power systems are shown in Table 2.4.  The 

RMS value of the voltage is the most commonly used index for voltage variation. Grid 

codes in different countries have their specific voltage limits as well. Some examples 

are 6 ±% in Australia, ±7% in Spain, ±7.5% in Hungary, and ±6% in Korea [85]. 

2.5.2 Voltage Regulation assessment methods: 

The assessment of the impact of the integration of PVDGs on the voltage profile of 
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the feeder is through field/experimental measurement or analytical techniques. Table 4 

summarizes the recent publications in the field.  The main goal is to indicate the 

penetration level beyond which unacceptable voltage rise might occur if no mitigation 

measures are planned. As reported in [87], a field measurement campaign was 

conducted where the data from three real urban estate development sites were used to 

analyze the impact of three different penetration levels (30%,80%, and 110%)  on the 

quality of the supplied voltage. The only observed power quality disturbance reported 

was voltage rise at the end of the LV feeders. To achieve a comprehensive and 

applicable perspective of PVDGs impact on voltage variation, all role-playing factors, 

such as climate condition, solar radiation, feeder topology, load profile/types, the 

concentration of loads along the feeder, PV capacity, and various operational scenarios 

should be considered.  

Table 2.4 Voltage level limits in various standards (for the full range of higher 
voltages refer to standards) 

Standards Limit Remarks 

EN 50160 [58] 

Voltage characteristics of electricity 

supplied by public distribution 

systems. 

Low Voltage: ±10% ( 

0.9pu  to 1.1pu) for 95% 

of week, mean 10 minutes 

RMS values 

Defined for voltage magnitude 

variation, not to be confused with 

rapid voltage changes or voltage dip 

LV means the RMS value not 

exceeding 1000VLimits as 

percentages of nominal voltage (1pu) 

ANSI Std. C84.1  [62]  

 Electric power systems and 

equipment—voltage ratings (60 Hz) 

Range A : 

±5% ( 0.95pu  to 1.05pu) 

Range B : 

91.7% for minimum 

voltage% ( 0.91pu ) 

105.8% for maximum 

voltage 

Range A is optimal voltage range,  

Range B is acceptable but not optimal 

The nominal voltage range is between 

120 to 600V 

IEC 60038 [86] 

Voltage Standard 

Low Voltage:  ±10% for 

the nominal voltage of 

230/400 V 

For 50 Hz system 
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Load flow calculation is an important part of analytical methods. Due to the specific 

characteristics of LV networks, such as being radial and high R/X ratio of conductors, 

traditional three-phase load flow techniques may not be suitable. Also, the neutral wire 

in multi-grounded 4-wires systems should be modeled properly due to the impedances 

of neural grounding points. In [88], Alam et al. have proposed a 3-phase  load flow 

approach, suitable for 3- wire (MV side) and 4-wire (LV side) configuration by 

developing a model for the transformer at the interface of MV and LV networks. The 

proposed technique is used to evaluate the impact of the integration of single-phase 

PVDGs on a real distribution network when the injected power from PVDGs is higher 

than load consumption, and the impact of this reverse power flow on the voltage of the 

neutral wire is demonstrated.  

The assessment method should also address different operational scenarios of the 

distribution network as well. This involves modeling the stochastic variation of load, 

generation, weather conditions, and also the configuration of distribution feeders 

regarding phase and point of connection of PVDGs. Deterministic approaches mostly 

consider the worst-case scenario to assess the extreme impacts of PVDGs. In [89], a 

relation is derived between voltage variation and DG capacity considering the worst-

case scenarios, which are defined as minimum load and maximum generation, 

maximum load and minimum generation, and maximum load and maximum generation. 

The severity of these scenarios regarding stress on the power system is associated with 

geographical and seasonal parameters. For example, in cold weather areas, the worst-

case scenario might be during midday in summer when the load is minimum and 

generation is maximum. In hot weather areas during summer, the air-conditioning load 

will coincide with PV generation, and the worst-case scenario might be in the early 

evening with maximum lightning load and minimum generation.  In this case, voltage 

rise is more likely to happen in spring and autumn during the day.   

Focusing on worst-case scenarios may not reflect the full operational pattern of the 

power system and may produce highly conservative results. Thus, probabilistic 

approaches have been proposed considering the stochastic nature of the power system 

parameters. MC simulation is a commonly used method to model random input 
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parameters. The current trend in stochastic analytical methods is reducing the 

computational cost of MC simulation and proposing a probabilistic analytical method 

with lower complexity.   In [90], the stochastic characteristics of loads are modeled in 

the form of a Beta PDF from which the PDFs of nodal voltage drop are extracted using 

the Herman Beta (HB) transform, which is a probabilistic analytical method as 

explained in  [91]. The probabilistic method is used in an MC simulation with the 

location and size of DGs as random input variables. The use of HB transform 

significantly reduces the number of iterations of MC simulation. To avoid the 

computational cost of MC simulation, the authors in  [92] propose a sampling method 

based on Latin Hypercube Sampling (LHS) in a PLF to quantify the overvoltage 

problem. In order to address the correlation of the input random variable (PV generation 

and Load demand), Cholesky Decomposition is applied to the sampling process. Jhala 

et al. in [93] have developed a new analytical voltage sensitivity analysis that calculates 

the upper bound of voltage changes at an observed node due to changes in complex 

power at an active node. The active node is considered to be an active consumer who 

could inject power into the grid, e.g., through installed PVDGs. The changes of the 

active and reactive power of active nodes are stochastically modeled as Gaussian 

random variables then a covariance matrix is constructed to correlate the changes of the 

power of the active nodes. This correlation could be observed in the adjacent active 

consumers due to changes in the solar radiation or market price variations. A 

probabilistic sensitivity analysis is then developed to derive the probability distribution 

of voltage changes at observed nodes. 

Table 2.5 Comparison of voltage regulation studies 

Ref Contribution Network/model topology Conclusion and remarks 

[94] 

2012 

Time domain simulation to 

investigate the impact of PV 

system on the feeder and /using 

(PSCAD/ 

EMTDC) 

Canadian benchmark test 

system 

No violation is seen if the capacity of 

individual PVDGs is limited to 2.5 kW 

considering feeder impedance, and length, 

and the transformer short circuit resistance 
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Ref Contribution Network/model topology Conclusion and remarks 

[95] 

2013 

Yearly simulation of different 

penetration level on 16 

feeders/Deterministic, scenario-

based using  GridLAB-D version 

2.2 

16 radial feeders from the 

available  taxonomy of 

distribution feeder models 

developed at Pacific 

Northwest 

National Laboratory (PNNL) 

The penetration level decreases when the 

PVs are located towards the end of the 

feeder. 

[96] 

2014 

Extracting a power flow model 

from SCADA and GIS 

models/admittance matrix 

unbalance power flow using 

MATLAB 

Entire LV network with 

10588 service transformers 

Clustering the LV network to urban, rural 

and industrial areas, Urban networks have 

the lowest capacity.  

[40] 

2016 

Assessment of the impact of 

PVDGs on long voltage variation 

(Voltage Conformity) and voltage 

regulator actions/Probabilistic 

quasi-sequential Monet Carlo 

simulation  

Real MW network in Brazil 

with 18483 customers. 13.8 

kV with one voltage 

regulator 

Solar radiation and temperature probability 

modeled using time series. Phase 

coordinate model is considered for Radial 

Power Flow. Three PVDG with a fixed 

location 

PVDG could improve the voltage 

conformity by 31%  improvement of the 

indices 

[97] 

2016 

Assessment of expansion of LV 

network with medium and high 

PV penetration/Deterministic 

quasi-dynamic load flow using 

Power Factory DIgSILENT 

Residential LV network with 

112 houses 630 kVA 

transformer. Load data from 

smart meters 15 min 

intervals 

At penetration level of up to 43%  of 

consumption, no violation of voltage limit 

was observed 

[98] 

2016 

Assessment of voltage problems 

due to PVs and other low carbon 

technologies using sequential 

Monte Carlo and OpenDSS 

128 real U.K. LV feeders 

The result of assessment are represented in 

the form of the percentages of customers 

with voltage problems at different 

penetration levels; the results show PV 

technology creates problems in 47% of 

feeders 

[99] 

2017 

Determination of hosting capacity 

in both MV and LV network 

Complete MV and LV 

network 34.5 kV with 414 

residential and commercial 

customers 

The hosting capacity is constrained during 

the off-peak period due to a violation of 

voltage limit 
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Ref Contribution Network/model topology Conclusion and remarks 

[100] 

2017 

Determining the hosting capacity 

based on Stochastic Monte Carlo 

Simulation 

Three real MV network in 

Finland in three regions, 

Predominantly Rural, 

Intermediate, Predominantly 

Urban  

The hosting Capacity in a rural area (250% 

of maximum load) is higher than in urban 

areas (100%), the unbalanced integration 

of PVDGs significantly lowers the hosting 

capacity.  

[101] 

2018  

Study the impact of higher 

penetration on voltage profile and 

OLTC operation 

Scenario-based deterministic / 

using OpenDSS quasi-static 

power flow  

Two real LV feeders with 

the total number of 641 

single phase loads equipped 

with tap changer voltage 

regulator  

Three penetration level (0%,30% and 

100% of maximum peak demand load) a 

significant increase in the tap changer 

action above 30% level was observed 

[102] 

2018 

Power quality analysis on a real 

distribution network with 

residential PVs/Field 

Measurement and  real data 

analysis 

Two radial 11,4 kV MV 

feeders,68  three phase four 

wire LV networks  daily 

peak of 9.5 MVA with 231 

installed small-scale PV 

systems 

Voltage rise is the most impacted power 

quality metric 

 

  The proposed method is validated by comparing the result of the simulation on the 

IEEE 69-bus network with conventional time-consuming iterative methods.   

Another research trend in the field of voltage variation analysis is the effort to define 

new indices for assessing the performance of a typical network under high penetration 

of PVDGs and reverse power flow. In [103], an index-based assessment method is 

proposed to develop a methodology for evaluating the impact of PV penetration on 

voltage rise and reverse power flow.  Two indices that are defined are Feeding Index 

(FI) and Power Balance Index (PBI), with the relations as follows: 

                                                    𝐹𝐹𝐼𝐼𝑚𝑚 = 𝑘𝑘.
𝑃𝑃𝑃𝑃𝑃𝑃,𝑚𝑚

𝑆𝑆𝑏𝑏𝑑𝑑,𝑚𝑚
                                                            (2.5) 

                                                𝑃𝑃𝑃𝑃𝐼𝐼𝑚𝑚 = 𝑃𝑃𝑃𝑃𝑃𝑃,𝑚𝑚 − 𝑃𝑃𝑏𝑏𝑑𝑑,𝑚𝑚                                                    (2.6) 

Where PPV,m the PVDG is generated active power. S𝑏𝑏𝑑𝑑,𝑚𝑚 and P𝑏𝑏𝑑𝑑,𝑚𝑚 are domestic load 
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apparent and active power at node m. 𝑘𝑘 is related to the size of PVDG and is associated 

with the nodal penetration level within the range of 20% to 100%. Other indices defined 

are Reverse Power Flow Contribution Index (RPFCI), Active Power Impact on Voltage 

Index (APIVI), and Reactive Power Impact on Voltage Index (RPIVI). RPFCI is 

calculated to identify the critical nodes with the highest impact on reverse power flow.  

2.5.3 Voltage Rise Mitigation Techniques 

Mitigation measures are contemplated in order to increase the hosting capacity of 

DERs or to improve the reliability of the power systems with high penetration of DERs, 

which are working very close to the limit of performance indices. Upgrading the grid, 

employing ancillary service equipment, and allocating ancillary service to DERs are the 

most common methodologies of mitigation techniques. Apart from operational 

performances, economic incentives play a prominent role in the decision making of the 

DSOs to employ the proper mitigation techniques. Upgrading the existing distribution 

feeder, for example, by utilizing OLTC transformers [104] or active voltage regulating 

transformers [105], could effectively enhance system performance regarding voltage 

control, but they could be very costly.     
Ancillary service devices such as FACT devices (STATCOM, SVR), shunt 

capacitors, and Step-Voltage Regulators (SVR) can provide voltage control capabilities. 

In [106], the application of an Open-Delta SVR in an unbalanced feeder with PV 

systems is investigated. BESSs are also a promising solution to the voltage regulation 

problem for feeders with integrated PVDGs. They could participate in voltage 

regulation by storing the excess power from PVDGs during the off-peak period. 

However, the long pay-back period of BESS, especially for the residential system [107], 

is a huge drawback. Also, a judicious coordination system between BESS and 

distribution feeder is required [108]. 
The current trend is also on employing DERs to provide ancillary services such as 

voltage regulation. This method could be the most economical solution since most of 

the commercial inverter interfaced DERs are already capable of providing these 

ancillary services. The new release of IEEE standard for interconnecting distributed 
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sources with electric power systems (IEEE 1547-2018 std [77]) not only allows these 

applications but also mandates the interfaces to be able to have more active roles in 

providing ancillary services such as voltage regulation in normal operation and 

frequency regulation (ride through) in abnormal operation. Based on these standards, 

the DER should also be equipped with communication services too to facilitate the 

coordination of control strategy with the grid. Active power curtailment is a well-known 

method for PVDGs operating at unity power factor mode. In [109], the author proposes 

an active power curtailment algorithm considering the PV power forecast data. Based 

on new standards, PVDGs are not bounded by unity power factor and could have 

reactive power control capability as well. They could operate in constant active power, 

constant reactive power, or voltage/reactive power mode (Category A in IEEE 1547). 

More advanced modes are Active power/reactive power and Voltage/ active power 

modes (Category B in IEEE 1547). Operation in Voltage/reactive power mode 

(volt/VAR control) is the most common technique used in voltage regulation 

applications where the voltage variation is controlled by injecting or absorbing reactive 

power from PVDG. However, the cost would be the increase in power losses. In [110], 

an adaptive control algorithm for reactive power control is proposed with the aim of 

minimizing the power losses. 

Some research works propose compound mitigation methods where a combination 

of various mitigation techniques is employed to enhance the reliability of the system. 

In [111], the author suggests an algorithm to coordinate the operation of BESS and PV 

reactive control capabilities to perform voltage regulation. It mentions that the 

application of BESS systems is essential for a rural network where the R/X ratio is high, 

and the reactive power control capability of PVs is not sufficient to keep the voltage in 

an acceptable range. 
2.6 Harmonic Distortion  

PVDGs are connected to the grid through the voltage-forming interfaces, which 

convert the output DC voltage of PV cells to sinusoidal AC output voltage. These 

interfaces normally consist of DC-DC converters, DC-AC inverters, LCL or LC filters, 

and control blocks. Converters are used to boost up the output DC voltage of PV. In 
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[112], different topologies of converters commonly used for PV system applications are 

reviewed. The control algorithm of converters is based on the Maximum PowerPoint 

Tracking (MPPT) algorithm to gather the maximum possible energy from the solar 

insolation. The inverter produces the sinusoidal waveform, which should be 

synchronized with the grid frequency and phase angle. In some topologies, instead of 

this two-stage circuitry, the inverter circuit performs the adjustment of the DC link 

voltage as well in a single-stage topology which reduces the cost and complexity of the 

system. Different topologies of Single Stage Boost Inverters (SSIB) have been reviewed 

in [113]. The control algorithms of the inverters are also designed to adjust the output 

voltage and injected power as well. Due to the fast switching power electronics 

component in inverter technologies and the inherent nonlinearity of this component, the 

inverter is not able to generate a clean sinusoidal waveform at the output, and 

consequently, it will inject harmonic current disturbances to the grid. This issue is 

spotted in all PWM-controlled inverters with hysteresis current controller (dead-time 

effect). Although the output LCL or LC filters will eliminate high frequencies harmonic 

orders, lower order frequencies will be injected into the grid. On the other hand, when 

connected to the gird, these filters will create a harmonic resonance when interacting 

with the grid impedance. Thus, PV inverters are regarded as Harmonic Producing 

Devices (HPD) and their contribution to the power quality, regarding harmonic 

distortion, should be properly assessed to minimize the negative impact of voltage 

harmonic and current distortion on losses and energy transfer efficiency [114]. Due to 

the aging effect of distorted current on supply lines and transformers, their capacity 

should be lower in the presence of distorted current based on Harmonic Derating Factor 

(HDF) [115].  

The indices used in different standards to characterize the harmonic current 

disturbances are listed in Table 2.6. Table 2.7 compares the harmonic distortion indices 

and limits recommended in various standards for small-scale units (integrated to the LV 

network with a voltage lower than 1 kV or current lower than 16 A).  Compliance with 

standards needs a proper assessment technique which includes testing the proper 

operation of inverters at the Point of Connection (PoC) and proper interoperability of 

inverter with the Electric Power System (EPS) at the Point of Common Coupling (PCC). 
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The former involves testing the inverter in a test lab before certifying the inverter, based 

on standards such as UL 1741 [116] and IEEE 1547[77]. The latter is concerned with 

the harmonic behavior of the inverter while integrated and interacting with the grid and 

involves a Harmonic Load Flow (HFL) at critical nodes of the distribution system [117].  

A commonly used approach is the Decoupled Harmonic Power Flow (DHLF).  The 

HLF is formulated as: 

                                                                  𝐼𝐼ℎ = 𝑌𝑌ℎ .𝑃𝑃ℎ                                                          (2.7) 

Where 𝐼𝐼ℎ and 𝑃𝑃ℎ are nodal network current and voltage phasor at h-th harmonic 

respectively and 𝑌𝑌ℎ is the matrix of network nodal admittances. The fundamental 

frequency nodal voltage and current are calculated using conventional load flow as the 

harmonic interaction of HPDs and network is considered to be zero. Then full spectrum 

of nodal voltage is calculated using Eq.2.7 and considering the injected current from 

HPDs. 

2.6.1 Harmonic distortion assessment methods: 

The research work in the field of investigation of the harmonic behavior of 

distribution networks with integrated PV panels is focused on two subjects. The first 

category focuses on modelling the harmonic characteristics of the PV system’s inverters 

and their interaction with the distribution network (site level). The second category tries 

to analyze the harmonic behavior of the distribution network with a high penetration 

level of distributed PV inverters (system level). The former involves an in-depth 

analysis of harmonics characteristics and non-linearity of power electronic devices and 

their interaction with the grid, considering the unique characteristic of solar radiation 

like the transient impact of shading and providing a model in time or frequency domain. 

The latter is concerned with the harmonic hosting capacity of the entire or a part of the 

distribution network with integrated PVDGs and calculating harmonic propagation 

using HLF techniques 
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Table 2.6 Harmonic Indices in Standards 

Indices Indices Formulas Remarks 

Individual harmonic 

distortion 
𝐼𝐼𝐼𝐼𝐼𝐼𝑋𝑋 =

𝑋𝑋ℎ
𝑋𝑋1

 

𝑋𝑋ℎ ∶ rms value of  ℎ𝑑𝑑ℎ  order harmonic of  𝐼𝐼  

[current] or 𝑃𝑃[voltage] 

𝑋𝑋ℎ ∶ rms value of  ℎ𝑑𝑑ℎ  order harmonic of  𝐼𝐼  

[current] or 𝑃𝑃[voltage] 

Total harmonic 

distortion (current and 

voltage) 
𝑇𝑇𝐼𝐼𝐼𝐼𝑋𝑋 =

�∑ (𝑋𝑋ℎ)2∞
ℎ=2

𝑋𝑋1
% 

𝑋𝑋1 ∶ fundamental rms value of 𝐼𝐼 [current] or 

𝑃𝑃[voltage] 

𝑋𝑋ℎ ∶ rms value of  ℎ𝑑𝑑ℎ harmonic order of  𝐼𝐼  [current] 

or 𝑃𝑃[voltage] 

Total demand 

distortion current 

𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼 =
�∑ (𝐼𝐼ℎ)2∞

ℎ=2

𝐼𝐼𝑑𝑑
% 

 

𝐼𝐼ℎ ∶  rms value of  ℎ𝑑𝑑ℎ  order harmonic current 

𝐼𝐼𝑑𝑑:    rms value of maximum demand current 

Total rated distortion   𝑇𝑇𝑃𝑃𝐼𝐼𝐼𝐼 =
�𝐼𝐼𝑟𝑟𝑚𝑚𝑣𝑣2 − 𝐼𝐼12

𝐼𝐼𝑟𝑟𝑎𝑎𝑟𝑟𝑛𝑛𝑏𝑏
% 

𝐼𝐼1 ∶ fundamental rms value of current 

𝐼𝐼𝑟𝑟𝑎𝑎𝑟𝑟𝑛𝑛𝑏𝑏 : rated current capacity 

𝐼𝐼𝑟𝑟𝑚𝑚𝑣𝑣: root mean square value of the current inclusive 

of all frequency components 

Total phase distortion 

of the current 

𝑇𝑇𝑃𝑃𝐼𝐼𝐼𝐼

=
�∑ [(𝐼𝐼ℎ0) + (𝐼𝐼ℎ1) + (𝐼𝐼ℎ2)]∞

ℎ=2

�(𝐼𝐼10) + (𝐼𝐼11) + (𝐼𝐼12)
% 

 

𝐼𝐼ℎ0: rms value of  ℎ𝑑𝑑ℎ  order harmonic of the zero 

sequence current 

𝐼𝐼ℎ1: rms value of  ℎ𝑑𝑑ℎ  order  harmonic order of  

positive sequence current 

𝐼𝐼ℎ2: rms value of  ℎ𝑑𝑑ℎ  order  harmonic order of  

negative sequence current 

Finding a proper model of PV inverters for harmonic distortion analysis involves 

studying a PV system’s conversion mechanism, the principle of their operation, and 

their control algorithms. Also, when integrated into the grid, their interaction with the 

grid harmonic impedances and background harmonic should be considered. An 

investigation of the impact of intermittent solar radiation and validating the model with 

measurement data on a laboratory testbed and field measurement, and finally providing 

the harmonic profile spectrum should be performed as well. The topics to be addressed 

are indicating the harmonic magnitude and phase angle with associated output power 
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level and background harmonic voltages. In [118], harmonic emission of different size 

PV inverters in an LV power system has been depicted based on field measurement. In 

[119], a PV panel is modeled as a current source with solar irradiance as the input of 

the model in the time domain. The model is based on a two-stage conversion system. 

The first stage is a converter with an embedded MPPT algorithm and a switching 

frequency of 200 kHz. The second stage is an H-bridge inverter with a low pass filter 

at the output and a voltage source current-controlled.  The proposed model is simulated 

in PSIM, and the result of the simulation is compared with field measurement from 

[118]. As shown in Fig. 2.9, it is observed that the Total Harmonic Distortion of Current 

(THDI) and specifically 3rd harmonic are notably higher during low power generation 

period, i.e., sunrise or sunshine. In [120], Shi et al. have proposed an analytical 

harmonic model of PV inverters for low order time-domain harmonics study.  The 

model provides the frequency domain relation of the injected current of a grid-tied PV 

inverter, considering the output LCL filter impedance, the equivalent impedance of the 

grid, and grid background harmonic. An analysis of a typical low voltage distribution 

network is carried out to investigate the harmonic current emission of PV inverters using 

the proposed model. It is concluded that the harmonic emission of PV inverters is 

influenced by both grid impedance and grid background harmonic level.  

 

 

 

 

 

 

Figure 2.9 Fundamental current and harmonic currents based on full day measurement The 3rd 

harmonic current is high during low solar radiation period [111]. 

It is observed that the integration of PVs will increase the harmonic voltage in the 

21st harmonic order. This is due to the harmonic resonance between the inverter filter 
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and the grid impedance. Enslin et al. in [121] initially present the study of the harmonic 

interaction between the PV inverter and distribution network, specifically harmonic 

resonance. The resonance phenomenon is identified as parallel and series resonance. 

The parallel resonance due to parallel network capacitance (e.g., household equivalent 

capacitance) and the supply inductance (e.g., transformer leakage and cables) could be 

excited by distorted generated current from PV inverter. The series resonance of 

network capacitance and supply reactance is excited by external injected harmonic 

distortion. The analysis of the results from experimental measurement shows that some 

inverters may trip on a distorted supply voltage due to a parallel resonance phenomenon. 

Hu et al. in [122] investigate the resonance phenomenon between PV inverters and grid 

impedance. Also, the impact of the damping resistor, in series with a capacitor of the 

filter, and the number of PVs in the feeder on the amplification of the resonance 

frequency is studied.  It is discussed that if the linear part of the residential load is big 

enough, harmonic resonance is not a big concern. The resonance performance of a 

typical multi-grounded neutral distribution system in North America is studied through 

simulation. It is assumed that ten houses, with two types of linear and nonlinear loads, 

are connected.  Fig. 2.10 shows the harmonic content of PCC. The impact of PVs on 

the harmonic component at the resonance frequency (21st order) and switching 

frequency (60th order) is shown in Fig. 2.10. 

The impact of the ripple of the DC-link on the harmonics characteristic of the output 

current of the inverter is studied in [123].  In single-phase inverters, due to unbalance 

between the instantaneous DC input and AC output power, a voltage ripple is seen with 

a frequency double of the line frequency. These ripples are modeled in the closed-loop 

model of the inverter in the form of a cosine wave sitting on the DC value.  Since the 

model is time-varying, numerical methods have been used to identify the harmonic 

characteristics of the output. Based on the result of this method, it is observed that the 

spectrum of output signal consists of 3rd and 5th harmonic originated from the ripples in 

the DC link.  
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Figure 2.10 Harmonic contents at PCC (secondary voltage of transformer) for different number of 

PVs in the feeder [122] 

The phenomenon of interharmonics due to PV inverters is studied in [124]. 

Interharmonics are components whose frequencies are non-integer multiplier of the 

fundamental frequency. It is well known that the MPPT control algorithm is the origin 

of interharmonics. The variation in DC power, when searching for MPP, may be the 

source of these interharmonics. Also, in  [125][126], Langella et al. investigate the 

harmonic and interharmonics performance of PV systems for different operating powers 

and voltage supply conditions. They also study the impact of the control block, 

particularly the MPPT control, on the interharmonics performance of the PV system. 

The result of the investigation shows that interharmonics emission is not significant for 

frequencies above 100 kHz. However, in very low power-mode (lower than 20% of 

nominal capacity), both harmonic and interharmonics distortion increase significantly.  

Although the harmonic characteristics of PV inverters are similar to most inverter 

interfaced sources, the intermittent nature of solar radiation should be considered when 

modeling these characteristics. Thus, the deterministic analysis may not reflect all the 

aspects of the harmonic performance of PV inverters, and probabilistic approaches 

should be employed to obtain a proper probabilistic harmonic model of PV inverters. 

Additionally, the assessment of the harmonic impact of distributed PV panels on the 

distribution network at the system level should be based on stochastic methods due to 

the fact that the location and sizing of PV panels are stochastic parameters. 

Measurement methods based on statistical data could be used to extract a probabilistic 

model. As an example, in [127], statistical data recorded in 1–week campaign 

measurement is used to define the model of PV harmonic emission and its dependency 
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on the output power. An effort to find a harmonic model for PV systems to be used in 

probabilistic harmonic load flow is followed in [128]. In the proposed method, historical 

time-series data obtained from field measurement are used to find statistical 

characteristics of PV harmonic current using approximation methods like corner-Fisher 

and Legendre series approximation. These approximation methods reconstruct the 

harmonic current emission PDFs using Moments or Cumulants of historical data, which 

could be used in probabilistic HLF. The impact of size and location of PVDGs on their 

harmonic contribution in the distribution network is studied in [129] by Wang et al. In 

order to deal with the uncertainties of PVDGS output power, a Complex Affine 

Arithmetic Three-Phase Harmonic Power Flow (CATHPF) is proposed which can trace 

the harmonic contribution of multiple PVDGs to the distribution network. MC 

simulation methods have also been used for harmonic emission assessment. In [130], 

an MC simulation scheme is developed to model different scenarios of PV installation 

in a real distribution network.  Table 2.8 lists the most recent publications in the field 

of PV inverters harmonic analysis and highlights their contribution to this field. The 

consensus conclusion in most of the publications is that the harmonic emission from PV 

inverters at a lower penetration level is negligible. However, in a low output power 

mode of operation and in a distribution network with low short-circuit power, some 

violations of limits of standards may be observed. 

Table 2.7  Harmonic Disturbances Objectives in Standard 

Standard title Indices Limit Remarks 

EN 50160 [58] 

Voltage characteristics 

of electricity supplied 

by public distribution 

systems. 

  𝑇𝑇𝐼𝐼𝐼𝐼𝑈𝑈 

 

 

𝐼𝐼𝐼𝐼𝐼𝐼𝑈𝑈(𝑀𝑀𝑜𝑜𝑑𝑑 𝑀𝑀𝑀𝑀𝑚𝑚𝑑𝑑𝑀𝑀𝑚𝑚𝑉𝑉𝑀𝑀𝑃𝑃 𝑜𝑜𝑜𝑜  

 

 

𝐼𝐼𝐼𝐼𝐼𝐼𝑈𝑈(𝑀𝑀𝑀𝑀𝑚𝑚𝑑𝑑𝑀𝑀𝑚𝑚𝑉𝑉𝑀𝑀𝑃𝑃  𝑜𝑜𝑜𝑜 3) 

 

8% 

 

�𝑾𝑾.𝒈𝒈. (𝒉𝒉 = 𝟓𝟓 ) 𝟔𝟔.𝟎𝟎%
𝑾𝑾.𝒈𝒈. (𝒉𝒉 = 𝟕𝟕 ) 𝟓𝟓.𝟎𝟎% 

 

� 𝑾𝑾.𝒈𝒈. (𝒉𝒉 = 𝟑𝟑 )𝟓𝟓.𝟎𝟎%
  𝑾𝑾.𝒈𝒈. (𝒉𝒉 = 𝟗𝟗 ) 𝟏𝟏.𝟓𝟓% 

Cont… 

Harmonic order higher than 25 

are neglected  as their 

amplitude are usually small, but 

largely unpredictable due to 

resonance effects 
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Standard title Indices Limit Remarks 

 

𝐼𝐼𝐼𝐼𝐼𝐼𝑈𝑈(𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀 ℎ𝑀𝑀𝑓𝑓𝑀𝑀𝑜𝑜𝑀𝑀𝑀𝑀𝑒𝑒) 

� 𝑾𝑾.𝒈𝒈. (𝒉𝒉 = 𝟐𝟐 )𝟐𝟐.𝟎𝟎%
  𝑾𝑾.𝒈𝒈. (𝒉𝒉 = 𝟒𝟒 ) 𝟏𝟏.𝟎𝟎% 

IEEE Std. 519-2014 

[131] 

Harmonic Control in 

Electric Power 

Systems 

Weekly 

  𝑇𝑇𝐼𝐼𝐼𝐼𝑈𝑈,95𝑟𝑟ℎ,10 𝑚𝑚𝑚𝑚𝑎𝑎 

Daily      𝑇𝑇𝐼𝐼𝐼𝐼𝑈𝑈,99𝑟𝑟ℎ,3𝑣𝑣 

Weekly 

  𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼,99𝑟𝑟ℎ,10 𝑚𝑚𝑚𝑚𝑎𝑎 

Weekly 

  𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼,95𝑟𝑟ℎ,10 𝑚𝑚𝑚𝑚𝑎𝑎 

Daily       𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼,99𝑟𝑟ℎ,3𝑣𝑣 

Weekly 

     𝐼𝐼𝐼𝐼𝐼𝐼𝑈𝑈,95𝑟𝑟ℎ,10 𝑚𝑚𝑚𝑚𝑎𝑎 

 

 

8.0 % 

12.0 % 

7.5 % 

5.0% 

10%  

5.0% 

 

The   𝑇𝑇𝐼𝐼𝐼𝐼𝑈𝑈 values are based on  

𝑃𝑃 < 1𝑘𝑘𝑃𝑃 

The   𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼  values are based on  
𝐼𝐼𝑣𝑣𝑐𝑐

𝐼𝐼𝐿𝐿� < 20 

Measurement equipment 

compatible with IEC 6100-4-7 

(30) 

IEEE Std. 1547-

2018[76] 

Interconnection and 

Interoperability of 

Distributed Energy 

Resources with 

Associated Electric 

Power Systems 

Interfaces 

  𝑇𝑇𝑃𝑃𝐼𝐼𝐼𝐼  

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(up to  ℎ = 50  ) 

5% 

e.g. (𝒉𝒉 < 𝟏𝟏𝟏𝟏) 4% 

The measurement methodology 

based on IEEE Std. 519 

Measurements are at Reference Point 

of Applicability (RPA) 

  

IEC  61000-3-2 [132] 

Electromagnetic 

compatibility (EMC): 

Limits - Limits for 

harmonic current 

emissions (equipment 

input current ≤16 A 

per phase) 

𝐼𝐼𝐻𝐻(amplitude of 

current) 

𝒉𝒉 = 𝟑𝟑       𝟐𝟐.𝟑𝟑 𝑨𝑨 

𝒉𝒉 = 𝟓𝟓       𝟏𝟏.𝟒𝟒 𝑨𝑨 

𝒉𝒉 = 𝟕𝟕     𝟎𝟎.𝟕𝟕𝟕𝟕 𝑨𝑨 

𝒉𝒉 = 𝟗𝟗      𝟎𝟎.𝟒𝟒 𝑨𝑨 

 

Class A equipment, for the definition 

of classes, refer to standard 

For appliances with current lower 

than 16 A  
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2.6.2 Harmonic Compensation Methods 

None of the publications in the previous section suggest urgent concerns about the 

level of harmonic distortion generated by PV systems and the need for harmonic 

compensation. However, the remarkable increase of nonlinear loads in residential LV 

networks and consequently the increase in background and voltage harmonic distortion 

and current distortion [133] will necessitate the adoption of harmonic compensation 

measures in the residential grid. Additionally, with a higher penetration level of PVDGs, 

the voltage harmonic and current distortion may exceed the limits of the standard if no 

compensation is planned. Mitigation techniques are to be planned to achieve a higher 

level of hosting capacity. Conventional harmonic mitigation techniques [134] such as 

passive and active filtering have been proposed for a power system with integrated PV 

inverters. The functionality of different configurations of the passive filter in harmonic 

mitigation is investigated in  [135]. In  [136], the application of a C-type passive filter 

in increasing the harmonic-constrained hosting capacity is investigated. From the result 

of simulation in a grid-tied PV system with local nonlinear load, it is shown that the 

hosting capacity of PV inverters could be significantly increased, up to 50 %, in case of 

the high level of nonlinear loads and background voltage distortion.  

Additionally, the flexibility in the sophisticated functionality of inverters will enable 

their utilization of ancillary service applications such as harmonic compensation 

without significant additional cost [137]. The authors in  [138] investigate these 

ancillary service applications and demonstrate through simulation that harmonic 

compensation provided by PV inverters could also improve the voltage profile and 

reduce system losses as well.  These features involve enhancing the control scheme of 

the inverters to perform the desired compensation and also allocating a part of the 

apparent power rating of the inverter for these applications. Active harmonic filtering 

and virtual impedance are two main approaches to achieving harmonic compensation 

through PVDGs [139]. Apart from harmonic filtering, series and shunt Active Power 

Filters (APF) are used to improve power quality and power unbalance. In [140], a 

single-stage grid-tied PV system as a Unified Power Quality Conditioner (UPQC) is 

proposed consisting of a series and shunt converter operating as a current and a voltage 
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source, respectively. In addition to mitigating load current harmonics by injecting an 

out of phase current w.r.t non-linear load current, it performs reactive power 

compensation as well. In [141], Direct Power Control (DPC) method is applied to PV 

based APF. A fuzzy-based control strategy is proposed, which performs MPPT while 

the DPC permits both injections of active power to the grid and mitigation of harmonic 

pollution. Based on virtual impedance methods, the control strategy is manipulated so 

that the PV inverters act like a virtual impedance without the need to connect a real 

component to the system [142]. In [143], a harmonic compensation strategy is proposed 

in which each PV system acts as a harmonic supervisor by measuring the harmonic 

component of the voltage at PCC. By using adaptive gain, the controller compensates 

each harmonic component. 

Table 2.8 Comparison of Harmonic Distortion Studies 

Ref Year Contribution Model Remarks 

[144] 

2006 

Maximum harmonic 

Penetration Level  based 

on THD of Voltage 

Typical 350kVA LV 

network. 

Harmonic model of PV 

based on the measurement 

Nodal Analysis for calculation of 

harmonic voltage,  

Comparison of  different conductor 

type, 

Considering disturbing load in LV 

network 

[145]2006 

 Effect of shading on the 

harmonic behavior of 

multi-string transformer-

less PV panel.  

5kW PV plant with multi 

string converter with 

transformer-less inverter 

20 kW sun-shield PV 

system with 6 arrays and 36 

modules in each array with 

transformer  for analysis of 

shading effect  

Field Measurement of current THD 

for spring case and summer case 

(different shading duration).  

Worst case of current THD 

deterioration when half of the 

modules are shaded 

[146]2008 

Examination of  

harmonic behavior for 

different solar radiation 

20 kW PV system 

connected to LV network 

with 3 couple of strings 

with three 5kW Inverters 

Field measurement and PSIM 

simulation,  

No exceeding of international 

standards limits 
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Ref Year Contribution Model Remarks 

[147] 

2012 

Field measurement of 

typical 10 kW PV 

systems 

The first residential 10kW 

residential PV plant in 

Croatia,  

The result of field measurement is 

used for simulation of LV network in 

DIgSILENT with three different 

scenarios of penetration 

[148] 

2013 

Optimization algorithms 

to determine the 

optimum DG penetration 

level considering the 

harmonic-content in 

hosting capacity 

18 bus 10 MVA MV radial 

distribution system 

Formulation of DHLF and Particle 

Swarm Optimization 

Comparison of Centralized and 

Decentralized penetration of DGs 

[149] 

2014 

 Impact of variation of  

solar irradiance on THD 

of current and voltage 

Simulink Simulation Model 
Real data for solar irradiance from 

UTeM laboratory 

[150] 

2014 

Impact of large 

penetration level of PV 

panels on harmonic 

distortion level  

Typical Brazilian LV four-

wire   network 75 kVA 

transformer 13 single phase 

customer 

OpenDSS harmonic power flow, 

Study the impact of loading level, 

location of PV and PV power factor 

on harmonic behavior with integrated 

PV systems  

[151] 

2015 

Study of the Super-

harmonics (high 

frequency harmonics 

above 50th order) 

850 kW PV system 

connected to LV system 

through eight 3-phase 

inverters, 1250 kVA 

transformer at PCC 

Field measurement, 

The analysis of the result confirms 

the presence of super-harmonics 

around multiples of 3 kHz. 

 

 [152] 

2015 

Proposing a method for 

determining the hosting 

capacity considering the 

harmonic phase angle 

(aggregation effect) 

A real Brazilian MV 

distribution network  with 

one hydroelectric  generator 

and three wind power   

A mathematical procedure based on 

the equivalent network at a node in 

order to find the hosting capacity.  

Considering the worst case scenario 

based on the summation of harmonic 

currents (aggregation effect) 

[153] 

2016 

Investigation of the 

harmonic contribution of 

PV and the impact of 

injected harmonic 

IEEE 13 bus and a real PV 

site at the University of 

Queensland 

Considering nonlinear loads, 

penetration at single node compared 

to multiple nodes.  

The time-domain model simulated in 
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Ref Year Contribution Model Remarks 

cont..distortion on 

transformers (K-factor)  

PSCAD, 

Harmonic behavior in unbalanced 

network 

[154] 

2016 

 The impact of firing 

angles of  inverter  

switches on THD 

Time domain model of PV 

cells, H-bridge  inverter and 

output filter with 

transformer 

The optimal firing angle for lower 

THD 

[155] 

2016 

Analysis of  PV 

generation on voltage 

quality using real data 

9kW PV system in Estonia 

with the tracking system. 

Connected to PCC through 

126m of cable 

The result is presented in the form of 

scatter plot, smoothing-spline and 

linear least squares methods 

[156] 

2016 

Impact of passing clouds 

and the impedance of 

connecting conductor to 

the PCC on THD and 

IHD  

Simulink Model of a 250 

kW grid-connected PV 

system 

Shadows from passing clouds 

increase the current THD at PCC. 

The voltage THD is increased when a 

longer conductor is used.   

[157] 

2016 

Investigating the impact 

of output power (feed-in 

current amplitude) and 

operation in non-unity 

power factor on the 

harmonic quality of 

current 

Experimental set-up, 1 kW 

single phase single stage 

grid-connected inverter.  

Comments on factors affecting the 

harmonic distortion such as dead-

time effect, the nonlinearity of power 

electronic devices and background 

harmonic. 

Study of current harmonic during 

voltage sag and swell 

 

[158] 

2016 

Harmonic interaction of 

multiple PV inverters 

Real PV system with three 

small grid-connected 

inverters from three 

different manufacturers.  

Field Measurement and analysis 

based on real data  

High current THD observed in the 

low level of injected power  

[159] 

2016 

Evaluation of Current 

waveform distortion in 

various output power- of 

PV system 

Fully automated test bed, 

with three PV inverters 

(transformer-less, HF-

transformer and LF 

transformer), PV emulator 

to adjust the output power  

Discusses an example of Phase 

Balance Current protection relay 

setting due to high 3rd and 5th 

harmonic emission in low power 

operation mode 
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Ref Year Contribution Model Remarks 

[160] 

2017 

Study of  power quality 

of urban distribution 

network with PV 

systems 

A real urban distribution 

network with 4 PV systems 

installed  

A LIDAR system is used to evaluate 

the potential capacity of solar 

generation in a certain area. 

Power quality issues in terms of 

harmonic distortion in a network 

with low short-circuit power.  

[136]  

2017 

Study the impact of level 

of non-linear load and 

voltage background 

voltage distortion on 

Hosting capacity 

 Benchmark system for 

passive filter performance 

analysis, 13.8 kV balanced 

three phase, 2 bus system 

with 2.8 km line, with 6 

pulse drive as load 

Voltage THD and current IHC of 25th 

order are main indices to restrict the 

hosting Capacity 

[161] 

2018 

Applying hosting 

capacity methodology to 

harmonic voltage 

distortion 

CERIN site at the Federal 

University of Itajuba in 

Brazil 

Establish an approach for hosting 

capacity determination considering 

the voltage rise due to harmonic 

distortion 

[162] 

2018 

Stochastic approach to 

investigate the hosting 

capacity  

Rural area in Sweden with 6 

customer buses, with single-

phase PV inverters 

Stochastic assessment based on 

Monte-Carlo simulation, 

No exceeding of limits of the 

standard was observed 

[163] 

2018 

Effect of high 

penetration of PV on the 

harmonic distortion  

Real LV network in 

Germany, peak demand of 

349 kW and 27 single and 

three phase grid-connected 

PV system with peak 

generation of 234.6 kW 

Detail model of nonlinear loads,   

Simulation using 

MATLAB/Simulink,  

Study of unbalance harmonic 

currents 

[164] 

2018 

Analysis of the quality 

of the supplied voltage 

of standalone PV 

inverter  

%5.94 kW Panel connected 

to 208 V LV network.  

 Considering the Secure Power 

Supply (SPS) mode 

Maximum voltage THD was 

observed with a purely resistive load  
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2.7 Conclusion 

A comprehensive review of the assessment techniques of the impact of the high 

penetration level of PV systems on the power quality indices is presented. The review 

covered both deterministic and stochastic assessment methods. Comparing the two 

methods, it is noted that stochastic approaches offer a more satisfactory representation 

of the state of the system by modeling the variability of the parameters in the presence 

of PV systems. In comparing the uncertainty modeling techniques, the author suggests 

that there is not a single best technique, and the choice of proper modeling framework 

should be thoroughly studied based on the characteristics of each case. From the 

methods studied in this paper, the Monte-Carlo simulation is the most common 

computational technique which provides a satisfactory uncertainty representation. 

However, the computational cost of this technique makes it implausible and intractable 

for many applications.  The effort of the research community is to propose new 

techniques to model random variables associated with solar PVs and find novel 

stochastic techniques that are faster and have lower computational costs.  

With the increased penetration of PV systems into the distribution network, 

probabilistic assessment will become more important. Current challenges in this field 

are the modeling accuracy and computational burden. These challenges are open and 

ongoing areas of research. A suggestion for future researches is deploying more 

advanced techniques like the possibilistic method, modeling the correlation of various 

uncertain parameters.   

Regarding the research works reviewed in this chapter, it could be concluded that the 

voltage regulation problems due to excess generation are more likely than other power 

quality issues and it could occur even in lower penetration levels. Nonetheless, for a 

very high penetration level, several power quality issues are likely to be observed.  
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Chapter 3: 

A Monte Carlo simulation of the impact of 

single-phase solar PVs on Distribution Feeders 
 

The content of this chapter is mostly based on a seminar presented in 

AUPEC 2017 and published in the proceeding with the following details: 

Kharrazi, Ali, Victor Sreeram, and Yateendra Mishra. "Assessment of 

voltage unbalance due to single-phase rooftop photovoltaic panels in low 

residential voltage distribution network: A study on a real LV network in 

Western Australia." 2017 Australasian Universities Power Engineering 

Conference (AUPEC).IEEE,2017. 

DOI: https://doi.org/10.1016/j.rser.2019.109643 

https://doi.org/10.1016/j.rser.2019.109643
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The abstract of the publication: 

Voltage and current unbalance are common power quality problems in 

power grids. The penetration of single-phase inverter interface photovoltaic 

panels will impact the voltage profile, and voltage unbalance index of Low 

and Medium Voltage distribution network. Due to the lack of sufficient 

monitoring points in the distribution network, an assessment method of 

evaluating the voltage unbalance index is of paramount importance. Due to 

the stochastic nature of the location and rating of photovoltaic panels, a 

probabilistic method based on Monte Carlo simulation is proposed to assess 

the voltage unbalance factor. The simulation is run using MATLAB and 

PowerFactory, based on proposed data exchange between the two software 

packages. The effect of the timing mismatch between solar generation and 

load profile is also studied using a time sweep simulation.  The result of the 

simulation shows that there is a low probability that the penetration of 

photovoltaic panels renders the voltage unbalance factor to exceed the limits. 

However, the variation of solar generation and loads during the day might be 

of concern, especially during low demands periods. 

3.1 introduction 

In recent years, the number of installations of solar PVs has risen significantly in all 

states in Australia. The total capacity of solar PV installation has surpassed 18 GW till 

Sep 2020 [1]. Most rural and urban suburbs in Australia have witnessed a surge in solar 

PV installation. Most of the installations (around 10 GW) are in the form of small-scale 

units with a capacity below 15kW.  These low-capacity solar PVs generation units are 

mostly in the form of rooftop solar PVs, connected to low voltage feeders. The 

connection is mostly through single or three-phase inverters. As it was discussed in 

chapter 2, although the integration of PVs reduces power losses and provides clean 

energy as a Distributed Energy Resource (DER), they may adversely impact the low 

and medium voltage distribution network in terms of voltage profile and power quality.  

It was mentioned in chapter 2, Voltage Unbalance (VU) is a power quality index that 

could be significantly impacted by output power from rooftop solar PVs.  
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Normally, Distribution System Operators (DSO) try to distribute the loads evenly 

among the three phases of distribution feeders to minimize the VU index. Single-phase 

inverter-connected PVs give rise to the voltage of one phase at the point of connection 

which consequently may considerably worsen the VU index.  Some limitations have 

been regulated by  DSOs to limit the penetration level or the maximum permitted 

capacity of installed PVs. As an example, in Western Australia, any application for a 

single-phase inverter on a 3 phase supply over three kVA will not be approved. In 

Germany, there is a limit of 4.6 kW for single-phase PVs. Due to the lack of monitoring 

and measurement units throughout the low voltage distribution system, many power 

quality problems may remain unseen in the network for a long time. Thus, a general 

method to study and assess the impact of high penetration of rooftop PVs on power 

quality like the VU index is of paramount importance and could assist DSOs in 

evaluating the current situation, plan for future expansions, and/or devise mitigation 

techniques.  

In Chapter 2, assessment techniques of the impact of solar PVs on the VU index of 

the distribution network are reviewed. It was accentuated that a stochastic assessment 

approached is more effective since many parameters related to PV output power are 

random in nature. Not only the randomness in solar insolation should be considered, but 

other uncertainties regarding the installation and capacity of solar PVs are also 

important as well. Most solar PVs are owned by residential homeowners, and DSOs 

have little control over the location and capacity of the installation.  Among stochastic 

techniques introduced in chapter 2, Monte Carlo simulation is known to have the best 

accuracy in providing assessment. It can cover a large bound of the uncertainty of 

simulation parameters. It is also capable of handling different types of uncertain 

parameters with various Probability Distribution Function (PDF). 

   The assessment of VU in distribution feeders requires solving a power flow 

problem. The power flow problem is a non-linear formulation by nature. This 

nonlinearity could be an issue for most stochastic assessment techniques. However, 

Monte Carlo simulation could easily handle this nonlinear formulation. In the Monte 

Carlo technique, the power system is considered a black box. The input variables are 
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sampled from the PDF of random variables, and the outputs variables are recorded until 

enough output samples are recorded to create the PDF of output variables. Due to the 

huge number of iteration, Monte Carlo techniques require a high level of computational 

power. In this chapter, a simulation set-up using MATLAB and DIgSILENT 

Powerfactory is proposed. The proposed simulation setup provides an efficient tool for 

the assessment of distribution feeders enriched with a rooftop PV installation. 

3.2 Voltage unbalance Definitions 

Voltage unbalance is defined as any difference in voltage amplitude of the three-

phase or any deviation from the 120-degree phase difference. There are many methods 

of interpretation and quantification of voltage unbalance [2]. The definition of voltage 

unbalanced is discussed in detail in section 2.4.1. Among many indices mention in 

different standards, the most widely used method as recommended the IEC Standard is 

the Voltage Unbalanced Factor (VUF) which is the ratio of negative-sequence voltage 

over positive-sequence voltage as described in Eq.3.1  

                                                            𝑃𝑃𝑃𝑃𝐹𝐹% = �
𝑃𝑃_
𝑃𝑃+
�× 100                                                            (3.1) 

3.3 Distribution Network Model 

The radial network under study is a real residential low voltage network in Nedlands, 

a suburb in Western Australia. This suburb is powered by a 66/6.6 kV substation which 

feeds 15 MV feeders, each supplying approximately 300 to 500 customers. There are 

three 66/6.6 kV transformers in the substation.  One of the MV feeders with its 

corresponding distribution transformers is modeled in detail, as shown in Fig. 3.1 and 

Fig.3.2. This feeder is supplying 300 residential and commercial customers through 9 

distribution transformers (0.63 MVA). All the cable sizes and lengths are set according 

to real values obtained from Western Power. All the loads and PVs are assumed to be 

connected to the LV network through a TN-CS earthing system. PV panels are modeled 

as Static Generators. Other feeders in the substation are modeled as unbalanced MV 

lumped loads. By the use of DigSilent Programming Language (DPL), it is easy to 

change the parameters of each set of the element without going through the setting of 
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each individual element.  The DPL also enables running numerous simulations with 

different parameters while saving the result of each simulation as a CSV file.  

 

 

 

 

           

 

 

 

Figure 3.1 MV Feeder 

In order to analyze the VU of the network, an unbalanced load flow based on 

Newton-Raphson is performed, and the positive and negative sequence, as well as line 

to line voltages at the beginning and end of each 14 LV feeders, are recorded. The loads 

are distributed evenly among three phases in each feeder in order to obtain the lowest 

VU caused by asymmetric loading. Table 3.11 shows the VUF of each LV feeder and 

the MV feeder with no PV in the system. Every residential load is supposed to be 1.5 

kW, and they are distributed evenly among three phases. As could be seen in Table 3.1, 

the VUF% in all feeders is significantly lower than allowable limits by standards.  The 

voltage profile of all feeders is also checked as well to ensure that all the voltages at all 

nodes are in an acceptable range. The voltage profile of the longest feeder is shown in 

Fig. 3.3.  

3.4 Simulation and Results 

In this section, the various simulation would be performed by penetrating PVs into 

every LV feeder. Every node is equipped with a PV panel modeled as a static generator 

in PowerFactory. This allows changing the power rating and penetration level of each 

PV using DPL. The residential loads are assumed to be 1.5 kW as simulated in the 

previous section so that there is no impact of changing loads on VUF. Two methods of 
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simulation are considered. In the first case, a stochastic method based on Monte Carlo 

simulation is performed. In the second case, some deterministic simulation is performed 

to assess the sensitivity of the VU index to some variable daily solar energy and load 

profile 

  

 

 

 

 

 

 

 

Figure 3.2 Distribution Transformers and LV feeder 

Table 3.1  VUF with no PVs 

Feeder VUF% 

Beginning 

VUF% 

End 

Feeder VUF% 

Beginning 

VUF% 

End 

Feeder1 0.04 0.23 Feeder8 0.13 0.02 

Feeder2 0.30 0.01 Feeder9 0.06 0.02 

Feeder3 0.10 0.01 Feeder10 0.10 0.02 

Feeder4 0.14 0.01 Feeder11 0.03 0.02 

Feeder5 0.03 0.01 Feeder12 0.03 0.03 

Feeder6 0.09 0.03 Feeder13 0.03 0.02 

Feeder7 0.06 0.04 MV 0.04 0.01 
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Figure 3.3 Voltage Profile of Longest feeder 

3.4.1 Stochastic Assessment of Voltage unbalance 

The location and rating of PV panels in residential premises are random variables 

and not determined by DSO. Thus, deterministic approaches to evaluate the impact of 

these random variables may not generate sufficient information. A stochastic approach 

is employed to test the network in numerous operation scenarios. The Monte Carlo 

simulation is performed and the random variables allocated are the rating of the nominal 

power of PVs and penetration level (Number of houses with PV). It is assumed that the 

rating of PVs could be 1 to 10 kW.  These capacities are obtained by investigating the 

available capacities in the market.  However, it is more likely that the households invest 

in higher ratings since the payback period is earlier (almost five years in Western 

Australia). On the other, the maximum rate may not be feasible for all customers since 

there might not be enough space on the roof to accommodate all panels. Thus, the PV 

rating probability is considered to be a normal distribution with a mean value of 5. This 

data is in accordance with the real data reported in [3].   The Penetration level is assumed 

to be 25%, 50%, 75%, or 100%. Since it is not likely that all customers in one area 

install PVs, a lower probability is considered for a penetration level of 100% (10% for 

Penetration level of 100% and 30% for other levels). Since some rooftop PVs are 

connected through 3phase inverters, which have a major impact on the Voltage 

Unbalance index, three different scenarios with equal probability are considered. It is 

assumed that the percentage of PVs with a three-phase interface would be 25%, 50%, 

or 75% of all installed PVs in the feeder.  
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Figure 3.4 Flowchart of Monte-Carlo Simulation Steps 

These random variables, which created using MATLAB, are the input data for the 

Monte Carlo simulation. These variables are saved as a CSV file which would be loaded 

in PowerFactory Environment to perform the unbalance power flow analysis. The 

results of power flow are positive and negative sequence voltage of the beginning and 

end nodes of every feeder, which will be saved in a CSV File.  It is noticeable that it is 

a common practice by DSOs to measure the VU only at the beginning and end of 

feeders. This file is loaded in excel, and the VUF of each node is calculated.  The data 

exchange scheme proposed in [4] is used to manage the data exchange between 
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PowerFactory and MATLAB while running simultaneously. The flowchart of the steps 

of simulation is shown in Fig. 3.4. A variable called switch is saved in a CSV file which 

is commonly used by MATLAB and PowerFactory to coordinate the simulation 

between the two software packages. The number of trials is assigned based on the stop 

criteria of the Monte Carlo simulation. The variance of VUF is calculated after a certain 

number of trials. If the variance converges to an acceptable level, the criteria to stop the 

simulation are met. 

Table 3.2 shows the variance of VUF after running the trial 100 times. The variance 

is calculated using the following equation: 

                                            𝑃𝑃𝑀𝑀𝑓𝑓�𝑃𝑃𝑃𝑃𝐹𝐹𝑗𝑗� = 1
𝑁𝑁−1

∑ (𝑃𝑃𝑃𝑃𝐹𝐹𝑏𝑏 − 𝑃𝑃𝑃𝑃𝐹𝐹𝑗𝑗)2𝑁𝑁
𝑏𝑏=1                                             (3.2)           

As seen in Table 3.2, after running the trial 1000 times, the value of variance does 

not change significantly. Thus, the result of the first 1000 trials is analyzed. 

Table 3.2 The variance of VUF for different number of trials 

Number  of trials Var (VUF %) 

 at the end of the feeder 

Error compared  

To 1000 trials[%] 

100 0.46087 8.94 

200 0.425277 5.3 

500 0.376681 0.48 

1000 0.371834 0 

2000 0.374707 0.28 

5000 0.35987 1.19 

 

3.4.1 The result of stochastic simulation 

The VUF% and LVUR% for all feeders are calculated. The result of all 1000 trials 

for the longest feeder with the worst VU index is shown in Fig. 3.5 and Fig. 3.6, showing 

VUF% and LVUR%, respectively. The red line in Fig. 3.5 and Fig. 3.6 indicates the 

acceptable limit suggested by standards. It could be seen that the VUF% is almost below 

the acceptable limit, while the LVUR% is very likely to exceed the limits of standards. 

This could be based on the definition of these two factors. When calculating the VUF%, 
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the phase angle of voltages is considered; LVUR% is sensitive to differences in the 

amplitude of voltages of three phases. Hence, when considering the quality of power, 

the appropriate standard and index should be considered.  

 

 

 

 

 

Figure 3.5 VUF% for 1000 scenarios of random variables 

 

 

 

 

 

Figure 3.6 LVUR% for 1000 scenarios of random variables 

The cumulative probability distribution function of all feeders is obtained and shown 

in Fig.3.7. and Fig.3.8. for VUF% and LVUR%, respectively. 

 

 

 

 

 

 

Figure 3.7 Cumulative Distribution Function of VUF of the end of feeders 
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As could be seen in Fig. 3.7, the VUF of most of the feeders is less than 1% for 

almost all the scenarios. In the case of long feeders, for 36% and 38 % of the scenarios, 

the UVF of the end of the feeder is greater than 1% for Feeder 2 and feeder four, 

respectively. These numbers for VUF% of more than 2 % are 4% and 6%. For the MV 

feeder, the VUF% does not exceed 2% at the end of the feeder. According to these 

numbers, it could be concluded that with the appropriate distribution of loads and PVs 

between three phases, the VUF will not exceed the limits. 

Fig 3.8 shows that while the probability of exceeding the standard limit is very low 

for most of the feeders, but for at least two feeders, this probability is very high, and 

mitigation techniques should be considered.  

 

 

 

 

 

 

Figure 3.8 Cumulative Distribution Function of LVUR of the end of feeders 

 

3.4.2 Time Sweep Analysis  

The output power of the PV panels has an intermittent nature due to intermittency in 

solar radiation. There is a time mismatch between load peak demand and peak solar 

generation. The peak demand usually appears in the evening, while the maximum power 

output from PVs happens during midday when the load is normally low. Thus, it is of 

paramount importance to consider this timing mismatch when analyzing the impact of 

PVs. In the previous sections, the residential and commercial loads are supposed to be 

constant during the simulation. This assumption could cast a shadow on the validity of 

the data since the existence of commercial single-phase loads and single-phase 
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residential PVs could deteriorate the balance of loads and generation during the day. 

Therefore, a simulation regarding the time of the day is carried out in this section. 

Models for residential load and solar generation profile regarding the time of the day 

are prepared. These models could be 

seen in Fig. 3.9 and Fig. 3.10. 

 

 

 

 

Figure 3.9 Different Load Profiles 

Table 3.3 shows that even with 100% penetration of PVs, the value for VUF% is 

always lower than the limits for all feeders. This is due to the fact that all PVs and loads 

have been distributed evenly among all three phases. 

Table 3.3 VUF with constant Load and PV output power 

Feeder VUF% 

Beginning 

VUF% 

End 

Feeder VUF% 

Beginning 

VUF% 

End 

Feeder1 0.04 0.29 Feeder8 0.02 0.13 

Feeder2 0.03 0.25 Feeder9 0.04 0.12 

Feeder3 0.01 0.17 Feeder10 0.04 0.17 

Feeder4 0.01 0.2 Feeder11 0.02 0.03 

Feeder5 0.01 0.04 Feeder12 0.02 0.03 

Feeder6 0.02 0.13 Feeder13 0.01 0.03 

Feeder7 0.1 0.1 MV 0.01 0.02 

The result of the time sweep simulation is shown in Fig. 3.10 and Fig. 3.11. These 

figures show the value of VUF% of beginning and end of longest feeder over 24 hours 

per day. As seen in Fig. 9, the variation of VUF% due to the variation of load and solar 

radiation during the times of the day is significant. It is seen that the VUF% could reach 

up to 2% during midday while it was calculated to be 0.2% with a constant value for 

loads and PV output. It could be seen that the VUF% with no PVs has much lower value 
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and less variation. Thus, it is important to find proper ways to mitigate the impact of 

solar PV output considering the mismatch between solar generation and residential 

power demand. 

 

 

 

 

 

Figure 3.10 Solar Output Power 

  

 

 

 

 

 

Figure 3.12 Time Varying voltage unbalance (Beginning of Feeder4) 

3.5 Conclusion: 

The impact of penetration of PVs on the voltage unbalance index of a real distribution 

network is studied. A stochastic assessment was carried out, and the penetration level 

and output power of PVs were considered as random input variables. The result of 

stochastic evaluation shows that the probability of exceeding the standard limits of 

VUF% is very low. However, the result of time sweep analysis shows that the mismatch 

between power demand and solar generation throughout the day may significantly 

impact the VUF%.  These results give good evaluation and will help DSOs to assess the 

power quality problems. The method of assessment could be easily employed to study 

other impacts of PVs on power quality and on any LV and MV distribution network.  
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Chapter 4: 

Supervisory Control of Discrete Event 

System 
 

4.1 introduction 

Power networks are dynamic systems with numerous Continuous-Variables 

Dynamic (CVD). These dynamic variables are defined over time, ranging from slow 

dynamics in a range of hours to very fast dynamics in a range of milliseconds. With the 

increasing complexity of the system and the emergence of more complex computerized 

automation and control systems, another type of dynamic behavior can be defined 

considering the events that change the state of the system. For example, a microgrid 

entering into the islanded mode, a battery storage system entering intro grid forming 

control mode, power quality events, or Electric vehicles plugging into an outlet are 
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examples of these types of events. This type of dynamic behavior could suitably be 

fitted into the context of a Discrete Event System (DES).  DES is a dynamic system in 

which the occurrence of abrupt physical events, possibly at irregular intervals, governs 

the evolution of the system over time. A DES model consists of a discrete set of states, 

events, and transitional behavior after the occurrence of each event.  

In the framework of DES, a dynamical system with a state space and state transition 

has the following main properties: 

• Discrete in time and (usually) state-space 

• Asynchronous and event-driven (driven by events not necessarily at a tick of 

a clock) 

• Non-deterministic (occurrence of events and consequential transition of states 

may be based on internal chance or not as predicted behaviors in the model 

and occur in quasi-random moments) 

The framework of DES has been hailed as a basis and foundation for supervision and 

control of various systems that their state of operation should be in accordance with 

qualitative or logic type specifications. The types of defined specifications include 

safety specifications (e.g., avoiding prohibited and unsafe states), liveness 

specifications (guarantee that the system will land and stabilize in a goal state) and 

priority specifications (e.g., prioritize a specific action or request). Simple and 

noncomplex DES could be efficiently controlled by ad-hoc and intuitive solutions. 

However, with ever increasing complexity of the structure of manmade systems, 

especially the role of computer technology, a more detailed and systemic approach is 

required for the design, analysis, and control of the DES system. Such an approach was 

first proposed by Ramadge and Wonham in 1989 [1] where a control-synthesis 

procedure for DES is developed under the context of Supervisory Control Theory 

(SCT). Their approach conforms to the formulation of standard type control problems 

and in characteristics such as state feedback, controllability, observability, etc. Their 

theory also considers theoretical ideas in standard control problems such as 

decentralized and hierarchical control schemes. In SCT, DESs are modeled with 

automata and formal language models. In this section, the automata-based DES and the 
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approach to synthesize the Supervisory Control of DES (SCDES) is briefly explained. 

For a detailed explanation of the theory, the reader could refer to [2] 

4.2 DES Model 

A DES model is represented by an automaton (an algebraic structure known as a 

generator (𝐺𝐺)), and it is expressed as a five-tuple set as in Eq.4.1). 

                                                  𝐺𝐺 = (𝑄𝑄,∑, 𝛿𝛿, 𝑆𝑆0,𝑄𝑄𝑚𝑚)                                                      (4.1) 

Where 𝑄𝑄 is a finite set of states; 𝑆𝑆0𝜖𝜖𝑄𝑄 is the initial state and 𝑄𝑄𝑚𝑚𝜖𝜖𝑄𝑄 is the set of marked 

states. ∑ is a finite set of events (𝜎𝜎) known as the alphabet of the DES and 𝛿𝛿 is a transition 

mapping 𝛿𝛿:𝑄𝑄 ×∑ → 𝑄𝑄:𝛿𝛿(𝑄𝑄,𝜎𝜎) = 𝑆𝑆′, which defines the transition from state 𝑆𝑆 to 𝑆𝑆′after an 

event (𝜎𝜎) occurs. The set of all defined (physically possible) events is denoted by ∑∗.  𝐺𝐺 

generates a series of events known as the language of the automata (𝐿𝐿(𝐺𝐺)). The 

language of an automaton is a string of possible physical events in the system, as 

represented in (4.2). Those strings, which end up in a marked state, create the set of 

marked language known as Lm(G), which is a subset of 𝐿𝐿(𝐺𝐺) and can be written as in 

Eq.4.3). 

                                                𝐿𝐿(𝐺𝐺) = {𝑃𝑃|𝑃𝑃 ∈ ∑∗, 𝛿𝛿(𝑆𝑆0, 𝑃𝑃) 𝑀𝑀𝑃𝑃 𝑑𝑑𝑀𝑀𝑜𝑜𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑}                                              (4.2) 

                                               𝐿𝐿𝑚𝑚(𝐺𝐺) = {𝑃𝑃|𝑃𝑃 ∈ 𝐿𝐿(𝐺𝐺), 𝛿𝛿(𝑆𝑆0, 𝑃𝑃) ∈ 𝑄𝑄𝑚𝑚 }                                                 (4.3) 

In other words, 𝐺𝐺 with its events, states, and transitions, models a physical plant and 

the physical states and events in the plant, which is a high-level abstraction of the 

observed behavior of the plant.   It is also possible to depict a DES in the form of an 

FSM and display it in the form of a graph, as shown in Fig.4.1. This DES has five states, 

two marked states, and six transitions. In  Fig 4.1  𝐿𝐿= {10,10 11, 10 11 13, 10 11 15, 10 

11 13 10, 10 11 13 15, 10 11 13 10 11, …} is the language generated. Note that from 

each string in the language, not only the current state could be extracted, the history of 

state transition up to the current state could be found as well.  𝐿𝐿 is also called the closed 

behavior of  the system 
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Figure 4.1 FSM model of a DES 

A string 𝑑𝑑 is called a prefix of the string 𝑃𝑃, if 𝑃𝑃, 𝑑𝑑 ∈ ∑∗and there exists a string 𝑀𝑀 ∈

∑∗ so that 𝑃𝑃 = 𝑑𝑑𝑀𝑀.  In other words, 𝑑𝑑 is an initial sequence of events in 𝑃𝑃. The set 

consisting of all prefixes of 𝐿𝐿 is denoted by 𝐿𝐿�. If 𝐿𝐿 == 𝐿𝐿� is met, the language 𝐿𝐿 is said 

to be prefix-closed, i.e., it contains all its prefixes.   

If there exists a string, which takes the plant to a desired state from any reachable 

state, the DES is said to be non-blocking. In other words, the DES is non-blocking 

if 𝐿𝐿�𝑚𝑚(𝐺𝐺) = 𝐿𝐿(𝐺𝐺).  

In order to create the DES of complex systems, it is possible to combine simpler 

DESs. This is achieved through the process of synchronization, which combines two or 

more DES systems into one larger complex DES (i.e., G3 = G1||G2). The number of 

states in G3 is the product of the number of states in G1 and G2, and the total transitions 

are given by the union of all transitions in G1 and G2. The initial and marked states are 

the same as the initial DESs. This notion is used when large-scale systems are formed 

as a parallel composition of smaller subsystems. We exploit these properties in all the 

models in the next chapters. 

4.3 Design of Supervisory Control of DES 

The concept of supervisory control is curtailing the behavior of the system based on 

predefined control logic. In other words, a controller is adjoined to the plant so that the 

generated language (series of events) of the closed-loop system could be varied based 

on the predefined specification. As seen in Fig. 4.2, the plant generates the string s  , 

which is sent back to the supervisor as the feedback signal, which in turn, is used by the 

supervisor to indicate the state of the plant. The supervisor then generates the control 

signal V(S), which includes the list of events that should be disabled in that specific 

state.  
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Figure 4.2 Supervisory Control System 

The set of events in a generator consists of controllable and uncontrollable 

events (∑ = ∑𝑐𝑐 ∩ ∑𝑏𝑏). ∑𝑐𝑐   is the set of controllable events, which can be enabled or 

disabled by an external agent (supervisor). The uncontrollable events are enabled by 

their nature (physically impossible to be enabled). A possible set of enabled events, 

which includes some controllable events and all uncontrollable events, is called a 

control pattern (𝛾𝛾). Then we have ∑ ⊇ 𝛾𝛾 ⊇ ∑𝑏𝑏. The set of all control patterns is defined 

as in Eq.4.3. 

                                                                  𝛤𝛤 = {𝛾𝛾 ∈ 𝑃𝑃𝑃𝑃𝑓𝑓(∑)|𝛾𝛾 ⊇ ∑𝑏𝑏}                                                           (4.3) 

A controlled generator is defined as a structure (𝐺𝐺,𝐴𝐴𝑐𝑐 ,𝛤𝛤𝑐𝑐) where 𝐺𝐺 is the Generator, 

𝐴𝐴𝑐𝑐 is the subset of controllable events, 𝐴𝐴𝑏𝑏 is the subset of uncontrollable events and 𝛤𝛤𝑐𝑐 

is the set of all control pattern. Also, 𝑃𝑃𝑃𝑃𝑓𝑓(𝐴𝐴) is the set of all subsets of 𝐴𝐴 (power set 

of 𝐴𝐴). A supervisory control or supervisor for the controlled generator is any function 

as  𝑃𝑃: 𝐿𝐿(𝐺𝐺) → 𝛤𝛤. 𝑃𝑃 is the subset of events enabled by the supervisor. The pair (𝐺𝐺, 𝑃𝑃) is 

presented as 𝑃𝑃/𝐺𝐺, which is implying the concept of 𝐺𝐺 under the supervision of 𝑃𝑃. In 

other words, the Supervisor is defined in the form of a DES, based on specifications of 

the desired behaviors. This DES (Supervisor) will run simultaneously with the plant in 

order to form the closed-loop system. The language created by this closed-loop system 

shown as 𝐿𝐿(𝑃𝑃/𝐺𝐺) is defined as follows: 

• 𝜀𝜀 ∈  𝐿𝐿(𝑃𝑃/𝐺𝐺)   

• If 𝑃𝑃 ∈  𝐿𝐿(𝑃𝑃/𝐺𝐺), 𝜎𝜎 ∈ 𝑃𝑃(𝑃𝑃) and 𝑃𝑃𝜎𝜎 ∈ 𝐿𝐿(𝐺𝐺) then 𝑃𝑃𝜎𝜎 ∈ 𝐿𝐿(𝑃𝑃/𝐺𝐺) 

• No other string belongs to 𝐿𝐿(𝑃𝑃/𝐺𝐺) 

This implies that the closed-loop system generates an empty string or a string from 

the plant, which is followed by an event enabled by the supervisor.  
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4.3.1 Non-blocking Supervisor 

The supervisor 𝑃𝑃 is indicated to be non-blocking (for 𝐺𝐺) if   𝐿𝐿�𝑚𝑚(𝑃𝑃/𝐺𝐺) =

𝐿𝐿(𝑃𝑃/𝐺𝐺)    (prefix-closed), meaning under supervision, there is always a string that takes 

the system to a marked state. 

4.3.2 Controllability  

Not every language could be achieved by the supervisor. The property named 

controllability should be met. A language 𝐾𝐾 (representing control specifications) is said 

to be controllable with respect to the language 𝐿𝐿(𝐺𝐺) (representing the plant) and the set 

of alphabet  𝐴𝐴𝑏𝑏 , if ∀𝑃𝑃 ∈ 𝐾𝐾� and ∀𝑀𝑀 ∈ 𝐴𝐴𝑏𝑏 such that 𝑃𝑃𝑀𝑀 ∈ 𝐿𝐿 then 𝑃𝑃𝑀𝑀 ∈ 𝐾𝐾�. This could be 

expressed as follow: 

                                                             𝐾𝐾�𝐴𝐴𝑏𝑏 ∩ 𝐿𝐿 ∈ 𝐾𝐾�                                                         (4.5) 

This condition entails that if any prefix of a string in 𝐾𝐾 is followed by an uncontrolled 

event, then the extended string must be a prefix of 𝐾𝐾 as well. In order to synthesize the 

supervisory control, the controllability of the specification should be verified. For 

complex problems, a feasible solution is to break down the overall supervisory task into 

two or more subtasks resulting in a decentralized supervisory control. These 

decentralized supervisors run simultaneously to enforce their corresponding 

specifications on the general plant. However, this solution may give rise to further 

problems regarding the non-blocking property of the overall system due to conflicting 

control actions. If 𝐾𝐾 and  𝐿𝐿 are two arbitrary sublanguages of  ∑∗, the necessary 

condition to test the non-conflicting property of the two sublanguages is: 

                                                        𝐾𝐾 ∩ 𝐿𝐿������� = 𝐾𝐾�  ∩  𝐿𝐿�                                                        (4.6) 

This implies that every string that is a prefix of both 𝐾𝐾 and 𝐿𝐿 could be extended to a 

string belonging to 𝐾𝐾 and 𝐿𝐿 in common. The supervisor may have additional 

information about the state transition of the plant, which triggers the supervisor to be a 

large size DES and hard to implement. It is possible to find a smaller supervisor, which 

has the same control behavior as the actual size supervisor, known as supermall 

supervisor. The reduced sized supervisor is easy to implement, offers a better 
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understanding of the control actions, and useful in the design of modular control.  

4.3.3 TCT software package 

The procedure to synthesize the optimal supervisor is a cumbersome NP-hard process 

based on heuristic algorithms. The TCT software package [3] provides an efficient 

computation tool for synthesizing the supervisory control. The initial version of TCT 

was introduced in 1993 [4], and further evolutions were announced in [3]. The full list 

of procedures and commands could be found in [2]. This software package is used in 

the following chapter in this thesis to synthesize the optimal (minimally restrictive) 

supervisory control. Namely, the following commands are executed in a step by step 

manner: 

• The DES model of the plant in the form of an automaton is created. If a 

modular model for the plant is used, the TCT procedure SYNC is used to 

combine the automata of each module 

• The DES model of the specification (marked language) is created. This model 

is conventionally named SPECDES in this thesis. If multiple SCEDs are 

modeled, the TCT procedure meet should be applied to create a single DES 

that represents all the specifications.  

• The procedure to simplify the supervisor is executed next. The TCT procedure 

supcon performs this task. The inputs to this procedure are the DESs obtained 

from previous steps, and it returns the non-blocking supervisory controller in 

the form of a DES.  

• The supervisor may have additional information about the state transition of 

the plant, which triggers the supervisor to be a large size DES and hard to 

implement. It is possible to find a smaller supervisor, which has the same 

control behavior as the actual size supervisor, known as supermall supervisor. 

The reduced sized supervisor is easy to implement, offers a better 

understanding of the control actions, and useful in the design of modular 

control. The TCT procedure supreduce returns a small equivalent 

implementation of the supervisor which satisfy (4.6) 
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4.4 Timed Discrete Event System (TDES) 

It is possible to augment the DES model to incorporate the timing constraint of 

events. The main motivation of such augmented models is to model the delay in 

communication systems between the controller and the plant. This framework was 

firstly introduced in [1] by considering that a designated time bound, relative to the 

moment that the event became enabled, is a new constraint.   

The main feature of TDES is a new parameter called tick that represents the evolution 

of time. The tick event is defined w.r.t a global digital clock that is always running. This 

is achieved by the tick function as following: 

𝑑𝑑𝑀𝑀𝑒𝑒𝑘𝑘𝑒𝑒𝑜𝑜𝑀𝑀𝑀𝑀𝑑𝑑 (𝑑𝑑) ≔ 𝑀𝑀,𝑀𝑀 ≤ 𝑑𝑑 ≤ 𝑀𝑀 + 1      𝐑𝐑+ → 𝐍𝐍 

The timing constraint of each event is defined in the form of a lower and upper bound 

interval which are synchronized with the postulated global digital clock. The main 

advantage of such a framework is the capability to consider temporal specification when 

solving a control synthesis problem. The development of the model begins with 

replacing the state set (𝑄𝑄) in the tuple with an activity list (𝐴𝐴). The generator 𝐺𝐺 would 

be as following: 

                                                                       𝐺𝐺 = (𝐴𝐴,∑𝑎𝑎𝑐𝑐𝑟𝑟 ,𝛿𝛿𝑎𝑎𝑐𝑐𝑟𝑟,𝑀𝑀0,𝐴𝐴𝑚𝑚)                                                      (4.7) 

The main difference between activity and traditional state in automata is that the 

activity has a duration in its interpretation. In the new definition, every transition is 

equipped with a lower time bound 𝑉𝑉𝜎𝜎, and an upper time bound 𝑀𝑀𝜎𝜎. In terms of physical 

interpretation 𝑉𝑉𝜎𝜎 is interpreted as a delay (e.g., the delay due to communication latency) 

and 𝑀𝑀𝜎𝜎 is interpreted as a hard deadline (e.g., deadline as a temporal specification or 

physical necessity of plant). Considering the defined time bounds, the event list could 

be partitioned into two subsets as follows: 

                                                                       ∑𝑎𝑎𝑐𝑐𝑟𝑟 = ∑𝑣𝑣𝑠𝑠𝑛𝑛 ∪̇  ∑𝑟𝑟𝑛𝑛𝑚𝑚                                                            (4.8) 

∑𝑣𝑣𝑠𝑠𝑛𝑛 is the set of prospective events in that the upper time bound is finite  0 ≤ 𝑀𝑀𝜎𝜎 <

∞ and 0 ≤ 𝑉𝑉𝜎𝜎 ≤ 𝑀𝑀𝜎𝜎. ∑𝑟𝑟𝑛𝑛𝑚𝑚 is the set of remote events in that 𝑀𝑀𝜎𝜎 = ∞ and 0 ≤ 𝑉𝑉𝜎𝜎 ≤ ∞. The 

events, along with its time bound, will be hailed as timed events, and a timed event is 
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displayed as a triple (𝜎𝜎, 𝑉𝑉𝜎𝜎 , 𝑀𝑀𝜎𝜎). Now, we have the set of timed events as follow: 

                                                                      Σ𝑟𝑟𝑚𝑚𝑚𝑚 ≔ {(𝜎𝜎, 𝑉𝑉𝜎𝜎,𝑀𝑀𝜎𝜎)|𝜎𝜎 ∈ Σ𝑎𝑎𝑐𝑐𝑟𝑟}                                            (4.9) 

 For the sake of simplicity, instead of the state transition graph, the tick event is 

incorporated in the transition graph, and the graph is called the time transition graph 

(TTG). 

As an example, imagine event 10 of the DES model in Fig.1 is a timed event as 

(10,0,1). This is interpreted as event 10 to be a prospective event and with an upper 

band of 1 tick. This framework is used in chapter 7 when a temporal constraint is 

considered for the operation of phase switching devices. By defining prospective timed 

events, the certain operation could be held pending. The procedure to synthesize the 

supervisor is straightforward with this new framework. The new version of TCT 

software, enhanced to incorporate TDES models, is published named TTCT and is used 

to model TDES and synthesize the supervisory control. 

4.5 Application of SCDES in Power Systems 

Although the main applications of DES are in manufacturing processes and 

communication networks, it can also be useful in power systems for energy 

management, control, modeling, and monitoring, and diagnosis applications. The 

necessity of new modular and hybrid control strategies becomes more significant with 

new innovative technologies such as microgrids and smart grids. Since the management 

of smart grids and microgrids is dealing with a heterogeneous system with a large 

number of devices and technologies, new mechanisms are required to handle the energy 

management and control problems. One solution to simplify the complexity of the 

problem is to split the system into smaller subsystems based on the characteristics and 

behavior of the devices. For example, many operations in power systems could be 

modeled in the form of a Finite State Machine (FSM), where the occurrence of events 

will change the state of the system. This behavior can be demonstrated through the 

methodology of the discrete-event system (DES). The dynamics of the power system 

could be divided into time-triggered and event-triggered dynamics. Instead of using a 

central complex hybrid control method to deal with both dynamics, a DES model of the 
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system is obtained by observing the event-triggered dynamics and states of the system. 

It is then possible to synthesize a hierarchical control structure where local controllers 

regulate the continuous dynamics of individual devices, and a supervisory control 

produces high-level commands to transit the system into desired states based on 

predefined control patterns. This systematic control method is viable in managing many 

operations in smart grids. For example, primary control of microgrids, economic 

signaling, demand response management, and many decision makings that exhibit 

discrete event nature could be managed in the context of supervisory control of discrete 

event system (SCDES). 

The first use of DES theory in control of power system is proposed by authors in [5]. 

The proposed DES framework for a sample 14-bus 40-line transmission network, where 

each transmission line is modeled as a two-states DES with two events (states: line in 

service, line out of service; events: line tripping, line restoring). A supervisory control 

is then proposed to manage the restoration process of tripped lines so that the highest 

security level is obtained. Similarly, authors in [6] and [7] have used the DES theory to 

design a supervisory control for under-load tap changing transformer and dynamic flow 

control, respectively. Recently, a supervisory control is proposed for appliance 

scheduling in smart buildings [8]. In [9], a supervisory control is applied to a 33-node 

test network. The objective of the control (supervisor) system is to keep the substation 

transformer within the safety limit. They used the TDES model to account for the delay 

in communication systems. They also provide a new criterion on controllability and 

observability of the networked-timed DESs.  

However, the application of DES in microgrid based topologies with several devices 

has not been addressed, where a hierarchical topology could be devised using a high-

level command. In the next chapters of this thesis, we exploit the theory of SCDES in 

various management problems in the Distribution Network.  

• In chapter 5, a SCDES is developed for thecoordination of multiple devices 

in a Custom Power Park. 

• In chapter 6, SCDES is applied to scheduling the charging of PVs with a 

different priority level 
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• In chapter 7, the concept of TDES is employed to design a distributed 

management system for phase configuration in radial residential distribution 

Feeders  

4.6 Conclusion 

The concept of the DES  and the theory of Supervisory controller discussed in this 

chapter sounds very promising to provide rigorous and solid solutions to management 

and control problems in power systems and distribution networks. In this thesis, some 

of the potential applications of SCDES with a focus on distribution low voltage 

networks are investigated. The effectiveness of proposed solutions is tested through 

computer simulation. A new strategy for the implementation and simulation of event-

triggered supervisors in the MATLAB Simulink environment is proposed. The result of 

the simulation confirms that SCDES has potential efficacy in the control and 

management of the Distribution Network. 
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Chapter 5: 

Discrete-Event Systems Supervisory Control 

for a Custom Power Park 
 

The content of this chapter is based on a published article with the 

following details 

Kharrazi, Ali, Yateendra Mishra, and Victor Sreeram. "Discrete-event 

systems supervisory control for a custom power park." IEEE Transactions 

on Smart Grid 10.1 (2017): 483-492. 

The abstract of the publication: 

This paper investigates the application of Supervisory Control of Discrete 

Event System (SCDES) to the management and control of a Custom Power 

Park (CPP). The heterogeneous nature of upcoming devices and equipment 

in CPP requires advanced control methods to ensure the integrity and 
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reliability under different operational states. A solution to achieve 

appropriate controllability while avoiding complexity is to sub-divide the 

control problem based on event-triggered dynamics where the occurrence of 

specific events could change the state of the system. This idea is employed 

to formulate the problem of coordination of the devices in a CPP and develop 

a systematic method to design a supervisory control based on the theory of 

SCDES. Three modular supervisors are synthesized using the TCT software 

and simulated using the Simulink. The proposed methodology could be 

applied to several control problems in microgrids. 

5.1 introduction 

The upcoming challenges faced by power delivery networks have questioned the 

capability of the traditional network’s topologies and technologies to deliver 

economical, green, reliable, and high-quality power to customers. The ever-increasing 

load demand, environmental concerns (such as reducing carbon emission), penetration 

of distributed renewable sources, and energy storage units with non-deterministic loads 

such as electric vehicles have urged the network operators to invest in new technologies 

to augment the power network to operate more efficiently. Advanced communication 

and information technologies, as well as advanced equipment with a specific level of 

intelligence, are utilized to form an intelligent network that could accommodate a 

variety of generations, enhance the quality of delivered power, interact with customers 

and carry self-healing capabilities [1].  

The topology of the future power network aims at distributed autonomous 

subnetworks. For instance, a cluster of loads and distributed generation resources in a 

specific geographical area will form a microgrid that is controlled by the local controller 

and could operate in grid-connected or island mode while interacting with the grid or 

other microgrids [2]. This distributed topology will enhance the resilience of the power 

grid [3], facilitate the integration of distributed energy resources (DER), especially 

renewable sources, accommodate energy storage units, and enhance the quality of 

power delivered. The design of the topology and technologies used in microgrids 

depends on a specific objective, e.g., a Custom Power Park (CPP) topology aims to 
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supply highly sensitive loads with high-quality uninterruptible power. Since the 

management of smart grids and microgrids is dealing with a heterogeneous system with 

a large number of devices, new mechanisms are required to handle the energy 

management and control problems. One solution to simplify the complexity of the 

problem is to split the system into smaller subsystems based on the characteristics and 

behavior of the devices. For example, many operations in power systems could be 

modeled in the form of a finite state machine (FSM), where the occurrence of events 

will change the state of the system. As was mentioned in chapter 4, this behavior can 

be demonstrated through the methodology of the discrete-event system (DES). The 

dynamics of the power system could be divided into time-triggered and event-triggered 

dynamics. Instead of using a central complex hybrid control method to deal with both 

dynamics, a DES model of the system is obtained by observing the event-triggered 

dynamics and states of the system. It is then possible to synthesize a hierarchical control 

structure where local controllers regulate the continuous dynamics of individual 

devices, and a supervisory control produces high-level commands to transit the system 

into desired states based on predefined control patterns. This systematic control method 

is viable in managing many operations in smart grids. For example, primary control of 

microgrids, economic signaling, demand response management, and many decision-

makings that exhibit discrete event nature could be managed in the context of 

supervisory control of discrete event system (SCDES) [4]. 

In this chapter of the thesis, the SCDES theory explained in chapter 4 is used to 

achieve the coordination of various devices in a Custom Power Park (CPP). The CPP 

has a topology of a microgrid, requiring different combinations of devices to maintain 

the appropriate level of power quality. Therefore, a supervisory controller is required to 

send high-level commands to the appropriate devices. The main contributions of the 

paper are modeling the event-triggered dynamic and modular supervisory control 

approach for CPP, which can be easily simulated using MATLAB Simulink and can be 

realized on a PLC platform. The technique used to simulate the supervisors’ commands 

in the form of Finite State Machine (FSM) could be used to interpret control actions of 

SCDES to executable codes like PLC codes. One may implement logical reasoning such 

as if-then statements, such as proposed in [5][6]. Although simpler than the SCDES 
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approach, they suffer from low reliability due to limited redundancy inherent in 

sequential logic and data acquisitions. Furthermore, system-wide coordination using 

simple if-then logic may be harder. The advantages of using the DES framework are as 

follows: 

• In the DES framework, the state transition is performed by observing the 

event-triggered dynamic, and at each state, the occurrence of one event will 

change the state of the system with new control actions making it faster 

compared to a conventional approach where all conditions should be checked 

to decide the control action.  

• In the case of using modular and decentralized controllers, it is possible to 

check the non-conflicting or non-blocking attributes of controllers making is 

more reliable. 

• SCDES provides a systematic approach for simplified alternation and 

upgrading of controllers and control specifications. As an example, it is 

possible to make the controller more reliable by adding a fault state for each 

component. It is also possible to consider and alleviate the impact of 

communications delays and losses between plant and controller using Time 

Discrete Event Systems [7]. 

The software package TCT [8] is used to synthesize the controller, and the validity 

of the control strategy is tested through simulation using Simulink/MATLAB Stateflow 

toolkit.  

5.2 Application of SCDES theory in CPP 

This chapter introduces a simple CPP and then discusses DES modeling and the 

application of SCDES theory in CPP.  

5.2.1 Background of CPP 

Custom Power Park is a pseudo microgrid setting aimed to provide high-quality 

power to customers [9]. With the advent of sensitive loads like computer systems, the 

customers are more attentive to the quality of delivered power. Power quality 
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disturbances refer to any deviation in voltage, current, and/or frequency that may result 

in mal-operation or failure of sensitive equipment. To enhance the quality of power, the 

problems regarding voltage sag/swell, voltage and current unbalance, and harmonic 

distortion should be addressed. Custom devices are state-of-the-art power electronic 

interfaced equipment employed in distribution systems to solve power quality 

problems. Dynamic voltage restorer (DVR), Static Transfer Switch (STS), Active 

Power Filter (APF) are examples of these custom devices. A combination of these 

devices is used in a commercial or industrial park called a custom power park, which is 

normally fed by two feeders and a backup generator.  

Since the focus of the paper is on high-level supervisory control of CPP, a simple 

topology has been selected with two custom devices, i.e., STS, DVR (Fig. 5.1). These 

devices, along with a backup generator, cooperate with each other to support the power 

supply to the loads. Following is a short description of the operation of these devices.  

• Static Transfer Switch (STS): CPP is supplied with two feeders from different 

stations to increase reliability. One feeder is used as an alternative feeder, 

whereas the power quality of the preferred feeder drops below certain criteria, 

the supply is switched to this feeder. In the case of voltage sag or interruption 

in the preferred feeder, a Static Transfer Switch (STS) is used to transfer the 

supply from the preferred feeder to an alternative feeder. This strategy could 

supply the sensitive loads with continuous, high-quality power. The STS is a 

thyristor switched power electronic device which could switch on a time scale 

of 4-8 milliseconds. In the case of the recovery of the power quality in the 

preferred feeder, it has to switch back to this feeder. The power quality can be 

Normal, Abnormal, or Critical if the voltage sag/swell level is less than 10%, 

between 10% and 50%, or more than 50%, respectively.  

• Dynamic Voltage Restorer (DVR) is used to protect sensitive loads from 

voltage sag/swell or unbalance voltage. It is connected in series with the load 

in the feeder. It is normally equipped with an energy storage unit. The 

combined operation of a DVR equipped with DG increases the reliability of 

the device [10]. 
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• Active Power Filter (AFP) is used to mitigate current harmonic distortion 

normally injected into the system by nonlinear loads. This power electronic-

based device is connected in parallel, close to nonlinear loads. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1 Custom Power Park 

5.2.2 Power Grades in CPP 

There are three grades of power in the CPP, which is based on the level of quality of 

power supplied to the loads. Power- grade A has the basic power quality upgrade, where 

STS helps in eliminating voltage sags and swell, and APF reduces harmonic distortion 

injected by nonlinear loads. Power grade AA has a backup generator to supply the loads 

within 5 to 10 sec following any contingency and includes all features in grade A. The 

Power grade AAA has all the features in previous grades and has a fast responding DVR 

delivering higher quality to sensitive loads. This grade has the highest level of power 

quality and is delivered to the critical sensitive loads. The structure of local controllers 

of these devices is not discussed in this paper. More detailed studies on this issue could 

be found in [11]. The loads are labeled based on the required grade of power quality, 

i.e., LAAA means the load needs to be supplied by power grade of AAA. 

5.2.3 DES model of CPP 

The first step to achieving supervisory control is to model the CPP as a dynamic 
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event-triggered-based system (DES). The DES model should be designed judiciously 

to fully represent the discrete-event behavior of the system and achieve the control goals 

accordingly. Since all the devices of the CPP have event-based behavior, it is possible 

to generate a modular DES, as explained in the previous section. Different devices in 

the CPP are modeled as a DES and then synchronized to form the DES of the overall 

plant. The control logic is also modeled in the form of automata which are used to obtain 

the supervisory controller afterward. All the devices are modeled as an automaton which 

will be demonstrated as a directed graph to have better explanatory representation. The 

graphs will show the states and the flow of state transition in case any of the events 

occur. Fig. 5.2 shows the DES model of all the devices. The focus in the DES model is 

the states and events as well as the state transitions due to the occurrence of each event. 

The events are numbered based on their controllability attribute. Even numbers are 

uncontrollable and odd numbers are controllable events. 

• Monitoring System: The monitoring system constantly measures the voltage 

level of feeders. The events that have been defined for monitoring system are 

as follows: 11 (Monitoring system initialized); 10 (feeder normal); 12 (P 

feeder abnormal or critical, A feeder normal); 14 (P feeder abnormal, A feeder 

abnormal or critical); 16 (both feeders critical). Event 11 is used to initialize 

the monitoring system, and based on the measured RMS voltages on feeders 

and definitions in Table I, an event is reported back to the supervisor. 

• STS: The events defined for the switch are as follow: 21 (Connect to P feeder); 

23 (Disconnect from P feeder); 25 (Connect to A feeder); 27 (Disconnect from 

A feeder). It is assumed that the switch is physically designed so that it cannot 

be connected to both feeders at the same time, and it has to disconnect from 

one feeder before it connects to the other one. There are three states: 0 (not 

connected), 1 (connected to P-feeder), and 2 (Connected to A-feeder).  

• Loads: The events defined for loads are: 51, 61 (Connect the load); 53, 63 

(Disconnect the load). 

• Diesel generator: The events defined for generators are 91 (Turn on the 

generator); 93 (Generator is Synchronized); 95 (Turn off the generator). After 
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turning on the generator, the system waits for the generator to be 

synchronized. Thus an extra state exists where the generator is being 

synchronized, and event 93 triggers the system to the ON state. 

• APF: The events defined for APF are: 41 (Turn APF on) and 43 (Turn APF 

off). The DES has two states. State 0 where the APF is off and 1 where APF 

is off.  

• DVR: The events defined for DVR are: 71 and 73 (Turn DVR on and off, 

respectively). The state's definitions are the same as APF model. 

 

 

 

 

 

 

 

Figure 5.2 DES model of the different component in CPP 

The DES model of the plant has 288 states and 2640 transitions, and the 

synchronization of all devices could be achieved using the TCT procedure “Sync”: 

CPPPLANT= sync(MONITOR,STS,LA,LAAA,DVR,GENERATOR,APF)(288,2640) 

5.2.4 Supervisory Control of CPP 

All the devices in the CPP are controlled by their local controller to address the power 

quality issues as per the required power grade. The smooth operation of CPP requires a 

high level controller (Supervisor) to monitor the whole system and send commands to 

the local controllers. A Power Quality Control Center (PQCC) can be introduced as the 

coordination center to achieve overall control specifications like ON and OFF state of 

all devices[6]. 
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The specifications or control goals for supervisory control of CPP are as follows: 1) 

The STS switch should be connected to P-feeder unless it is in abnormal or critical 

condition and A-feeder is in normal condition; 2) In case both feeders are in an abnormal 

condition, the DVR should be turned on and be activated; 3) If both feeders are in 

critical condition, the generator should be turned on. During synchronization time, all 

the loads should be disconnected. In the case of recovery of voltage in feeders, the 

generator should be turned off. The generator is supplying the L-AAA load only; 4) if 

L-AAA load is connected, the APF should be turned on. 

Figure 5.3  DES models of Control Logic 

The control goals are modeled as the flow of desired events driving the plant into 

desired or marked states. For simplicity, three DESs are created for specifications 

shown in Fig. 5.3 SPEC1 refers to the control of STS. When P-feeder is in abnormal 

and critical condition (ev12), the STS should switch to A-feeder; otherwise, it has to be 

connected or switched back to P-feeder (ev10, 14, and 16). SPEC1 has two marked 

states where the STS is connected to P-feeder or A-feeder. The same linguistic 

description could be used for SPEC2 (the control of the generator and APF filter) and 

SPEC3 (control of DVR). Obviously, the DES models of the specifications are self-

looped with their complimentary alphabet. The overall specification of the plant could 

be achieved by synchronization of these three automata using the TCT procedure, 
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“meet”, e.g., SPEC= meet (SPEC1, SPEC2, SPEC3) (97,212). A centralized 

supervisory control could be synthesized, and the TCT procedures to obtain the 

supervisory control are as follows: 

SUPER= Supcon (CPPPlant, SPEC) (100,169) 

SUPERDAT=Condat (CPPPlant, SUPER) controllable 

SIMSUPER=Supreduce (CPPPlant, SUPER, SUPERDAT) (36,130) 

The reduced centralized supervisor (SIMSUPER) still has 36 states and 130 

transitions. In order to avoid this large size supervisor, three modular supervisors are 

designed for each specification using the TCT procedure shown below:  

SUPER1= supcon (CPPPlant, SPEC1) (12,21) 

SUPER1DAT=Condat (CPPPlant, SUPER1) controllable 

SIMSUPER1=Supreduce(CPPPlant,SUPER1,SUPER1DAT)    (5,15) 

The same procedure is applied to obtain controler for SPEC2 and SPEC3, and the 

controllability of supervisors is also checked, as shown in the procedures above. All 

centralized and modular supervisors are controllable. The DES model of the modular 

supervisors, as well as control data of each, are shown in Fig. 5.4. 

 

Figure 5.4 Four Modular Supervisors and Control data 
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These control data are disabled events by the supervisor in each state. These 

supervisory controls act simultaneously to control the specific part of the plant. It is 

important to check that the modular supervisors are not conflicting at the global level 

so that the total system is still non-blocking. Using the TCT procedure “Nonconflict”, 

it can be seen that all the modular supervisors are non-blocking for the plant. 

MODSIM1= meet (SIMSUPER1, SIMSUPER2) 

MODSIM = meet (MODSIM1, SIMSUPER3) 

true= nonconflict (CPPPLANT, MODSIM) 

5.3 Simulation and Results 

In this section, a new method on simulation of DES and realization of the supervisory 

controller in time domain using MATLAB and Stateflow toolkit is provided 

5.3.1 Simulation of Proposed Supervisory Control  

The proposed supervisory control is simulated on a simplified topology of CPP (Fig. 

5.1) modeled using MATLAB/Simulink Stateflow toolkit (i.e., the state transition and 

finite state machines are modeled in the form of a flow chart as shown in Fig. 5.5). For 

simplicity of simulation, the CPP is assumed to have two feeders, a DVR, a generator. 

The command signals to APF are created by the controller, and the functionality of three 

modular supervisors (SIMSUPER1, SIMSUPER2, and SIMSUPER3) are investigated. 

The control action in the Stateflow structure is achieved through control logics defined 

in states. In contrast to the SCDES, where the plant and the supervisor are combined to 

form a DES representing a closed-loop system, the control patterns in each state are 

used to form the control logics of Stateflow in Simulink. These control logics send 

signals to the plant to trigger events. For instance, connecting the preferred feeder in 

SCDES is achieved by enabling the corresponding event (ev21). In Stateflow, a signal 

is defined for every event shown as XX in the flow chart. Enabling an event is achieved 

by setting the corresponding signal to 1 and similarly disabling an event is setting the 

signal to 0. For example, if ev21 is enabled (which means sending the command to 

connect the preferred feeder), it is done by setting the XX21 to 1. This signal is 

connected externally to the STS Thyristor, which connects the preferred feeder. The 
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state transition is performed using the feedback signals, which are sent back to the charts 

from the plant. These signals are shown in the flowchart with eVXX. As an example, 

ev21 means that the preferred feeder has been connected. This signal is created by 

monitoring the current from STS. If the current from the preferred feeder is above a 

threshold, the feedback signal (ev21) is sent to the flowcharts, which are used as 

transition signals (Fig. 5.5). In some states, the control action should be interpreted for 

the external hardware agent, e.g., in state 3 in SIMSUPER3, the control data obtained 

from the supervisor indicate that both 61 and 63 should be enabled. This is 

understandable in the context of SCDES, but for the external hardware controller, it 

should be interpreted as toggling the switch. In the flowchart, the control logic initially 

checks the state of the switch and then toggles the switch. The control action of modular 

supervisory controllers is investigated using the following events:  

• In the first 200ms, both feeders’ voltages are normal (event 10).  

• At 200ms, the voltage at the primary feeder becomes abnormal while the voltage at 

the alternative feeder stays normal (event 12). 

• At 400ms, the alternative feeder becomes abnormal (event 14), and at 600ms, both 

feeders become critical (event 16) and  

The results of the simulation are summarized in Fig. 5.6. As seen in Fig. 5.6, the 

amplitude of the voltage across the sensitive load (LAAA) is kept at the acceptable 

region during simulation except for a short period of generator synchronization. The 

voltage of the load LA is kept at the acceptable range for the two first periods. The DVR 

is not supporting this load and the voltage of this load is out of acceptable range when 

both feeders are abnormal (from 400 ms to 600 ms). When both feeders are critical 

(600ms to 800 ms), the generator is turned on and the LA load is disconnected. The 

result of the simulation, as shown in Fig. 8, confirms that the operation of CPP is 

according to the control specifications defined previously. Fig. 5.7 depicts the state 

transition and signals used to define events. The first graph shows the state of the feeders 

as reported by power meters and shows which event is sent back to the controllers. It 

also shows the state transition of each supervisor during the simulation. The controllers 

create a string of events by enabling desired events, and the string ends at a marked 
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state, which is the desired operation mode of the plant. For example, during the first 

200ms, the state transition of the third supervisory control SIMSUPER3 is monitored as 

the following sequence:  

•  

• At 800ms, the primary feeder recovers from critical to abnormal (event 14).  

1. 0-11-0   (initialize the power meter)  

2. 0-10-1   (meter sends back ev10, both feeders normal) 

3. 1-51-3   (the LAA load is connected) 

4. 3-61-4   (the LA load is connected) 

5. 4-41-6   (APF is turned on) 

6. 6-11-1   (initialize the power meter) 

7. 1-10-6   (Stay in the marked state) 

Figure 5.5 Supervisory controllers modeled as charts in SIMULINK 

The software platform employed to simulate the designed modular controllers can be 

used as the initial step for hardware implementation of supervisory control. Since the 

control actions in SCDES are represented as an envelope containing events that should 

be disabled, an interpretation of control actions into real signals is needed to be able to 

implement the controller on a hardware platform. The PLC codes could be easily 
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achieved by Simulink PLC Coder, which generates hardware-independent IEC 61131-

3 Structured Text and Ladder Diagrams from Simulink models, Stateflow charts, and 

MATLAB functions. 

5.3.2 Comparison of DES Based control 

The effectiveness of the proposed DES based control when compared with one of the 

conventional approaches as in [11] where the coordination is achieved using logical if 

(conditions) then (commands) statement, is demonstrated here. In the statements, the 

conditions are determined based on measured voltages of the feeders, and the 

commands are control signals sent to devices like STS, DVR, DG, and Circuit Breakers 

(CB). The measurements at feeders are input to the controller and are realized by 

creating a flowchart using the same STAEFLOW toolkit in SIMULINK.  

After running both simulations, the first noticeable difference is the speed of 

simulation on the same machine and platform. The simulation runs significantly faster 

with the proposed DES based controller due to the much simpler structure of DES based 

controller where in each iteration, only some particular events are being monitored 

rather than checking all conditions.  

The DES based controller also responds faster to the changes of the system, e.g., when 

the feeders enter the abnormal condition where the DVR is needed to be turned “ON”, 

the DES based controller send the signal to the DVR breaker in 4.95 ms compared to 

6.5 ms for the normal controller. The faster response is due to the structure of the DES 

controller, where a simple transition is needed to send the command to DVR when event 

14 is observed. Whereas in the conventional controller, all conditions should be checked 

before sending the control commands. 
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Figure 5.6 Simulation of series of Events 

Figure 5.7 State transition and event’s signal 
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In order to test the reliability of the control strategy, a simulation is performed under 

faulty conditions. It is assumed that both feeders enter the critical condition, and 

consequently, the controllers send the signals to the DG to start up. During the startup 

delay, the primary feeder momentarily enters the abnormal condition (this could be due 

to the action of a recloser or the power meter fault). The result of the simulation is 

shown in Fig. 5.8. The fault in the power meter could trigger the normal controller to 

send incorrect commands to devices while the DES based controller could tolerate this 

faulty condition. This is mainly due to the capability of the DES frame to monitor the 

state of the system and prevents faulty control actions. When the DG is starting up (state 

2 SIMSUPER3), the SCDES has disabled event 11, which initiates the power meter. 

Instead, it is waiting for DG to synchronize (event 93). 

Figure 5.8 Comparision of DES based and normal controller in faulty condition 

5.4 Conclusions  

Supervisory control is developed for high level control of the operation of a typical 

CPP using SCDES. Three modular supervisors are synthesized using the TCT software 

package in a decentralized fashion, which simplifies the implementation of controllers. 

A novel simulation scheme is proposed which is capable of interpreting the control 

action obtained from SCDES theory for external hardware agents such as PLC-based 

controllers. The Simulink STATEFLOW toolkit is employed to emulate the state 

transition in the DES framework. The results of simulations validate the functionality 
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of the proposed control structure. The proposed systematic method could be applied to 

simplify many control problems in smart grids and microgrids. Many control problems 

could be categorized in the framework of the DES where a supervisory control could 

be synthesized in order to reach a hierarchical control structure while avoiding the 

complexity of hybrid control methods. The proposed systematic procedure is 

straightforward to implement, and it is easy to modify to accommodate changes to 

control specification or objectives. 
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Chapter 6: 

Power Admission Control of Plug-in Electric 

Vehicles using Supervisory Control of Discrete 

Event System 
 

The content of this chapter is based on a seminar presented in AUPEC2017 

and the published paper in the proceeding of the conference. 

Kharrazi, Ali, Victor Sreeram, and Yateendra Mishra. "Power admission 

control of plug-in electric vehicles using supervisory control of discrete event 

system." 2017 Australasian Universities Power Engineering Conference 

(AUPEC). IEEE, 2017. 

The abstract of the publication: 
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This paper proposes a solution to the electric Vehicle Scheduling Problem 

(eVSP) based on the framework of the Discrete Event System (DES). A 

supervisory control is synthesized using the theory of Supervisory Control of 

Discrete Event System (SCDES) to manage the power admission control of 

a group of local Plug-in Electric Vehicles (PEV).  The PEVs are categorized 

based on their level of priority to be charged, and an algorithm is developed 

to allocate power to PEVs according to their priority and available capacity. 

The proposed algorithm and supervisor validate the schedulability of 

charging of PEVs while meeting the constraint of the grid to achieve peak 

demand reduction. Simulation studies are carried out using 

MATLAB/Simulink and STATEFLOW toolkit, and the result validates the 

effectiveness of the control scheme to reduce peak demand while providing 

fair charging schedules to PEVs. 

6.1 introduction 

Due to environmental concerns, the trend toward the electrification of 

transportation has been expedited. It is estimated that 18 % of total vehicles in 

Australia would be electric by 2035 [1]. Most of these vehicles, known as plug-in 

electric vehicles (PEV), would connect to the distribution network to charge their 

batteries through residential chargers or charging stations. This could impose stress on 

the distribution transformers since PEVs draw a significant amount of power. 

Moreover, they exhibit a noticeable stochastic behavior in terms of time, duration, and 

location of charging since these parameters are dependent on individual owners with 

different driving patterns [2]. A possible detrimental scenario is that most of the 

vehicles’ owners plug in their vehicles to be charged during the peak periods. Thus, the 

penetration of these new loads requires a management and coordination system to avoid 

system failure and future costs. Recent advances in monitoring and control of 

distributions grid in the context of smart grids could provide solutions to alleviate the 

impact of this new type of demand of power on distribution networks [3].  These tools 

enable the management of power demands by reducing or shifting loads during peak 
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periods. Many solutions have been proposed to curtail residential loads during the peak 

period in the concept of Demand Response (DR) or Demand Side Management 

(DSM)[4][5][6].  However, the lack of flexibility of some high-power residential loads 

that cannot be shiftable or interruptible could impact the effectiveness and suitability of 

DR algorithms. On the other hand, the DR programs could be more promising in the 

case of PEV charging coordination since they offer more flexibility in terms of the time 

and duration of charging and consequently being shifted to off-peak periods. The main 

issue is to find an optimal scheduling scheme for charging PEV so that the minimum 

charge is guaranteed to avoid vehicles being stranded while meeting the grid capacity 

and minimizing the costs. This problem is known as Electric Vehicle Scheduling 

Problem (EVSP)[7].  

EVSP is normally an optimization problem with an aim to minimize the charging 

cost while considering the grids and vehicles constraint. Many optimization techniques 

such as the convex relaxation method [8], linear programming [9] have been used to 

solve this problem. Moreover, finding a global scheduling scheme might be inefficient 

and impractical [10].  This is due to the large amount of information needed to find the 

global and optimal scheduling scheme. Moreover, the implementation of a central 

controller and telecommunication system would be cumbersome as well. The solution 

to this problem is to consider local groups and solve the optimization problem locally. 

The groups could be based on a number of nearby vehicles, e.g., connected to one 

distribution transformer. These local groups would be managed by local controllers who 

exchange data with the supplier. An appropriate and simple structure for DSM should 

be employed, which could cover system functionality and provide interoperability of 

various appliances.  

The layered structure proposed in [5] is a promising solution to perform DSM in 

smart grids. The proposed system consists of three layers: Admission Control (AC), 

Load Balancer (LB), and Demand Response Manager (DRM). The AC layer is in charge 

of real-time control of appliances. This is the bottom layer in the structure and interacts 

with the physical component. The appliances send requests to this layer, and AC 
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respond by accepting or rejecting those requests according to the admission control data 

from the higher layer, LB. The mid-layer LB, performs the optimisation by spreading 

the load to meet the operational constraint and information from DRM, which acts as 

an interface to the grid. This structure is suitable for the coordination of charging of 

vehicles since these loads could be considered as Regular Loads. The characteristic of 

this type of load is that they are in the running mode for long periods (e.g., water heater),  

and their operation could be interrupted for a short period without losing their total 

functionality. In the proposed structure, the status of the appliance is modeled as finite 

state machines, which represent their operational states to AC. This structure, which is 

based on state transitions and events, is a good candidate to formulate the problem in 

the framework of the Discrete Event System (DES). 

In this chapter, the power admission control of a group of nearby PEV is formulated 

in the context of DES. DES is a framework to represent the discrete-event dynamic of 

systems where the occurrence of events over random time intervals changes the states 

of the system. It is then possible to synthesize a controller which forces the system to 

behave in accordance with predefined specifications by enabling or disabling certain 

events in corresponding states. The controller, which would act as an external agent, is 

known as a supervisor, and the method to synthesize the controller is known as 

Supervisory Control of Discrete Event Systems (SCDES)[11]. As it is explained in 

chapter 4, The DES concept provides a systematic manner to formulate a complex 

system. The properties of the control scheme (like schedulability in this case) could be 

deducted by the concepts and attributes defined in DES theory like controllability and 

nonblocking. The applications of SCDES in power systems encapsulate control, 

monitoring, modeling, and diagnosis [12], [13].  In  [14], the author has used the 

framework of DES for the AC of thermal appliances in the context of smart buildings. 

It is worth mentioning that many operations in smart grids, such as decision making, 

economic signaling, load management, etc., show discrete event dynamics. In this 

paper, the same framework as [14] is used to schedule the charging of PEVs connected 

to the same feeder or distribution transformer. The proposed methodology and control 

scheme is tested for the scheduling of 4 PEVs. However, the method could be applied 
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to a larger number of PEVs. The simulation is performed using MATLAB Simulink, 

and the STATEFLOW toolkit is used to realize the supervisor. To synthesize the 

supervisor, the software package TCT is used [15]. 

6.2 DES model of control structure 

The EVSP could be considered as a part of load management in smart grids. Demand 

Side Management (DSM) is one of the key concepts in load management. The DSM is 

based on influencing the customer use of electricity in a manner to rectify the utility 

load shape. Due to the heterogeneous nature of the appliances connected to the grid 

regarding their time scale and dynamics, a suitable architecture should be designed for 

the implementation of desired tasks that could accommodate system functionality and 

provide interoperability between various components. The layered structure proposed 

in [5] provides a suitable platform for the implementation of DSM techniques. The three 

main layers are Admission Control (AC), Load Balancing (LB), and Demand Response 

Management (DSM). The two top layers (LB and DSM) are mostly in charge of 

decision-making and data communication and are beyond the scope of this study.  The 

bottom layer (AC) directly interacts with the physical component and performs real-

time load control. Many of the operations at this level are event-triggered. As an 

example, when a PEV is plugged in and requests power to charge the battery. Thus, the 

theory of SCDES sounds like a good candidate for control and management systems at 

this level. 

In the case of charging PEV’s, the basic aim is to schedule the charging of PEVs so 

that the impact on the total load profile is minimized.  The problem to be solved is to 

schedule the charging of a number of local PEVs to meet the local constraint exerted by 

the grid. These constraints are imposed by a higher agent (e.g., LB) and are aimed to 

optimize the operation of the grid by cost minimization peak reduction, etc. In this case, 

the constraint is supposed to be the maximum power that could be granted for charging 

the PEVs connected to a single distribution transformer. The AC is in charge of 

managing the access of appliances (PEVs in our case) to the power. Based on the status 

of the operation of the appliances, they will send requests to the AC, and based on 



Power Admission Control of EVs Using SCDES 

126 

priority and available capacities, AC will accept or reject these requests. The status of 

the appliances could be represented in the form of a DES. In this case, the status of 

operation of a PEV is shown in the form of an FSM shown in Fig. 6.1.  

 

 

             

Figure 6.1 FSM model of the status of a PV 

The power demand for charging PEVs is highly dependent on the driving and 

charging behavior of the owners. The DRM may use load forecasting and historical data 

to overcome this uncertainty. However, it is very unlikely that all PEVs’ owners require 

instant charging demand at the same time or during peak periods. As an example, many 

drivers use their vehicles for the daily commute to work, and they could have more 

flexibility for allocation of charging time during the day. Thus, it is possible to offer 

customers different classes of charging profiles based on their priority and price 

incentives. In our case, two levels of charging are considered based on the customer’s 

priority. Level 1 has high priority and is for customers who have more frequent journeys 

during the day and require to be allocated charge upon request. Level 2 has lower 

priority and is suitable for customers with a fewer number of journeys during the day. 

These levels should be considered in the AC algorithm in a manner that assures that the 

requests from PEVs in Level 1 are granted priority. Hence, apart from status defined as 

a DES shown in Fig. 3, each PEV is characterized with another attribute that indicates 

the priority. In order to control the charging of PEVs, the ON-OFF strategy used in [8] 

is adopted. Based on this strategy, the PEVs chargers are in constant power mode. This 

strategy will simplify the control scheme and has less impact on the state of health of 

batteries. The consumption power is based on the State of Charge (SoC) of batteries. 

The lower the SoC, the higher power will be requested by PEVs.   

In order to achieve the desired schedulability, the AC should accept or reject the 

requests from each PEVs based on required and available power. Thus, the controller 
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decides which events should be enabled or disabled by observing the sequence of events 

of each appliance. In order to achieve this observation, a view 𝑃𝑃𝑚𝑚 is designed from a 

controller perspective. 𝑃𝑃𝑚𝑚 is a proper projection based on which the control specification 

is designed. This view is shown in the form of an FSM in Fig. 6.2. 

 

 

 

 

Figure 6.2 FSM model of accepting or or rejecting the request from PEV 

6.3 SCDES based scheduling 

In order to synthesize the controller, a control pattern should be design based on the 

observation of appliances shown in Fig. 6.3. A sample specification designed for the 

AC is proposed in [4] and is shown in Fig. 6.3.  

In order to meet the controllability criteria, the event request, which is the only 

uncountable event, should not be disabled by the controller. Thus in the control 

specification, the event verify of the corresponding request is disabled.  

The acceptance of requests is determined by the algorithm proposed in [14], which 

decides the acceptance or rejection of requests based on available power capacity and 

priority of the request. Based on the algorithm, if a request is verified, the events accept 

or reject are disabled. Thus, the proposed control scheme is controllable. However, if a 

request is coming from a high priority appliance, the event accept could not be disabled 

and becomes uncontrollable, and consequently, if there is not enough capacity to 

allocate to this appliance, then the specification would be uncontrollable. Moreover, the 

DES is not finite, and it would be cumbersome to implement. It might also become 

blocking if a request is not verified for a long time.  
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Figure 6.3 Control Specification proposed in [14] 

To overcome these shortcomings, a more complex specification is proposed, shown 

in Fig. 6.4. 

 

 

 

 

 

 

Figure 6.4 Proposed control specification for AC of two PEVs 

The specification considers the requests from two PEVs. The same structure could 

be used for larger numbers of PEVs. The structure is more complex, but it is realized as 

an FSM. Upon the arrival of any request from each PEV, it will be verified and 

processed by enabling adequate events. However, the request from the other PEV is not 

enabled in any states, but it will not be verified until the first request is processed 

(Accepted or rejected). To avoid the uncontrollability of control specification in Fig. 5, 

a new DES is considered to represent the scheduling algorithm. This DES is shown in 

Fig. 6.5 and is called Scheduler 

 

 

 

Figure 6.5 The DES model of schedule 
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The DES model of the scheduler has two states and three transitions. The controller 

could call the scheduler by enabling event 31 (initiate). Then the scheduler reports event 

32 (request accepted) or event 34 (request rejected). The control algorithm for the 

scheduler is depicted as follows: 

Algorithm for admission control 

Variables: 

• 𝑻𝑻: request set 

• 𝒋𝒋:  request index 

• 𝑷𝑷(𝒋𝒋): power consumption of PEV associated to request 𝒋𝒋 

• 𝑷𝑷𝑾𝑾:  total power of accepted request 

• 𝑪𝑪: Capacity Limit 

Require: 

• Categorize the  requests based on priority 

• Sort each category based on power demand 

𝑷𝑷𝑾𝑾=0 

For all  𝒋𝒋 ∈  𝑻𝑻 

If  𝑷𝑷𝑾𝑾 + 𝑷𝑷(𝒋𝒋) ≤ 𝑪𝑪 then 

accept request 𝒋𝒋 

remove request 𝒋𝒋 from set 𝑻𝑻 

else 

reject request 𝒋𝒋 

remove request 𝒋𝒋 from set 𝑻𝑻 

end if 

end for 

The algorithm will sort all the requests based on the priority and requested power of 

each PEV. The requested power is calculated based on the State of Charge (SoC) of 

PEVs batteries. The PEVs with lower SoC need a higher power and are given priority. 

This policy will fairly distribute the power capacity so that all PEVs in the same 

category of the level of priority will have equal power allocation and equal SoC. It is 

obvious that the requests from a high level of priority will be allocated power first unless 

their consumption surpasses available capacity. This algorithm is called by the 

supervisor by enabling event 31, as shown in control specifications. 
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6.4 Synthesize of supervisor using TCT  
In this section, the steps to synthesize the controller using the TCT software are 

explained. The DES model of the component in the system, as well as the control 

specification, are created using the TCT procedure Create. The DES model of 

appliances and schedule are synchronized using the procedure Sync to form the DES of 

the system. This DES is named Plant. The DES of control specification is called Spec. 

To synthesize the supervisor, the TCT procedure Supcon is used. This procedure is 

performed as follows: 

SUPER= Supcon (Plant, SPEC) (57,112) 

As could be seen, the supervisor has 57 states and 112 transitions. To reduce the size 

of the supervisor, the procedure Supreduce could be used. The procedure is shown 

below: 

SUPERDAT=Condat (CPPPlant, SUPER) controllable 

SIMSUPER=Supreduce(CPPPlant,SUPER,SUPERDAT)(11, 35) 

By this procedure, the size of the reduced supervisor is significantly reduced. The 

procedure Condat above is used to extract the control data of the supervisor and is used 

to check the controllability of the supervisor. The final optimal supervisor is shown in 

Fig. 6.6. 

The control data is also shown in Fig. 6.6. As discussed before, the control data in 

the concept of SCDES is the list of events that should be disabled. As an example, in 

state 0 events 13, 15, 21, and 31 are disabled. This is sensible for this state since at this 

state, no request has been received yet, and thus, all accept or reject events are disabled. 
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Figure 6.6 Optimal Supervisor and control data 

6.5  Simulation of the proposed admission control scheme 

The proposed admission control scheme is simulated using MATLAB/Simulink. In 

the simulation setup, 4 PEVs are considered. It is assumed that two vehicles are in the 

high priority category and two vehicles in the low priority. To test the validity of the 

proposed scheme, the worst-case scenario is studied when all vehicles plug in and go 

on trips simultaneously. Three different capacity levels are considered over the duration 

of the simulation. The supervisor is modeled as an FSM using the STATEFLOW toolkit 

in Simulink. This toolkit enables modeling of the controller in for of state transition 

based on signals from the workspace. It is also possible to send commands in each state 

to the workspace. These commands are written based on control data from the 

supervisor, as seen in Fig. 6.6. The result of the simulation is shown in Fig. 6.7 and Fig. 

6.8. 

In Fig. 9, the power consumption of all batteries as well as capacity constraints is 

shown. The capacity is decreased gradually to test the effectiveness of the control 

strategy in stressed conditions.  The green line in Fig. 9 shows the total power admitted 
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to PEVs by accepting the request from PEVs. The dotted line shows the actual power 

consumption from the power source and it could be seen that it has been curtailed by 

the supervisor.  

 

 

 

 

 

Figure 6.7 Power consumption and Capacity limit 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 SoC of batteries and ON-OFF states of vehicles charger 

In Fig. 6.8, the SoC of batteries of PEVs as well as the ON-OFF status of each PEV 

is depicted. It is clear that the PEVs with high priority are charged rapidly upon arrival. 

Only two requests from PEV in high priority have been rejected when the capacity 

constraint is the lowest. It is also notable that the PEVs with the same priority have been 

granted a fair acceptance rate to have an equal SoC rate during the charging time.    
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6.6 Conclusion 
This paper presents a control scheme for admission control of PEVs based on the 

theory of SCDES. The admission control problem is firstly formulated in the framework 

DES by creating the DES model of appliances and control specification. Then a 

supermall non-blocking controller is designed. Two levels of priority are considered 

where PEVs’ owners could choose based on their driving behavior. An algorithm is 

established to schedule the charging request based on the level of priority of requests as 

well as the capacity constraint of the grid. The proposed control scheme is tested for 4 

PEVs, and the simulation is done in MATLAB/Simulink environment. The result shows 

the ability of the supervisor and to handle requests from PEVs while meeting the grid 

limits and fairly distributing the capacity among PEVs.  
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The increasing penetration level of single-phase solar PVs in low voltage 

distribution systems has raised concern about the operational performance of 

these networks. Namely, single-phase solar PVs may deteriorate the Voltage 

Unbalance (VU) in the network to a level that mitigation measures are 

inevitable. Real-time phase reconfiguration using Dynamic Switching 

Devices (DSD) has been proposed as a cost-effective solution. DSDs are fast 

power electronics devices that could change the phase connection of solar 

PVs' with insignificant disturbances. Most of the proposed methodologies for 

controlling DSDs are based on a central controller and the assumption of 

availability of Advanced Metering Infrastructure (AMI) and a 

communication system between them and DSDs. In this paper, we propose a 

distributed control methodology to control DSDs based on the measurement 

of the local node only and sensitivity of nodal voltage to power injection.  

Each DSD decides on phase swapping if it rectifies the unbalance index of 

the local node. We show that decreasing the Voltage Unbalance Factor 

(VUF) of individual nodes will improve the unbalance situation of the whole 

network. The proposed scheme does not require a communication system nor 

a central controller. The result of simulations confirms the efficacy of the 

proposed scheme. 

7.1 introduction 

One of the factors that could limit the hosting capacity is Voltage Unbalance (VU). 

Asymmetrical distribution lines, unbalance emission from the upstream network and 

unbalance distribution of loads are the main sources of VU in distribution feeders. 

Furthermore, solar PVs with single-phase inverters integrated into a low voltage 

network could potentially exacerbate the unbalance index of the network. In our 

previous works[1][2], we have discussed the assessment methods for the impact of a 

high level of penetration of single-phase solar PVs on VU. We have concluded that 

during the peak period of solar power generation and low demand, the probability of 

breaching the unbalance index beyond standard limits is considerable. Additionally, the 
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inherent uncertainty of the output power of solar PVs and the location of new 

installations makes their impact more noticeable. VU could disrupt the proper operation 

of the network in many aspects.  It may create a malfunction in three-phase loads (e.g., 

induction motors), increase the neutral current and consequently failure of the 

protection system, deteriorate power quality, increase power loss, and trigger 

overvoltage or voltage drop in one phase. 

 Distribution network operators try to curtail the level of unbalance in the system by 

a uniform distribution of loads among phases. They might also manually swap phases 

if a high level of unbalance is observed in a particular section of the network. However, 

due to uncertainty in customers' behavior, it is impossible to achieve fully balanced 

loading throughout the day. Some works of literature have suggested the application of 

custom devices such as DSTATCOM and SVC [3][4] to reduce the unbalance level by 

circulating the excess power between phases. Others suggest tackling the problem as a 

Phase Balancing (PB) problem where loads are reassigned to other phases to reduce the 

level of unbalance of loadings. Phase reassignment is either performed manually or 

dynamically using Dynamic Switching Devices (DSD). DSDs are Static Transfer 

Switches (STS) that could transfer the load from one phase to another with acceptable 

interruption of power delivered to customers.  

The PB is normally defined as an optimization problem where the connected phases 

of loads are control variables that are assigned according to the optimal solution to 

minimize a cost function. This cost function could be defined as formulation of the 

voltage unbalance index in a specific node, the negative sequence and zero sequence 

current at the Distribution Transformer (DT), and power losses.  The computational 

burden of solving PB arises from the non-linearity of the power flow equation in the 

feeder. This problem was first addressed in [5] by formulating PB as a Mixed Integer 

Programming (MIP) problem. The non-linearity of power flow formulation is ignored 

by assuming no voltage drop, no energy losses, and assuming customers as constant 

current loads. The same formulation is used in [6], where the PB problem is formulated 

as a robust optimization problem to deal with the demand side uncertainty.  
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Metaheuristic approaches and intelligent methods have been used extensively to solve 

the PB optimization problem and deal with the non-linearity of the system. Simulated 

annealing [7], Genetic Algorithm [8][9], particle swarm optimization [10], and frog 

leaping algorithm [11] are some of the heuristic methods used for PB. Although these 

techniques can efficiently handle the nonlinear power flow equation, but the 

computational burden may become an issue with a high number of integer variables. In 

another work  [12], the authors propose the linearization of the power flow equation and 

formulate the optimization as a MIP  problem. Using the linear power flow equation 

makes it possible to use off-the-shelf software that guarantees convergence to an 

optimal solution.  

 Most of the aforementioned solutions provided by researchers are based on a central 

controller that solves the optimization problem and schedules the phase connection of 

reconfigurable nodes. This involves the existence of a communication system between 

most of the nodes and the central controller to communicate measurement and control 

signals. The proposed method in [12] is based on measurable data from nodes with 

DSDs and not all nodes, but the method still requires a central controller and a 

communication system.    They also consider discrete-time horizons and assumes that 

the load profiles are fitted into those time horizons only (e.g., every 10 minutes). In this 

paper, the author proposes a control scheme for DSDs, which is only based on 

measurements of the voltage and power of the local connection point to the feeder. If 

any swapping action assists in lowering the voltage unbalance of the point of 

connection, it will then be executed. It will be shown that lowering the unbalance of 

individual nodes will reduce the total VU of the feeder by examining the VU 

propagation. In the proposed scheme, the communication system and the central 

controller are eliminated. The author also prioritizes DSDs' operation based on the 

sensitivity of voltage unbalance index to the nodal power injection. Additionally, we 

proposed a Time Discrete Event System (TDES) and a supervisory controller for each 

DSD to control the response time and the number of switching actions. In this case, we 

migrate from the time domain to the event domain, and there is no need to consider 

specific discrete-time horizons in the algorithm. To the best of author’s knowledge, this 
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is the first paper that considers distributed local control instead of a central controller 

The remainder of the chapter is organized as follows:  In section two, it introduces 

the VU indices. It also discusses the propagation of VU and the sensitivity of VU to 

nodal power injection. Section three introduces our proposed methodology in two 

sections, first the sensitivity analysis and second the proposed supervisory controller. 

In section four, the proposed method is tested on a case study, and the results of the 

simulations are presented. The author concludes our the work in section five, along with 

the proposal for future work.   

7.2 Voltage Unbalance Sensitivity and Propagation 

In this section, a discussion on how reducing the VU in a single node will improve 

the VU index of the entire feeder is provided.  The discussion is on how to determine 

the optimum location of DSD on the feeder. Additionally, it discusses how each DSD's 

response time should be prioritized after an unbalance situation is observed 

7.2.1 Voltage Imbalance definition and sensitivity 

Different definitions of VU are reviewed in chapter 2.4.1. The most commonly used 

VU index proposed by the IEC technical report and IEEE standard is the ratio of 

negative sequence voltage to positive sequence voltage at the point of measurement as 

shown in Eq.7.1. 

                                                         𝑃𝑃𝑃𝑃𝐹𝐹 = �
𝑃𝑃2
𝑃𝑃1
�                                                                            (7.1) 

This definition efficiently reflects the unbalance due to the difference in the 

amplitude of three phases due to uneven loading. A complete definition considers the 

zero sequence in the numerator to account for phase asymmetry, as shown in (7.2). The 

zero sequence current is normally ignored in three-wire systems. The Low Voltage 

Distribution Network (LVDN) considered in our work is a typical radial 3-phase 4-

wires network. This topology is common in Europe and Australia, where overhead lines 

or underground cables are stretched over streetscape and customers are connected to the 

nearest pole through bundled service line, as shown in Fig 7.1. The neutral line is 
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earthed at the distribution transformer. Since the neutral line is grounded at DT, no zero 

current is propagated to the upstream network.  

𝑃𝑃𝑃𝑃𝐹𝐹4−𝑤𝑤𝑚𝑚𝑟𝑟𝑛𝑛 = �
𝑃𝑃2 + 𝑃𝑃0
𝑃𝑃1

�                                         (7.2) 

The application of the phase reconfiguration solution only applies to this topology 

since all three phases are required to be accessible. Due to the existence of the neutral 

line and single-phase connection of loads, the zero-sequence current could be 

significantly large. Since this current flows through the neutral line, it will increase the 

neutral voltage and also increase the power losses.  

 

 

 

Figure 7.1 4-wire 3-phase Feeder Topology Equipped with DSD 

An important question to answer is what index suitably reflects the unbalance state of 

the system. In optimization formulation, different indices have been employed as the 

cost function of the optimization problem. Current balance equation (the ratio of 

maximum current to average current), zero and negative sequence current in secondary 

of DT, nodal VUF, and power unbalance equation has been used as the cost functions. 

Minimizing these cost functions requires measurement and data from all or many nodes. 

In our methodology, we only need the measurement data for the RMS voltage values of 

three phases in the local node. Thus, our objective is to minimize the local node voltage 

unbalance factor (VUF) of the local node as in Eq.7.1. 

7.2.2 Voltage unbalance propagation 

In this section, we discuss how reducing the VU in a single node could rectify the VUF 

in all nodes in the feeder. The DSD phase swapping operation occurs if it rectifies the 

nodal VUF where the DSD is connected. The question is how this reduction in nodal 

unbalance index is propagated to the point of interest (POI). One POI could be the PCC 
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or the secondary side of DT. Normally, instead of VUF, the negative and zero sequences 

of current are considered. Another POI could be the node at the end of the feeder. In 

[13], it is demonstrated that the node at the end of the feeder has the highest VUF in 

most of the scenarios. This is due to the highest voltage drop at the end of the feeder. 

This makes the node at the end of the feeder the best candidate for POI. In other words, 

if the switching reduces the VUF at the end of the feeder, the VUF of all nodes will be 

reduced. In [14], a deterministic technique for the assessment of emission of VU in 

radial systems based on the transmission line model is proposed. The overhead 

transmission line could be modeled as series impedances, as shown in Fig 7.2. 

 

 

 

 

Figure 7.2 Impedance model of conductor lines 

In Fig 7.2, 𝑍𝑍𝑚𝑚𝑚𝑚 is the self-impedance of phase i and 𝑍𝑍𝑚𝑚𝑗𝑗 is the mutual impedance between 

phase i and j. Since we are only interested in the three-phase voltages, we can omit the 

neutral wire voltage by applying Kron's reduction method and still keep the impact of 

neutral line impedance. From the definition of VUF, we are interested in the relationship 

among sequence parameters as written in (3). 

                                                 �
𝑽𝑽𝟏𝟏𝒋𝒋
𝑽𝑽𝟐𝟐𝒋𝒋
𝑽𝑽𝟎𝟎𝒋𝒋
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𝒁𝒁𝟐𝟐𝟏𝟏 𝒁𝒁𝟐𝟐𝟐𝟐 𝒁𝒁𝟐𝟐𝟎𝟎
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�                                          (7.3) 

If node j is the POI and the DSD is installed at node i, the emission of negative 

sequence voltage from node i  to node j would be: 

                                             𝑃𝑃2𝑗𝑗       = 𝑃𝑃2𝑚𝑚 − (𝑍𝑍21𝐼𝐼1 + 𝑍𝑍22𝐼𝐼2 + 𝑍𝑍20𝐼𝐼0)                                             (7.4) 

The phase swapping in node i will be performed if it only reduces 𝑃𝑃2𝑗𝑗. After switching, 

𝐼𝐼2 will decrease and  𝐼𝐼1 will increase. In (4), the term 𝑍𝑍21𝐼𝐼1 represent the unbalance due 
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to asymmetrical upstream network (e.g., due to untransposed lines) and 𝑍𝑍22𝐼𝐼2 is the 

unbalance due to load unbalance. Since 𝑍𝑍22 is significantly larger than 𝑍𝑍12, the reduction 

of load unbalance will reduce the VUF at the neighboring nodes. 

7.2.3 Voltage Unbalance Sensitivity to Power Injection 

In [15], a linear expression of the sensitivity of VUF to the nodal power 

injection/absorption is proposed.  The sensitivity matrix is developed using the 

definition of VUF as in Eq7.1. Considering the VUF at node i, we can write:  

                       𝑃𝑃𝑃𝑃𝐹𝐹𝑚𝑚 = �
𝑃𝑃2𝑚𝑚
𝑃𝑃1𝑚𝑚
� = �

𝑽𝑽𝒊𝒊𝒂𝒂 + 𝜶𝜶𝟐𝟐𝑽𝑽𝒊𝒊𝒃𝒃 + 𝜶𝜶𝑽𝑽𝒊𝒊𝒄𝒄

𝑽𝑽𝒊𝒊𝒂𝒂 + 𝜶𝜶𝑽𝑽𝒊𝒊𝒃𝒃 + 𝜶𝜶𝟐𝟐𝑽𝑽𝒊𝒊𝒄𝒄
� = �

𝑀𝑀𝑚𝑚1 + 𝑗𝑗𝑀𝑀𝑚𝑚2

𝑑𝑑𝑚𝑚1 + 𝑗𝑗𝑑𝑑𝑚𝑚2
� = �

𝑀𝑀𝑚𝑚
𝑑𝑑𝑚𝑚
�
1
2�

                           (7.5) 

𝜶𝜶 = 𝛼𝛼𝑟𝑟𝑛𝑛 + 𝑗𝑗𝛼𝛼𝑚𝑚𝑚𝑚 = 𝑀𝑀
𝑗𝑗2𝜋𝜋

3�  is the operator in Fortescue matrix. We can expand Eq7.5 

and obtain: 

                         

⎣
⎢
⎢
⎢
⎡𝑀𝑀𝑚𝑚

1

𝑀𝑀𝑚𝑚2

𝑑𝑑𝑚𝑚1

𝑑𝑑𝑚𝑚2⎦
⎥
⎥
⎥
⎤

= �

1    𝛼𝛼𝑟𝑟𝑛𝑛
0 −𝛼𝛼𝑚𝑚𝑚𝑚

 𝛼𝛼𝑟𝑟𝑛𝑛    0  𝛼𝛼𝑚𝑚𝑚𝑚 −𝛼𝛼𝑚𝑚𝑚𝑚
  𝛼𝛼𝑚𝑚𝑚𝑚  1 𝛼𝛼𝑟𝑟𝑛𝑛    𝛼𝛼𝑟𝑟𝑛𝑛

1  𝛼𝛼𝑟𝑟𝑛𝑛
0   𝛼𝛼𝑚𝑚𝑚𝑚

  𝛼𝛼𝑟𝑟𝑛𝑛   0 −𝛼𝛼𝑚𝑚𝑚𝑚 𝛼𝛼𝑚𝑚𝑚𝑚
−𝛼𝛼𝑚𝑚𝑚𝑚  1 𝛼𝛼𝑟𝑟𝑛𝑛     𝛼𝛼𝑟𝑟𝑛𝑛

� .

⎣
⎢
⎢
⎢
⎢
⎢
⎡𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛

𝑎𝑎

𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛𝑏𝑏

𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛𝑐𝑐

𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚𝑎𝑎

𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚𝑏𝑏

𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚𝑐𝑐 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

                                  (7.6) 

In (7.6) 𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛𝑎𝑎  is the real part of the voltage of phase a at node i and 𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚𝑎𝑎  is the imaginary 

part of voltage of phase a at node i. The sensitivity of VUF to any of the three-phase 

components (x) is extracted from Eq7.6 as: 

𝜕𝜕𝑃𝑃𝑃𝑃𝐹𝐹𝒊𝒊

𝜕𝜕𝑀𝑀
= 𝑒𝑒𝑚𝑚 ��𝑀𝑀𝑚𝑚1

𝜕𝜕𝑀𝑀𝑚𝑚1

𝜕𝜕𝑀𝑀
+ 𝑀𝑀𝑚𝑚2

𝜕𝜕𝑀𝑀𝑚𝑚2

𝜕𝜕𝑀𝑀 �
𝑑𝑑𝑚𝑚 − �𝑑𝑑𝑚𝑚1

𝜕𝜕𝑑𝑑𝑚𝑚1

𝜕𝜕𝑀𝑀
+ 𝑀𝑀𝑚𝑚2

𝜕𝜕𝑑𝑑𝑚𝑚2

𝜕𝜕𝑀𝑀 �
𝑀𝑀𝑚𝑚�                             (7.7) 

Where: 

                                               𝑒𝑒𝑚𝑚 = �𝑑𝑑𝑚𝑚 𝑀𝑀𝑚𝑚� �
1
2�

. �1
𝑑𝑑𝑚𝑚� �

2
                                                   (7.8)  

The partial derivatives in Eq7.7 can be obtained from Eq7.6). This is shown for 𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛𝑎𝑎  

and 𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚𝑎𝑎  as follows: 
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𝜕𝜕𝑀𝑀𝑚𝑚1

𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛𝑎𝑎
= 1               

𝜕𝜕𝑀𝑀𝑚𝑚1

𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚𝑎𝑎
= 𝛼𝛼𝑟𝑟𝑛𝑛      

The changes in VUF w.r.t nodal voltage change can be calculated as follows: 

                                         ∆𝑃𝑃𝑃𝑃𝐹𝐹𝑚𝑚 = 𝐽𝐽𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖𝑖𝑖
𝑃𝑃𝑈𝑈𝑉𝑉 �∆𝑃𝑃𝑚𝑚.𝑟𝑟𝑛𝑛∆𝑃𝑃𝑚𝑚.𝑚𝑚𝑚𝑚

�                                                           (7.9) 

Since we are looking at the sensitivity of VUF to power injection, we augment the 

relation in E17.9 with the sensitivity of nodal voltage to power injection: 

                                          ∆𝑃𝑃𝑃𝑃𝐹𝐹 = 𝐽𝐽𝑃𝑃𝑃𝑃𝑃𝑃𝑈𝑈𝑉𝑉 �
∆𝑃𝑃
∆𝑄𝑄�                                                                  (7.10) 

Where:  

                                        𝐽𝐽𝑃𝑃𝑃𝑃𝑖𝑖
𝑃𝑃𝑈𝑈𝑉𝑉𝑖𝑖 = 𝐽𝐽𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖𝑖𝑖

𝑃𝑃𝑈𝑈𝑉𝑉 𝐽𝐽∆𝑃𝑃𝑖𝑖∆𝑃𝑃𝑖𝑖
𝑃𝑃𝑖𝑖,𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖,𝑖𝑖𝑖𝑖                                                            (7.11) 

 

𝐽𝐽∆𝑃𝑃𝑀𝑀∆𝑄𝑄𝑀𝑀
𝑃𝑃𝑓𝑓𝑀𝑀𝑃𝑃𝑀𝑀𝑀𝑀 could be obtained from the normal power flow equation. 

We use this sensitivity matrix as an indicator to spot the best location of DSD to control 

the VUF at POI. We apply it to a typical 4-wire 3-phase feeder as used in [13].  The 

length of the feeder is 400m with poles located at every 20 m with the line configuration 

shown in Fig. 7.3. The impedances of the lines are calculated considering 336.4 26/7 

ASCR conductors for three phases, 4/0 6/1 ASCR for the neutral line, and the line 

configuration shown in Fig. 7.3. The capacity of DT is 250 kVA, and the loading factor 

is 72%. The Z matrix is calculated based on the tower and line configuration in Fig. 7.3, 

and the backward-forward power flow method is used to calculate the nodal voltages 

[16]. Every pole is feeding three customers through service lines. Each customer is 

connected to a different phase (a,b,c). The power demand is distributed unevenly among 

three phases to create unbalance voltage profile (Phase a 40 kW, Phase b 60 kW, and 

Phase c 80 kW).  Using (10), the sensitivity of VUF at POI (end of the feeder, middle 

of feeder, and secondary of DT) to the location of power injection (from PV) is 

calculated. The output of this analysis will help to locate the optimal location of DSDs 
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based on the most sensitive location w.r.t. VUF of POI. As can be seen from the result 

of sensitivity of VUF in Fig. 7.4, the node at the end of the feeder is most sensitive to 

the location of PV that injects power to the feeder. Fig. 7.4a shows that if the PV is 

installed at the end of the feeder, a power injection of 48 kW will minimize the VUF of 

the end of the feeder. For a PV at the middle of the feeder, 75 kW is required to minimize 

VUF. If the POI is considered in the middle of the feeder, the power injected needed to 

minimize the VUF of POI is 65 kW regardless of the position of the PV in the feeder.  

 

Figure 7.3 4-wire line configuration 

This is the same if the POI is considered at the beginning of the feeder. In another 

simulation, the source of unbalance is considered to be concentrated at the beginning of 

the feeder, and the load is evenly distributed from the middle to the end of the feeder. 

This study is performed to analyze the effect of the location of the source of load 

unbalance on the optimal location of DSD. As can be seen in Fig. 7.4d, the VUF is 

significantly less sensitive to the power injection. However, the PV injection at the end 

of the feeder is still the dominant location to change the VUF in the feeder.  

The practical output power of residential PVs is limited due to the rooftop space and 

cost of high capacity solar panels. The output power of range 40 to 70 kW is rarely seen 

in a real installation. We assume that the installed PV rate is 10 kW, and we study the 

sensitivity of VUF of the end of feeder to phase swapping of PVs. We assume that there 

is one PV equipped with DSD, and we analyze the sensitivity of two POIs (end of feeder 

and beginning of feeder)  

The result of the analysis is shown in Fig. 7.5. As expected, the POI at the end of the 

feeder is more sensitive to switching of PV from the low load phase to the high load 

phase.  
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Figure 7.4 Sensitivity of VUF of POI to PV power injection. POI at a) End of feeder b) middle of 

feeder c) beginning of feeder d) end of the feeder, source of unbalance at beginning 

 

 

 

 

 

 

Figure 7.5 Change of VUF as a result of phase swapping 

7.2.3 Optimal Location of DSD and POI 

According to the findings of previous sections, considering the POI at the end of the 

feeder appears to be the most efficient option. Thereafter, the best location for DSD is 

the closest node to POI. 
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7.3 Methodology 

In this section the methodology based on which the DSD makes the decision to change 

the phase connection is explained. Each DSD is connected to the three phases and is 

equipped with three fast response Triacs, a voltmeter to measure the line to neural 

voltage magnitude of each phase, a current meter to measure the injected power, and a 

phase angle meter to measure the phase angle of each phase. It also has a controller with 

an embedded microprocessor for computational procedures (Fig.7.6). No 

communication is needed. 

7.3.1 Formulation of switching decision 

The phase swapping execution should rectify the local node VUF. The controller 

measures the line to neutral voltage of each phase. To measure the VUF, the phase angle 

of voltages are required as well. Also, the sensitivity analysis calculations in the next 

section are based on complex numbers. If a phase angle meter is not used, the phase 

angles could be calculated based on the cosine law as explained in [12]. To make the 

decision on whether the phase connection should be swapped or not, the VUF after 

switching should be estimated. The controller constantly monitors the VUF of the node, 

and if the VUF exceeds a predefined limit, it will run the phase swapping algorithm. 

This algorithm estimates the VUF if a phase swapping from the current phase to any of 

the two other phases is executed. If the estimated VUF indicates that the VUF will be 

reduced, the controller sends appropriate signals to Triacs to change the phase 

connection.  

Estimating the VUF involves the estimation of the phasor of voltage of each phase 

after switching. These voltages will change since the nodal power injection will change. 

If the sensitivity of the nodal voltages to the injected power is known, the changes in 

voltage amplitude and angle after switching could be estimated. Sensitivity analysis is 

performed using power flow equations. Common approaches to achieve the sensitivity 

of nodal voltage to power injection is the use of Jacobian Matrix derived from power 

flow formulation such as Newton-Raphson and Gauss-Seidel. These solutions are 
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computationally cumbersome. Also, the voltages of all nodes should be known e.g., 

through state estimation. In this work, we use the direct load flow approach proposed 

in [17] to develop sensitivity relations. In a radial distribution network, as shown in Fig. 

7.7, 

 

 

 

 

 

 

 

Figure 7.6  DSD structure 

 

Figure 7.7 Model of Radial Network 

The relationship between nodal voltages and the current injection could be written as 

follows: 

                                                                  𝑽𝑽𝑾𝑾 =  𝑽𝑽𝟏𝟏 − [𝑩𝑩𝑪𝑪𝑩𝑩𝑽𝑽][𝑃𝑃𝐼𝐼𝑃𝑃𝐵𝐵]𝑰𝑰𝑾𝑾                                             (7.12) 

Where 𝑽𝑽𝑾𝑾 = [𝑽𝑽𝟐𝟐 … ,𝑽𝑽𝒏𝒏] 𝑻𝑻 are the matrix of phasor of nodal voltages and 𝑰𝑰𝑾𝑾 = [ 𝑰𝑰𝟐𝟐 … , 𝑰𝑰𝒏𝒏] 𝑻𝑻 is the 

matrix of phasor of nodal current injections. [𝑩𝑩𝑪𝑪𝑩𝑩𝑽𝑽] is the branch-current to bus-voltage 

matrix and is a 3(𝑀𝑀 − 1) ×  3(𝑀𝑀 − 1) lower triangle matrix and the elements are the 

impedances of consecutive nodes. [𝑃𝑃𝐼𝐼𝑃𝑃𝐵𝐵] is the bus injection to branch current matrix 

and is a 3(𝑀𝑀 − 1) ×  3(𝑀𝑀 − 1) unit upper triangle matrix. All the voltages and currents 
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are three-phase complex numbers, i.e., 𝑽𝑽𝑾𝑾 = [𝑽𝑽𝑾𝑾𝒂𝒂,𝑽𝑽𝑾𝑾𝒃𝒃,𝑽𝑽𝑾𝑾𝒄𝒄 ]. 

𝑽𝑽𝟏𝟏 is the voltage at the secondary of DT and is considered as the slack bus, and its 

voltage is independent of the power injection of nodes. The current injection could be 

found using the real power relation at each node. 

                                                             𝑰𝑰𝑾𝑾 =
(𝑃𝑃𝑏𝑏 − 𝑗𝑗𝑄𝑄𝑏𝑏)

𝑽𝑽𝑾𝑾∗
                                                                    (𝟕𝟕. 13) 

 The solution of power flow is obtained by solving Eq.7.12 and Eq7.13 iteratively. 

However, we are not interested in a complete power flow solution. Instead, we are 

interested in the sensitivity of nodal voltage to changes in injected power. In other 

words, how much the nodal three-phase voltages will change if the power injection is 

switched to another phase. Let us assume that at node 𝑀𝑀, the PV is connected to phase a, 

and the connection is swapped to phase b. The current in phase a before swapping is: 

                                                          𝑰𝑰𝒊𝒊𝟏𝟏𝒂𝒂 =
(𝑃𝑃𝑚𝑚 − 𝑗𝑗𝑄𝑄𝑚𝑚)

(𝑽𝑽𝒊𝒊𝒂𝒂𝟏𝟏)∗
                                                                     (7.14) 

And of course 𝑰𝑰𝒊𝒊𝟏𝟏𝒃𝒃 = 𝑰𝑰𝒊𝒊𝟏𝟏𝒄𝒄 = 0. After swapping, the changes in the current would be: 

                                 ∆𝑰𝑰𝒊𝒊𝒂𝒂 = 𝑰𝑰𝒊𝒊𝟐𝟐𝒂𝒂 − 𝑰𝑰𝒊𝒊𝟏𝟏𝒂𝒂 = 0 −
(𝑃𝑃𝑚𝑚 − 𝑗𝑗𝑄𝑄𝑚𝑚)

�𝑽𝑽𝒊𝒊𝒂𝒂𝟏𝟏�
∗ = −

(𝑃𝑃𝑚𝑚 − 𝑗𝑗𝑄𝑄𝑚𝑚)

�𝑽𝑽𝒊𝒊𝒂𝒂𝟏𝟏�
∗                                (7.15) 

                                ∆𝑰𝑰𝒊𝒊𝒃𝒃 = 𝑰𝑰𝒊𝒊𝟐𝟐𝒃𝒃 − 𝑰𝑰𝒊𝒊𝟏𝟏𝒃𝒃 =
(𝑃𝑃𝑚𝑚 − 𝑗𝑗𝑄𝑄𝑚𝑚)

�𝑽𝑽𝒊𝒊𝒃𝒃𝟐𝟐�
∗ − 0 =

(𝑃𝑃𝑚𝑚 − 𝑗𝑗𝑄𝑄𝑚𝑚)

�𝑽𝑽𝒊𝒊𝒃𝒃𝟐𝟐�
∗                                    (𝟕𝟕. 16) 

And  𝑰𝑰𝒊𝒊𝟐𝟐𝒄𝒄 = 0. In Eq7.15 and Eq7.16, the voltage after swapping is required to calculate 

the current. From Eq7.12, the changes in the voltage at node 𝑀𝑀 could be written as: 

𝑽𝑽𝒊𝒊 = 𝑽𝑽𝟏𝟏 − 𝒁𝒁𝟏𝟏𝟐𝟐( 𝑰𝑰𝟐𝟐 + ⋯+  𝑰𝑰𝒊𝒊) − 𝒁𝒁𝟐𝟐𝟑𝟑( 𝑰𝑰𝟐𝟐 + ⋯+  𝑰𝑰𝒊𝒊) −⋯− 𝒁𝒁(𝒊𝒊−𝟏𝟏)𝒊𝒊( 𝑰𝑰𝒊𝒊)                       (7.17) 

After switching, we have: 

∆𝑽𝑽𝒊𝒊 = −𝒁𝒁𝟏𝟏𝟐𝟐(∆ 𝑰𝑰𝟐𝟐 + ⋯+ ∆ 𝑰𝑰𝒊𝒊)− 𝒁𝒁𝟐𝟐𝟑𝟑(∆ 𝑰𝑰𝟐𝟐 + ⋯+ ∆ 𝑰𝑰𝒊𝒊) −⋯− 𝒁𝒁(𝒊𝒊−𝟏𝟏)𝒊𝒊( ∆𝑰𝑰𝒊𝒊)              (7.18) 

The changes in  𝑰𝑰𝟐𝟐 … , 𝑰𝑰𝒊𝒊−𝟏𝟏 are due to changes in nodal voltages after switching. Since 

the changes in voltages are small, ∆ 𝑰𝑰𝟐𝟐 to ∆ 𝑰𝑰𝒊𝒊−𝟏𝟏 could be ignored. If we write Eq.7.18 

for three phases' voltage, for the case of switching from phase a to b, we get: 
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                               𝑽𝑽𝒊𝒊𝒂𝒂𝟐𝟐 = −𝒁𝒁𝟏𝟏𝒊𝒊𝒂𝒂𝒂𝒂∆𝑰𝑰𝒊𝒊𝒂𝒂 − 𝒁𝒁𝟏𝟏𝒊𝒊𝒂𝒂𝒃𝒃∆𝑰𝑰𝒊𝒊𝒃𝒃 + 𝑽𝑽𝒊𝒊𝒂𝒂𝟏𝟏                                                            (7.19) 

                               𝑽𝑽𝒊𝒊𝒃𝒃𝟐𝟐 = −𝒁𝒁𝟏𝟏𝒊𝒊𝒂𝒂𝒃𝒃∆𝑰𝑰𝒊𝒊𝒂𝒂 − 𝒁𝒁𝟏𝟏𝒊𝒊𝒃𝒃𝒃𝒃∆𝑰𝑰𝒊𝒊𝒃𝒃 + 𝑽𝑽𝒊𝒊𝒃𝒃𝟏𝟏                                                            (7.20) 

                             𝑽𝑽𝒊𝒊𝒄𝒄𝟐𝟐 = −𝒁𝒁𝟏𝟏𝒊𝒊𝒂𝒂𝒄𝒄∆𝑰𝑰𝒊𝒊𝒂𝒂 − 𝒁𝒁𝟏𝟏𝒊𝒊𝒄𝒄𝒃𝒃∆𝑰𝑰𝒊𝒊𝒃𝒃 + 𝑽𝑽𝒊𝒊𝒄𝒄𝟏𝟏                                                               (7.21) 

 In Eq7.19 𝒁𝒁𝟏𝟏𝒊𝒊𝒂𝒂𝒂𝒂 is the self-impedance (phase a) of overhead line from secondary of DT 

to node i. 𝒁𝒁𝟏𝟏𝒊𝒊𝒂𝒂𝒃𝒃 is the mutual-impedance (phase a and b) of overhead line from secondary 

of DT to node i. Solving Eq7.19, Eq.7.20, Eq7.21, and Eq.7.18 iteratively as the 

formulation set below in Eq7.22, the phasors of the voltages after switching will be 

approximately estimated. The same set of equations can be easily developed for 

switching between other phases. 
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𝐕𝐕𝐢𝐢𝐛𝐛𝟐𝟐(k + 1) = −𝐙𝐙𝟏𝟏𝐢𝐢𝐚𝐚𝐛𝐛∆𝐈𝐈𝐢𝐢𝐚𝐚 − 𝐙𝐙𝟏𝟏𝐢𝐢𝐛𝐛𝐛𝐛∆𝐈𝐈𝐢𝐢𝐛𝐛(k) + 𝐕𝐕𝐢𝐢𝐛𝐛𝟏𝟏

𝐕𝐕𝐢𝐢𝐜𝐜𝟐𝟐(k + 1) = −𝐙𝐙𝟏𝟏𝐢𝐢𝐚𝐚𝐜𝐜∆𝐈𝐈𝐢𝐢𝐚𝐚 − 𝐙𝐙𝟏𝟏𝐢𝐢𝐜𝐜𝐛𝐛∆𝐈𝐈𝐢𝐢𝐛𝐛(k) +𝐕𝐕𝐢𝐢𝐜𝐜𝟏𝟏

                                                (𝟕𝟕. 22) 

The DSD controller continually monitors the VUF at node i  using the aforementioned 

approach and estimates the VUF after switching. If VUF decreases after switching, it 

will send the control commands to Triacs to swap the connections.  

7.3.1 Supervisory control of DSDs 

Since there is no central control and no communication between DSDs, a distributed 

independent control approach is required to orchestrate the operation of DSDs in the 

feeder (if there is more than one DSD installed). The control objectives are controlling 

the operation of DSDs regarding the state of the feeder, limit the number of switching 

of each DSD over a specific period, manage the response time of each DSD and 

synchronize the priority of the action of DSDs to an unbalance event to avoid the 

hunting effect of multiple DSDs switching at the same time. The latter is of paramount 

importance since two DSDs might be stuck in a loop where the switching of one DSD 
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might trigger the switching of the other DSD, which again triggers the switching of the 

first DSD and render the entire system to an unstable loop.   

We model each DSD as a Discrete Event System (DES) [18]. The whole operation 

of the DSD could be modeled as three DES. A voltmeter, a calculation unit, and a 

switching unit. Fig. 7.8 demonstrates the DES of the calculation unit and the switching 

unit. 

 

 

 

Figure 7.8 DES model of a) calculation unit b) switching unit 

The list of events in the model are: 

 41: initialize calculation             23: disconnect from phase a 

 42: swap to phase a                    25: connect to phase b 

 44: swap to phase b                    27: disconnect from phase b 

 46: swap to phase c                    29: connect to phase c 

 21: connect to phase a                291: disconnect from phase c 

The calculation unit runs the sensitivity equations in Eq7.22 and indicates if a 

swapping action should be performed. Note that the controllable events are identified 

by odd numbers and uncontrollable with even numbers. These DES models describe 

the high-level behavior of the DSD. The behavior could be controlled by a supervisory 

controller, which can block or force the occurrence of controllable events. The control 

strategy is based on predefined logic-type specifications. These specifications describe 

the desired behavior of the system based on the sequence of states to occur and landing 

in a terminal desired state. This behavior itself could be modeled as a DES known as 

SPECDES (Specification DES).  

In the proposed DES model, the temporal dependency of the occurrence of the events 
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could not be modeled. In other words, the dynamics of the system are event-driven 

regardless of the time of occurrence of the events. However, some of the constraints 

that should be incorporated in the specification of the control of DSDs have designated 

time bounds. As an example, after swapping the phase of DSD (e.g., the sequence events 

of 23 and 25, which changes the connection from phase a to phase b), no phase 

swapping should be allowed for a specific time interval. This constraint guarantees that 

the number of phase swapping is limited in a specific period of time (e.g., the time 

between consecutive phase swapping is never below 10 minutes).  The DES model, 

augmented with timing features, is introduced in [19] by proposing timed discrete-event 

systems(TDES). In TDES, the time is measured with a global digital clock, and the 

temporal conditions are specified w.r.t this clock. An extra event called tick is added to 

the set of events (Σ), which represents the tick of the aforementioned global clock. In 

the framework of TDES, we develop the marked (desired) behavior of DSD. We only 

consider the state transition that should be executed to swap the phase connection from 

phase a to b. Other phase swapping would have the same DES with different events 

following state 12 

 

 

 

 

Figure 7.9 SPECDES, The DES of the desired behavior of DSD 

The SPECDES shown in Fig. 7.9 demonstrates the desired behavior of the system by 

showing the sequence of events and the desired states following the occurrence of each 

event. After initialization (state 0), the voltmeter is initialized, and regardless of the state 

of VUF (event 10 and 12), the DSD will be connected to phase a (event 21). Now we 

are in marked state 4 (stable state). In this state, the voltmeter is constantly initialized 

(event 11), and if the VUF is normal (event 10) we are back to stable state 4. If an 

abnormal VUF is detected (event 12), we are in a new state (state 6). In this state, we 
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have two tick events. The philosophy is to wait for a specific predefined interval to 

monitor the VUF for the second time to avoid changing the phase due to transient 

deviation of VUF.  After passing two tick events (state 8), the voltmeter is again 

initialized, and if the VUF is back to normal (event 10), we are back to stable state 4. If 

the VUF is still out of the safe limit (event 12), the computation of the new phase is 

triggered (event 41). The result of the calculation indicates that the new phase should 

be phase c (event 46); the controller disconnects the Traic at phase a (event 23) and 

connects the Triac at phase c (Event 25). After phase swap, the controller forces tick 

events so that phase swapping is disabled for a specific time period. With this control 

scheme, the number of switching would be limited, and also excessive switching is 

hindered in case of high load volatility. By choosing the appropriate clock period (tick), 

the time response of each DSD could be controlled independently of the operation of 

other DSDs. 

A Supervisory controller is synthesized to force the SPECDES by enabling or 

disabling controllable events so that the state transition is according to SPECDES. For 

example, in state 12 in SPECDES, only event 25 is enabled (forced), and other events 

(21, 29 in Fig.7.8) are disabled. The controller and the DSD create a closed-loop control 

scheme. TCT software introduced in [20] is employed to synthesize the supervisory 

controller. Also, basic closed-loop properties such as controllability and non-blocking 

could be tested using the same software package. In the context of SCDES, 

controllability is a property that the control pattern created by the controller should not 

enable any uncontrollable event. A non-blocking control pattern guarantees that there 

always exists a sequence of events that leads to the marked states from every state. The 

supervisory controller could be implemented by any PLC like language and hardware. 

7.4 Simulation and case study 

In this section, we provide the results of computer simulations to verify the efficacy 

of the proposed methodology. The simulation scheme would be two folds, a static power 

flow simulation to examine the functionality of the switching decision algorithm and a 

dynamic simulation to verify the functionality of the supervisory controller. We use 
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MATLAB/Simulink and DIgSILENT Powerfactory software packages. Simulations are 

performed on the typical distribution feeder introduced in section 2 and a real 

distribution feeder in Nedlands Western Australia.  

7.4.1 Static Simulation: 

The aim of the static stimulation is to test if the switching algorithm based on the 

sensitivity of nodal voltage to power injection could effectively determine the optimal 

phase connection of DSDs to minimize the voltage imbalance in the network.  

7.4.1.1 Static Simulation on the Typical Distribution Feeder 

The first simulation is a static power flow simulation on the typical distribution feeder 

incorporating the sensitivity analysis performed by DSDs. The same architecture as 

section II-B is used assuming three DSDs installed at nodes 19, 12, and 4 as DSD1, 

DSD2, and DSD3, respectively.  The simulation starts with even distribution of load 

among three phases, and the load at one phase is increased gradually until a high level 

of unbalance is monitored, which could not be rectified by phase swapping. The result 

is shown in Fig. 7.10. The DSDs' are initially connected to the two other phases. For 

example, the blue line in Fig. 7.10 is the VUF at the end of the feeder when the loads 

connected to phase c are increasing gradually. In this case, the initial phase connections 

of the DSDs are a,b,a for DSD1, DSD2, and DSD3, respectively.  

As seen in Fig.7.10, as the load increases in one phase only, the VUF increases at the 

end of the feeder. However, before exceeding the 2 % limit, the DSDs swap their phases 

from low load phases to high load phases, and the VUF at the end of the feeder is 

contained below 2%. When the load unbalances is extreme (above 270% increase in 

one phase) the VUF at the end of the feeder exceeds the 2% limit. Nonetheless, without 

DSD, even with very low unbalance in three-phase loads (around 130%) the VUF is 

above the 2% standard limit 
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Figure 7.10 Phase swapping due to increasing demand in one phase 

7.4.1.2 Monte-Carlo Simulation on Real Distribution Network  

The change in the load of a feeder is extremely sporadic and does not follow the trend 

as the previous simulation. A Monte Carlo simulation is performed to verify that the 

sensitivity algorithm can efficiently find the suitable phase connection for all DSDs. 

The simulation is performed on a real MV/LV distribution feeder in Nedlands, Western 

Australia. The geographical view of the MV feeder is shown in Fig. 7.11. 

 

Figure 7.11 Geographical view of MV feeder 

The MV feeder feeds 13 LV radial feeders through 25-50kVA distribution 

transformers. LV feeders are connected to an average of 20 customers through the 

bundle service line. Both overhead and underground cable configurations are used for 

LV feeders. 70% of the loads are considered to be a single phase. In every LV feeder, 
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five customers are supposed to have PV on the roof with a capacity between 3 to 10 

kW, and three of them, based on location in the feeder, are equipped with DSD. The 

whole network is modeled in DIgSILENT Powerfactory. The reason to use 

Powerfactory is to test the algorithm's robustness to power flow solution uncertainty. 

Powerfactory uses the current injection formula solved based on Newton Raphson 

iterative techniques.  A set of thousands of random samples of loads are created for 

every node from the probabilistic models of residential demand profile introduced in 

[21]. The output power profile of PVs is sampled from a normal distribution model. The 

Monte Carlo simulation is executed two times. In the first simulation, the phase 

connection of DSDs is fixed, and in the second, the DSD control unit is enabled.  

From the result of the simulation, it could be verified that the DSDs can keep the 

VUF levels in all feeders below the 2% limit for all possible combinations of loads and 

PV output power. The results of the simulation for feeder 13, which is the furthest feeder 

from the substation, are shown in Fig. 7.12. 

 

 

 

 

 

 

Figure 7.12 1000 iterations of Monte Carlo Simulation 

The average value of VUF converges after 1000 iterations. As can be seen in Fig.7.12, 

the DSDs can rectify the VUF at the end of the feeder below the 2% limit. The average 

value of VUF is reduced from 0.35 to 0.2 due to swapping actions by DSDs. Only in 10 

cases (out of 1000), the DSDs swapping has ended in higher VUF at the end of the 

feeder.  
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7.4.2 Dynamic Simulation on the Typical Feeder 

A dynamic simulation is run to test the efficacy and proper functionality of the 

supervisory controller through time sweep simulation of power flow. The supervisory 

controller designed in section III-B is modeled using MATLAB SIMULINK Stateflow 

toolkit as introduced in [22]. The static power flow simulation is performed in the power 

factory every minute. The nodal voltage values and the injected power is transferred to 

MATLAB to run the supervisory controller.  

The digital clock is set to one minute. The tick value is set as 1 minute for DSD1, 2 

minutes for DSD2, and 3 minutes for DSD3. With these settings, the DSD1 at the end 

of the feeder will be the first to respond to an unbalance condition. The load profiles 

with ten minutes resolution introduced in [23] are applied to residential loads. The PV 

output power is collected from a real inverter installed in the area and normalized based 

on the capacity of each installation. Since PV systems are in a very small geographical 

area, there is a high correlation between the output powers of PVs. The power flow is 

executed every minute, but the data are recorded every ten minutes. 

 Fig. 7.13 depicts the VUF at the end of Feeder 13. It is evident that DSDs could 

curtail the VUF level at the end of the feeder during the period that the solar insolation 

is shining on solar PVs.  The first phase swapping occurs (DSD1) after 440 minutes, 

and the last switching occurs at 11,100 minutes. Since the output of PVs is zero after 

sunset, no swapping is performed by DSDs, and it can be seen that the VUF exceeds 

the 2% limits around 8 pm during peak demand. It is possible to curtail the VUF for the 

time period with no PV power by installing DSDs in nodes with high demand (e.g., 

node with charging EVs) or consider nodes with a battery storage system. 

Fig. 7.14 shows the phase connection of DSDs over 24 hour period. DSD1 has the 

most number of phase swapping (7 times) as expected. DSD3 swapped only once from 

phase a to phase b. It might be more efficient to have all the DSDs installed close to the 

end of the feeder. For sure, it depends on the number of solar PVs in the feeder and if 

the demand in those nodes are very low so that the injected power is high enough to 

change the voltage profile in the feeder. 
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Figure 7.13 Daily VUF at the end of feeder 13 

 

 

 

 

 

Figure 7.14 Daily phase connection of DSDs 

Another indicator of how the phase swapping strategy could enhance the 

performance of the network is the zero, and negative sequence currents at the secondary 

of DT. Fig. 7.15 shows the daily changes of summation of zero and negative sequence 

currents at the secondary of DT. 

 

 

 

 

 

Figure 7.15 Daily negative and zero sequence current at DT 
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Finally, the voltage profile for a single time period (period 61) is shown in Fig 7.16. 

It shows clearly how the switching has rectified the voltage profile at the end of the 

feeder. 

 

 

 

 

 

Figure 7.16 three-phase voltage profile at period 61 

7.4.3 Investigating the optimal solution 

Since our methodology is based on the local measurement and not based on the 

optimal global formulation, it is worth investigating how the result of this strategy is 

different from the optimal solution. Since we have only three DSDs in each feeder, the 

total possible solutions are chosen from a space of 33 = 27 possible strategies. We test 

these 27 possible strategies of phase assignment of DSDs for ten time periods during 

high PV output power and compare it with the solution of our proposed methodology. 

In eight cases, the proposed method could arrange DSDs in accordance with optimal 

strategy. Only in two cases, the chosen strategy was different from the optimal strategy. 

One of them is shown in Fig. 7.17. It can be observed that even though the chosen 

strategy of the proposed method is not the optimal strategy, it is very close to the optimal 

one, and only one DSD (DSD3) could not swap the phase in accordance with the 

optimal strategy 
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Figure 7.17 All possible control strategies 

7.4.4 Quasi-Static time series Simualtion on IEEE LV feeder 

Fig. 7.18 and Fig. 7.19 show the result of simulation on IEEE European LV test 
feeder as shown in Fig 6A. 5 DSDs are installed for each PV and the VUF of all nodes 
is shown in Fig. 17. Fig. 18 shows the three phase voltages of end of feeder and shows 
when the DSD at end of feeder is switching. It also depicts the states transition when a 
swathing occurs. OPenDSS is used for load flow simulation. The state transition on 
TDES for a cycle of switching for DSD 5 is also depicted  

 

Figure 7.18 VUF of 5 PV nodes with and without DSD 
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7.5 Conclusion 

In this chapter, a decentralized control methodology was proposed for the control of 

phase reconfiguration in a residential feeder. The methodology does not require a 

central controller nor a communication system. Each DSD makes the decision only 

based on measurement from a local node. Although the control strategy may not be 

optimal, it can effectively curtail the unbalance condition within the standard limits. 

The main advantage is that this methodology is cost-effective and also does not rely on 

the communication system. It can also be used as a backup strategy if the 

communication is lost with the central controller. In future work, we study the optimal 

number of DSDs as well as the best location of DSDs in a typical feeder. 

Figure 7.19. Three Phase voltage of end of Branch with 1 min resolution 
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Chapter 8: 

Impact of Local Transactive Energy Market 

on Distribution Networks 
8.1 introduction 

Local energy markets are new emerging solutions to facilitate a higher level of 

penetration of small-scale generation units. In this concept, customers who have 

invested in DERs (e.g., rooftop solar PVs and BESS) are given a new identity named 

prosumers.[1] In this new role, prosumers actively participate in Active Distribution 

Networks (ADN) by managing their production, consumption, and storage of energy. 

In the conventional market setup, local DER owners only sell their excess energy to 

DSOs or local electricity retailers. There is hardly any management on the amount of 

power sold, and the only limitations are the network constraints. For example, if the 

voltage at the feeder is out of standard limits, the injection of power from DERs would 

be curtailed (Active Power curtailing). This is against the interest of the DER owner, 

who has invested in being able to sell extra energy whenever it surpasses its own 

demand. In order to incentivize DER owners to act as prosumers, Peer to peer energy 
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market has been proposed where Prosumers and active consumers are able to take part 

in energy transactions through decentralized transactive energy systems. The term 

Transactive Energy (TE) was first proposed by  The GridWise Architecture Council as 

following [2]: 

“A system of economic and control mechanisms that allows the dynamic 

balance of supply and demand across the entire electrical infrastructure 

using value as a key operational parameter.” 

In the context of transactive energy, prosumers and active consumers will manage 

their production and demand to flatten the demand profile of the local area. At the same 

time, they can participate and the local market and bid their prices to an auction 

mechanism. In general, a P2P transactive market requires a suitable solution for the 

following mechanisms: an auction mechanism to find match sellers and buyers in the 

order book, a management system (home management system) that control power or 

storage in prosumers and controllable loads inactive customers, a database and payment 

system that records the transaction.   

Many solutions have been proposed to manage the bids in an auction mechanism. 

For example, Game Theory [3] solutions have been proposed to achieve cost fairness 

or Multi-Agent system [4] to coordinate the market with Demand Response issues.  

Distributed Ledger Technologies (DLT), along with Blockchain solutions, are 

promising approaches to be deployed in TE markets in the applications, such as 

recording transactions and managing payment systems [5]. Blockchain technologies 

enable a trustless record of transactions between prosumers and consumers where the 

authenticity of the ledger and records are safely guarded in blocks with cryptographic 

hashes. Recently, blockchain has gained a lot of attenuation and has been proposed for 

many applications in power systems and energy systems as a whole [6]. 

Recently, there has been a lot of published research work in the field of TE, and they 

mostly focus on market dynamics. However, the deployment of these solutions will 

have an impact on the operation, management, and planning of the distribution network. 
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It is of paramount importance to have a clear assessment of network operation in the 

presence of P2P and TE mechanisms. In [7], a simulation framework is proposed where 

both market mechanism and distribution network parameter could be simulated for 

similar load profiles. In this chapter, the same strategy has been used to establish a co-

simulation platform. It should be mention that this chapter is primarily the work of the 

author in the application of Blockchain and TE in the distribution network. Thus the 

Blockchain section, as well as the market mechanisms, are dealt with in the form of a 

black box, and the focus is on the simulation framework. The reader is recommended 

to check the future section in chapter 9 and follows the reader’s future work 

8.2 Blockchain Trading Platform,  

Blockchain is a DLT technology that uses cryptography to secure the records of the 

ledger. Fig 8.1 depicts the concept of recording transaction on distributed ledger through 

a blockchain in comparison to a centralized ledger controlled by a central authority  

 

 

 

 

 

 

 

Figure 8.1 Centralised Ledger vs. Distributed Ledger 

Blockchain provides a tamperproof trust-less traceable solution to save the 

transaction records without the need for supervision of a central authority. The 

transaction is formed as market trees and encrypted using a hash function and stored in 

chains of blocks; the hash key of each block includes the hash key of previous blocks, 

so any change in the previous transaction will change the has keys of all proceeding 

blocks. The hash keys should have a specific property to be valid. This is obtained by 
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adding a nonce to each block so that the required property in the hash key is met. The 

nonce is normally found through a random search (called mining) and requires hardware 

with high computational power. All participant nodes can invest in hardware and 

participate in mining. This process is shown in Fig.   

 

Figure 8.2 How transaction are recorded in Blocks 

The distributed trust-less nature of Blockchain technologies sounds promising in P2P 

TE applications. Nonetheless, there are many issues in employing these technologies in 

P2P, and the author is looking for new solutions for these issues in future works. Some 

of these issues are mentioned in the following. 

• Computational power: to strengthen the credibility of Blockchain, significant 

computational power is required. That involves all or most participating nodes 

invest in a minimum of hardware to participate in providing computational 

power. This will add an extra cost for prosumers and consumers in the P2P 

market 
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Figure 8.3 Decentralised P2P market topology 

 
• Scalability: The scalability could be an issue in Blockchain, and the 

performance be impacted by the number of nodes and transaction 

• Latency: since transactions are approved after some computation, the ratio of 

creating blocks and verifying the transaction is limited. Thus, there is a latency 

between the time of settling transaction till it is recorded and validated on the 

chain. 

• Throughput: the number of transactions in the P2P network might not be 

extensive. However, with the fast development of controllable nodes, higher 

throughput might be needed.  

• Smart Contracts: Smart Contracts are self-biding contracts on the blockchain. 

They could be employed for payments if the actual amount of power is 

exchanged between prosumer and consumer.   

8.3 Simulation framework 

A blockchain simulator written in Python is used to record the transaction. The 

distribution network simulation could also be developed in Python by coding the power 

flow formulation, but Commercial power system simulators have many applications 

and GUIs, and it involves a lot of effort to create those functionalities in Python. A 

framework is proposed in [7] that uses OpenDSS to simulate the power flow of the 

distribution network. The load data are given to Python to simulate the P2P network 

and the network data to OpenDSS to calculate power and voltages. Here the 

Powerfactory is used to simulate the power system, and a Python command object is 
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created in Powerfactory. In this case, Python can execute the PowerFactory function 

through this command object, and the co-simulation would be executed simultaneously. 

The framework is shown in Fig8.4 

 

 

 

 

 

Figure 8.4 Simulation framework 

8.4 Case study 

A real residential feeder in Nedlands Western Australia (Fig. 8.5) is modeled based 

on real parameters of the distribution network. The network is a low voltage 4-wires 3-

phase feeder with 27 customers.  Some customers are randomly chosen to have EV 

charging stations, and eight customers are equipped with Home Management Systems 

with controllable loads. The residential load profiles are based on the European LV test 

network, and the EV charging profile is taken from actual data from the Test-an-EV 

project. Also, 20 photovoltaic panels are considered in the network. The PV production 

is taken from a local PV inverter which logs the injected power every minute. All end 

nodes are supposed to be equipped with smart meters and able to communicate with 

auctioneer nodes.  

All the profiles are shown in Fig. 8.6. Based on 10 minutes intervals. The customers 

with HMS will participate as buyers, and all customers with PV Participate as sellers. 

The electricity price is set to a constant value, so no auctioning is required, and a 

transaction is set only if a prosumer sell amount fit with the demand of a buyer 
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Figure 8.5 Feeder under study with HMS 

All the profiles are shown in Fig. 8.6. Based on 10 minutes intervals. The customers 

with HMS will participate as buyers, and all customers with PV Participate as sellers. 

The electricity price is set to a constant value, so no auctioning is required, and a 

transaction is set only if a prosumer sell amount fit with the demand of a buyer 

The market mechanism just works based on finding pairs of buyers and sellers that 

are close to each other. That is achieved by each node finding receiving a transaction 

from neighboring nodes and find the matching pair. If a transaction is established, it 

will be published to be added to the next block. 

 

 

 

 

 

Figure 8.6 Load and PV data 

8.5 Result of Simulation 

We only focus on the parameters of the distribution network. The only market matrix 

is the list of approved transactions for each node shown in Fig 8.7. 
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Figure 8.7 Approved transactions 

Figure 8.8 Simulation result with and without P2P 

To obtain the network performance, important network metrics are observed. The 

first parameter is total network losses. Next is the total external infeed. This is negative 

for the base case without P2P, which means there is a mismatch between demand and 

generation, and the excess generation is fed back to the network. These two are 

compared in Table 8.1. These parameters are shown. As could be seen in table 8.1, 

When P2P is active, the losses are lower, and also, the external fed back to the grid is 

lower as well. This is due to the fact that the load is matched to the local generation, 

and the market is able to shift the load. Also, the market is matching the loads with the 

nearest solar PV; thus, the distance between load and generation is lower and fewer 

losses are observed.  

 Table 8.1 Comparison of the base case and P2P case 

Simulation Result Base case P2P 

Losses   [kW] -12.3 -4.3 

External infeed [kW] 7.3 5.4 

N1

N4

N7

0

5

Approved Transanctions
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Other important metrics are voltage profile and unbalance ratio. The maximum and 

minimum voltage across the feeder is displayed in Fig8.8. Also, the VUR at the end of 

the feeder is shown. It is clear from Fig 8.8. that the impact of P2P on network operation 

is not significant   

8.6 Conclusion 

A simulation platform is proposed to be able to co-simulate the P2P energy market 

and distribution network. The result of the simulation confirms the applicability of the 

platform to P2P co-simulations. The author is using the simulation platform in future 

works. In this chapter, the Blockchain-based P2P is treated as a black box. In future 

work, the issues related to suitable Blockchain technology in the energy sector are 

studied. 
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Chapter 9: 

Conclusion and Future Work 
 

9.1 Conclusion 
Distribution networks have seen significant changes in recent decades, and at the 

center of these changes lies the concept of the Distributed Generation. The emergence 

of small-scale generation units has facilitated the deployment of renewable and clean 

sources close to consumption. These changes have been the focus of researchers and 

engineers. Most of the new technologies are research trends are toward distribution 

networks and intending to have a reliable network with the presence of a large number 

of DERs. The challenges related to reliability of distribution network are twofold, 

analysis of distribution network and management of distribution network. The former 

is concerned with proper assessment techniques to evaluate the risk of high penetration 

level of DERs, and the latter is concerned with control strategies to minimize those risks 
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and guarantee a safe and smooth operation of the network.  In this Thesis, both of these 

aspects were considered. Since the number of topics related to these two aspects is very 

wide and contain an enormous range of domain, it is impossible to cover all of them in 

a single thesis, and the author had to narrow down the research work into specific topics. 

In the first part of the thesis, the focus is on the assessment of the impact of rooftop 

solar PVs on the power quality of a low voltage distribution network. Solar PVs has 

been chosen since it is the dominant technology used in DERs. By reviewing recent 

publications and exploring stochastic assessment techniques. The author concludes that 

in very high penetration levels, power quality could potentially be an issue, and a 

thorough assessment is required before adding to the hosting capacity of the network. 

It is also very important to have an accurate model of uncertain parameters associated 

with the randomness of parameters of Solar PVs as DER. In chapter 2, a stochastic 

assessment technique based on non-sequential Monte Carlo simulation is proposed. A 

simulation platform is developed which could deal with the computational cost of 

Monte Carlo simulation while modeling a large-scale distribution network. These 

techniques and setup could be used as a trustable benchmark for comparison of other 

stochastic assessment methods.   

In the second part of the thesis, the theory of Supervisory Control of Discrete Event 

system and its application to be included in control strategies is explored. Due to the 

penetration of DERs, distribution networks are equipped with more complicated 

devices with different operational states. Dividing the dynamics into time and event-

driven dynamics could potentially simplify the structure of the control system and 

facilitate the employment of hierarchical distributed control strategies. 

The application of Supervisory Control was investigated on control of devices in a 

custom power park, and a novel simulation platform was developed to investigate the 

efficacy of the Supervisory controller. In Chapter 6, the same concept of DES modeled 

was tested on formulation and control of power admission control of Electric Vehicles 

in a demand response platform. Later in chapter 7, the concept of timed Discrete event 

system is explored, and its application in distributed control of phase switching devices 
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is investigated 

Considering the first part (Chapter 2 and 3), the author's conclusion is that modeling 

uncertainty related to DERs is of paramount importance. Not only should the inherent 

uncertainty of renewable resources be modeled, but the uncertainty related to ownership 

and deployment of DER owners should also be considered as well. The latter is more 

challenging since no conventional model, nor historical data is available.  

By investigating the outcome of the second part (Chapter 4, 5, 6, and 7), the author 

concludes that DES and the systematic theory of synthesizing a Supervisor to control 

the event triggered dynamics of the network is a promising solution for simple control 

strategies and could be used as an alternative to complex hybrid systems.  

9.2 Future Work 
The research topics in the thesis and the research work presented here have sparked 

new and interesting areas that the author is pursuing for future research work. Following 

is the list of some of these topics and ideas 

• Investigating new ways of lowering the computational cost of Monte Carlo 

simulation: The simulation platform and techniques used in chapter 3 are 

computationally expensive and time-consuming. New techniques such as 

variance reduction could be employed to lower the time of the simulation. 

• Uncertainty modeling of DERs in distribution networks: Still, much research 

work is required to find more accurate models, especially for uncertain 

parameters that do not fit in traditional models. For instance, customer 

decisions to invest in DERs are random, and it’s dependent on many other 

uncertain parameters such as government incentives, etc. 

• Proposing scenario-based and possibilistic models. An alternative to 

traditional models like traditional Probability  Distribution Functions, the 

author will be investigating new ways of modeling uncertainty, such as fuzzy 

sets used in probabilistic models 

•  The DES model could be expanded to the implementation of Demand 
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Respond schemes. Many Demand  Response strategies’ are based on the state 

of the system, and DES could be a suitable model  

• The application of the Timed Discrete Event system could be expanded to 

other distribution networks where the evens should be constrained into 

specific time intervals 

• In chapter 7, the location of Dynamic Switching Devices was chosen in a 

deterministic fashion. However, the positioning is not optimal. It is possible 

to formulate the positioning of DSDs in the distribution feeder. The solution 

to this problem is vital in load balancing problems. As future work, this 

problem is considered, and this will be an investigation that if a MILP 

formulation could be applied. 

• The author is currently working on other topics related to Active Distribution 

Network that were not covered in this thesis. The most important is 

investigating the impact of new management schemes such as the local peer-

to-peer market in distribution networks on the operation of the network. The 

Author is also working on new Blockchain technologies that could be used in 

local transitive energy markets 
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