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ABSTRACT 
 

Integration of renewable energy sources (RES) into traditional power system is one of the 

most viable technologies to meet the ever-increasing energy demand efficiently. Penetrating 

renewable distributed generators (DGs) such as solar panels, wind turbines into low-voltage 

distribution network is being a popular tradition nowadays. Increased interconnection of 

renewable DGs such as solar PVs arise several crucial issues that actually impose limitations 

on the amount of solar PV penetration. The most significant issue that arises due to large-scale 

PV interconnection with low-voltage power distribution system is voltage regulation issue. Due 

to high power generation during midday by solar PVs, the excess power, after satisfying the 

load demand, reverses back to distribution grid, which causes voltage rise through the feeder. 

On the other hand, during evening, there is increased load demand and there is no PV 

generation. As a result, evening peak load consumes high power from distribution grid, which 

causes voltage sag. These phenomena cause the feeder voltage to exceed the allowable voltage 

zone and trip the power supply. To interconnect solar PVs into distribution grid spontaneously, 

intelligent and robust voltage control strategies should be designed and implemented to 

regulate the feeder voltage within allowable limit.   

Firstly, this thesis attempts to present a detailed overview of voltage control strategies that 

are being utilized to mitigate voltage regulation challenges when increased amount of 

renewable DGs are penetrated. The impact of high PV penetration on single bus and multi-bus 

low-voltage distribution systems have been analysed with mathematical representations. A 

comprehensive qualitative analysis has been performed for different voltage control 

approaches with comparisons among them. In addition, recent status of ongoing research on 

distribution system voltage control strategies has been briefly analysed. 

This thesis has proposed novel mitigation strategies for the adverse impacts of high 

penetration of solar PVs on feeder voltages.  

A novel intelligent, adaptive and robust control strategy has been proposed for PV interfacing 

3-phase inverters where the control parameters of proportional-integral-derivative control 

scheme is dynamically auto-tuned in real time by adaptive neuro-fuzzy inference system 

(ANFIS) to provide robust response during any nonlinear and fluctuating operating conditions. 

This ANFIS-based PID (ANFISPID) is capable of handling fluctuating operating conditions 
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and damping system oscillations, which ensures power system stability and reliability. 

ANFISPID controls the injection/ absorption of appropriate reactive power by 3-phase PV 

interfacing inverter and regulates the voltage at point of common coupling (PCC).  A novel 

intelligent supervisory energy management system (EMS) based on ANFIS has been proposed 

to control the charge/ discharge of battery energy storage system (BESS) to provide voltage 

support at PCC. The performance of the cooperative operation of these two novel voltage 

control strategies has been analysed and evaluated in realistic low-voltage distribution system 

model and their performance has been compared with classic PID control scheme and classic 

EMS in different worst-case scenarios. 

Then, the impact of high PV penetration has been evaluated on large-distribution system with 

multiple buses and a novel distributed cooperative voltage control strategy has been proposed 

to regulate the bus voltages through the feeder in a coordinated fashion. A discrete event-

triggered communication-based distributed cooperative control strategy has been proposed to 

control BESSs and PV interfacing inverters for feeder voltage regulation that requires minimal 

communication. The distributed cooperative voltage control strategy has been separated into 

two different control layers (distributed control layer and cooperative control layer). Discrete 

event-triggered communication mechanism has been implemented among neighbour agents in 

each layer and appropriate triggering conditions have been designed that dramatically reduces 

the amount of communication and relax the real-time information exchange requirement 

among agents. A realistic radial distribution feeder has been designed in MATLAB/ Simulink 

environment to show that the proposed discrete event-triggered distributed cooperative voltage 

control strategy requires lower communication rates while preserving the desired voltage 

control performance. 

Finally, the impact of high penetration of solar PVs on feeder bus voltages has been evaluated 

on a partly cloudy day. The performance of the discrete event-triggered communication based 

distributed cooperative control has been evaluated in the occurrences of random 

communication link failures. An algorithm has been designed and implemented to provide 

robustness against random communication link failures while implementing distributed voltage 

control through the feeder.  

Overall, in this thesis, the impacts of large-scale solar PV penetration into low-voltage 

distribution network on the PCC and across the feeder have been analysed. Novel control 

strategies have been designed and implemented to regulate the voltage and their performances 
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have been evaluated in realistic low-voltage distribution system model in MATLAB/ Simulink 

environment.  
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Chapter 1 

INTRODUCTION 

 

1.1 Rationale 

With the major development of economies, global electricity demand is estimated to rise by 

43% through 2035 [1]. Consequently, the electricity generation is gradually shifting from 

conventional sources (ea. fossil fuel) to renewable energy sources (ea. solar energy, wind 

energy etc.). The penetration of renewable energy sources into global electricity generation is 

increasing rapidly for reducing greenhouse gas emissions and local pollution and increasing 

customers' participation [2, 3]. Apart from environmental factors, social, operational and 

economic drivers are behind the recent evolution of renewable power generation [4, 5]. For 

instance, the total investment in power generation from renewable sources (wind, solar, 

biomass, waves) grew to $187 billion in recent times compared to $157 billion for natural gas, 

coal and oil [2]. Renewable distributed generation (DG) technologies include PV arrays, wind 

turbines, fuel cells, gas-fired turbines, mircroturbines, reciprocating engines, conventional 

diesel and natural gas. They can be classified into two technologies, which are 1) rotating prime 

mover technologies (such as wind turbines) and 2) non-rotating prime mover technologies 

(such as solar PV and fuel cells) [6].  

The deregulation of the electricity market coupled with the recently launched sustainable 

development goals (SDGs) by United Nations emphasizing on the increase of renewable 

energy resource in the global electricity generation also serves as drivers for PV integration 

into the power system [3, 7, 8]. There are two broad perspectives driving the increased 

penetration of solar PVs into traditional electricity grids, which are the end-users perspective 

and public entities perspective. The end-users are driven by network reliability, deregulation 

of energy markets, distribution level de-monopolization and profitability [9]. As for public 

entities, emergence of a new industry, reliability of the national energy and environmental 

consideration are the major drivers. Consequently, the traditional power system is presently 

undergoing an evolution in terms of operations and architectural landscape. The distribution 

network, which used to be a passive one, is now active with the high penetration of solar PVs. 

The PV capacity has increased to 6 GW in 2016 from 2.44 GW in 2012 [10]. The penetration 
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of large-scale solar PVs into low and medium-voltage distribution network is being a popular 

trend nowadays. Large-scale integration of solar PVs into traditional distribution network can 

generate excess power comparing to consumer load during high solar irradiation period and 

cause reverse power flow back to the traditional grid. As the resistance to reactance ratio is 

more than one for distribution networks, the impact of active power flow on the voltage through 

the distribution feeder is significant. As a result, the voltage rise or sag created through the 

feeder can cause one or more bus voltages of the feeder to exceed the allowable zone.  

Low voltage distribution systems have not received much attention previously, as they were 

passive in nature with unidirectional power flow. However, increased penetration of solar PVs 

is turning the network into active in nature causing bidirectional power flow. As a result, 

several issues are being raised in the operation and protection of the system. The evolving 

active distribution network with distributed solar PV interconnections now requires active 

management mechanisms in terms of control, protection and communication systems over the 

changing topology in order to improve its operational efficiency and ensure the security of 

supply.  

Different sorts of control strategies have been proposed to mitigate the voltage regulation 

issues those occur when large-scale solar PVs are interconnected with low-voltage distribution 

systems. This voltage control operations can be performed by, 1) Utilities or 2) Customers. To 

mitigate voltage regulation issues, utilities require bringing radical changes to distribution 

network structure, which include increasing the conductor size, installing more voltage 

regulators, frequent tap changing of transformers etc., which are very expensive [11-13]. The 

conventional voltage regulators like on-load tap changers (OLTC), switched capacitors (SC) 

and step voltage regulators (SVR) are not efficient enough to regulate the voltage when large-

scale solar PVs are integrated. This is because, solar PVs are intermittent in nature and the 

power generated by solar PVs is always varying. Besides, due to the dynamic behaviour of the 

customer loads, the voltage at PCC varies so rapidly that these conventional voltage regulators 

cannot operate fast enough to regulate the voltage. On the other hand, the strategies those can 

be followed by customers to regulate the voltage within allowable limits include power 

curtailment [14], reactive power injection/ absorption using static synchronous compensator 

(STATCOM) or interfacing inverters [15-26] and utilization of battery energy storage systems 

(BESS) [27-34]. In the power curtailment process, the excess power flowing back to grid 

causing voltage violation is curtailed. However, active power curtailment causes wastage of 

generated power. Reactive power compensation by power electronic converters (e.g. 
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STATCOM, solar PV inverters) is another strategy to control PCC voltage. However, the 

reactive power injection/ absorption capability of PV inverters is limited that depends upon 

active power generation and this strategy increases the line loss through the system. Besides, 

the effect of injected/ absorbed reactive power on the voltage profile of the low-voltage 

distribution feeder is minimal because of the R/X ratio. Utilizing battery energy storage system 

(BESS) is another strategy to regulate the voltage of low-voltage grid connected PV systems. 

This strategy is more effective in systems with higher R/X ratio as it stores/ discharges active 

power for voltage control. However, solo-implementation of BESS for voltage regulation 

needs very large battery capacity, which is very costly and not a feasible process. In that 

scenario, a cooperative operation of both solar PV inverter and BESS is advantageous to 

regulate the voltage of large-scale grid connected solar PV systems. Authors of [28] have 

proposed a coordinated control for PV inverter and BESS for voltage regulation, however, a 

detailed robust control structure was not presented for PV inverter. Moreover, this control 

technique operates on an hourly basis with a power flow study in each operation which is 

complex and not dynamic enough when large-scale solar PVs are interconnected. 

To control solar PV inverters for PCC voltage regulation, classic controllers like 

proportional-integral-derivative (PID) controllers are long established to implement because of 

its simplicity in structure and linearity in nature. However, these classic controllers have some 

shortcomings when they are implemented in highly fluctuating system environment. When 

they are implemented in fluctuating operating conditions, they start to provide unstable, 

oscillatory or sluggish response [35-36]. To overcome these shortcomings, the control 

parameters of the PID controller need to be tuned in real time in accordance with system 

operating conditions. Conventionally, PID control parameters are manually tuned using trial-

and-error approaches which are monotonous, expensive and time consuming and the tuned gain 

can go obsolete in short time due to fluctuating behavior of the system. This causes classic PID 

controllers to operate inefficiently as it is nearly impossible to set appropriate gains due to rapid 

change in system dynamics [37-39]. In this scenario, an intelligent adaptive control is necessary 

that can automatically tune the PID control parameters in real time according to system 

operating conditions.  

Intelligent controllers, such as, artificial neural networks (ANN), fuzzy inference system 

(FIS), neuro-fuzzy systems etc. are invulnerable to system dynamics [40-41]. Among the 

neuro-fuzzy models, adaptive neuro-fuzzy inference system (ANFIS) is easier to implement, 

faster, stronger in generalization skills and more accurate [42] that inherits the learning and 
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parallel data processing ability of artificial neural networks and inference ability (like human 

mind) of fuzzy inference system. As PID is well established for controlling grid-interfacing PV 

inverters and ANFIS is well capable of handling the uncertainties, the combination of ANFIS 

and PID where ANFIS auto-tunes the PID control parameters in real time in accordance with 

system dynamics has been shown in this thesis to be advantageous to control PV inverters in 

fluctuating operating conditions. This is the first time that this thesis proposes a PID control 

scheme dynamically auto-tuned in real time by intelligent ANFIS, implemented on PV inverter 

for regulating the PCC voltage of three-phase grid-tied solar PV system that shows robustness 

at any system worst-case scenarios. One reference has been found [42] where the charge/ 

discharge of BESS has been controlled by ANFIS-based supervisory control. However, the 

objective was not voltage regulation of the system.  

To control the voltage along long distribution feeder, the control action can be implemented 

on PV inverters and BESSs in different structures, which are: 1) centralized control, 2) 

decentralized control and 3) distributed control. Centralized controller requires significant 

investment on communication infrastructure, which is not feasible for modern large 

interconnected system. Besides, communication failure for the centralized controller can affect 

the operation of the entire system. In decentralized control strategy, control devices does not 

communicate with one another and works on local measurements. However, there is no 

coordination and cooperation among neighbour controllers in this strategy, which may cause 

system unbalanced conditions. The third category, distributed control, does not operate only 

on local measurements and does not require large communication infrastructure. In this 

strategy, the control devices communicate and cooperate with only neighbour control devices 

and initiate control action in a coordinated way. Since PV generators are located in a 

heterogeneous and distributed fashion through low-voltage feeders, distributed control 

strategies are required to improve the stability, scalability and security of the system. 

Distributed control strategy has become popular nowadays in controlling BESSs and PV 

inverters due to its robustness to individual agent errors, scalability with respect to increased 

number of agents and reduced computational load. However, for distributed voltage control 

implementation, BESSs and PV inverters from neighbour buses need to communicate with 

each other for information transmission. The existing research works on distributed control 

strategy considered that data communication among agents is performed continually at every 

instant of time or periodically at equidistant sampling instants. This is not practical and requires 

expensive communication infrastructure [43]. Besides, the communication network of a 
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distribution grid usually has limited bandwidth and therefore, an efficient use of the 

communication infrastructure is desirable [44]. In this scenario, introducing the need-based 

aperiodic communication scheme, such as self-triggered or event triggered communication can 

significantly reduce those unnecessary sample-state transmissions and make effective use of 

the communication network [45]-[47]. In the event-triggered communication scheme, a 

sample-state transmission between agents is triggered when a state-measurement error exceeds 

a given threshold while in the self-triggered communication scheme, the next triggering time 

instant is determined by the previous received data and knowledge on plant dynamics. 

However, self-triggered communication scheme is not an appropriate approach in a stochastic 

system (like grid-tied PV system) because an emergency triggering situation may appear any 

time before the precomputed triggering instant. In that case, implementing event-triggered 

communication scheme ensures better performance as the triggering instants are executed 

depending upon the dynamic state measurements of the stochastic system. 

In the distributed voltage control strategy, proper communication between neighbour control 

agents is utmost important to ensure the stability and reliability of coordinated control. In 

almost all the existing literatures [29-34], [44], [48-50], the distributed voltage control is 

implemented on an explicit assumption that the control agents can transmit data to neighbour 

agents any time when necessary using uninterrupted communication links. This assumption is 

seldom practical in real scenarios. The communication links between control agents can subject 

to random catastrophic failures (due to externally induced events, such as, earthquakes) which 

interrupts data transmission [51]. This interruption in data transmission can affect the 

coordination among agents while implementing distributed voltage control algorithm. In this 

scenario, an intelligent algorithm is necessary to ensure resiliency and robustness of the 

distributed voltage control strategy against random communication link failures between 

control agents.  

1.2 Motivation of current research 

 As the traditional voltage regulation devices are not adequate to regulate the voltage in fast 

nonlinear dynamics of low-voltage grid connected PV system, new devices which are 

capable of fast dynamic control, should be utilized to regulate the voltage. 

 As solo-implementation of PV inverter or BESS is not adequate for voltage regulation in 

low-voltage distribution network, cooperative performance of PV inverter and BESS can 

be an effective strategy to regulate the voltage appropriately. 
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 As the well-established classic PID controller for PV inverter control is linear in nature and 

is very sensitive to variation of system operating conditions, a strategy is necessary to 

enable it to provide robust response in any nonlinear and fluctuating operating condition. 

 As the existing coordinated control for BESS to cooperate with PV inverter operates at an 

hourly basis and requires power flow study every hour, which makes it complex, a dynamic 

supervisory control strategy is required that can operate in real time and cooperate with PV 

inverter in feeder voltage regulation. 

 The need of a strategy that reduces the necessary communication between neighbour agents 

while implementing distributed cooperative voltage control on a large-scale distribution 

system with multiple buses. 

 The necessity of a need-based aperiodic communication scheme that can significantly 

reduce unnecessary sample-state transmissions and the occupancy of limited 

communication bandwidth while implementing distributed voltage control through the 

low-voltage distribution feeder highly penetrated with solar PVs. 

 The necessity of performance evaluation of need-based aperiodic communication scheme 

while implementing distributed cooperative voltage control through the low-voltage 

distribution feeder highly penetrated with solar PVs under fluctuating operating conditions 

(on a partly cloudy day) and in the occurrences of random communication link failures. 

 The need of an algorithm to provide robustness against random communication link failures 

while implementing distributed coordinated control through the feeder. 

1.3 Objective of current research 

 To design and implement a cooperative operation of PV inverter control scheme and 

storage EMS for feeder voltage regulation in real time with detailed control structures in 

case of introduced fast dynamics when large-scale intermittent solar PVs are penetrated.  

 To design and implement an intelligent control strategy for PV inverter that will be able to 

provide robust response and to damp oscillation in any nonlinear and fluctuating operating 

condition and system worst-case scenario. 

 To design and implement an adaptive intelligent supervisory energy management system 

for BESS that can cooperate with PV inverter in voltage regulation by reducing the PCC 

voltage during voltage deviations. 
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 To design and implement a distributed cooperative voltage control strategy for BESS and 

PV inverter for long residential distribution feeder that will require minimal 

communication instants and occupy minimal communication bandwidth. 

 To evaluate the performance of the distributed cooperative voltage control strategy that 

require minimal communication instants and occupy minimal communication bandwidth 

under fluctuating operating conditions and during random communication link failures. 

 To design and implement an algorithm to provide robustness in the occurrence of random 

communication link failures while implementing distributed coordinated control under 

fluctuating operating conditions.   

1.4 Specific contributions of current research 

Analysis:  

 Analysing the impacts of large-scale penetration of solar PVs on the voltage profile of low-

voltage distribution feeder. 

Control design: 

 The design and implementation of cooperative operation of PV inverter and BESS for 

voltage regulation of low-voltage distribution network interconnected with solar PVs in 

real time with detailed control structures. 

 The design and implementation of intelligent ANFIS-based PID control scheme 

(ANFISPID) on PV inverters to regulate the PCC voltage in real time that provides ‘plug-

and-play’ feature for auto-tuning the PID parameters and shows robustness at any nonlinear 

and fluctuating operating condition.  

 The design and implementation of an intelligent ANFIS-based supervisory EMS on BESS 

that cooperates with PV inverter in voltage regulation by charging/ discharging when 

voltage deviation occurs in real time. By applying proper control, this proposed ANFIS-

based supervisory EMS reduces the PCC voltage deviations and reduces reactive power 

injection/ absorption load on PV inverter.  

 The separation of the distributed cooperative control into two different layers which 

reduces the necessary communications while implementing distributed cooperative voltage 

control along a large distribution feeder with multiple buses.  
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 The design and implementation of a discrete event-triggered communication scheme for 

data transmission between neighbour agents while implementing distributed cooperative 

voltage control on BESS and PV inverters. 

 The performance evaluation of a discrete event-triggered communication-based distributed 

cooperative voltage control strategy in the occurrences of random communication link 

failures under fluctuating operating condition (on a partly cloudy day). 

 The design and implementation of an alternate path routing algorithm for data 

dissemination that provides robustness against random communication link failures while 

implementing distributed voltage control under fluctuating operating condition (on a partly 

cloudy day).  

1.5 Thesis organization 

The organization of the thesis is outlined below: 

Chapter 1 provides a brief background of the problems those have been particularly focused 

in this thesis and depicts the motivations, objectives and contributions of the research. 

Chapter 2 provides a detailed review of the control strategies that are being utilized to mitigate 

voltage regulation challenges when increased amount of renewable DGs are connected within 

low-voltage distribution network. This chapter analyses the challenges of increased penetration 

of renewable DGs on the distribution network operation and evaluates ongoing research status 

of voltage control strategies. A comprehensive analysis is performed on the performances of 

conventional and advanced voltage control strategies and different communication 

infrastructures.  

Chapter 3 develops the design and implementation of a novel cooperative control strategy of 

PV interfacing inverter and BESS to regulate the voltage at PCC at any nonlinear and 

fluctuating operating condition and analyses its performance. The proposed cooperative control 

scheme has been evaluated under different worst-case scenarios and its performance has been 

compared with classic cooperative voltage control strategies in realistic distribution system 

model.  

Chapter 4 develops the design and implementation of a novel discrete event-triggered 

communication-based distributed cooperative voltage control strategy for long distribution 

feeder with multiple buses. In this chapter, a novel distributed cooperative voltage control 

algorithm has been implemented on neighbour BESSs and PV inverters that requires minimal 
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communication instants and minimal occupancy of bandwidth. The performance of the 

proposed control strategy has been evaluated in a realistic low-voltage distribution feeder 

highly penetrated with PVs.  

Chapter 5 evaluates the performance of the proposed discrete event-triggered communication-

based distributed cooperative voltage control strategy on a partly cloudy day with fluctuating 

solar irradiation and its performance in the occurrence of random communication link failures. 

It also develops the design and implementation of an alternate path routing algorithm to provide 

robustness against random communication link failures and its performance has been evaluated 

considering time delays.  

Chapter 6 provides concluding remarks as well as recommendations for further development.  
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Chapter 2 

LITERATURE REVIEW  

 

“Mahmud, N., & Zahedi, A. (2016). Review of control strategies for voltage regulation of the 

smart distribution network with high penetration of renewable distributed generation. 

Renewable and Sustainable Energy Reviews, 64, 582-595. (Published)” 

 

 

Abstract 

Integration of renewable energy sources (RES) into traditional power system is one of the 

most viable technologies to meet the ever increasing energy demand efficiently. However, this 

technology arises a lot of challenges which are necessary to be taken care of for smooth 

operation of the network. Voltage regulation is the most significant technical challenge that 

tends to limit the amount of penetration of renewable distribution generators (DGs) into 

distribution network. This chapter attempts to present a detailed review of the control strategies 

that are being utilized to mitigate voltage regulation challenges when increased amount of 

renewable DGs are connected within the distribution network. This chapter analyses the direct 

impacts of increased accommodation of renewable DGs on the distribution network operation 

and evaluates current research status of voltage control strategies. Then qualitative analysis is 

performed for all kinds of voltage control approaches involving their pros and cons for the first 

time. The objective of this chapter is to present the latest research status of distribution system 

voltage control strategies with highly penetrated renewable DGs and a brief review of different 

control methodologies.  
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2.1 Introduction 

The incorporation of RES in electric power system is being popular day by day. Previously, 

it was mostly off-grid connection. However, nowadays grid connected RES are coming into 

trend. Integration of RES into power distribution system was not any serious issue a few years 

ago as the amount of penetration was not that much significant. However, currently a large 

amount of renewable energy sources are being connected which are posing a lot of impacts on 

the operation and protection of the distribution network [1-3]. 

The characteristics of the power distribution network are different from power transmission 

network in several ways. They are as follows [4]: 

 It works in radial topology. 

 There can be significant unbalance. 

 The R/X ratio of the distribution network is relatively higher than the transmission 

network. 

For the planning and stable operation of smart distribution infrastructure, it is necessary to 

analyze the relation between the integration of renewable DGs and the distribution network’s 

behavior [5]. As DGs are connected very near to customers, connecting them has significant 

effects on distribution network’s technology, environment and economy as well as customers’ 

[6-8]. Integration of DGs in the distribution networks is not yet problem free. The traditional 

grids were designed to supply the electric power from generation side to customer’s loads. 

According to this design, the electric power flow was supposed to be unidirectional (from 

higher to lower voltage level) through the whole system. However, when DGs are integrated 

into the distribution network, the excess power generated by DGs after meeting the customer’s 

demand, flow back to the generation side. So, the power flow remains no longer unidirectional. 

It is rather bi-directional which has significant adverse effect on the operation, voltage 

regulation and protection of the power distribution network [6], [9-10].  

Several efforts have been made to review the stability issues, operations and control 

technologies of the power system when large-scale DGs are interconnected [11-15]. [11], [12] 

have discussed about different control strategies and stability issues in a systematic structure 

but they mainly focused on micro grids. [13], [14] have done extensive reviews on the power 

quality issues, reactive power management and voltage management where several control 

devices and methods have been discussed and relative comparisons of their performances have 

been presented. However, systematic classifications of voltage control structures according to 
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respective functionalities have not been discussed. [15] investigates some low-voltage ride-

through enhancement methods during voltage dips and inter-area oscillation damping 

techniques for wind and photovoltaic power plants. However, control schemes for real time 

voltage regulation during system operation was not widely discussed.    

This chapter mainly focuses on the voltage regulation challenges raised from increased 

renewable DG interconnection with low-voltage distribution networks and detailed review of 

voltage control strategies to mitigate its adverse impacts on voltage profile. Existing control 

methodologies have been classified into centralized, decentralized autonomous (decentralized 

control) and decentralized coordinated (distributed control) structures according to their 

respective functionalities. Then qualitative analysis is performed among these classes 

involving their advantages and disadvantages. This chapter is organized as follows. Section 2.2 

describes the challenges that arise due to increased DG accommodation. Section 2.3 details the 

impacts of large-scale DG connection on the voltage profile of the network. Section 2.4 

analyses several traditional and advanced voltage control methods and different control 

structures depending on their functionalities. Section 2.5 establishes the conclusion derived 

from the work.  

2.2 Challenges of increased penetration of DGs in distribution network 

The challenges that occur due to increased penetration of DGs in distribution networks can 

be classified into three categories [3]. 

1) Technical challenges. 

2) Commercial challenges. 

3) Regulatory challenges. 

These challenges are going to be discussed in brief. 

2.2.1 Technical challenges 

2.2.1.1 Power quality  

Depending on the particular circumstance, connecting DGs within the distribution network 

can either deteriorate or improve power quality [16-18]. DGs are connected closer to the loads 

and most of the loads are supplied by DGs in case of higher penetration. As a result, lesser 

amount of power is drawn from the distribution substation. Therefore, the amount of current 

flow from the distribution substation to the consumer’s loads through the feeder and its laterals 
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is reduced. So does the power loss through the feeder [16]. However, there are other two 

important aspects of power quality. They are: 

 Transient voltage variation. 

 Harmonic distortion of the network voltage. 

Single large DGs may cause power quality problems in a weak distribution network 

particularly during starting and stopping. 

2.2.1.2 Protection  

The protection of the distribution network due to integration of DGs is affected in several ways 

[19]. 

 Changes in the traditional distribution network short circuit power.  

 Changes in fault current level. 

 Changes in the characteristics of the fault current, such as amplitude, direction and 

distribution.  

 

Most of the distribution networks were designed and built considering unidirectional power 

flow (without DG). So, during a fault the protection relays cannot coordinate among themselves 

properly in a radial distribution network when a significant amount of DGs are connected and 

Bi-directional power flow occurs [20], [21]. 

2.2.1.3 Voltage regulation  

Voltage regulation issues due to high penetration of DGs are one of the key issues that limit 

the integration of DGs in the network. Due to bi-directional flow of power, regulating the 

voltage through the distribution feeder needs more advanced strategy [5], [6], [9], [10]. 

2.2.1.4 Stability  

In case of conventional passive distribution networks, stability is not any significant 

considerable issue. Day by day, the penetration of DGs is increasing. As a result, the stability 

of the smart distribution network should be a significant consideration. Researchers tried to 

figure out the maximum amount of DGs that can be penetrated into a particular distribution 

network. But this approach was not welcome by the DG manufacturers [22]. 
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Effects of large amount of DGs penetrated into the distribution network depend on several 

parameters [23], 

1. The voltage level of the feeder where the DG is connected. 

2. Category of the distribution network. 

3. The amount of customer demand. 

4. The percentage of penetration. 

Depending on these parameters, integration of DGs has significant effect on voltage profile, 

network losses and fault level [24-27]. For most of the distribution networks, they are radial 

and power flows from higher voltage level to lower voltage level. The resistance to reactance 

ratio (R/X) is more than one for distribution network and less than one for transmission 

network. Due to higher resistance, the voltage drop is higher in the distribution feeder. On the 

other hand, due to higher values of R/X, the impact of the real power provided by DGs has 

more influence on voltage profile than the impact of reactive power [28]. 

 

2.2.2 Commercial challenges 

If proper active management can be applied, the benefit of integrating large-scale renewable 

DGs in the distribution network is expected to be greater than the installation cost. However, 

for that, developed commercial arrangements are necessary. A well-designed incentive scheme 

can be stablished that can encourage the companies to apply active management on grid-

connected renewable DG networks. On the other hand, implementation cost of proper active 

management and the incentives can put effect on the electricity price for the consumers.  

2.2.3 Regulatory challenges 

Low voltage distribution networks were designed to deliver power unidirectionally from 

generation to grid. However, it does not remain as a passive network any longer when large-

scale renewable DGs are interconnected. To operate the large-scale DG connected distribution 

systems properly, appropriate regulatory policies need to be developed those ensure smooth 

and uninterrupted operation of the system. 
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2.3 Impact on voltage regulation of distribution network 

Voltage regulation issue has been considered as the most vital issue for integration of large 

amount of DGs into low and medium voltage distribution networks [28-30]. Several researches 

have been done to mathematically describe the impact of large scale renewable DGs on the 

voltage profile of distribution network [5], [31], [32]. A brief discussion about the impact on 

voltage regulation of distribution network is as follows. Let’s consider a simple conventional 

two bus distribution system.                            

In figure 2.1. (a), we can observe a two bus conventional distribution feeder. Vs stands for 

sending end voltage, VR stands for receiving end voltage. R represents the resistance and X 

represents the reactance of the distribution feeder. DS stands for the distribution substation; 

OLTC stands for on-load tap changing transformer. P and Q are the active and reactive power 

flowing through the feeder. PL and QL are the active and reactive power consumed by the load 

respectively. In figure 2.1. (b), a DG has been connected with the conventional simple feeder. 

After connecting DG in the distribution feeder, there is a voltage rise at receiving end (DG 

bus). Let’s consider the increased voltage at the bus where DG is connected is Vg. The active 

and reactive powers generated by the DG are Pg and Qg respectively. 

 

 

 

 

 

 

                                 (a)                                                                         (b) 

Figure 2.1.  (a) Conventional simple distribution feeder, and (b) Simple distribution feeder 

with DG 

From figure (b), we can write the DG bus voltage as, 

                                                                	 	 	                                                 (2.1) 
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Where ,   and  represent the corresponding phasor quantities of DG bus voltage, sending 

end voltage and current flowing through distribution network respectively. Power flowing 

through the feeder can be written as, 

                                                          	  ∗  

So, the current flowing through the feeder, 

                                                                	 ∗  

So, equation (2.1) can be expressed as, 

                                                          	  ∗ 	 	                                     (2.2) 

                                                               	  ∗   ∗                       (2.3)  

The voltage drop across the feeder is approximately equal to the real part of the voltage drop 

as the angle between the DG bus voltage and the sending end voltage is very small. If we 

consider the DG bus voltage as reference bus, the angle of DG bus voltage is 0. As a result, 

equation (2.3) can be approximated as,  

                                                                ∆   	                              (2.4)  

Where, ∆  voltage drop along the distribution feeder. 

If we consider the DG bus voltage as the base voltage, we can assume 	  as unity.  So, equation 

(2.4) can be written as follows, 

                                                                ∆   	                                      (2.5) 

Where, 	  and	 	 .  

So, equation (2.5) can be written as, 

                                                          	 	 	 	                   (2.6) 

From this equation, we can find the amount of maximum permissible DG in distribution feeder 

that can be accommodated. The worst case scenarios are (considering unity power factor): 
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1) Maximum generation minimum load (Pg = Pgmax, PL = 0, QL = 0) 

2) Maximum load minimum generation (Pg = 0, Qg = 0, PL = PLmax) 

For the first scenario, considering unity power factor, (2.6) becomes, 

                                                              	 	  

                                                    Or,     
	

 

Let’s consider, Vgmax is the maximum voltage at the generation bus within the permissible 

voltage limit along the feeder. Therefore, to keep the voltage within permissible limit, Pgmax 

needs to be, 

                                                              
	

                                                (2.7)   

For the second case also, considering unity power factor, (2.6) becomes, 

                                                             	  

                                                   Or,     
	

 

Let’s consider, Vgmin is the minimum voltage at the generation bus within the permissible 

voltage limit along the feeder. So, to keep the voltage within permissible limit, PLmax needs to 

be, 

                                                              
	

                                     (2.8) 

 does not stay within this limit all the time. For larger dynamic load, the bus voltage 

reduces lesser than the minimum permissible limit. 

Figure 2.2. compares the voltage deviation pattern along the feeder in a conventional two-

bus distribution system and in a DG connected distribution system using results obtained from 

PSS/E and derived formula [33].  
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          (a)                                                                          (b) 

 

Figure 2.2.  (a) Voltage deviation along the feeder in a conventional two-bus distribution 

system, and (b) Voltage deviation along the feeder in a DG connected distribution system. 

The solid line represents the result obtained from PSS/E; the dotted line represents the result 

obtained from derived formula. Two bold solid lines indicate the permissible range of voltage 

variation [33]. 

 

For the steady state operation, the voltage along the feeder has to be in a permissible limit. 

There is no internationally applied rule for steady state voltage range along the feeder. For 

maximum cases, the allowable voltage variation along the feeder is 6% [19]. Some cases, 

DNOs set the transformer secondary voltage maximum within permissible limit to ensure that 

voltage will remain above minimum at the far end of the long distribution feeder. 
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Now, let’s consider a large distribution feeder with n number of buses in Fig 2.3. 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 2.3.  (a) Conventional n-bus distribution feeder, and (b) n-bus distribution feeder with 

DG 
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(c) 

Figure 2.4.  Simulation results of IEEE 34 Node Test Distribution System with 0% (a), 25% 

(b) and 50% (c) penetrations of DGs. The solid line represents the result obtained from 

PSS/E; the dotted line represents the result obtained from derived formula. Two bold solid 

lines indicate the permissible range of voltage variation [33]. 
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Authors of [33] have simulated an IEEE 34 Node Test Distribution System in PSS/E (Power 

System Simulator for Engineering) for several percentages of DG integration and the 

simulation results are presented in Fig 2.4. 

In order to minimize the adverse effects, distribution network operators prefer to 

accommodate the DGs at higher voltage level where the impact of the DGs on the voltage 

profile of distribution feeder is minimal. On the contrary, the developers of DGs prefer to 

accommodate the DGs at the lower voltage level to minimize the connection cost [67], [86]. 

The higher is the voltage level, the higher is the connection cost and vice versa. This conflict 

of interest can be settled through load flow studies.  

2.4 Qualitative analysis of voltage control strategies 

A significant amount of research [34-66] is going on to evaluate the optimum location where 

DGs should be accommodated and the amount that can be integrated into distribution network. 

To find the optimal size and location for DG, two kinds of approaches are followed [5]. They 

are, 

1) To accommodate DGs with pre-specified capacities at best locations in the distribution 

network (DN). 

2) To specify network location of interest guiding the DG capacity growth within network 

limits. 

The first approach is done basically by using evolutionary computation. Such as particle 

swarm optimization (PSO) [34], genetic algorithm (GA) [35-38] and fuzzy logic based methods 

[39], [40]. The second approach is unable to solve continuous function of the capacity. For 

solving these, gradient search (GS) [41], linear programming [42] or optimal power flow (OPF) 

[43-48] methods are used. Both of these methods have their advantages and short comings. A 

hybrid method has been used in [49] and [50] (where combination of optimal power flow & 

genetic algorithms and combination of particle swarm optimization & optimal power flow have 

been used respectively). However, they have their limitations too. Some analytical approaches 

based on the sensitivity analysis have been done in [51-59] to optimally accommodate DGs in 

the distribution network. Several other different methods have been used for DG optimization 

and allocation in the distribution network [60-66]. 
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In these methodologies, optimum condition is usually measured by improving the voltage 

profile. However, unpredictable events as wind gusts, solar radiation excursion or sudden 

overload may push the node voltages out of permissible limit resulting in cascaded events.  

Active network management (ANM), a form of centralized strategy, is proposed as a key to 

integrate DG units in the distribution network as much as possible. It helps the distribution 

network operators (DNO) to utilize the maximum use of the existing network circuit by taking 

several management strategies similar to the transmission system [67], [68]. It provides real 

time monitoring, communication and control of the network by taking the advantages of 

generation dispatch, OLTC (on-load tap changing transformer), voltage regulators, shunt 

capacitors, reactive power compensation etc.  

Another alternative approach proposed to control the voltage within acceptable limits is the 

intelligent distributed control of DG and other network parameters [69]. There are several 

different approaches for the distributed control. The effect of integration of DGs on the voltage 

profile mainly depends on the location of integration in distribution feeder. So, the distribution 

network configuration should be taken into account while designing the control strategy. 

Because, same amount of DGs, integrated in different parts of the network, make different 

impacts.  

2.4.1 Traditional methods 

In traditional distribution systems, the voltage regulation is being done usually by, 

1) On load tap changer (OLTC). 

2) Switched capacitors (SC). 

3) Step voltage regulator (SVR). 

On load tap changer is a tap changing autotransformer. It adjusts its taps automatically to 

adjust the voltage by measuring the feeder current at the substation end and estimating the 

voltage drop along the distribution feeder. Integration of DGs makes the power flow bi-

directional and the voltage profile of the network depends on DGs location, injection of active 

power and power factor of DGs. So, the overall situation through the feeder is unpredictable 

and uncontrollable by OLTC [22]. Moreover, due to the naturally intermittent renewable DG’s 

varying output and dynamic behavior of loads, the voltage variations occur so rapidly that 

traditional OLTCs or SCs cannot regulate as fast as they require. Another simple solution is to 

lower the set point of the OLTC at the substation so that the increased voltage at DG bus 

remains within upper permissible limit. However, this method is unable to ensure that the 
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voltages of all the network nodes will be within permissible limits throughout the feeder. In 

addition, other feeders might be connected to the same transformer. Then, this strategy can 

adversely affect other feeders. Currently, over traditional mechanical OLTCs, new solid state 

OLTCs are there which are performing better with lesser maintenance cost. They provide 

significant control capability such as coordinated control with communication [70]. Step 

voltage regulator (SVR) is also a tap changing automatic voltage regulator that locates along 

the feeder [71]. A switched capacitor (SC) is an electronic circuit element. It works by moving 

charges into and out of capacitors when switches are opened and closed. 

2.4.2 Advanced methods 

Several alternative methods with different controllable components were evaluated in several 

literatures to solve the voltage rise mitigation problem. A brief discussion about the 

controllable components is as follows:  

a) Generation curtailment during low demand: Voltage along the distribution feeder is 

controlled by constraining the injection of active power from DG. However, it results in 

spilling of useful solar energy which is being highly discouraged by the PV panel owners.  

b) Reactive power control (VAR compensation) by reactive compensator: To control the 

feeder voltage, reactive compensators absorb/ inject reactive power at the connection point 

of DG. 

c) Area based OLTC coordinated voltage control: Voltage is managed within the 

permissible limits by continuously changing the tap changer setting at the substation.  

d) Inverters at DG sites: Inverter interfaced DGs (PV and wind) can be utilized to control 

the reactive power absorption/ injection to regulate the voltage along the feeder. 

e) Consumption shifting and curtailing: Shifting or curtailing the energy consumption by 

DGs can be another approach to regulate voltage. 

f) Energy storage: By controlling the charging and discharging of the distributed battery 

energy storage system (BESS), the voltage fluctuation along the distribution network can 

be reduced. 

Numerous alternative control solutions have been proposed in a number of literatures. Some 

common control structures were discussed in [72], [73], which are, 

i) Centralized control. 

ii) Decentralized autonomous control (Decentralized control). 

iii) Decentralized coordinated control (Distributed control). 
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Now, these control structures are going to be discussed below: 

2.4.2.1 Centralized control   

In this approach, the control decisions on different issues are solely taken by the central 

coordinator body. Status information from different network components is provided to the 

central coordinator via communication channels. Then the network management system 

analyzes the data and coordinator takes the control decisions and sends control effort signals 

to remote equipment.  

To regulate the voltage along the distribution feeder and keep it within permissible limit, the 

centralized controller requires having an accurate knowledge about the voltage at each network 

node. However, complete supervisory control and data acquisition (SCADA) system is hardly 

available in distribution networks. As for example: 11 kV distribution networks provide real 

time measurements only at primary substation. As a result, enough real time measurements 

throughout the feeders are seldom available. This shortages of real time measurements need to 

be compensated with estimated measurements. State estimation algorithms have been useful 

for long time designated for power transmission systems with lots of real time measurements 

[74]. However, transmission system state estimation algorithms cannot be directly used for the 

distribution network system for above reasons.  

 Distribution system state estimation 

A significant amount of researches has been done on the transmission system state estimation 

(TSSE) and distribution system state estimation (DSSE) [74-84]. According to the researches, 

lack of real time measurements in the distribution network needs to be compensated with 

estimated pseudo-measurements. DSSE provides methodology to estimate the voltage at each 

node of the distribution network from available real time measurements and information. For 

the estimation, the estimator needs the following information, 

1) Distribution network topology. 

2) Impedance data. 

3) Customer’s load information. 

4) Few real time measurements. 

 

A functional block diagram for the estimator and controller is given below in Fig 2.5. 
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Figure 2.5. A functional block diagram of distribution management system controller 

(DMSC) 

Significant difference between the real time measured value and the estimated pseudo value 

can cause significant instability within the system. So, the critical points to measure the voltage 

should be carefully and strategically chosen. Strategically located measurements at key 

network nodes (such as at point of common coupling of DG or at a crucial network node where 

significant variation of voltage is expected) can supple the pseudo measurements. A series of 

load flow analysis might help to choose the critical points which will result in minimizing the 

variance on the unmeasured nodes.   

We can minimize the error between the measurements and calculated values from the following 

equations [73]. 

 

                                      min , , ……… ) = ∑ 	 , ,………
          (2.9) 

 

                                      	 	 	                                               (2.10) 

                                       

                                      	 	                                                                     (2.11) 
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Where,  

	 State variables. 

	 Measurements. 

, , ……… )   Measurement values calculated from state variables. 

 = Standard deviation.      

 Jacobean of the measurement set. 

 Diagonal matrix whose elements are the inverse of the measurement variance. 

 Variance of the estimated quantities. 

The solution of (2.9) is the set of state variables that minimizes the difference between 

measurements and calculated values. The minimization leads to iterative process where (2.10) 

is evaluated with the most recent values of state variables until convergence condition is met. 

With more integration of DGs, the network becomes more complex and interconnected. A 

distribution system state estimation (DSSE) algorithm that can be applicable for both radial 

and meshed networks is required.  

 Review of control methodologies  

A centralized operation based active network management (ANM) has been discussed in 

[67]. In this article, three alternative approaches are evaluated to solve the voltage rise 

mitigation problem: 

1) Generation curtailment during low demand. 

2) Reactive power control by reactive compensator.  

3) Area based OLTC coordinated voltage control.  

The performance of different control strategies has been relatively examined and evaluated.  

Revenue obtained from the coordinated OLTC control was found highest. However, the 

coordinated control scheme was not explained. For a higher penetration of DG, the annual 

generation curtailment was far lesser.  Proposed control strategies likely increased the amount 

of integrated DGs. Similar to transmission networks, centralized distribution system controllers 

have been discussed in [68] and [73]. State estimation method has been used to assess the 

voltage at each network locations and a wide area voltage control has been done by reactive 

power compensation and DG curtailment. OPF and cost benefit analysis (CBA) have been 

performed after that to evaluate the performance of voltage control. Capital costs, operation, 

maintenance and repair costs, AM schemes costs, savings from economies of scale, revenues 
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from energy sales and environmental incentives were considered for cost benefit analysis 

(CBA). Distribution System State Estimation and active control of OLTC were performed in 

[85] and [86] to regulate the voltage. Variation of voltages has been done at substation for 

controlling the voltage through the feeder. A control algorithm has been proposed to control 

(lower or rise) the automatic voltage control (AVC) target in such a way that the maximum and 

minimum node voltages along the feeder stay inside the permissible range. Similar to the 

control strategy of transmission system, coordinated voltage and reactive power control scheme 

have been followed in [87-89]. Alike [89], an objective function to minimize active power 

losses through distribution network has been considered in [90-94]. A multi-objective optimal 

voltage regulation algorithm is presented in [90]. In this chapter, control devices (like load ratio 

transformer, static VAR compensator (SVC), Shunt capacitors and reactors) have been 

operated in a coordinated manner to minimize system losses and voltage deviation at each bus. 

With an active control over OLTC and reactive power support, voltage has been controlled in 

[91], [92]. In [93], voltage regulation has been performed by controlling network parameters 

and power factor at which DG operates over several different periods in the day with different 

load levels. [95] focuses purely on reactive power control with an objective to minimize voltage 

deviation at each bus from specified reference voltage like [96] and does not utilize control 

equipment like OLTC tap settings, shunt capacitors similar to [69]. Voltage regulation was 

done in [96] by varying the settings of OLTC & load ratio control transformer and by utilizing 

shunt capacitors & SVC. A combined constant power factor control and variable reactive 

power control has been applied with an objective function to maximize the DG real power 

capacity in [69]. Comparison between centralized and decentralized control by some case 

studies has been done in [97]. In [98], control action has been done by utilizing OLTC and 

SVR. An objective function to maximize the magnitude of the lowest bus voltage has been 

considered in [99]. The aim was to keep the voltage at each bus within specified limits and the 

power supplied by each DG within its limits. [100] and [101] analyzed the effect of line drop 

compensation in distribution network. Line drop compensation is imperfect when DGs are 

accommodated in the distribution network. This is because current measured at the OLTC 

terminals does not include the current supplied by the DGs. The proposed methodology in these 

articles mitigates voltage rise due to integration of DGs. However, the method does not utilize 

any voltage regulation equipment other than OLTCs. With minimum DG reactive support, an 

optimal volt/ VAR control technique has been proposed for voltage regulation in [102]. 

However, minimizations of DG, active power injection curtailment and coordination of voltage 

regulation devices have not been considered. In [103], to reduce the optimization complexity, 
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the distribution network has been divided into sub-networks but again coordination among 

OLTCs is not considered. An algorithm has been proposed in [104] to minimize system losses 

and tap operations in radial distribution network by coordinating OLTCs and static VAR 

compensators (SVC). In [105], decoupled active/ reactive power control methodology through 

feedback linearization has been proposed for voltage regulation. However, this methodology 

has not coordinated voltage regulation devices. A one-day-ahead forecasting of load and 

renewable resources has been used to utilize the PV reactive power in [106]. The tap operations 

are minimized in this approach but active power injection curtailment is not considered during 

limited reactive power support. There can also be forecasting errors due to uncertain 

intermittent nature of renewable sources. The author of [107] proposed a methodology for 

voltage regulation by utilizing reactive power produced by PV-inverters. An algorithm 

operating in continuous time domain has been adopted to solve a constrained dynamic 

optimization problem to minimize voltage deviation from reference value along the feeder. 

However, supplementary injection of reactive power increases inverter losses which reduces 

PV income. An optimal coordinated voltage regulation method in distribution network with 

vehicle-to-grid reactive power support (V2GQ) strategy has been proposed in [108].  A reactive 

market based on uniform price auction has been proposed by [109]. A control strategy of 

distributed battery energy storage system (BESS) utilizing OLTC, SVR and other traditional 

regulators has been proposed in [110] to reduce tap changer operation, to shave DN’s peak load 

and to reduce power losses.  

Centralized control methodology can provide the best performance possible, especially for 

small scale systems and for those networks where power flow is unidirectional. However, this 

methodology may become unpopular in future distribution networks for several reasons which 

are as follows: 

 These centralized control approaches require significant investments in communication 

assets and sensors. For high penetration of DGs into large interconnected and complex 

distribution networks, the implementation of centralized approach is not feasible.  

 A large number of small scale DGs need to be controlled. 

 Increased amount of uncertainties (due to intermittent renewable sources, faults, electric 

vehicles, storage units, dynamic loads, restoration, reconfiguration etc.). 

 It causes large computational burden and numerical stability issues as it requires power 

flow solution at each time step. 
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 This methodology does not satisfy the effort to achieve ‘plug and play’ property in which 

DGs can be connected to the distribution system with minimum revisions on feeder control 

and protection.  

  

2.4.2.2 Decentralized autonomous control  

In decentralised autonomous voltage control methodology, distribution network voltage 

regulation devices operate in response to the localised issues surrounding them. The controllers 

receive and analyse information from sensors surrounding them and perform necessary control 

effort on their respective locality [111]. 

 Review of control methodologies 

In [112], an intelligent decentralized hybrid voltage-power factor control (switching between 

the voltage control mode and power factor control mode) and a fuzzy logic based control 

strategy have been proposed and discussed to solve the voltage rise problem along the 

distribution feeder.  As the distribution network is rapidly expanding and being complicated 

day-by-day, distribution network operators would require incorporating more voltage control 

devices. However, the discussed hybrid voltage/ power factor control can only be applied when 

no other voltage control device is near in the vicinity. On the other hand, to keep the power 

factor constant at the injection point, the generator settings need to vary with the load, which 

needs constant monitoring of generation and load. In [113], a methodology has been suggested 

to utilize voltage source converters (VSC) with DGs to control the voltage by controlling the 

reactive power independent of the active power. Uniformly distributed generators and loads 

have been considered which is seldom practical. Most distributed energy resources (DGs) are 

preferred to operate at unity or constant power factor. Such as, PVs are required to operate at 

unity power factor to provide maximum power [114]. Sizes of DGs are considered small to put 

effect on the voltage regulation of the distribution feeder. On the other hand, in large 

interconnected systems, the inverter based distributed generators with voltage control 

capability compete with one another to control the voltage and result in hunting among the 

generating units. Sometimes, they interfere with distribution network system operators’ control 

(On load tap changing transformer operation) too and pose the possibility of undesired 

islanding [115]. For this reason, several countries do not allow voltage regulation by inverter 

interfaced distributed generators to prevent the risk of unwanted islanding.  
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A reactive power control approach has been made in [116] to turn large amount of DG 

connection into a non-perturbing power supply system along the distribution feeder. In this 

chapter, instead of controlling the bus voltage, an approach has been made to ensure that 

generators’ active power injection alone does not occur significant voltage rise. Effectiveness 

and adequacy were analyzed and effect on DNO control was examined. Q* control, Constant 

leading power factor and constant lagging power factor approaches were examined for voltage 

rise mitigation for two different cases (high load and no load). It was found that, Q* control 

approach regulates the voltage rise problem for both the load situations and in between but with 

significantly increased tap changing efforts. It may allow to accommodate more DGs but in 

traditional fit and forget manner. Also, for a weak distribution network, if the DGs are operated 

in power factor control mode, it has an adverse effect on the generator terminal bus voltage. 

[117] suggested a decentralized line drop compensation method using OLTCs to mitigate 

voltage deviation. It also suggests that voltage control with DGs is possible when DG 

technology allows dispatching. [118] proposed an improved strategy from [112] to control the 

voltage. It suggested utilizing generation curtailment strategy when hybrid voltage-power 

factor control is not effective. It prevented excessive voltage rise in a cost effective manner. 

[119] proposed a method that optimized the existing network infrastructure. Tap settings of the 

OLTC were reduced in such a way that it can accommodate the raised voltage within the 

permissible limit. However, traditional OLTCs are not fast enough during the situations of 

sudden dynamics as they require some physical adjustments to make. Also, the amount of tap 

changes should be kept within limited value. The DG operating power factor was varied to 

reduce the distribution network dependency on transmission network for reactive power supply 

at any given period in [120]. [121] examined different operation modes (constant voltage, 

constant current and constant power factor) of DG and found that the losses are higher when 

DGs are operated at constant power factor mode.  [122] suggested a decentralized control 

method where the network was divided into groups of adjacent buses. DGs monitor voltage 

within their respective groups and vary the reactive power utilizing inverters to adjust their 

terminal voltages.   

Currently, inverter interfaced DGs are not permitted to control voltage locally according to 

1547 IEEE Standard [123]. However, IEEE P1547.8 has developed practice for establishing 

methods for expanded use of 1547 [124]. Researchers are working on the situations when local 

voltage control by inverter interfaced DGs should be allowed. Moreover, inverter interfaced 

DGs can deliver fast reactive power support. As a continuation, [125-134] have showed that 

the reactive power capability of inverter interfaced distributed generators can improve 
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distribution network systems operation. They mainly focused on the volt/ VAR control strategy 

of inverter interfaced DGs. The voltage control objective is accomplished with a piecewise 

linear droop characteristic in [127-131], which determines the reactive power injection as a 

function of the voltage magnitude at the PV inverter terminals. [135-139] showed how 

distributed control of reactive power (part of volt/ VAR control strategy) could serve to regulate 

voltage and minimize resistive losses in a distribution circuit. [140] and [141] suggested that 

the integration of MPPT (maximum power point tracker) with real and reactive power control 

capability can improve the overall efficiency of the system. [142-147] suggested local linear 

controllers to improve voltage quality but they need high bandwidth communication with 

distribution network system controllers. [148] suggested a local linear controller that 

substitutes reactive power for real power for mitigating voltage deviations. This controller does 

not require high bandwidth communication like [142-147] but its performance was not assessed 

in larger interconnected distribution systems with multiple DGs. [149] showed that DGs have 

the ability to provide flexibilities on curtailing or shifting their energy consumption for 

mitigating voltage fluctuations. 

Being autonomous is one of the main advantages of decentralized local control. Controllers 

receive information of their local network status, analyze it, select an appropriate control effort 

and then implement that effort. As a result, decentralized autonomous controllers have the 

capability and flexibility to respond to load fluctuations. There are some drawbacks too. They 

are as follows: 

 Voltage control devices undergo high stress. 

 Local voltage controllers compete with one another and interfere one another’s operations. 

 Power losses through distribution feeder are increased. 

 DGs energy capture is not maximized. 

 

2.4.2.3 Decentralized coordinated control  

In this control methodology, DGs communicate with one another to recognize the local states 

of whole distribution system. They exchange information of their individual states, control 

actions, plans and requests to coordinate with one another for achieving a global approach to 

mitigate the voltage rise issue in an efficient way.    

Voltage control devices should coordinate with one another for proper voltage regulation. 

With proper coordination, voltage deviation issue can be tackled efficiently. As a result, peer-
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to-peer, multiagent, coordinated control methodology has been motivated by operators. Multi-

agent system (MAS) has been introduced recently as a potential technology for voltage 

regulation applications. Some basic definitions of MAS concept and its applications in power 

system have been discussed in [150]. They are briefly described below: 

 Agent 

An agent is a software (or hardware) entity that is located in some environment and capable 

of reacting autonomously to changes in that environment. It monitors its environment either 

physically through sensors or collecting data from other resources.   

    

 Intelligent agent  

Intelligent agents show some intelligent features and flexible autonomy while taking 

decisions for reactions to the changes in the environment. They are: 

 Intelligent agents can react to changes in a timely fashion based on the changes in the 

environment. 

 Intelligent agents can set their own goals and can alter over time. 

 Intelligent agents can interact with other intelligent agents. They not only exchange data 

but also negotiate and solve complex interactive problems. 

 Multi-agent system  

Combination of more than one intelligent agent and agent within a cooperative system is 

called multi-agent system (MAS). MAS is capable of dynamic re-organization of its overall 

function. This decision is taken by intelligent agents based on the signals, information and data 

from the environment on an ongoing basis. A functional diagram of the active network with 

MAS control in radial distribution network is given below in Figure 2.6. 
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Figure 2.6.  An active network with MAS control in radial distribution network divided into 

subnetworks (cells). 

 Review of Control methodologies 

An active network needs to be constructed with the support of MAS. The radial distribution 

network is divided into several sub networks (feeders). For each feeder a local control area 

(cell) needs to be established. Within the local control area (Cell), each controllable component 

(such as, controllable generators, loads etc.) will have an agent that can operate autonomously 

with local goals or cooperate with other agents to achieve global goals. Intelligent agents can 

communicate with one another in two approaches [151].   

1) Phone-based communication. 

2) Internet-based communication. 

A multi-agent optimal reactive power dispatching strategy was suggested in [151] for voltage 

rise mitigation in a single feeder. This study can be advanced by considering voltage regulators 

and shunt capacitors in operation and providing a proper simulation model. [152-157] 

suggested multi-agent frame works for proper voltage control in distribution network. 
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However, a well-defined control structure and operation mechanism could be presented. This 

study can be upgraded by developing proper communication and coordination protocols among 

voltage controllers. [158] considered these issues that were not well discussed in [152-157]. A 

methodology has been proposed to achieve decentralized coordination among distributed 

systems in [159], [160] via multi-agent consensus theory. A secondary voltage control strategy 

has been discussed in [161] using multi-agent system theory but it focused on transmission 

systems. [162-164] suggested a strategy where each network node can request for reactive 

power support in the situations of voltage deviation throughout the feeder. [165] suggested a 

methodology where each node of the distribution network observes the deviation of its local 

voltage from the nominal value and voltage deviation state is initialized.  Then, all the nodes 

share information and inverters coordinate to control the voltage jointly.   

To implement multi-agent system, several things need to be considered. They are: data 

standardization, intelligent agents design, platforms and communication languages. 

Foundation for Intelligent Physical Agents (FIPA) is the body that develops agent’s standards 

and sets agent communication languages. Java Agent Development Framework (JADE) is a 

popular platform for multi-agent system in power engineering applications. As JADE acts as a 

middleware for developing distributed applications, its scalability needs to be evaluated. Three 

important variables need to be considered while evaluating scalability of JADE. They are, 1) 

the number of agents in a platform, 2) the number of messages for a single agent and 3) the 

number of simultaneous conversations a single agent gets involved in [166]. JADE tries to 

support as large system as possible, but in case of large-scale implementation, the processing 

load tends to increase [167] as agents are usually programmed with interpreted language and 

need to keep rigorous interoperability standards in check which may cause data processing 

overheads. 

     

2.5 Conclusion 

 

Voltage regulation challenge along the distribution feeder has attracted the rapidly growing 

attention of industries and researchers and this issue will be more significant in near future due 

to increased integration of renewable DGs in the lower/ medium voltage network. In this 

chapter, we presented how the operation, protection and stability of the distribution network 

gets impact due to increased accommodation of renewable DGs. Traditional control devices 

are not fast enough to regulate the voltage when large amount of intermittent renewable DGs 
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are connected. Development of advanced control strategy is the fundamental key to penetrate 

large amount of intermittent renewable DGs without putting significant adverse impact on 

distribution network operation and stability. Many researches are going on to establish better 

control over the feeder voltage when large amount of renewable DGs are accommodated. 

Utilization of energy storage devices is also a promising strategy to mitigate these issues and 

to ensure a sustainable power supply. Energy storage devices can support the grid during high 

peak demand and they can be utilized to shift consumer loads from peak time to off-peak time 

[168].  

Qualitative analysis was performed in this chapter for all kinds of voltage control approaches. 

Researchers have used several control devices like OLTCS, SVRs, SCs, STATCOM/ FACTs 

devices, PWM inverters, energy storage devices etc. and have utilized several control 

methodologies. This chapter also summarized recent developments in control approaches like 

centralized control approach, decentralized autonomous control approach and decentralized 

coordinated control approach. These control approaches have their own advantages and 

disadvantages, which have been discussed in previous sections. Centralized control approach 

is very popular for small networks where power flow is unidirectional. As power system is 

expanding day-by-day and power flow is being bi-directional nowadays due to increased 

accommodation of DGs, this approach is losing its popularity. On the other hand, decentralized 

autonomous control approach shows the flexibility to respond to load fluctuations due to its 

autonomous characteristics. However, it has got some disadvantages too like high stress, 

operational interference, increased power loss etc. Decentralized coordinated control approach 

is gaining interest of researchers nowadays because of its coordination capability among 

control devices which helps to achieve a global goal. In addition, as I have reviewed, voltage 

regulation of the modern distribution network is a challenging research area and still under 

development. Researches are going on and significant efforts are still necessary to mitigate this 

issue. 
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Chapter 3 

A COOPERATIVE OPERATION OF NOVEL PV 

INVERTER CONTROL SCHEME AND STORAGE 

ENERGY MANAGEMENT SYSTEM BASED ON ANFIS 

FOR VOLTAGE REGULATION OF GRID-TIED PV 

SYSTEM 

 

“Mahmud, N., Zahedi, A., & Mahmud, A. (2017). A cooperative operation of novel PV inverter 
control scheme and storage energy management system based on ANFIS for voltage regulation 
of grid-tied PV system. IEEE Transactions on Industrial Informatics. (Published)” 

 

Abstract 

In this chapter, the voltage regulation problem in low-voltage power distribution networks 

integrated with increased amount of solar photovoltaics (PV) has been addressed. This chapter 

proposes and evaluates the cooperative performance of a novel proportional-integral-derivative 

(PID) control scheme for PV interfacing inverter based on intelligent adaptive neuro-fuzzy 

inference system (ANFIS) and an ANFIS-based supervisory storage energy management 

system (EMS) for regulating the voltage of three-phase grid connected solar PV system under 

any nonlinear and fluctuating operating conditions. The proposed ANFIS-based PID control 

scheme (ANFISPID) dynamically controls the PV inverter to inject/ absorb appropriate 

reactive power to regulate the voltage at point of common coupling (PCC) and provides robust 

response at any system worst case scenarios and grid faults. In addition, the proposed ANFIS-

based supervisory EMS controls the charge/ discharge of the battery energy storage system 

(BESS) when there is voltage deviation to cooperate with ANFISPID in PCC voltage 

regulation. The proposed ANFISPID-based PV inverter control scheme and ANFIS-based 

supervisory EMS are developed and simulated in MATLAB/ Simulink environment and their 

dynamic cooperative performances are compared with cooperative performances of 

conventional PID-based PV inverter control scheme and state-based EMS.    
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3.1 Introduction 

Power distribution systems are undergoing substantial changes because of the new advents 

and technologies such as integration of large-scale renewable distributed generators (DGs), 

advanced control & communication schemes and storage capable loads [1]. Integration of 

large-scale renewable DGs in traditional power system is being popular day-by-day because of 

its capability to satisfy ever-increasing energy demands, increased power quality, zero carbon 

emission and expandability. 

Currently, large amounts of renewable DGs are being connected with low-voltage weak 

distribution networks that are posing significant impacts on the operation and protection of the 

system [2-4]. Moreover, increased accommodation of renewable DGs introduces new 

dynamics that have significant adverse impacts on the voltage profile at PCC [5-7]. The three-

phase grid connected renewable DG systems are generally composed of renewable energy 

sources such as solar PVs, wind turbines, fuel cells etc. integrated with grid. These renewable 

sources are naturally intermittent and the generation of power at any given time depends on 

uncontrollable and nonlinear natural elements (such as solar irradiation, wind speed etc.). As 

the resistance to reactance ratio (R/X) is more than one for low-voltage distribution networks, 

the impact of power injected by renewable DGs has significant influence on voltage profile of 

the feeders [8].  For the steady state operation of the system, the voltage along the distribution 

feeder needs to be within a permissible limit. Though, there is no internationally applied rule 

for steady state voltage range along the feeder, for maximum cases, the allowable voltage 

variation along the feeder is 6% of the nominal voltage [9]. Conventional voltage regulators 

like on-load tap changers (OLTC), switched capacitors (SC), step voltage regulators (SVR) etc. 

are inefficient in the newly introduced dynamics of grid-tied solar PV systems. In that case, 

utilization of grid interfacing power electronic converters (e.g. PV inverters) can be an efficient 

alternative as they can deliver fast, dynamic and continuous reactive power support, which can 

be utilized for voltage control. However, the allowable PV inverter reactive power generation 

is limited and the impact of reactive power on PCC voltage of low-voltage system is lesser due 

to higher R/X ratio. Utilization of BESS is another efficient strategy for voltage regulation of 

low-voltage systems with PVs. However, frequent charge/ discharge reduce the life span of 

BESS and the solo-implementation of BESS for voltage profile enhancement needs excessively 

large capacity of batteries that is not economically feasible. In this scenario, the cooperative 

operation of both the PV inverter and BESS for voltage regulation can ensure enhanced 

performance [10]. Moreover, as power injected by solar PVs is uncertain, utilization of BESS 
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can improve the state of power availability, operability and degree of controllability of the 

system [11].  

Classic controllers like PID controllers are long established in controlling the three-phase 

grid interfacing PV inverters. This control algorithm is widely used method in industrial 

automation because of its simplicity in structure and linear nature. However, this type of 

classical controllers require exact mathematical model of the system and are very sensitive to 

variation of operating conditions [12]. If the PID gain parameters are not selected properly, the 

response of the PID controller gets unstable, oscillatory or sluggish [13-14]. Therefore, it is 

necessary to tune the appropriate PID gains in real time in accordance with varying operating 

conditions to have stable and acceptable responses. Manual trial-and-error based tuning 

approaches would be very monotonous, expensive and time consuming and the tuned gains 

could become obsolete in a short time. As a result, conventional PID controllers may appear 

deficient as it is nearly impossible to set optimal gains due to rapid changes in dynamics of 

highly nonlinear grid-tied PV system environment [15-17] which may result in large overshoot 

and system oscillation. In this situation, an adaptive intelligent system is necessary that can 

atomically tune the PID control parameters in accordance with system operating conditions in 

real time. 

Several intelligent control schemes are being used for industrial automation in recent days 

like artificial neural networks (ANN), fuzzy inference system (FIS) or neuro-fuzzy systems. 

These intelligent control schemes do not require exact system model to operate and they are 

invulnerable to system dynamics. As a result, these intelligent controllers are advantageous in 

operating in highly nonlinear systems [18-19]. Among the neuro-fuzzy models, ANFIS is 

easier to implement, faster, stronger in generalization skills and more accurate [11] that inherits 

the learning and parallel data processing ability of artificial neural networks and inference 

ability (like human mind) of fuzzy inference system. As PID is already a well stablished and 

widely used control scheme in power industry, the combination of the simplicity of PID and 

the capability of ANFIS in handling the uncertainties has been proved advantageous while 

controlling the PV inverters under fluctuating operating conditions. The proposed ANFIS-

based intelligent PID control scheme adapts the dynamic states of distribution system voltage 

profile and tunes the PID gain parameters automatically to improve the potential of PID control 

scheme in providing transient responses.  
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The reactive power capability of inverter interfaced DGs has been utilized for voltage 

regulation and enhancement of low voltage ride-through (LVRT) capability during grid faults 

in many literatures [14], [20-29]. Authors of [14], [21] and [25] have theoretically analysed 

and tested the significance and performance of tuned PID with adaptive gains but the strategy 

to obtain an acceptable voltage profile along the feeder has not been presented. Previously, 

some efforts have been made to incorporate fuzzy logic system to auto-tune PID control 

parameters [30-33]. However, this approach involves laborious design steps such as manual 

tuning of membership functions, selection of fuzzy rules, selection of scaling factors etc., which 

are usually obtained by trial-and-error method. This turns it into a time consuming and error-

prone process [34]. 

 To our knowledge, this is the first time that a PID control scheme dynamically auto-tuned 

in real time by intelligent ANFIS has been implemented on PV inverter for regulating the PCC 

voltage of three-phase grid-tied solar PV system that shows robustness at any system worst-

case scenarios. On the other hand, one reference has been found where ANFIS has been applied 

as a ‘supervisory controller’ [11] for BESS where the objective of charge/ discharge of BESS 

was not the voltage regulation of the system. In our study, an intelligent ANFIS-based 

supervisory EMS has been proposed that cooperates with the ANFISPID-based PV inverter 

control scheme in voltage regulation by reducing reverse power flow to the grid or supplying 

power when there are voltage deviations. It reduces the voltage deviation at PCC and the 

volume of reactive power injection/ absorption by the PV inverter for voltage control that 

eventually results in reduction of line losses through the system. The authors of [35] have 

proposed a coordinated control of PV inverter and energy storage for voltage profile 

improvement but a detailed robust control structure for PV inverter was not presented. Besides, 

the coordinated control operates at an hourly basis that requires a power flow study every hour 

which is complex and not prompt enough in cases of introduced fast nonlinear dynamics when 

large-scale intermittent PVs are interconnected.   

The main contributions of this chapter are: 

1) The design and application of intelligent ANFIS-based PID control scheme (ANFISPID) 

on PV inverters to regulate the PCC voltage in real time that provides ‘plug-and-play’ 

feature for auto-tuning the PID parameters and shows robustness at any nonlinear and 

fluctuating operating condition.  
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2) The design and application of an intelligent ANFIS-based supervisory EMS on BESS that 

cooperates with PV inverter in voltage regulation by charging/ discharging when voltage 

deviation occurs in real time. By applying proper control, this proposed ANFIS-based 

supervisory EMS minimizes the PCC voltage deviations and reduces reactive power 

injection/ absorption load on PV inverter.   

This chapter is organized as follows. Section 3.2 describes the PV system interconnected 

with traditional grid. Section 3.3 details the mathematical representation of the system. Section 

3.4 illustrates the proposed PV inverter control methodology. Section 3.5 depicts the design 

method of the proposed PV inverter control scheme and EMS. Section 3.6 summarizes the 

algorithm for cooperative operation of PV inverter control scheme and storage EMS. Section 

3.7 details the case studies and simulation results and Section 3.8 establishes the conclusion 

derived from the work. 

3.2 Grid-tied solar PV system 

The low voltage weak distribution system interconnected with large-scale PVs under study 

is shown in figure 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Grid-tied solar PVs with BESS 
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It consists of following equipment:  

1) PV array consists of 66 strings of 305 W Sunpower SPR-305-WHT modules connected in 

parallel, each string consisting of 5 modules connected in series. 

2) 240 kWh lead acid battery bank consists of 10 parallel strings of 25 Fullriver deep-cycle 

AGM (Absorbent Glass Mat) 12 Volt 80 Ah batteries connected in series. 

3) A three-phase Solectria PVI (photovoltaic inverter) 100 kW 240 VAC Inverter PVI-100-

240V.  

Dynamic modelling has been done for this grid-tied PV system with BESS in MATLAB/ 

Simulink environment. The 100-kW PV array consists of 66 strings of 5 series-connected 305 

W (standard test condition power rating) modules connected in parallel. Specifications (Voc, 

Isc, Vmp, and Imp) of the modules are selected according to manufacturer data sheets [36] and 

characteristics of the modules are extracted from National Renewable Energy Laboratory 

(NREL) System Advisor Model [37]. Solar irradiance (W/m2) and ambient temperature (oC) 

data have been provided to the PV models as inputs and these data have been collected from 

[38]. A DC-DC boost converter boosts the output dc voltage of PV to direct current (DC) bus 

voltage Vdc. A maximum power point tracking (MPPT) controller controls the DC-DC boost 

converter to maximize the PV power output by generating duty cycles. This MPPT controller 

is implemented by 'perturb and observe' algorithm [39]. A 240 kWh lead acid battery bank has 

been connected with the central DC bus through a bidirectional buck-boost DC-DC converter. 

A generic dynamic model of the battery bank is implemented in MATLAB/ Simulink 

environment [40] parameterized to represent a bank of 240 kWh 300 volt 800 Ah consisting of 

10 parallel strings of 25 units connected in series [41]. An ANFIS-based supervisory EMS is 

implemented on the bidirectional buck-boost converter to apply proper energy management on 

the system by generating power reference ( ∗ ) for BESS. The DC power from the central 

DC bus then is transformed into AC by an interfacing 100 kW 240 VAC three phase inverter. 

ANFISPID-based intelligent control scheme has been applied on the three-phase PV inverter 

to control appropriate regulation of reactive power and active power for voltage control at PCC 

and DC bus. The three-phase, three-wire dynamic loads have been modelled by three-phase 

dynamic load block included in SimPowerSystems [42] whose active power demand and 

reactive power demand can be set externally. The varying active and reactive power demand 

data of a group of residential consumers have been collected from local distribution network 

operator (DNO) [43]. Some key parameters of the system are listed in Table 3.I: 
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TABLE 3.I. SYSTEM PARAMETERS 

 

 

 

 

 

 

 

The diagram of the system is depicted in figure 3.2. 

 

 

 

 

 

 

 

 

 

Figure 3.2. Diagram of grid-tied solar PVs with ESS 

3.3 Mathematical representation of the system 

In this study, the PV inverter control of grid-tied PV system with BESS is implemented based 

on rotating (synchronous) direct-quadrature (dq) reference frame as it can eliminate steady state 

error and has fast transient response by decoupling control [44]. The three-phase voltages and 

currents are represented by 	 ,	 ,	  and , , . Applying the transformation method on 

three-phase voltages and currents we can transform the three-phase system (abc) into dq 

rotating frame (dq):  

                   
cos cos 120° cos 120°
sin sin 120° sin 120°                     (3.1) 

Parameter Value 

DC bus voltage, Vdc 600 V 

Inverter output voltage 240 Vrms 

AC system frequency, F 50 Hz 

DC-link capacitor, Cdc 24, 000 F 

Grid connection inductor, L 625 H 
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And for three phase inverter current, we get: 

              	
cos cos 120° cos 120°
sin sin 120° sin 120°

	                  (3.2) 

Here,  and  represent the direct components of three-phase voltages and currents 

respectively while  and  represent the quadrature components respectively. A phase lock 

loop (PLL) has been implemented on the three phase signals to track the frequency and phase 

by using an internal frequency oscillator and to obtain angular position  for dq reference 

frame. The three phase active ( ) and reactive power ( ) produced by the inverter is [45],  

                                                 	  	                                                                (3.3) 

                                                 	  	                                                                (3.4) 

Assuming that the d-axis is perfectly aligned with the grid voltage  = 0, the active power and 

the reactive power will therefore be proportional to  and  respectively: 

                                                 	  	                                                                           (3.5) 

                                                 	                                                                         (3.6) 

So, the current d component  is controlled by generating reference ∗  to manage inverters 

active power exchange and DC bus voltage regulation while current q component  is 

controlled by generating reference ∗ to manage reactive power injection/ absorption to regulate 

the PCC voltage. 

3.4 PV inverter Control methodology 

The structure of ANFIS-based PID control scheme that controls the grid interfacing PV 

inverter is illustrated in figure 3.3. It consists of two control loops, (1) Outer control loop, and 

(2) Inner control loop. The outer control loop is to generate the reference values of the d-axis 

and q-axis component currents ∗ , ∗  to manage inverters active and reactive power 

exchange and to regulate the voltages at DC-bus and PCC as discussed in the previous section. 

This consists of two intelligent ANFIS-based PID control schemes. They are, (1) ANFISPID-

	Ι (consists of ANFIS-	Ι and PID-	Ι), and (2) ANFISPID-	ΙΙ (consists of ANFIS-	IΙ and PID-	IΙ) 
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Figure 3.3. ANFISPID-based PV inverter control scheme  

The voltage deviations from references at the DC bus and PCC and the derivative of this 

deviations (as a prediction of future deviations) are given as inputs into ANFISPID-	Ι and 

ANFISPID-	ΙΙ respectively. ∗  is referred as DC bus voltage reference (600 volts) and ∗  is 

referred as PCC voltage reference (240 volts phase-to-neutral). In ANFISPID-	Ι, intelligent 

ANFIS-Ι tunes the gains ( ,  and 	of the PID-Ι controller to generate the appropriate 

d-axis component current reference ∗  for regulating the DC bus voltage to its reference value. 

On the other hand, in ANFISPID-	ΙΙ, ANFIS-	ΙΙ tunes PID-	ΙΙ control gains ( ,  and  

to provide the appropriate q-axis component current reference ∗ to control the PCC voltage. 

                   ∗  ∗ 	   	 ∗ 	 	 	
∗ 	

                     (3.7) 

                   ∗ ∗ 	 	 	 ∗ 	 	 	  
∗ 	

        (3.8) 

The reference values of the d-axis and q-axis component currents	 ∗ , ∗  are then provided 

to the inner control loop where the measured d-axis and q-axis component currents 

	
	 , 	

	  are regulated (independent to each other) by ANFIS-based PID 

controllers to follow the corresponding reference values	 ∗ , ∗ . Feedforward decoupling 

method has been implemented to allow independent control of 	  and		 	 . Decoupling of the 

coupling terms is necessary as cross coupling can affect the dynamic performance of the inner 

control loop [44]. 
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The inner control loop of the PV inverter control structure also consists of two intelligent 

ANFIS-based PID control schemes, (1) ANFISPID-	ΙΙΙ (consists of ANFIS-	ΙII and PID-	ΙII), 

and (2) ANFISPID-	ΙV (consists of ANFIS-	ΙV and PID-	ΙV) 

  ∗ 	 	
	 	 ∗ 	 	

	 	 	  
∗ 	 	

	

   

 (3.9)                        

 ∗ 	 	
	 	 	 ∗ 	 	

	 	 	  
∗ 	 	

	

            

                                                                                                                                            (3.10)	

In ANFISPID-	ΙΙΙ, ANFIS-	ΙΙΙ auto-tunes the PID-	ΙΙΙ control gains ( ,  and 	to 

control the measured d-axis component current 	
 to follow corresponding 

reference	 ∗ . On the other hand, in ANFISPID-	ΙV, ANFIS-	ΙV auto-tunes the control gains 

( ,  and 	of PID-	ΙV to regulate the measured q-axis component current 	 	  

to follow corresponding reference	 ∗.  

The outputs of the controllers are the voltage direct-axis and quadrature-axis components 

( 	 and	 	) that the pulse width modulation (PWM) inverter has to generate. Then,  	  and 	 

voltages are converted into phase voltages	 	,	 	  and 	 which are used to synthesize the PWM 

voltages. 

3.5 Adaptive neuro-fuzzy inference system design 

Adaptive neuro-fuzzy inference system is an intelligent system based on learning and parallel 

data processing ability of artificial neural network and inference ability of Takagi–Sugeno 

fuzzy inference system. Figure 3.4 shows a general architecture of a 5-layer ANFIS where both 

square nodes and circle nodes are used to reflect different adaptive capabilities. For figure 3.4, 

the 5 layered ANFIS has 2 inputs (  and ) and one output ( ). Node functions in the different 

layers inside of a five-layered ANFIS are described below: 

First layer: The first layer or fuzzification layer consists of square nodes (A1, A2, B1 and B2 

in figure 4) those contain membership functions assigned to corresponding inputs (  and  in 

figure 3.4). If  and  are inputs to node m (where, m= 1, 2, 3…) of layer 1 then, 

                                          and                                               (3.11) 
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Where,  and  are the linguistic labels and  and  are the membership functions 

of  and  respectively. In our work, triangular membership functions have been used. 

They can be expressed as,  

                               ,  					

0																		
,
								

1																		

, 		
, 	

, 				
                              (3.12) 

Here,  and  are the parameters of the membership functions that are adaptively tuned 

by the learning process in accordance with the variable inputs. 

Second layer: In this layer, fixed nodes identify the corresponding rules. The incoming 

signals are multiplied and forwarded to the next layer as  ( ,  in figure 4). 

                                      	 	      where, , 	1, 2, 3…                               (3.13) 

Third layer: Third layer of ANFIS calculates the normalized firing strength of each rule 

(  and forwards to next layer ( ,  in figure 4). 

                                    
⋯

   where, 	1, 2, 3…                               (3.14) 

Forth layer: The forth layer consists of square nodes where the node function can be written 

as,  

                                   	      where, 		  	 	                                    (3.15) 

Here,  is the output from previous layer and ,  and  are the parameters where,  = 1, 

2, 3….. 

 

 

 

 

 

 

 

Figure 3.4. A general 5-layered ANFIS structure [19] 
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Fifth layer: The fifth and last layer computes the output by summing all incoming signals. 

For figure 4, the computed output is,  = ( + )/ ( + ) or + . 

3.5.1 ANFISPID-based PV inverter control scheme design 

Four ANFISPID-based control schemes (ANFISPID-	Ι, ANFISPID-	IΙ, ANFISPID-	ΙII and 

ANFISPID-	ΙV) have been applied on the grid-interfacing PV inverter to regulate active and 

reactive power appropriately to regulate the voltage during normal conditions and to provide 

LVRT during three-phase symmetric grid fault condition. Each of the ANFISPID-based control 

scheme has one intelligent ANFIS control scheme (ANFIS-	Ι, ANFIS-	IΙ, ANFIS-	ΙII or 

ANFIS-	ΙV repectively) to auto-tune the control parameters ( ,  and  of each PID (PID-

	Ι, PID-	IΙ, PID-	ΙII or PID-	ΙV repectively). Each of the ANFIS control scheme consists of three 

intelligent ANFIS controllers (ANFIS-	 , ANFIS-	  and ANFIS-	 ) appointed to control 

each of the control parameters. In total, twelve intelligent ANFIS controllers have been 

appointed in four ANFISPID-based control schemes (where three have been appointed to 

each). 

Figure 3.5 illustrates the general structure of the ANFISPID-based intelligent control scheme 

that has been developed and analysed in this chapter to control the grid interfacing three-phase 

PV inverter. Each of the twelve intelligent ANFIS controllers has been trained by 

corresponding training data set that has been gathered from simulations in MATLAB/ Simulink 

environment. 

 

 

 

 

 

 

 

Figure 3.5. General structure of ANFISPID-based control scheme 

To tune the fuzzy systems parameters of ANFIS controllers properly, a set of data for each 

has been collected from simulations that fully represents the dynamic features of highly 
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nonlinear nature of the weak distribution system integrated with large-scale PVs. The collected 

data set has been divided into three subsets, which are, training data set (70% of the data), 

testing data set (15% of the data) and checking data set (15% of the data) to validate the 

performance of each trained intelligent ANFIS controller [46]. Grid partitioning technique on 

the training data has been followed to generate the initial fuzzy inference system structure. For 

reducing the computational burden, triangular membership functions have been used for both 

the inputs [47]. A hybrid method that combines the least squares estimation method and 

backpropagation method has been used to tune the membership function parameters to emulate 

the training data. 

3.5.2 ANFIS-based supervisory energy management system design for BESS 

Connecting BESS with grid-tied solar PV system enhances the controllability, power quality 

and reliability and it provides ancillary services such as voltage regulation support if proper 

EMS is applied [48], [49]. 

The structure of proposed ANFIS-based supervisory EMS has been illustrated in figure 3.6. 

It has three inputs.  They are, the total power generated by solar PVs (PPV), the total demand of 

the dynamic load connected with the grid-tied PV system (Pdynamic load) and the state of charge 

(SOC%) of the battery bank (BESS). SOC is the available capacity of BESS expressed as the 

percentage of the rated capacity. As output, the ANFIS-based supervisory EMS provides power 

references ( ∗ ) to the DC-DC buck-boost converter through which the battery bank is 

connected with the central DC bus. 

 











 

 

Figure 3.6. Structure of ANFIS-based supervisory EMS for BESS 

Generally, the generated power from PV gradually increases and reaches to peak at midday 

and starts to decrease after that. The amount of surplus energy after satisfying the consumers 
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depends upon the nonlinear behaviour of the dynamic loads varying through the parts of the 

day and seasons of the year [50]. In this study, the ANFIS-based supervisory EMS intelligently 

controls the charge/ discharge of BESS to balance the PV power generation and dynamic load 

demand that enhances the voltage support for the system (during short-term fluctuations too) 

by cooperating with PV inverter control scheme. This control scheme is advantageous over 

constant charging/ discharging rate strategy that may leave the storage capacity unused [51].  

Several researchers have implemented classic state-based EMS to control the charge/ 

discharge states of BESS [52], [53]. The performance of the proposed ANFIS-based 

supervisory EMS for BESS has been compared with a classic state-based EMS in section VII 

(E). Figure 3.7 illustrates the control algorithm of a classic state-based EMS for the grid-tied 

solar PV system under study. 

 

 

 

Figure 3.7. Control algorithm of a classic state-based EMS for the system under study 

To prevent the battery bank from over-charging/ over-discharging, the SOC should be 

retained within appropriate allowable range [54], [55]. The ANFIS-based supervisory EMS 

prevents the BESS to be charged more than SOCmax (100% of rated storage capacity in this 

study) and to be discharged less than SOCmin (20% of rated storage capacity in this study). 

Supervisory ANFIS has been trained with a set of data to emulate the proposed supervisory 

management system. Initial fuzzy inference system structure was generated by grid partitioning 

technique on the training data. A hybrid method that combines the least squares estimation 

method and backpropagation method tunes the membership function parameters.  
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3.6 Algorithm for cooperative operation of PV inverter control scheme and 

storage EMS  

A two-stage cooperative voltage regulation operation has been implemented on the PCC of 

low-voltage distribution system interconnected with large-scale PVs. Voltage at PCC (  is 

monitored continuously at each time step (5e-5 second in this study). If  is same as 

reference voltage		 ∗ , no action is taken. If  starts to deviate from		 ∗ , the two-stage 

cooperative voltage regulation starts to operate. The algorithm for the two-stage cooperative 

voltage regulation is illustrated as follows:  

Stage 1. At the first stage, PCC voltage deviation is reduced by ANFIS-based supervisory 

EMS. If  is above		 ∗ , ANFIS-based supervisory EMS charges the BESS with the excess 

PV power after satisfying load demand. It suppresses the reverse power flow and reduces the 

voltage rise at injection point. If  is below		 ∗ , BESS is discharged out to elevate PCC 

voltage and reduce the deviation. 

Stage 2. At the second stage, the reduced voltage deviation (at stage 1) is completely 

mitigated with a robust response by ANFISPID-based PV inverter control scheme. It controls 

the PV inverter to inject (when ∗ 	or absorb (when ∗  reactive power to 

eliminate the voltage deviation.  

This process repeats at each time step and keeps the voltage profile within acceptable limit 

in real time.  

3.7 Case studies and discussions 

Simulations have been performed to evaluate the cooperative performance of the proposed 

ANFISPID-based PV inverter control scheme and ANFIS-based supervisory EMS for voltage 

regulation at any worst-case scenarios (which are [56]: low or no PV generation during evening 

with peak dynamic loads (maximum load minimum generation), high PV generation during 

midday with low dynamic loads (minimum load maximum generation), sudden voltage 

fluctuations due to cloud passing, large load start etc.) and for enhancing LVRT capability 

during three-phase balanced grid fault condition. Solar irradiance data, temperature data [38] 

and dynamic load demand (active and reactive power demand) data of a group of residential 

customers [43] have been used to simulate and analyse the performance in real scenario. The 

cooperative performance of the proposed ANFISPID-based PV inverter control scheme and 

ANFIS-based supervisory EMS has been compared with the cooperative performance of 
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classic PID-based PV inverter control scheme and classic state-based EMS for regulating the 

voltage. The indexes that have been used to compare the dynamic performances of the proposed 

cooperative PV inverter control scheme and storage EMS are stated below [34], [57]:  

Integral time absolute error, ITAE= 	| |                                                                 (3.16)                         

Integral time square error, ITSE= 	                                                                     (3.17)                         

Battery efficiency, = 
	

	
                                                                             (3.18)                        

The variables in these indexes are t (time), e (t) (error at time t), η  (DC/ DC power 

converter efficiency), P  (power discharged out of battery) and P  (power charged into 

battery). 

3.7.1 Case 1: High PV generation during midday with low dynamic loads 

In this case, the impact of high PV generation on the voltage profile at PCC during midday 

has been assessed. The impact of high PV generation has been illustrated in Figure 3.8 where 

per unit voltage at PCC exceeds the upper permissible limit (considering allowable voltage 

variation is 6% of the nominal voltage) from time= 330.59 seconds to 415.31 seconds, from 

time= 633.69 seconds to 754.42 seconds and again from time= 788.08 seconds resulted from 

the increase of excess power flowing back to grid. 

 

 

 

 

 

 

 

 

Figure 3.8. Impact of high PV integration on PCC voltage during midday 

The voltage profile at PCC after applying cooperative ANFISPID-based PV inverter control 

scheme and ANFIS-based supervisory control on BESS is illustrated in Figure 3.9 (a). 
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ANFIS-based supervisory EMS controls the charging and discharging of the BESS to store 

the excess energy and prevent it from flowing back to grid. In figure 3.9 (b), the power 

delivered by PVs, dynamic load demand, power exchange with grid and the charged/ 

discharged power by BESS have been illustrated. When the BESS is being charged, the signing 

convention is negative and positive when it is discharging.  
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(b) 

 

Figure 3.9. (a) Per unit voltage at PCC when applying cooperative ANFISPID-based PV 

inverter control scheme and ANFIS-based supervisory EMS during midday (b) the power 

provided by PV (considering DC to AC derate factor 0.77), active power demand by dynamic 

loads, charged/ discharged power by BESS and power exchange with the traditional grid. 
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Figure 3.10 depicts the injected/ absorbed reactive power by PV inverter both in the presence 

and absence of cooperative BESS. It shows that necessary reactive power injection/ absorption 

gets lessened when BESS is implemented to cooperate simultaneously for voltage regulation. 

 

 

 

 

 

 

 

 

Figure 3.10. Reactive power absorbed by PV inverter during midday with and without 

cooperative ESS. 
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Now, the comparison of the proposed ANFISPID-based control scheme with classic PID-

based control scheme is illustrated in figure 3.11. If a classic PID with constant control 

parameters is applied on PV inverter for voltage regulation, it starts to provide oscillatory 

response due to dynamic changes in operating conditions. In figure 3.11, we can see that, 

classical PID starts to provide oscillatory response from time= 295 seconds while ANFISPID-

based control scheme is showing robustness and keeping the PCC and DC bus voltage around 

its nominal value without oscillation.  
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(b) 

Figure 3.11. Comparison of the proposed ANFISPID-based PV inverter control scheme with 

classic PID-based PV inverter control scheme for PCC (a) and dc-bus (b) voltage regulation 

during midday 
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3.7.2 Case 2: Low or no PV generation with evening peak loads 

Figure 3.12 illustrates the voltage profile during evening when the PV generation is minimal 

and the consumer load is at peak. Voltage at PCC exceeds lower permissible limit and remains 

in non-permissible zone from time= 651 seconds to time= 800 seconds. 

 

 

 

 

 

 

 

Figure 3.12. Impact of low or no PV generation with evening peak load on PCC voltage 

 

Figure 3.13 (a) shows that per unit voltage at PCC is being regulated nearly around nominal 

voltage (1 per unit (pu) or 240 Volts) and within the permissible zone when proposed 

cooperative voltage regulation is implemented. Figure 3.13 (b) illustrates the power sharing of 

the system.  
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(a) 

 

 

 

 

 

 

 

(b) 

Figure 3.13. (a) Per unit voltage at PCC when applying cooperative ANFISPID-based PV 

inverter control scheme and ANFIS-based supervisory control on BESS during evening peak 

load (b) The Power provided by PV (considering DC to AC derate factor 0.77), active power 

demand by dynamic loads, charged/ discharged power by BESS and power delivered from 

grid during evening peak load. 

Figure 3.14 illustrates the reactive power being injected by the PV inverter to raise the voltage 

sags during evening peak load demand both in the presence and absence of cooperative BESS. 
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Figure 3.14. Reactive power injected by PV inverter for voltage regulation during evening 

peak load with and without cooperative BESS. 
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(b) 

Figure 3.15. Comparison of the proposed ANFISPID-based PV inverter control scheme with 

classic PID-based PV inverter control scheme for (a) PCC and (b) dc-bus voltage regulation 

during evening. 
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Now, the comparison of the proposed ANFISPID-based control scheme with classic PID-

based control scheme is illustrated in figure 3.15. If a classic PID with constant control 

parameters is applied on the system for voltage regulation, it starts to provide oscillatory 

response when the control parameters get obsolete with respect to system dynamics. In figure 

3.15, we can see that, classic PID starts to provide oscillation from time= 261 seconds while 

ANFISPID-based control scheme is keeping the PCC and DC bus voltage around its nominal 

value with damped oscillations. 

3.7.3 Case 3: Sudden voltage fluctuations due to cloud passing or large load 

start 

The cooperative performance of the ANFISPID-based PV inverter control scheme and 

ANFIS-based supervisory EMS has been assessed for sudden voltage fluctuations at PCC 

during momentary incidents like cloud passing, large load starts etc. Impact of these 

momentary incidents has been depicted in Figure 3.16 where sudden PCC voltage fluctuations 

caused by these issues have been illustrated.  

 

 

 

 

 

 

 

Figure 3.16. Sudden voltage fluctuations at PCC 

Figure 3.17 (a) shows that the PCC voltage is being regulated around nearly the nominal 

voltage because of the application of cooperative ANFISPID-based PV inverter control scheme 

and ANFIS-based supervisory EMS. Figure 3.17 (b) depicts the power exchanges of the system 

during momentary incidents. Figure 18 shows the reactive power injection by PV inverter to 

mitigate the sudden voltage fluctuations both in the presence and absence of cooperative BESS. 
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Figure 3.17. (a) Per unit voltage at PCC when applying cooperative ANFISPID-based PV 

inverter control scheme and ANFIS-based supervisory EMS on BESS during sudden voltage 

fluctuations and (b) The Power provided by PV (considering DC to AC derate factor 0.77), 

active power demand by dynamic loads, charged/ discharged power by BESS and power 

delivered to grid during momentary fluctuations. 
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Figure 3.18. Reactive power injected by PV inverter for voltage regulation during sudden 

voltage fluctuations with and without cooperative BESS. 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

Figure 3.19. Comparison of the proposed ANFISPID-based PV inverter control scheme with 

classic PID-based PV inverter control scheme for (a) PCC and (b) dc-bus voltage regulation 

during sudden voltage fluctuations. 
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The comparison of the proposed ANFISPID-based control scheme with classic PID-based 

control scheme is illustrated in figure 3.19. If a classic PID with constant control parameters is 

applied on the system for voltage regulation, it starts to provide oscillatory response due to 

dynamic changes in operating conditions. In figure 3.19, we can see that, classic PID starts to 

provide oscillation from time= 298 seconds while ANFISPID-based control scheme is damping 

oscillations. 

3.7.4 Case 4: Three-phase balanced grid-fault at PCC 

In this case, the performance of the proposed cooperative voltage regulation strategy has 

been assessed for three-phase symmetric fault at PCC. In figure 3.20, a moderate balanced 

three-phase fault has been emulated at time= 1 second at PCC that sags the voltage profile near 

to 0.69 pu at time= 1.02 second. Then, the voltage sag gradually drops and reaches to 0.80 pu 

voltage at time= 1.35 second. 

 

 

 

 

 

 

Figure 3.20. The per unit voltage at PCC when a three-phase symmetric fault occurs and 

when ANFISPID-based PV inverter control scheme and classic PID-based PV inverter 

control scheme are applied with corresponding EMS on BESS. 

Here, we can see that, LVRT capability augmentation is provided by the proposed strategy. 

When the ANFISPID-based PV inverter control scheme is applied, PCC voltage falls downs 

to 0.82 (pu) at time= 1.017 seconds, then rises up to 1.092 pu at time= 1.04 seconds. Then, the 

PCC voltage settles down to nominal value at time= 1.1 second. The total fault clearing time 

of proposed ANFISPID-based control scheme is 0.1 second. On the other hand, the PCC 

voltage falls down to 0.79 (pu) at time= 1.01 second and rises up to 1.07 (pu) at time= 1.07 

seconds when classic PID-based PV inverter control scheme is applied. After that PCC voltage 

settles down to nominal voltage at time= 1.35 seconds. The total fault clearing time for the 
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classic PID is 0.35 second which is more than the fault clearing time when ANFISPID-based 

PV inverter control scheme is applied (0.1 second).  

Table 3.II shows the index values of the ANFISPID-based PV inverter control scheme and 

classic PID-based PV inverter control scheme for discussed case studies. 

TABLE 3.II. INDEX VALUES OF THE PV INVERTER CONTROL SCHEMES  

 

Case control index ANFISPID PID 

Case 1 ITSE Active power control 0.81 2156.4 

ITAE Active power control 0.18 24.98 

ITSE Reactive power control 0.16 136.08 

ITAE Reactive power control 0.01 6.51 

THD PCC voltage 3.41% 5.17% 

THD DC bus voltage 4.80% 15.15% 

Case 2 ITSE Active power control 0.65 3020 

ITAE Active power control 0.25 27.78 

ITSE Reactive power control 0.07 22.66 

ITAE Reactive power control 0.01 2.48 

THD PCC voltage 2.70% 4.85% 

THD DC bus voltage 4.43% 17.13% 

Case 3 ITSE Active power control 2.2 1471.1 

ITAE Active power control 0.3 19.97 

ITSE Reactive power control 0.55 466.31 

ITAE Reactive power control 0.12 11.07 

THD PCC voltage 3.82% 18.43% 

THD DC bus voltage 5.06% 14.21% 

Case 4 ITSE Active power control 2.79 3.26 

ITAE Active power control 0.07 0.06 

ITSE Reactive power control 0.82 0.84 

ITAE Reactive power control 0.03 0.031 

THD PCC voltage 10.98% 9.85% 

THD DC bus voltage 11.88% 15.13% 
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It shows that, the proposed ANFISPID-based control scheme provides overall superior 

performance over the classic PID-based control scheme in all the cases. The integral time 

absolute error (ITAE), integral time square error (ITSE) and total harmonic distortion (THD) 

values for the classic PID-based control scheme are much larger than the proposed ANFISPID-

based control scheme because of the oscillatory response that the classic PID-based control 

scheme starts to provide and all the deviated PCC voltages from reference values (errors) and 

square of those deviated PCC voltages (square of errors) during oscillations get integrated all 

through the experiment time. Besides, the simulation results show that the oscillatory response 

provided by the classic PID-based control scheme may cause the PCC voltage to exceed the 

permissible voltage range (figure 3.11 (a), 3.15 (a), 3.19 (a)). This will result in disconnection 

of consumers and will arise several critical power system contingencies which are expensive 

to recover. The results also show that the proposed ANFISPID-based intelligent PV inverter 

control scheme provides robust response under any system nonlinearities and fluctuations and 

damps oscillations which prevents these contingencies from arising and ensures better power 

system security.   

3.7.5 Comparison between ANFIS-based supervisory energy management 

system and classic state-based energy management system  

Simulations have been performed to assess both the ANFIS-based supervisory energy 

management system and state-based energy management system for a week long time-frame 

and the comparison result has been shown in figure 3.21.   

 

 

 

 

 

 

Figure 3.21. Comparison of BESS state of charge (%) when ANFIS-based supervisory energy 

management system and state-based energy management system are applied for one week 

time-frame. 
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In figure 3.21, we can see that the state-based energy management system charges and 

discharges more than ANFIS-based supervisory energy management system that reduces the 

battery lifetime and increases expense. Both of the EMS control strategies protect the battery 

from being over-charged and over-discharged and BESS in not allowed to discharge more than 

20% and charging stops when SOC reaches 100%. Depending on the available PV power and 

the dynamic load demand, the charging and discharging rates vary all over the day and all 

through the year. Comparison of the battery efficiency when each of the energy management 

systems is implemented is depicted in table 3.III. 

TABLE 3.III. Battery efficiency 

 

 

Table 3.III shows that proposed ANFIS-based supervisory energy management system 

ensures better battery efficiency than classic state-based energy management system. 

3.8 Conclusion 

Voltage regulation issue is one of the most significant issues that needs to be taken care of 

for ensuring system stability. A two-stage cooperative operation of ANFISPID-based PV 

inverter control scheme and ANFIS-based supervisory EMS has been implemented in this 

chapter in real time to regulate the PCC voltage of weak distribution networks interconnected 

with large-scale PVs. Case studies showed that the ANFIS-based supervisory EMS cooperates 

with ANFISPID-based PV inverter control scheme by reducing PCC voltage deviation thus 

reducing necessary reactive power injection/ absorption by the inverter for voltage regulation. 

This reduces line losses through the system and overall expenses. Besides, simulation studies 

showed that ANFIS-based supervisory EMS ensures longer BESS life span and better BESS 

efficiency which increases economic feasibility. Unlike conventional PID, the ANFISPID-

based PV inverter control scheme damps oscillations and provides robust response while 

regulating PCC voltage under any worst-case scenarios and three-phase faults. This prevents 

many critical power system contingencies which are expensive to recover. Moreover, it 

eliminates the necessity of expensive manual trial-and-error method for tuning conventional 

PID parameters at a regular basis and provides ‘plug-and-play’ feature for automatic tuning 

Parameter ANFIS-based State-based 

 Battery efficiency (%) 78.0 74.64 
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once implemented. The simulation results were obtained from a realistic model replicating an 

actual weak distribution network integrated with large-scale of solar PVs. Actual customer load 

profile data, actual solar irradiance and ambient temperature data had been used to evaluate the 

performances of the proposed cooperative voltage regulation strategy in real scenarios.  
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Chapter 4 

 

A NOVEL EVENT-TRIGGERED COMMUNICATION-

BASED DISTRIBUTED COOPERATIVE VOLTAGE 

CONTROL STRATEGY FOR LARGE GRID-TIED PV 

SYSTEM 

 

“Mahmud, N., Zahedi, A., & Jacob. M. (2017) A novel event-triggered communication-based 

distributed cooperative voltage control strategy for large grid-tied PV system IEEE 

Transactions on Industrial Informatics. (Under review)” 

 

Abstract 

In this chapter, the voltage regulation problem of low-voltage distribution network with 

large-scale penetration of solar photovoltaics (PVs) has been addressed. A discrete event-

triggered communication-based distributed cooperative control strategy has been proposed to 

control Battery Energy Storage Systems (BESSs) and PV interfacing inverters for feeder 

voltage regulation that requires minimal communication. The distributed cooperative voltage 

control strategy has been separated into two different control layers (distributed control layer 

and cooperative control layer). Discrete event-triggered communication mechanism has been 

implemented among neighbour agents in each layer and appropriate triggering conditions have 

been designed that dramatically reduces the amount of communication and relax the real-time 

information exchange requirement among agents. A realistic radial distribution feeder has been 

designed in MATLAB/ Simulink environment to show that the proposed discrete event-

triggered distributed cooperative voltage control strategy requires lower communication rates 

while preserving the desired voltage control performance. 
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4.1 Introduction 

Large-scale penetration of solar PVs into conventional power system is becoming a popular 

tradition rapidly. This tradition arises several technical challenges among which voltage 

regulation challenge is the most significant. Voltage regulation problem mainly results from 

the reverse power flow caused by excess PV power, generated during high solar irradiation 

period and this problem tends to limit the amount of PV penetration into grid [1], [2].    

Various sorts of strategies have been proposed to mitigate the voltage regulation problem 

that include network reconfiguration [3-5], power curtailment [6], reactive power injection/ 

absorption [7], utilization of energy storage systems [8] etc. Active power curtailment reduces 

the efficiency of solar PVs and causes wastage of generated power [9]. The reactive power 

capability of PV inverters is limited and injection/ absorption of reactive power increases the 

line loss through the system. Moreover, the impact of injected/ absorbed reactive power on the 

voltage profile of low-voltage distribution feeder is minimal because of the higher R/X ratio. 

Therefore, the solo-implementation of PV inverter reactive power will require inverters with 

higher power rating, which is expensive. Utilizing energy storage system (e.g. BESS) is another 

effective strategy to regulate the feeder voltage [10]. This strategy is more effective in system 

with higher R/X ratio as it stores/ discharges active power for voltage control. However, 

frequent charge/ discharge reduces the life span of BESS and solo-implementation of BESS 

for voltage regulation needs very large BESS capacity, which is expensive and unfeasible. In 

this scenario, a cooperative operation of BESS and PV inverter for feeder voltage regulation is 

advantageous [11], [12]. In this chapter, a cooperative operation among neighbour BESSs and 

PV inverters will be proved advantageous to regulate the feeder voltage with reduced inverter 

power rating, power loss through system and BESS capacity.     

Since PV generators are located in a heterogeneous and distributed fashion through low-

voltage feeders, distributed control strategies are required to improve the stability, scalability 

and security of the system. Distributed control strategy has become popular nowadays in 

controlling BESSs and PV inverters [13-21] due to its robustness to individual agent errors, 

scalability with respect to increased number of agents and reduced computational load. A 

distributed algorithm has been proposed in [13] to regulate output power of dispersed energy 

storage system. A distributed cooperative control strategy has been proposed in [14] to 

maintain supply-demand balance. However, [13], [14] did not consider the technical limitations 

of energy storage system, which are storage capacity and SOC. [15] has proposed a distributed 
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energy management system for SOC balancing in DC micro grids. An improved distributed 

cooperative control has been developed in [16] that performs dynamic energy level balancing 

between BESSs for islanded micro grids. A distributed cooperative control strategy has been 

employed in [17] to coordinate power sharing among heterogeneous energy storage devices. A 

consensus-based distributed voltage control strategy has been proposed in [18] that guarantees 

a desired reactive power distribution in steady state and requires distributed communication 

among inverters. [19] proposed a weighted average consensus protocol to synchronize the 

average voltage to a reference value assuming varying communication topologies and time 

delays. A coordinated control method composed of local and distributed control has been 

proposed in [20] for distributed BESSs where an identical capacity has been assumed for 

batteries and a similar reference waveform is considered to control the SOC of all batteries. In 

[10], combination of a local droop-based control method and a distributed cooperative control 

algorithm has been proposed to utilize BESS capacity efficiently for voltage regulation. All of 

the existing results on distributed cooperative voltage control of low-voltage distribution feeder 

interconnected with DGs including the ones mentioned above have been based on an explicit 

assumption that data communication among agents is performed continually at every instant of 

time or periodically at equidistant sampling instants. However, the communication network of 

a distribution grid usually has limited bandwidth and therefore, an efficient use of the 

communication infrastructure is desirable [21]. In this scenario, introducing the need-based 

aperiodic communication scheme, such as self-triggered or event triggered communication can 

significantly reduce those unnecessary sample-state transmissions and make effective use of 

the communication network [22]-[24]. In the event-triggered communication scheme, a 

sample-state transmission between agents is triggered when a state-measurement error exceeds 

a given threshold while in the self-triggered communication scheme, the next triggering time 

instant is determined by the previous received data and knowledge on plant dynamics. Most 

recently, a self-triggered communication-based consensus approach has been applied for 

distributed generation control in microgrids [25]. However, in self-triggered communication 

scheme, the next triggering time is precomputed depending upon previously received data. That 

is not an appropriate approach in a stochastic system (like grid-tied PV system) because an 

emergency triggering situation may appear any time before the precomputed triggering instant. 

In that case, implementing event-triggered communication-based control scheme ensures better 

performance as the triggering instants are executed depending upon the dynamic state 

measurements of the stochastic system. In this chapter, a discrete event-triggered 

communication-based distributed cooperative control scheme has been proposed to save the 
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limited network resource while preserving the desired voltage control performance. It is 

‘discrete’ as state measurements and error computations are performed in discrete time instants 

to determine whether the measured state should be transmitted. Therefore, extra hardware for 

continuous measurement and computation is not necessary like it is for continuous event-

triggered communication schemes [26], [27].      

In the proposed distributed cooperative voltage control strategy, the distributed voltage 

control and the cooperative voltage control have been separated into two different control 

layers. In the distributed voltage control layer, a leader-following consensus-based distributed 

voltage control strategy has been implemented on BESSs, connected with each bus through the 

feeder. Unlike [13], [14], the technical limitations of BESSs have been considered in this 

chapter and the cooperative voltage control layer is initiated for each bus when BESS of that 

bus reaches its technical limit (during distributed voltage control layer). The cooperative 

voltage control layer is implemented on BESSs and PV inverters in two different stages to 

provide cooperative voltage support when distributed voltage control is unavailable. Then, 

discrete event-triggered communication scheme has been introduced among neighbour agents 

for information transmission in both the control layers. Simulation results will show that 

separating the distributed cooperative control strategy into different layers and implementing 

the discrete event-triggered communication scheme for data transmission reduce the amount 

of communication among agents while preserving the voltage control performance. To the 

authors’ knowledge, this is the first time that a distributed cooperative voltage control, 

separated into two different layers and introduced with discrete event-triggered communication 

scheme, has been implemented to regulate the voltage through low-voltage distribution feeder 

with highly penetrated solar PVs.  

This chapter is organized as follows. Section 4.2 describes and analyses the voltage control 

issue of large grid-tied PV system. Section 4.3 details the proposed event-triggered distributed 

cooperative control strategy for voltage regulation. Section 4.4 details the case studies and 

simulation results and section 4.5 establishes the conclusion derived from the work. 
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4.2 Problem description and analysis 

4.2.1 Distribution network model 

 A low-voltage radial distribution feeder has been adopted to evaluate the performance of the 

discrete event-triggered communication-based distributed cooperative voltage control strategy. 

Figure 4.1 depicts the low-voltage radial test distribution feeder.  

 

 

 

 

 

 

Figure 4.1. Radial test distribution feeder. 

In each bus, a solar PV, a BESS and a residential load are connected and it has been 

considered that a solar PV and a BESS form a distributed generator (DG). Each DG is 

connected with the distribution feeder through a 3-phase DC/ AC inverter. A maximum power 

point tracking (MPPT) controller controls the DC-DC boost converter to maximize the PV 

power output implementing “perturb and observe” algorithm.  A BESS is connected to the DC-

bus through a bidirectional DC-DC buck-boost converter. Rooftop solar PVs, connected to the 

feeder in this study, are heterogeneously distributed and solar panel sizing is not proportional 

to the amount of load through the feeder. 

Figure 4.2 illustrates a detailed diagram of a low-voltage radial distribution feeder. If the 

power generated by rooftop PV is more than the power consumed by load and power charged 

into BESS together, the excess complex power at bus m,  is injected into distribution feeder. 
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Figure 4.2. Radial distribution feeder with PV, BESS and load. 

 

Therefore, the complex power injected into bus	  is, 

                                                        = ∗                                                                                    (4.1) 

                                                        = ∗                                                       (4.2) 

So, (4.2) can be re-written as, 

                                                        = ∗                                

Therefore, the reverse current flow through the feeder at bus m is, 

                                                = ∑ 	= ∑ ∗                                            (4.3) 

Let us consider, 	  is the impedance between node  and node ( 1) 

and  is the current flow from node  to node ( 1). Therefore, voltage at bus  can be 

expressed as,    

                                           =  + 	                                                (4.4) 

Therefore, the voltage deviation between node m and node ( 1) can be expressed as,   

	∆ 	  =	∑ ∗  	                                              (4.5) 
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                           =	∑
	
∗ 	

	
∗     (4.6) 

The voltage drop across the feeder is approximately equal to the real part of the voltage drop 

as the angle between the DG bus voltage and the sending end voltage is very small. If we 

consider the DG bus voltage as reference bus, the angle of DG bus voltage is 0. As a result, 

equation (4.6) can be approximated as,  

                              ∆ 	  = ∑
	

                      (4.7) 

From (4.4), one can see that, both active power ( ) and reactive power ( ) have influence 

on bus voltage deviations. For a low-voltage distribution feeder with high R/X ratio, active 

power has more impact on bus voltages than reactive power. Besides, the active power charged 

into BESS for voltage control can be utilized for power supply when there is no solar available 

[28]. In contrast, injection/ absorption of reactive power for voltage control causes higher 

power losses through the feeder and lower power factor. Therefore, in this chapter, active 

power control has been implemented first to regulate the feeder voltage. When BESSs are 

unavailable for voltage support after reaching their technical limits, the reactive power 

capability of three phase DC/ AC inverters has been utilized to regulate the voltage. 

4.2.2 Communication network model 

Consider a system of a group of  interacting agents. The communication connections 

among the agents can be represented by an undirected communication graph,  = { , }. Here, 

1, 2, 3… N} is the index set of N agents and  is the edge set of paired agents where,  ⊆ 

. = [ ] 	  is the weighted adjacency matrix. If nodes  and  can communicate 

with each other, then there is communication link between them. Therefore, ( , ) ∈  

and	 0. In this chapter, agents only from neighbour buses have communication link 

between them. The communication neighbour set of node  is represented as,  = {  ∈ | 

( , )∈ }. The adjacency matrix, = [ ] can be defined as,                            

                                                     
0, if	 	 ∈ 	 		

	 0,				otherwise                                                      (4.8) 

Here, self-loops are not included. For all  ∈ ,  = 0. The in-degree of node m is defined 

as  ( ) =∑ , for any ∈ . The degree matrix is represented as,  = diag (  

(1),  (2),………	  ( )). The laplacian matrix of graph  is given by,	 . If 
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and only if the graph  is connected,  has a zero eigenvalue and the corresponding eigenvector 

is the vector of ones. For an undirected graph, all the eigenvalues are nonnegative and they can 

be ordered sequentially in an ascending order as, 0 = ⋯ . If   is 

connected, then  0. 

4.3 Proposed discrete event-triggered distributed cooperative voltage control 

strategy 

The proposed discrete event-triggered communication-based distributed cooperative voltage 

control strategy is implemented on BESSs and PV inverters from adjacent buses of a low-

voltage radial distribution network. This distributed cooperative control is implemented in two 

separated layers. Which are: 1) Distributed control layer, 2) Cooperative control layer. In 

distributed control layer, an event-triggered distributed voltage control strategy is implemented 

among the BESSs to keep the voltages of all the buses within allowable zone. A leader-

following consensus algorithm has been developed to control the bus voltages through the 

feeder in a distributed coordinated fashion. However, voltage support from a BESS is limited 

as its capacity is limited and BESS stops to charge/ discharge when the state-of-charge (SOC) 

reaches the upper/ lower limit. Once BESS of any bus reaches its capacity limit during 

distributed control layer, the cooperative control layer is initiated. In the cooperative control 

layer, a two-stage cooperative control algorithm has been developed. The two-stage 

cooperative control is stated below:     

Stage 1: The first-stage of cooperative control layer is implemented on BESSs. An event-

triggered cooperation algorithm is initiated in the incident of adjacent BESSs being unavailable 

for voltage control (when SOC reaches limit) and voltage of that adjacent bus exceeding the 

allowable zone. This algorithm does not require an expensive continuous communication 

among adjacent BESSs to be operated.  

Stage 2: The second-stage of cooperative control layer is implemented on the PV interfacing 

inverters to provide voltage support if first-stage of cooperative voltage support by adjacent 

BESSs is no longer available (when BESSs from adjacent buses reach their SOC limit too). 

The control steps are discussed in details below: 
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4.3.1 Leader-following consensus algorithm for BESS for distributed voltage 

control (Distributed control layer) 

A distributed coordinated voltage control among BESSs is implemented to keep the bus 

voltages within allowable zone. In this layer, the BESSs coordinate with immediate adjacent 

BESSs utilizing limited communication links and decide their respective share of participation 

 to control the overall feeder voltage in distributed fashion. The share of participation of 

BESS at the last bus 	of radial feeder has been considered as the virtual leader of the 

distributed control algorithm as the last bus has highest/ lowest voltage in the system [20]. 

Initially, the share of participation of BESS at last bus  is determined considering 

equation 4.9. Afterwards, this information is conveyed to other buses through the feeder by 

communication links between adjacent neighbours. Figure 4.3 depicts the control structure of 

proposed event-triggered distributed cooperative voltage control implemented on BESS at bus 

m. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Control structure of event-triggered distributed cooperative voltage control 

implemented on BESS at bus m. 

In this chapter, the allowable voltage zone is considered as 6%  of the nominal bus voltage, 

which means the upper voltage limit (Vup) is 1.06 p.u. and lower voltage limit (Vlow) is 0.94 
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p.u. The proposed leader-following consensus-based distributed control algorithm will be 

activated when bus voltages enter into ‘critical zone’ that is from 1.055 p.u. (Vcric-up) to 1.06 

p.u. (Vup) and from 0.94 p.u. (Vlow) to 0.945 p.u. (Vcric-low).  can be defined as,  

                       (t) =	
, 	 				

0, 	 	 																					

	 , 	 		

                        (4.9)                 

Here, coefficients  and  are control gains that determine the accuracy and convergence 

speed of the control algorithm.  is then conveyed down through the feeder via 

communication links between adjacent BESSs.  

The share of participation of BESS at bus  can be represented as follows: 

                                         =	∑ 	 ,                                    (4.10) 

                                                    Where,  = 1, 2, 3, … 	 1                       

                                                    When,  >    

                                                         Or, 	<  

Where,  is the ( , ) entry of a row stochastic matrix	 , which can be expressed as, 

                                                          = 
∑

                                                            (4.11) 

In order to implement the distributed voltage control at bus	 , BESS at bus	  needs to 

monitor the share of participation of adjacent neighbour BESSs at bus  (considering,  ∈  

and ( , )	∈ ) to generate the distributed voltage control reference,		 . Traditionally, 

signal transmission between adjacent BESSs takes place periodically with a constant sampling 

period, which requires large real-time information exchange requirements. Event-triggered 

communication scheme can significantly reduce the occupancy of limited bandwidth while 

preserving the satisfactory distributed voltage control performance. In this chapter, in the 

proposed discrete event-triggered communication scheme, the state measurement and error 

computation are performed only at constant sampling period h (at discrete time steps). The 

measured sampled state is transmitted to neighbour control agents only when the computed 

error between the measured sampled state and last transmitted state violates a predefined 

threshold. Let’s assume that each bus  transmits the share of participation of  at time 

instants denoted by,   
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                                         0	 ⋯ ⋯ , 	 ∈ 	                                          (4.12) 

Let’s consider, the transmitted share of participation of  at event-triggering time 

instant  is			 . The computed error at event-triggering time instant  for distributed 

voltage control can be defined as,   

                                              ) = 	  	                                           (4.13) 

If the computed error between the current measured sampled state 	  and the last 

transmitted sampled state 	 	is more than a predefined threshold then the measured 

state 	 	is transmitted to the neighbour control agents and  . Therefore, considering 

event-triggered communication scheme, (4.10) can be rewritten as, 

                                     =	∑ 	                                   (4.14)                         

                             Where,  =1, 2, 3, … , 1, 	 ∈ 	   and ∈ ,       

                                     When,  >   or, 	<  

By properly controlling the magnitude of computed error, the data transmission frequency 

between adjacent buses can be significantly reduced while implementing the distributed 

voltage control through the feeder. 

4.3.2 Cooperation algorithm for BESS (first-stage of cooperative control 

layer) 

Initial SOC of BESSs can be different to one another that can be caused by technical 

problems, uneven charge/ discharge or temporary outages. As a result, BESS can be 

unavailable for voltage control when SOC reaches its limit and this may cause the bus voltage 

to exceed the allowable zone. An event-triggered cooperation algorithm has been proposed and 

its performance has been analysed in this chapter where BESSs from adjacent buses provide 

voltage support when BESS of a particular bus reaches its SOC limit. If  reaches its 

SOC limit during distributed voltage control layer and  exceeds the allowable zone, the 

cooperative control formula for BESS at bus  is:    

                                  	 =∑ ,                                     (4.15)                         

                             And,   = ∑ 			                              (4.16) 

                                 When,  >   and 	 80 
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                                                          Or, 	<  and 	 	20                           

Here, coefficients  and 	are the cooperative control gains for bus	 , which determine 

the control accuracy and convergence speed. To implement the cooperative control formula 

illustrated in (4.15) and (4.16), data transmission between control agent of  and voltage 

measurement agent at bus  is required. Voltage measurement at bus  takes place at discrete 

time steps with a sampling period  and the measured voltage is transmitted to control agent 

of  only when the computed error exceeds a predefined threshold. Let’s assume that bus 

 transmits the voltage measurements at time instants denoted by, 

                                         0	 ⋯ ⋯ , 	 ∈ 	                                         (4.17) 

The computed error can be defined as, 

                                               ) =                                                 (4.18) 

Here,  is the transmitted sampled voltage of bus  at event-triggering instant		 . 

Considering event-triggered communication scheme, (4.15) and (4.16) can be rewritten as, 

                                    =∑ ,                                 (4.19)                        

                          And,   =∑                                 (4.20) 

This event-triggered communication-based cooperative control is initiated only when  

reaches its limit considering,  = {  ∈ 	| ( , )	∈ }. This cooperative control from bus  

is added with the share of distributed control at bus  and provides voltage support to both the 

buses until the voltage deviation is mitigated or  reaches limit. So, the power charge/ 

discharge reference for  is,  

                                           = 	                                                     (4.21) 
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4.3.3 Cooperation algorithm for PV inverter (second-stage of cooperative 

control layer) 

If SOC of both  and  reach their limits (considering, ( , ) ∈  ) and voltage 

at bus  gets out of allowable zone, reactive power support from PV inverter at bus  is 

initiated. Figure 4.4 depicts the control structure of PV inverter at bus . 

   

 

 

 

 

 

 

Figure 4.4. Control structure of PV inverter at bus	 . 

 

In this study, PV inverter control scheme has been implemented based on  reference frame 

theory. The three-phase active power  and reactive power	 , generated by PV inverter at 

bus  are:     

                                            	                                   (4.22)                         

                                           	                                     (4.23)                 

Assuming that the d-axis component is perfectly aligned with the grid voltage  = 0, the 

active power and the reactive power will therefore be proportional to  and  respectively: 

                                                         	 	                                               (4.24)                         

                                                         	 	                                           (4.25)                         

The current  component  is controlled by generating reference 
∗
 to manage appropriate 

reactive power injection/ absorption by the PV inverter. The control algorithm for reactive 

power support by PV inverter at bus  can be formulated as:  
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∗

	 	 	 	 	 	 	
	

         (4.26)   

  
∗

	 	 	
∗

	 	 	  

∗
	

    

                                                                                                                                         (4.27)                        

                                 When, , 	 80	and	 80 

                                      Or, , 	 20	and	 20 

This way, PV inverter mitigates the voltage deviation from allowable limit at the second-

stage of cooperative control layer. 

4.4 Application of the proposed discrete event-triggered distributed 

cooperative control 

The performance of the proposed discrete event-triggered communication-based distributed 

cooperative voltage control strategy has been analysed in a low-voltage radial test distribution 

feeder (illustrated in figure 4.1). The radial distribution feeder has been designed and simulated 

in Matlab/ Simulink environment. The solar irradiance (W/m2) and ambient temperature (°C) 

data have been collected from Australian Bureau of Meteorology (BOM) and network data and 

residential customer load data have been collected from local DNO. The capacity of BESSs 

through the feeder is not proportional to PV capacities like it is in [10] to provide realistic test 

environment. Figure 4.5 illustrates the voltages of critical buses of the test distribution feeder 

in 24-hour timeframe. 

 

 

 

 

 

 

 

Figure 4.5. 24-hour voltage profile of the critical buses. 
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For a radial distribution feeder, the buses at the end of the feeder (furthest from substation) 

are considered as critical buses as the bus voltages tend to exceed the allowable zone. Here, 

one can see that bus voltages increase during high PV generation period and the voltages of 

bus 19, bus 28, bus 14 and bus 33 exceed upper allowable limit. Later on the day, during 

evening, bus voltages show voltage sags due to peak load demand and voltages of bus 19, bus 

28, bus 14 and bus 33 exceed the lower allowable limit. Three test cases have been analysed to 

evaluate the performance of each control layer and a comparative analysis has been carried out 

on the reduction of communication instants while implementing event-triggered 

communication scheme. Case studies will also show that the required BESS capacity and 

injected/ absorbed reactive power for voltage control in case of cooperative operation is lesser 

than the case of solo-operation of each of them. The index that has been used to compare total 

reactive power injection/ absorption per day is:  

Integral reactive power injection/ absorption,  

                                    IRPI/ IRPA = ,   where 	 ∈                                            (4.28) 

 

4.4.1 Distributed voltage control for BESS without cooperation (only 

distributed control layer) 

In the first test case, the performance of the proposed leader-following consensus-based 

distributed voltage control algorithm has been analysed without any cooperation among 

adjacent BESSs and PV inverters.  

In the distributed voltage control layer, BESSs from the critical buses (BESS19, BESS28, 

BESS14 and BESS33) participate in distributed voltage control. BESS32 has not participated in 

the leader-following consensus-based distributed voltage control as V32 is within the allowable 

zone. The initial SOC of all the BESSs is considered at the lower SOC limit which is 20%. In 

figure 4.6, one can see that the voltages of all critical buses are being regulated within allowable 

zone till time t = 11.55 hours. At time t = 11.55 hours, the SOC of BESS19 reaches its upper 

limit (90% SOC) and not available anymore for voltage control. As a consequence, at t = 11.55 

hours, V19 exceeds the upper voltage limit. BESS28, BESS14 and BESS33 keep participating in 

feeder voltage control by charging in the excess generated PV power in distributed fashion. 

BESS28 becomes unavailable for voltage control as its SOC reaches its upper limit (90% SOC) 

at time t = 12.12 hours. As a consequence, V28 exceeds the allowable voltage limit at t = 12.12 
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hours. BESS14 and BESS33 continue to provide distributed voltage control until they reach their 

upper SOC limits at t = 12.32 hours and t = 13.03 hours respectively. After t = 13.03 hours, all 

V19, V28, V14 and V33 are outside of the allowable zone as all the BESSs are out of capacity. 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

Figure 4.6. (a) 24-hour voltage profile and (b) SOC of BESSs when distributed voltage 

control is implemented without any cooperation. 

During evening period, voltage sag occurs and V19, V28, V14 and V33 exceed the lower 

allowable voltage limit. BESS19, BESS28, BESS14 and BESS33 have been fully charged during 

day time and are ready to discharge to provide voltage support during evening. The leader-

following consensus algorithm controls the bus voltages in a distributed fashion and keeps 
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them within lower allowable limit until the BESSs reach their lower SOC limit (20% SOC). 

BESS19, BESS28, BESS14 and BESS33 reach their lower SOC limit at time t = 20.89, t = 21.27, 

t = 21.88 and t = 22.56 hours respectively. Voltages at one or more critical buses exceed lower 

allowable limit with time with the unavailability of one or more BESSs for distributed voltage 

control. 

4.4.2 Distributed voltage control for BESS with cooperation among adjacent 

BESSs (only distributed control layer and first-stage of cooperative control 

layer) 

In the previous section, one could see that BESS19, BESS28, BESS14 and BESS33 reach their 

upper SOC limit at time t = 11.55, t = 12.12, t = 12.32 and t = 13.03 hours. Due to unavailability 

of one or more BESSs for participating in distributed voltage control, voltage of one or more 

buses exceed allowable limit. Figure 4.7 shows the 24-hour voltage profile of critical buses 

when distributed voltage control with cooperation among adjacent BESSs is implemented. 

During midday, when BESS19 reaches its SOC limit and V19 exceeds the allowable zone (at t = 

11.55 hour), the cooperation algorithm of the control structure of BESS28 gets activated and 

provides cooperative voltage support for V19 and regulates it within limit. BESS28 keeps 

providing the cooperative voltage support for V19 until its SOC reaches its upper limit. When 

BESS28 reaches its limit (at t = 11.71 hours), V19 and V28 both exceed the allowable zone. This 

initiates the cooperation algorithm of BESS14 and BESS19. BESS14 provides cooperative 

voltage support for V28 and keeps it within upper limit (another neighbour, BESS19 is 

unavailable for cooperation as it has already reached its upper SOC limit).  This also initiates 

the cooperation algorithm of PV-inverter19 and it starts to absorb reactive power to regulate V19 

within limit. However, PV inverter support will be discussed in the next section and is not 

implemented in this section. Therefore, V19 exceeds upper allowable voltage limit from t = 

11.71 hour. 
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(a) 

 

 

 

 

 

 

 

 

(b) 

Figure 4.7. (a) 24-hour voltage profile and (b) SOC of BESSs when distributed voltage 

control with cooperation among adjacent BESSs is implemented. 

BESS14 reaches its upper SOC limit at time t = 12.12 hour and this initiates the cooperative 

operation of BESS33 and PV-inverter28. Another adjacent neighbour BESS28 is unavailable for 

cooperative voltage support as its SOC has already reached its limit. As PV inverter support is 

not considered in this section, V28 gets out of allowable zone from t = 12.12 hour. BESS33 

reaches its upper SOC limit at t = 12.97 hours. The cooperation algorithm of the control 

structure of BESS32 gets initiated at t = 13.26 hours when V33 enters into critical zone.    
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During evening, BESS19 reaches lower SOC limit (20% SOC) at t = 20.9 hours and BESS28 

provides cooperative voltage support to keep V19 within limit. In this way, BESS14, BESS33 and 

BESS32 provide cooperative voltage support when BESS28, BESS14 and BESS33 reach their 

lower SOC limits respectively. 

4.4.3 Distributed voltage control for BESS with cooperation among adjacent 

BESSs and PV inverters (complete distributed and cooperative control layer 

together) 

In Figure 4.8., one can see that, BESS19 reaches its SOC limit at t = 11.55 hours and BESS28 

reaches its limit at t = 11.71 hours during day time. After t = 11.71 hours, BESS14 provides 

cooperative voltage support for V28 as adjacent neighbour. However, V19 exceeds the upper 

allowable voltage limit as BESS19 and BESS28 both are unavailable. This initiates the 

cooperation algorithm of PV inverter19 to regulate V19 within allowable zone by absorbing 

appropriate reactive power. By the time BESS14 reaches its upper SOC limit, BESS33 provides 

voltage support to V14 and PV-inverter28 provides voltage support to V28 when it exceeds the 

upper voltage limit (from t = 12.12 hours). This is how PV-inverter14 provides voltage support 

to V14 when BESS33 reaches its upper SOC limit and V14 exceeds upper allowable voltage limit 

(from t = 13.27 hours). V33 does not require cooperative reactive power support from PV-

inverter33 as BESS32 does not reach its upper SOC limit during cooperation.  
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

Figure 4.8. (a) 24-hour voltage profile, (b) SOC of BESSs and (C) reactive power injection/ 

absorption by PV inverters when distributed voltage control with cooperation among adjacent 

BESSs and PV inverters is implemented. 
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During evening, PV inverters inject appropriate reactive power to raise the bus voltages if 

BESS of a particular bus and adjacent buses reach lower SOC limit and voltage of those buses 

exceed lower voltage limit. From figure 4.8, one can see that, PV-inverter19, PV-inverter28 and 

PV-inverter14 get initiated at t = 21.06 hours, t = 21.54 hours and t = 22.62 hours respectively 

and inject reactive power to regulate V19, V28, and V14 within allowable limit. Figure 4.9 

illustrates the distributed control input from bus 19 during a part of the day. 

 

 

 

 

 

 

 

 

Figure 4.9. A part of distributed control input from bus 19 with event-triggered 

communication scheme. 

 

In this figure, one can see that the agent at bus 19 performs state measurement and error 

computation at each discrete time step and transmits the measured state when the computed 

error exceeds a defined threshold. The threshold for computed error in the distributed control 

layer has been considered as 300 watts. Each time the error between last transmitted data and 

current measured data reaches the threshold- an event is triggered, the discrete transmission 

data changes to a new value and the distributed control input to neighbour control agent is 

updated. 

Figure 4.10 illustrates the evaluation of computed errors,  under the event-triggered 

communication scheme. Once an event is triggered, the computed error goes back to zero as 

the last transmitted data has been updated. 
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(b) 

Figure 4.10. (a) Evolution of computed errors, 		during a part of the day (b) one event 

generation process for	 . 

 

Figure 4.11 shows event-triggering time instants at each critical bus in distributed voltage 

control layer during a part of the day. 
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Figure 4.11. A part of event-triggering time instants in distributed voltage control layer. 

In the first-stage of cooperative voltage control layer, the voltage measurement at each 

critical bus (with BESS that has reached its limit) is transmitted to its neighbour buses as 

cooperative control input. Figure 4.12 illustrates the cooperative control input from each 

critical bus under event-triggered communication scheme. 

 

 

 

 

 

 

 

Figure 4.12. Cooperative control inputs from critical buses (to neighbor buses) under event-

triggered communication scheme. 

 

In figure 4.13, one can see the evolution of computed errors in voltage measurement at bus 

14 under event-triggered communication scheme. 
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(b) 

Figure 4.13. (a) Evolution of computed errors, 		during a part of the day (b) one event 

generation process for	 . 

 

Agent at bus 14 performs state measurement and error computation at each discrete time step 

and transmits the measured state when the computed error exceeds a defined threshold. The 

threshold value for voltage measurement error has been considered as 0.5 Volt. Figure 4.14 

shows a part of event-triggering time instants at critical buses in cooperative voltage control 

layer. 
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Figure 4.14. A part of event-triggering time instants in cooperative voltage control layer. 

 

To evaluate the advantage of event-triggered communication over periodic communication, 

the number of data transmission instants under both the communication schemes have been 

illustrated in Table 4.I. The data from Table 4.I and the results from our case studies show that 

the event-triggered communication scheme can significantly reduce the communication 

amount without any notable performance loss in voltage regulation. Table 4.I also illustrates 

the significance of separating the distributed cooperative control into two different layers. For 

comparison purpose, a non-separated distributed cooperative control has been considered that 

has been proposed in [10]. In [10], each bus requires to transmit two parameters to neighbours, 

which are: share of participation of BESSs and SOC. The average SOC estimation algorithm 

would keep the energy level of BESSs close together as far as possible. This will require each 

BESS to transmit its SOC level to neighbours till the average time of all BESSs reaching their 

limit. However, in this chapter, due to separated control layer, the transmission of bus voltage 

level (second parameter to transmit) is only required from the time instant when the BESS of 

that bus reaches its limit to the time instant when the neighbour BESSs also reach their limit. 

This significantly reduces the necessary data transmission between neighbours while 

implementing cooperative voltage control.  
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Table 4.II depicts the coefficients of control algorithms of the distributed cooperative voltage 

control scheme. 

 

 

 

 

 

 

 

 

 

 

 

TABLE 4.I. NUMBER OF DATA TRANSMISSION INSTANTS 

 
 

     Scheme Bus 19 Bus 28 Bus 14 Bus 33 

Event-triggered 
communication 
(separated layer) 

276 287 329 251 

Event-triggered 
communication (non-
separated layer)  

613 611 615 575 

Periodic  

communication 
81,700 86,300 1,01,100 95,400 

 

TABLE 4.II. SYSTEM COEFFICIENTS 

 
 

Coefficients for share of participation of leader for distributed control 

K1 = 1.5 K2 = 2.3 

Coefficients for cooperation algorithm for 
BESS 

Coefficients for cooperation algorithm 
for PV inverters 

K19 3 = 7.5 K19 4 = 6.5 g19 = 1 

K28 3 = 6.0 K28 4 = 7.0 g28 = 2 

K14 3 = 6.5 K14 4 = 7.5 g14 = 2 

K33 3 = 5.5 K33 4 = 5.5 g33 = 2 

K32 3 = 4.5 K32 4 = 9.5 g32 = 2 
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Table 4.III illustrates the comparison between the cooperative operation of BESSs and PV 

inverters and the solo-implementation of each of them. It shows that, BESS sizing needs to be 

much larger when implemented alone to control the voltage. On the other hand, it needs 

excessive amount of injection/ absorption of reactive power to control the bus voltages if PV 

inverters are implemented alone. 

 

 

4.5 Conclusion 

A novel discrete event-triggered communication-based distributed cooperative voltage 

control strategy implemented on BESSs and PV inverters has been proposed in this chapter. 

The proposed distributed cooperative voltage control scheme efficiently utilizes the storage 

capacity of neighbour BESSs and reactive power capacity of PV inverters and it has been 

separated into two different control layers that reduces necessary communication between 

neighbour agents. Then, discrete event-triggered communication scheme has been 

implemented in each control layer that dramatically reduces data transmission between agents 

and significantly releases communication bandwidth. Three case studies have shown the 

significance of each control layer for feeder voltage regulation throughout the day. They have 

TABLE 4.III. COMPARISON BETWEEN COOPERATIVE OPERATION AND SOLO-IMPLEMENTATION 

OF BESSS AND PV INVERTERS 

 
 

Bus 

Cooperative operation of BESS 
and PV inverters 

Only 
BESS 

Only PV inverter 

BESS 

(kWh) 

IRPA/ IRPI 

(MVAR) 
BESS 

(kWh) 

IRPA/ IRPI 

(MVAR) 

IRPA IRPI IRPA IRPI 

19 3.6 265.1 352.3 10.2 1049.5 1371.7 

28 4.6 205.9 254.1 9.3 924.63 1120.9 

14 6.5 42.3 62.9 12.2 630.3 924.5 

33 10.8 - - 15.7 267.1 418.5 

32 8.1 - - 8.1 - - 
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shown that the cooperation among neighbour BESSs and PV inverters reduces the BESS sizing 

requirement and reactive power injection/ absorption requirement at each bus, which 

eventually reduces capital costs and power losses through the system. Case studies have also 

proved that separating the distributed cooperative control into different layers and 

implementing discrete event-triggered communication scheme between agents decrease 

communication instants in remarkable extent. This significantly reduces the occupancy of 

limited communication bandwidth and prevents communication bottleneck. The simulation test 

results were obtained from a realistic low-voltage distribution network model interconnected 

with large-scale PVs and actual network data, load profile data, solar irradiance and ambient 

temperature data have been used to evaluate the performance of proposed control strategy in 

realistic environment. 
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Chapter 5 

 

An EVENT-TRIGGERED DISTRIBUTED COOPERATIVE 

VOLTAGE CONTROL WITH COMMUNICATION LINK 

FAILURES ON A Partly CLOUDY DAY 

 

“Mahmud, N., Zahedi, A., & Jacob. M. (2017) An event-triggered distributed cooperative 

voltage control on a partly cloudy day with communication link failures IEEE Transactions on 

Energy Conversion. (Under review)” 

 

Abstract  

In this chapter, the issues with event-triggered communication-based distributed cooperative 

voltage control of low-voltage distribution network with large-scale penetration of solar 

photovoltaics (PVs) with imperfect communication have been addressed. The performance of 

a discrete event-triggered communication-based distributed cooperative control strategy for 

feeder voltage regulation has been analysed on a partly cloudy day with highly fluctuating solar 

irradiation. As reliable and resilient communication network plays a vital role in the 

performance of distributed cooperative control in highly fluctuating operating conditions, the 

performance of the discrete event-triggered communication-based distributed cooperative 

voltage controller has been evaluated in events of random communication link failures on a 

partly cloudy day. An alternate path routing algorithm has been adopted for data dissemination 

to provide resiliency to communication network and to provide robustness to proposed 

distributed cooperative voltage control strategy. A realistic radial distribution feeder has been 

designed in MATLAB/ Simulink environment to analyse the impact of random communication 

link failures on the operability of discrete event-triggered communication-based distributed 

cooperative voltage control strategy on a partly cloudy day and to evaluate the performance of 

proposed alternate path routing algorithm in providing robustness to imperfect communication 

scheme. 
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5.1 Introduction 

The practice of interconnecting solar PVs with low-voltage distribution network is 

accelerating at a rapid pace throughout the world. Since 2010, significantly increased amount 

of solar PVs have been penetrated into distribution grid worldwide comparing to the previous 

four decades [1]. As the percentage of penetration of solar PVs grows, the low-voltage 

distribution system experiences more challenges. Violation of allowable feeder voltage limit is 

one of the most crucial challenges from network operation standpoint in a low-voltage 

distribution network due to high PV penetration [2]. 

To address this issue of voltage limit violations, various sorts of mitigation strategies have 

been proposed which can be performed by either utilities or customers. Utilities need to 

reconfigure the network structure (such as increasing conductor size [3], installing voltage 

regulators [4], changing the set-points of transformers [5] etc.) frequently to cope up with fast 

increasing PV integration which is very expensive. The traditional voltage regulators like on-

load tap changers (OLTC), switched capacitors (SC), step voltage regulators (SVR) are not 

efficient enough to regulate the voltage in the fast nonlinear dynamics when large-scale 

stochastic PVs are integrated [6]. On the other hand, the strategies that can be followed by the 

customers to regulate the voltage within allowable limits include power curtailment [7], 

reactive power injection/ absorption [8] and utilization of energy storage systems [9]. Active 

power curtailment reduces the efficiency of solar PVs and causes wastage of generated power. 

Reactive power compensation by the power electronic converters (e.g. solar PV inverters) 

increases the line loss through the system. Besides, the impact of injected/ absorbed reactive 

power on the voltage profile of the low-voltage distribution feeder is minimal because of the 

higher R/X ratio. Utilizing energy storage system (e.g. BESS) is more effective in systems with 

higher R/X ratio as it stores/ discharges active power for voltage control. However, 

implementation of BESS for voltage regulation needs very large BESS capacity which is 

expensive and unfeasible. In this chapter, a performance evaluation of cooperative operation 

of both BESSs and PV inverters from neighbour buses has been performed to regulate the 

feeder voltage with highly penetrated PVs on a partly cloudy day (fluctuating operating 

conditions).   

These control strategies mentioned above can be implemented in several structures, such as: 

centralized control structure, decentralized control structure and distributed control structure. 

Authors of [10] have proposed a centralized control strategy for energy storage system to 



118 
 

control the voltage in distribution network. This kind of centralized controller requires 

significant investment on extensive communication assets and the controller itself undergoes 

excessive computational burden. This is not feasible for modern large interconnected system 

and a communication failure can affect the entire system operation. Authors of [11] have 

implemented decentralized cooperative control between PV inverter and battery energy storage 

system to control the PCC voltage. This kind of control strategy does not require 

communication links to operate and works on local measurements. However, there is no 

coordination and cooperation among neighbour controllers in this strategy which may cause 

system oscillation and unbalanced conditions. Besides, capacity of many controllers can be left 

unused which could be utilized to cooperate with neighbour controllers to enhance the global 

control performance. The third category, distributed control, does not operate only on local 

measurements and does not require large communication infrastructure. The control devices 

communicate and coordinate with neighbour control devices which makes it advantageous than 

the other two as it needs minimal communication for sharing information. Besides, 

communication failure affects only a small zone in this strategy.  

Since PV generators are located in a heterogeneous and distributed fashion through low-

voltage feeders, distributed control strategies are more suitable for the system. Distributed 

control strategy has become popular nowadays in controlling BESSs and PV inverters [12-20] 

due to its robustness to individual agent errors, its scalability with respect to increased number 

of agents and reduced computational load. However, the communication network of a 

distribution grid usually has limited bandwidth and therefore, an efficient use of the 

communication infrastructure is necessary [21]. Therefore, performing communication among 

agents continually at every instant of time or periodically at equidistant sampling instants as it 

has been assumed in [12-20] is seldom feasible. To relax the occupancy for limited 

communication bandwidth, implementing need-based aperiodic communication scheme, such 

as event triggered communication can significantly reduce those unnecessary sample-state 

transmissions and make effective use of the communication network [22]-[24]. In the event-

triggered communication scheme, a sample-state transmission between agents is triggered 

when a state-measurement error exceeds a given threshold. In this chapter, a discrete event-

triggered communication-based distributed cooperative control scheme has been designed and 

implemented to save the limited network resource while preserving the desired voltage control 

performance on a partly cloudy day. In this event-triggered communication scheme, a 

measured sampled state is transmitted to neighbour control agents only when the computed 
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error between the measured sampled state and last transmitted state violates a predefined 

threshold. This threshold is defined in such a way that the communication instants between 

agents are reduced as much as possible without affecting the performance of the distributed 

controller. Therefore, if there is a failure of data transmission during a discrete event-triggered 

communication instant between agents in an event-triggered communication scheme, it can 

significantly affect the performance of the distributed controller. Besides, on a partly cloudy 

day, fast variation of solar irradiation associated with cloud transients causes rapid voltage 

variation through the distribution feeder with highly penetrated PVs [25], [26]. This 

phenomenon will trigger very frequent and increased number of communication instants which 

requires highly reliable and resilient communication network for stable distributed voltage 

control operation. However, communication networks are usually subjected to numbers of 

disturbances and challenges in normal operation due to attacks, large-scale disasters, mobility 

and characteristics of wireless communication channels [27]. Attacks against the 

communication network is very frequent and it is practically impossible to achieve fully 

resilient network because of cost constraints and design flaws. Therefore, it is necessary to 

evaluate the dependability and performability of the discrete event-triggered communication-

based distributed cooperative voltage control strategy when subjected to communication 

disruptions such as, communication link failures.   

Various sorts of strategies have been proposed in different literatures for recovery from 

communication failures, such as forward error correction (FEC), acknowledgement (ACK), 

multipath routing etc. Among them, multipath routing has received considerable research 

interest recently to assure quality of service (QoS) with better reliability and resilience to data 

transmission [28-30]. In multipath routing protocol, it establishes more than one path to ensure 

reliable data transmission from source to sink. It utilizes link redundancy to enhance the system 

delivery rate and reduces control cost and end-to-end delay. There are several multipath routing 

discovery mechanisms such as, partially disjoint or braided multipath routing [31-34], disjoint 

multipath routing [35-37], dynamical jumping real-time fault-tolerant (DMRF) routing 

protocol [38] etc.  A desirable goal of multipath routing is to deliver data along more than one 

path to provide resilience against any random communication link or node failure. In disjoint 

multipath routing, paths can be long because of the impact of using multiple hops. Therefore, 

significantly more energy is expended. Besides, some nodes on main paths may be used for 

many times, which leads to more energy consumption. On the other hand, braided multipath 



120 
 

increases the number of paths implicitly and all the nodes on main paths may be used equally 

by turns, which leads to less energy consumption and makes overall network load balancing. 

If failure on certain path happens, flooding the network for path rediscovery is necessary for 

disjoint multipath. However, braided multipath constructs a small number of alternate paths 

that can recover from this kind of failure without flooding the network for rediscovery. For 

each node on the main path, the construction mechanism of such alternate path is to find the 

best path from the source to the destination that does not contain that node [39].  In our paper, 

for the radial communication network topology, each node (at each bus) selects their back-up 

node on the network so that if there is a communication link failure from the node upstream, 

an alternate path can be constructed without that node. The constructed alternate path will be 

disjoint with the failed communication link. The main novelties of this chapter are: 

1) Performance evaluation of the discrete event-triggered communication-based distributed 

cooperative voltage control strategy for large grid-tried solar PV system under fluctuating 

operating condition (on a partly cloudy day).  

2) Evaluation of reliability and performability of discrete event-triggered communication 

scheme for distributed feeder voltage control with highly penetrated solar PVs when 

subjected to random communication link failures under fluctuating operating condition (on 

a partly cloudy day).      

3) Design, implementation and performance evaluation of an alternate path routing algorithm 

to provide robustness against random communication link failures under fluctuating 

operating condition (on a partly cloudy day) while implementing discrete event-triggered 

communication-based distributed cooperative feeder voltage control strategy.     

This chapter is organized as follows. Section 5.2 describes and analyses the voltage control 

issue of large grid-tied PV system on a partly cloudy day. Section 5.3 details the proposed 

event-triggered distributed cooperative control strategy for voltage regulation. Section 5.4 

details the design and implementation of alternate path routing algorithm to provide robustness 

against communication link failures. Section 5.5 details the case studies and simulation results 

and section 5.6 establishes the conclusion derived from the work. 
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5.2 Problem description and analysis 

5.2.1 Distribution network model 

A low-voltage radial distribution feeder has been adopted to evaluate the performance of the 

proposed discrete event-triggered communication-based distributed cooperative voltage 

control strategy on a partly cloudy day. Figure 5.1 depicts the low-voltage radial test 

distribution feeder.  

 

 

 

 

 

Figure 5.1. Radial test distribution feeder. 

A solar PV, a BESS and a residential load are connected with each bus through the feeder. 

Each solar PV is connected with the distribution feeder through a 3-phase DC/ AC inverter. A 

BESS is connected to the DC-bus through a bidirectional DC-DC buck-boost converter. Figure 

5.2 illustrates a detailed diagram of a low-voltage radial distribution feeder.  

 

 

 

 

 

 

 

Figure 5.2. Radial distribution feeder with PV, BESS and load. 
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From previous chapter, the voltage deviation between node m and node ( 1) can be 

expressed as,    

                              ∆ 	  = ∑
	

                      (5.1) 

Figure 5.3 illustrates the characterization of cloud transients with solar irradiation profile on 

a typical clear sunny day and a partly cloudy day. It shows that on a partly cloudy day, the solar 

irradiation fluctuates significantly higher comparing to a clear sunny day.   
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Figure 5.3. Solar irradiation profile (a) clear sunny day (b) partly cloudy day 
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Figure 5.4 illustrates the impact of cloud transients on the voltage profile along the 

distribution feeder.  

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

Figure 5.4. 24-hour voltage profile of the critical buses (a) clear sunny day (b) partly cloudy 

day 

 

When a cloud sweeps over a PV site, the fast variation in power output can be as high as 

80% and can last a few seconds. During partly cloudy days, the period from the instant a cloud 

reaches the coverage area of the PV generator until it leaves that area lasts between 0.5 to 8 

minutes [40]. 
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5.2.2 Communication network model 

Consider a system of a group of  interacting agents. The communication connections 

among the agents can be represented by an undirected communication graph,  = { , }. Here, 

1, 2, 3… N} is the index set of N agents and  is the edge set of paired agents where,  ⊆ 

. = [ ] 	  is the weighted adjacency matrix. If nodes  and  can communicate 

with each other, then there is communication link between them. Therefore, ( , ) ∈  

and	 0. In this paper, agents only from neighbour buses have communication link 

between them. The communication neighbour set of node  is represented as,  = {  ∈ | 

( , )∈ }. The adjacency matrix, = [ ] can be defined as,                            

                                                     
0, if	 	 ∈ 	 		

	 0,				otherwise                                                      (5.2) 

Here, self-loops are not included. For all  ∈ ,  = 0. The in-degree of node m is defined 

as  ( ) =∑ , for any ∈ . The degree matrix is represented as,  = diag (  

(1),  (2),………	  ( )). The laplacian matrix of graph  is given by,	 . If 

and only if the graph  is connected,  has a zero eigenvalue and the corresponding eigenvector 

is the vector of ones. For an undirected graph, all the eigenvalues are nonnegative and they can 

be ordered sequentially in an ascending order as, 0 = ⋯ . If   is 

connected, then  0. 

5.3 Proposed discrete event-triggered distributed cooperative voltage control 

strategy on a partly cloudy day 

The event-triggered distributed cooperative control is implemented on the system in two 

layers. Which are: 1) Distributed control layer, 2) Cooperative control layer. In distributed 

control layer, an event-triggered distributed voltage control strategy is implemented among all 

the BESSs to keep the voltages of all the buses within allowable zone. A leader-following 

consensus algorithm has been proposed to control the bus voltages through the feeder in a 

distributed coordinated fashion. However, voltage support from a BESS is limited as its 

capacity is limited and BESS stops to charge/ discharge when the state-of-charge (SOC) 

reaches the upper/ lower limit. Once BESS of any bus reaches its capacity limit during 

distributed control layer, the cooperative control layer is initiated. In the cooperative control 

layer, a two-stage event-triggered cooperative control algorithm has been proposed. The two-

stage cooperative control is stated below:     
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Stage 1: The first-stage of event-triggered cooperative control is implemented on BESSs. 

An event-triggered cooperation algorithm is initiated in the incident of adjacent BESSs being 

unavailable for voltage control (when SOC reaches limit) and voltage of that adjacent bus 

exceeding the allowable zone. This algorithm does not require an expensive continuous 

communication among adjacent BESSs to be operated.  

Stage 2: The second-stage of event-triggered cooperative control is implemented on the PV 

interfacing inverters to provide voltage support if first-stage of cooperative voltage support by 

adjacent BESSs is no longer available (when BESSs from adjacent buses reach their SOC limit 

too). The control steps are discussed in details below: 

 

5.3.1 Leader-following consensus algorithm for BESS for distributed voltage 

control (Distributed control layer) 

The BESSs coordinate with immediate adjacent BESSs utilizing limited communication 

links and decide their respective share of participation  to control the overall feeder 

voltage in distributed fashion. The share of participation of BESS at the last bus 	of 

radial feeder has been considered as the virtual leader of the distributed control algorithm as 

the last bus has highest/ lowest voltage in the system [19]. Initially, the share of participation 

of BESS at last bus  is determined considering equation 5.3. Afterwards, this 

information is conveyed to other buses through the feeder by communication links between 

adjacent neighbours. Figure 5.5 depicts the control structure of proposed event-triggered 

distributed cooperative voltage control implemented on BESS at bus m. 
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Figure 5.5. Control structure of event-triggered distributed cooperative voltage control 

implemented on BESS at bus m. 

The allowable voltage zone is considered as 6%  of the nominal bus voltage, which means 

the upper voltage limit (Vup) is 1.06 p.u. and lower voltage limit (Vlow) is 0.94 p.u. The proposed 

leader-following consensus-based distributed control algorithm will be activated when bus 

voltages enter into ‘critical zone’ that is from 1.055 p.u. (Vcric-up) to 1.06 p.u. (Vup) and from 

0.94 p.u. (Vlow) to 0.945 p.u. (Vcric-low).  can be defined as,  

                       (t) =	
, 	 				

0, 	 	 																					

	 , 	 		

                        (5.3)                 

Here, coefficients  and  are control gains that determine the accuracy and convergence 

speed of the control algorithm.  is then conveyed down through the feeder via 

communication links between adjacent BESSs.  

The share of participation of BESS at bus  can be represented as follows: 

                                         =	∑ 	 ,                                    (5.4) 

                                                    Where,  = 1, 2, 3, … 	 1                       

                                                    When,  >    
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                                                         Or, 	<   

Where,  is the ( , ) entry of a row stochastic matrix	 , which can be expressed as, 

                                                          = 
∑

                                                            (5.5) 

In order to implement the distributed voltage control at bus	 , BESS at bus	  needs to 

monitor the share of participation of adjacent neighbour BESSs at bus  (considering,  ∈  

and ( , )	∈ ) to generate the distributed voltage control reference,		 . Traditionally, 

signal transmission between adjacent BESSs takes place periodically with a constant sampling 

period, which requires large real-time information exchange requirements. Event-triggered 

communication scheme can significantly reduce the occupancy of limited bandwidth while 

preserving the satisfactory distributed voltage control performance. In our paper, in the 

proposed discrete event-triggered communication scheme, the state measurement and error 

computation are performed only at constant sampling period h (at discrete time steps). The 

measured sampled state is transmitted to neighbour control agents only when the computed 

error between the measured sampled state and last transmitted state violates a predefined 

threshold. Let’s assume that each bus  transmits the share of participation of  at time 

instants denoted by,    

                                         0	 ⋯ ⋯ , 	 ∈ 	                                          (5.6) 

Let’s consider, the transmitted share of participation of  at event-triggering time 

instant  is			 . The computed error at event-triggering time instant  for distributed 

voltage control can be defined as,   

                                              ) = 	  	                                           (5.7) 

If the computed error between the current measured sampled state 	  and the last 

transmitted sampled state 	 	is more than a predefined threshold then the measured 

state 	 	is transmitted to the neighbour control agents and  . Therefore, considering 

event-triggered communication scheme, (5.7) can be rewritten as, 

                                     =	∑ 	                                   (5.8)                         

                             Where,  =1, 2, 3, … , 1, 	 ∈ 	   and ∈ ,       

                                     When,  >   or, 	<  
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By properly controlling the magnitude of computed error, the data transmission frequency 

between adjacent buses can be significantly reduced while implementing the distributed 

voltage control through the feeder. 

5.3.2 Cooperation algorithm for BESS (first-stage of cooperative control 

layer) 

Initial SOC of BESSs can be different to one another that can be caused by technical 

problems, uneven charge/ discharge or temporary outages.  As a result, BESS can be 

unavailable for voltage control when SOC reaches its limit and this may cause the bus voltage 

to exceed the allowable zone. An event-triggered cooperation algorithm has been proposed and 

its performance has been analysed where BESSs from adjacent buses provide voltage support 

when BESS of a particular bus reaches its SOC limit. If  reaches its SOC limit during 

distributed voltage control layer and  exceeds the allowable zone, the cooperative control 

formula for BESS at bus  is:    

                                  	 =∑ ,                                     (5.9)                         

                             And,   = ∑ 			                              (5.10) 

                                 When,  >   and 	 80 

                                                          Or, 	<  and 	 	20                           

Here, coefficients  and 	are the cooperative control gains for bus	 , which determine 

the control accuracy and convergence speed. To implement the cooperative control formula 

illustrated in (5.9) and (5.10), data transmission between control agent of  and voltage 

measurement agent at bus  is required. Voltage measurement at bus  takes place at discrete 

time steps with a sampling period  and the measured voltage is transmitted to control agent 

of  only when the computed error exceeds a predefined threshold. Let’s assume that bus 

 transmits the voltage measurements at time instants denoted by, 

                                         0	 ⋯ ⋯ , 	 ∈ 	                                         (5.11) 

The computed error can be defined as, 

                                               ) =                                                 (5.12) 
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Here,  is the transmitted sampled voltage of bus  at event-triggering instant		 . 

Considering event-triggered communication scheme, (5.9) and (5.10) can be rewritten as, 

                                    =∑ ,                                 (5.13)                        

                          And,   =∑                                 (5.14) 

This event-triggered communication-based cooperative control is initiated only when  

reaches its limit considering,  = {  ∈ 	| ( , )	∈ }. This cooperative control from bus  

is added with the share of distributed control at bus  and provides voltage support to both the 

buses until the voltage deviation is mitigated or  reaches limit. So, the power charge/ 

discharge reference for  is,  

                                           = 	                                                     (5.15) 

5.3.3 Cooperation algorithm for PV inverter (second-stage of cooperative 

control layer) 

If SOC of both  and  reach their limits (considering, ( , ) ∈  ) and voltage 

at bus  gets out of allowable zone, reactive power support from PV inverter at bus  is 

initiated. Figure 5.6. illustrates the control structure of PV inverter at bus	 .  

 

 

 

 

 

 

Figure 5.6. Control structure of PV inverter at bus	 . 

 

As the cloud transients cause rapid voltage variations through the feeder, classic PID 

controllers are not efficient enough to provide stable voltage control performance in this 

fluctuation operating condition [11]. In this scenario, ANFISPID-based PV inverter control 

scheme has been adopted in this chapter to provide stable voltage control operation with 

damped system oscillation at the second-stage of cooperative control layer.  
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In this study, PV inverter control scheme has been implemented based on  reference frame 

theory. The three-phase active power  and reactive power	 , generated by PV inverter at 

bus  are:     

                                            	                                   (5.16)                         

                                           	                                     (5.17)                 

Assuming that the d-axis component is perfectly aligned with the grid voltage  = 0, the 

active power and the reactive power will therefore be proportional to  and  respectively: 

                                                         	 	                                               (5.18)                         

                                                         	 	                                           (5.19)                         

The current  component  is controlled by generating reference 
∗
 to manage appropriate 

reactive power injection/ absorption by the PV inverter. The structure of ANFIS-based PID 

control scheme that controls the grid interfacing PV inverter is illustrated in figure 5.6. It 

consists of two control loops, (1) Outer control loop, and (2) Inner control loop. The outer 

control loop is to generate the reference values of current  component 
∗

 to manage 

inverters reactive power exchange. The voltage deviation from reference and the derivative of 

this deviation (as a prediction of future deviations) are given as inputs into ANFISPID-	Ι.  

is referred as the bus voltage reference (240 volts phase-to-neutral). In ANFISPID-	Ι, intelligent 

ANFIS-Ι tunes the gains ( ,  and 	of PID-Ι controller to generate the appropriate 
∗
 

for regulating the voltage of bus m to its reference value.    

 
∗

	 	 	 	 	 	  
	

           (5.20)                        

                                 When, , 	 80	and	 80 

                                      Or, , 	 20	and	 20 

∗
 is then provided to the inner control loop where the measured q-axis component current 

 is regulated by ANFIS-ΙI to follow the corresponding reference values	
∗

.   

   
∗

	 	 	
∗

	 	 	  

∗
	

   (5.21)                            
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In ANFISPID-	ΙΙ, ANFIS-	ΙΙ auto-tunes the PID-	ΙΙ control gains ( ,  and 	to 

control the measured q-axis component current  to follow corresponding reference	
∗
.  

The output of the controller is the voltage quadrature-axis component ( ) that the pulse 

width modulation (PWM) inverter has to generate. This way, PV inverter mitigates the voltage 

deviation from allowable limit at the second-stage of cooperative control layer.  

5.4 Proposed alternate path routing algorithm to provide robustness to 

random communication link failures  

The resilience of a communication scheme mainly illustrates that when the primary 

communication path between source and sink fails, an alternate path is available to transmit 

the data. This can assure the ability of a system to deliver a desired level of functionality in the 

occurrence of faults. In this chapter, the performance of the proposed discrete event-triggered 

communication-based distributed cooperative voltage control strategy has been evaluated in 

the occurrence of random communication link failures and an alternate communication path 

routing algorithm has been designed and its performance has been evaluated in providing 

robustness to the proposed voltage controller against these failures.    

To implement the distributed voltage control along the feeder, a leader following consensus-

based distributed voltage control algorithm has been utilized. The performance of the leader-

following consensus-based distributed control algorithm is significantly dependent upon the 

perfect tracking of virtual leader and any communication link failure with the leader can put 

significant adverse impact on the voltage control. The performability is also affected when 

there is a communication link failure between any other two nodes except the leader node. The 

communication network topology of the radial distribution feeder is stated below in Figure 

5.7.: 

 

   

 

 

Figure 5.7. Communication graph for N-bus radial distribution feeder 
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The topology of the communication network has been adopted as same as the topology of 

the electrical system (radial). To provide robustness against random communication link 

failures, in this radial communication network, each node selects its back-up node so that if 

there is a communication link failure with the node upstream, an alternate path can be 

constructed without that node. This strategy will provide robustness to the downstream nodes 

to follow the virtual leader node in the occurrence of random communication link failures. 

Figure 5.8 illustrates a 5-node radial communication network where all the communication 

links between adjacent nodes are fault-free. In this 5-node communication network, node-5 has 

been considered as the leader of the system. Therefore, the topology of the nodes from upstream 

to downstream has been considered as from node-5 to node-1.  

 

 

 

 

 

 

 

 

          

 

 

                                                                     

Figure 5.8. A 5-node communication network in radial topology with no fault 

 

Figure 5.9 shows communication link failures at different locations of the 5-node 

communication network.  
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(c)     

 

Figure 5.9. Communication link failures and construction of alternate paths (a) Leader-to-

node communication link failure (b) node-to-node communication link failure (c) Leader-to-

node and node-to-node communication link failures 

 

In figure 5.9 (a), an instant has been illustrated when there is a communication link failure 

between the leader node (node-5) and the node immediate downstream (node-4). Therefore, 

there is no data transmission between node-5 and node-4 at that instant. The back-up node of 

any node in this network has been considered as the node immediate downstream of that node. 

In figure 5.9 (a), the back-up node for node-4 is node-3. Therefore, the instant when there is a 

communication link failure between node-5 and node-4, an alternate path gets constructed 

between node-5 and node-3 so that the downstream nodes through the radial network can still 

follow the virtual leader. In figure 5.9 (b), an instant has been illustrated when there is a 

communication link failure between two nodes on the network other than the leader (node-3 

and node-2). The back-up node for node-2 is node-1 and the instant when the communication 

link failure between node-3 and node-2 takes place, an alternate path gets constructed between 
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node-3 and  node-1 so that node-2 and node-1 still can track the leader. In figure 5.9 (c), an 

instant has been illustrated when there is a communication link failure between both leader-to-

node and node-to-node. In this case, alternate paths are constructed for both the failures to 

provide robustness to the functionality of following the virtual leader. 

5.5 Application of the proposed discrete event-triggered distributed 

cooperative voltage control on a partly cloudy day and the proposed 

alternate path routing algorithm during random communication link 

failures  

The performance of the discrete event-triggered communication-based distributed 

cooperative voltage control strategy has been analysed on a partly cloudy day with fluctuating 

operating conditions. The voltage profile for the critical buses of the radial distribution network 

on a partly cloudy day is illustrated in figure 5.10.   

 

 

 

 

 

 

 

Figure 5.10. 24-hour voltage profile of the critical buses on a partly cloudy day. 

 

For a radial distribution feeder, the buses at the end of the feeder (furthest from substation) 

are considered as critical buses as the bus voltages tend to exceed the allowable zone. Figure 

5.10 illustrates the voltages of critical buses of the test distribution feeder in 24-hour timeframe. 

Here, one can see that the bus voltages tend to experience rapid variations due to the impact of 

cloud transients and the voltages of bus 19, bus 28, bus 14 and bus 33 exceed the allowable 

limits. Three test cases have been analysed to evaluate the performance of each control layer 

on a partly cloudy day and a comparative analysis has been carried out for the communication 
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instants while implementing event-triggered communication scheme on a clear day and a partly 

cloudy day. Another test case has been carried out to evaluate the performance of the discrete 

event-triggered distributed cooperative voltage control strategy in the occurrence of random 

communication link failures. This test case also evaluates the performance of the proposed 

alternate path routing algorithm to provide robustness against these failures. 

5.5.1 Distributed voltage control for BESS without cooperation (only 

distributed control layer) 

In the first test case, the performance of the proposed leader-following consensus-based 

distributed voltage control algorithm has been analysed without any cooperation among 

adjacent BESSs and PV inverters on a partly cloudy day.  

In the distributed voltage control layer, BESSs from the critical buses (BESS19, BESS28, 

BESS14 and BESS33) participate in distributed voltage control. BESS32 has not participated in 

the leader-following consensus-based distributed voltage control as V32 is within the allowable 

zone. The initial SOC of all the BESSs is considered at the lower SOC limit which is 20%. In 

figure 5.11, one can see that the voltages of all critical buses are being regulated within 

allowable zone till time t = 12.47 hours. At time t = 12.47 hours, the SOC of BESS19 reaches 

its upper limit (90% SOC) and not available anymore for voltage control. Here, one can see 

that it takes longer time for BESS19 to reach the upper SOC limit on a partly cloudy day 

comparing to a clear sunny day as the solar irradiance drops down when the cloud passes and 

so does the magnitude of voltage deviation.   At t = 12.47 hours, V19 exceeds the upper voltage 

limit. BESS28, BESS14 and BESS33 keep participating in feeder voltage control by charging in 

the excess generated PV power in distributed fashion. BESS28 becomes unavailable for voltage 

control as its SOC reaches its upper limit (90% SOC) at time t = 13.25 hours. However, 13.25 

hour is quite past the peak solar irradiation period and the magnitude of voltage deviation is 

not high enough at that time on a partly cloudy day. Therefore, the distributed voltage control 

operation of only BESS14 and BESS33 is enough to regulate V19, V28, V14 and V33 within 

allowable limit from t = 13.25 hours. Figure 5.11 (b) shows that BESS14 and BESS33 do not 

reach their upper SOC limit on a partly cloudy day the way they did on a clear sunny day. As 

a consequence, they provide voltage support for comparatively shorter time during evening. 
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(a) 

 

 

 

 

 

 

 

 

(b) 

 

Figure 5.11. (a) 24-hour voltage profile and (b) SOC of BESSs on a partly cloudy day when 

distributed voltage control is implemented without any cooperation. 

 

During evening period, voltage sag occurs and V19, V28, V14 and V33 exceed the lower 

allowable voltage limit. BESS19 and BESS28 have been fully charged and BESS14 and BESS33 

have been partly charged during day time and are ready to discharge to provide voltage support 
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during evening. The leader-following consensus algorithm controls the bus voltages in a 

distributed fashion and keeps them within lower allowable limit until the BESSs reach their 

lower SOC limit (20% SOC). BESS19, BESS28, BESS14 and BESS33 reach their lower SOC 

limit at time t = 20.89, t = 21.27, t = 21.66 and t = 21.59 hours respectively. Voltages at one or 

more critical buses exceed lower allowable limit with time with the unavailability of one or 

more BESSs for distributed voltage control. 

5.5.2 Distributed voltage control for BESS with cooperation among adjacent 

BESSs (only distributed control layer and first-stage of cooperative control 

layer) 

In the previous section, one could see that BESS19 and BESS28 reached their upper SOC limit 

at time t = 12.47 and t = 13.25 hours. Due to unavailability of BESS19 for participating in 

distributed voltage control, voltage of bus 19 exceeded allowable limit. Figure 5.12 shows the 

24-hour voltage profile of critical buses when distributed voltage control with cooperation 

among adjacent BESSs is implemented on a partly cloudy day. During midday, when BESS19 

reaches its SOC limit and V19 exceeds the allowable zone (at t = 12.47 hour), the cooperation 

algorithm of the control structure of BESS28 gets activated and provides cooperative voltage 

support for V19 and regulates it within limit. BESS28 keeps providing the cooperative voltage 

support for V19 until its SOC reaches its upper limit (at t = 12.68 hours). When BESS28 reaches 

its limit, V19 and V28 both exceed the allowable zone. This initiates the cooperation algorithm 

of BESS14 and BESS19. BESS14 provides cooperative voltage support for V28 and keeps it 

within upper limit (another neighbour, BESS19 is unavailable for cooperation as it has already 

reached its upper SOC limit).  Therefore, V19 exceeds upper allowable voltage limit from t = 

12.68 hour.  
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(b) 

Figure 5.12. (a) 24-hour voltage profile and (b) SOC of BESSs on a partly cloudy day when 

distributed voltage control with cooperation among adjacent BESSs is implemented.  

BESS14 and BESS33 provide voltage support till t = 14.21 hours. After t = 14.21 hours, all 

the bus voltages enter into allowable zone due to lesser solar irradiation.     

During evening, BESS19, BESS28, BESS14 and BESS33 reach their lower SOC limits at t = 

20.85 hours, t = 21.03 hours, t = 21.26 hours and t = 21.37 hours respectively. 

0 5 10 15 20 24

0.8

0.9

1

1.1

1.2

Time (hour)

V
ol

ta
ge

 (
p.

u.
)

 

 

Bus 32
Bus 33
Bus 14
Bus 28
Bus 19
Upper limit
Lower limit

10 11 12 13 14
1.03

1.04

1.05

1.06

 

17 18 19 20 21 22 23

0.92

0.94

0.96

 

 

0 5 10 15 20 24
0

20

40

60

80

100

Time (hour)

SO
C

 (
%

)

 

 

BESS 32
BESS 33
BESS 14
BESS 28
BESS 19



140 
 

5.5.3 Distributed voltage control for BESS with cooperation among adjacent 

BESSs and PV inverters (complete distributed and cooperative control layer 

together) 

During day time, BESS19 reaches its SOC limit at t = 12.47 hours and BESS28 reaches its 

limit at t = 12.68 hours. After t = 12.68 hours, BESS14 provides cooperative voltage support 

for V28 as adjacent neighbour. However, V19 exceeds the upper allowable voltage limit as 

BESS19 and BESS28 both are unavailable. This initiates the cooperation algorithm of PV 

inverter19 to regulate V19 within allowable zone by absorbing appropriate reactive power. PV-

inverter28 and PV-inverter14 do not need to initiate and provide voltage support to V28 and V14 

as BESS14 and BESS33 do not reach their upper SOC limit on a partly cloudy day.  

During evening, PV inverters inject appropriate reactive power to raise the bus voltages if 

BESS of a particular bus and adjacent buses reach lower SOC limit and voltage of those buses 

exceed lower voltage limit. From figure 5.13 (c), one can see that, PV-inverter19, PV-inverter28 

and PV-inverter14 gets initiated at t = 21.03 hours, t = 21.265 hours and t = 21.38 hours 

respectively and inject reactive power to regulate V19, V28, and V14 within allowable limit. 
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(c) 

Figure 5.13. (a) 24-hour voltage profile (b) SOC of BESSs and (C) reactive power injection/ 

absorption by PV inverters on a partly cloudy day when distributed voltage control with 

cooperation among adjacent BESSs and PV inverters is implemented.  

 

0 5 10 15 20 24

0.8

0.9

1

1.1

1.2

Time (hour)

V
ol

ta
ge

 (
p.

u.
)

 

 

Bus 32
Bus 33
Bus 14
Bus 28
Bus 19
Upper limit
Lower limit

10 11 12 13 14 15

1.03

1.04

1.05

1.06

 

 

18 19 20 21 22 23

0.94

0.95

0.96

0.97

 

 

0 5 10 15 20 24
0

20

40

60

80

100

Time (hour)

SO
C

 (
%

)

 

 

BESS 32
BESS 33
BESS 14
BESS 28
BESS 19

0 5 10 15 20 24
-2

0

2

4

6

8

10

12

14

Time (hour)

R
ea

ct
iv

e 
po

w
er

 (
K

V
A

R
)

 

 

PV inverter 14
PV inverter 28
PV inverter 19



142 
 

Figure 5.14 illustrates the distributed control input from bus 19 during a part of the partly 

cloudy day. Agent at bus 19 performs state measurement and error computation at each discrete 

time step and transmits the measured state when the computed error exceeds a defined 

threshold. In our paper, the threshold for computed error in the distributed control layer has 

been considered as 300 watts. Each time the error between last transmitted data and current 

measured data reaches the threshold- an event is triggered, the discrete transmission data 

changes to a new value and the distributed control input to neighbour control agent is updated. 

 

 

 

 

 

 

 

 

Figure 5.14. A part of distributed control input from bus 19 with event-triggered 

communication scheme on a partly cloudy day. 

 

It can be seen in figure 5.14 that the frequency of event-triggered communication instants is 

much higher on a partly cloudy day comparing to a clear sunny day. Therefore, a reliable and 

resilient communication network is highly recommended to ensure the desirable distributed 

voltage control performance. If there is a communication link failure during one or more 

discrete communication instants between agents, it may put significant adverse impact on the 

performability of the distributed voltage control.   
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Figure 5.15 shows event-triggering time instants at each critical bus in distributed voltage 

control layer during a part of the (a) clear sunny day and (b) partly cloudy day. It illustrates 

that the frequency of event-triggered communication instants get highly increased on a partly 

cloudy day comparing to a clear sunny day. 
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Figure 5.15. A part of event-triggering time instants in distributed voltage control layer (a) 

clear sunny day (b) partly cloudy day 
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In the first-stage of cooperative voltage control layer, the voltage measurement at each 

critical bus (with BESS that has reached its limit) is transmitted to its neighbour buses as 

cooperative control input. The threshold value for voltage measurement error has been 

considered as 0.5 Volt. Figure 5.16 illustrates the cooperative control input from bus 19 and 

bus 28 under event-triggered communication scheme. 

 

 

 

 

 

 

 

Figure 5.16. Cooperative control inputs from critical buses (to neighbor buses) under event-

triggered communication scheme on a partly cloudy day.  

 

To compare the differences of event-triggering instants between a clear sunny day and a 

partly cloudy day, the number of communication instants on both the days have been illustrated 

in Table I. The data from Table 5.I shows that the communication instants on a partly cloudy 

day is significantly higher than the communication instants on a clear sunny day.  

 

 

 

 

 

 

 

 

TABLE 5.I. NUMBER OF DATA TRANSMISSION INSTANTS 

 
 

Communication 
instants 

Bus 19 Bus 28 Bus 14 Bus 33 

Clear sunny day 276 287 329 251 

Partly cloudy day  497 545 608 476 
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Table 5.II depicts the coefficients of control algorithms of the distributed cooperative voltage 

control scheme (same as clear sunny day). 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.5.4 Impact analysis of communication link failures and performance 

evaluation of the proposed alternate-path routing algorithm to provide 

robustness to distributed voltage controller 

The main theme of discrete event-triggered communication-based distributed voltage control 

strategy is to reduce the communication instants as much as possible without degrading the 

performance of the distributed voltage controller. Therefore, a successful data transmission 

between neighbour agents is compulsory at each communication instant. Disruption or 

communication link failure during one or more communication instants can affect the 

controller performance in a significant way. Figure 5.17 – figure 5.26 illustrate the impact of 

communication link failure between bus 19 and bus 28 during a series of communication 

instants. 

    

TABLE 5. II. SYSTEM COEFFICIENTS 

 
 

Coefficients for share of participation of leader for distributed 
control 

K1 = 1.5 K2 = 2.3 

Coefficients for cooperation 
algorithm for BESS 

Coefficients for cooperation 
algorithm for PV inverters 

K19 3 = 7.5 K19 4 = 6.5 g19 = 1 

K28 3 = 6.0 K28 4 = 7.0 g28 = 2 

K14 3 = 6.5 K14 4 = 7.5 g14 = 2 

K33 3 = 5.5 K33 4 = 5.5 g33 = 2 

K32 3 = 4.5 K32 4 = 9.5 g32 = 2 
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(b) 

Figure 5.17. (a) Control input from bus 19 to bus 28 with no communication link failure 

(11.98-12.1 hours) (b) Critical bus voltages are controlled with desirable performance. 
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(b) 

Figure 5.18. (a) Control input from bus 19 to bus 28 with communication link failure for one 

communication instant (11.98-12.1 hours) (b) V19 tends to exceed the allowable limit. 
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(b) 

Figure 5.19. (a) Control input from bus 19 to bus 28 with communication link failure for two 

consecutive communication instants (b) V19 exceeds the allowable limit. 
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(b) 

Figure 5.20. (a) Control input from bus 19 to bus 28 with communication link failure for 

three consecutive communication instants (b) V19 exceeds the allowable limit. 
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(b) 

Figure 5.21. (a) Control input from bus 19 to bus 28 with communication link failure for four 

consecutive communication instants (b) V19 exceeds the allowable limit. 
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(b) 

Figure 5.22. (a) Control input from bus 19 to bus 28 with communication link failure for five 

consecutive communication instants (b) V19 exceeds the allowable limit. 
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(a) 

 

 

 

 

(b) 

Figure 5.23. (a) Control input from bus 19 to bus 28 with communication link failure for six 

consecutive communication instants (b) V19 exceeds the allowable limit. 
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(b) 

Figure 5.24. (a) Control input from bus 19 to bus 28 with communication link failure for 

seven consecutive communication instants (b) V19 and V28 exceed the allowable limit. 
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(a) 

 

 

 

 

(b) 

Figure 5.25. (a) Control input from bus 19 to bus 28 with communication link failure for 

eight consecutive communication instants (b) V19 and V28 exceed the allowable limit. 
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(b) 

Figure 5.26. (a) Control input from bus 19 to bus 28 with communication link failure for nine 

consecutive communication instants (b) V19 and V28 exceed the allowable limit.  
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Figure 5.17 illustrates a part of the partly cloudy day (11.98-12.1 hours) with no 

communication link failure between neighbour buses. It shows that, when there is no disruption 

in the communication between neighbour agents, the discrete event-triggered communication-

based distributed voltage controller perfectly regulates the critical bus voltages within 

allowable limit. Figure 5.18-figure 5.26 illustrate the impact of communication link failure 

between bus 19 and bus 28 for a series of communication instants on the performance of the 

distributed voltage controller. In figure 5.18-figure 5.26 and figure 5.27 one can see that, the 

more is the failed consecutive communication instants, the more is the voltage deviation 

exceeding the allowable zone.  

 

 

 

 

 

 

Figure 5.27. Relation between number of failed consecutive communication instants and 

voltage rise during day time on a partly cloudy day. 

 

 

 

 

 

 

 

Figure 5.28. Voltage profile of the critical buses when alternate path routing algorithm is 

implemented in the event of communication link failure for four consecutive communication 

instants between bus 19 and bus 28. 
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Figure 5.28 illustrates the voltage profile of critical buses when the proposed alternate path 

routing algorithm is implemented in the event of communication link failure for four 

consecutive communication instants between bus 19 and bus 28. In this figure, one can see that 

the voltage profile of the critical buses is almost similar to the voltage profile when no 

communication link failure occurs. A time delay of 35 ms has been considered for the data 

transmission through alternate path considering that the usual communication delay for 

wireless-based network is 20 ms [41]. 

Figure 5.29 illustrates the voltage profile of the critical buses during the occurrences of 

communication link failure between bus 19 and bus 28 for four consecutive communication 

instants (12.037 hour- 12.043 hour) and communication link failure between bus 28 and bus 

14 for three consecutive communication instants (11.498 hour- 11.504 hour) and five 

consecutive communication instants (12.314 hour- 12.332 hour). It shows that these 

communication link failure events affect the performability of the discrete event-triggered 

communication-based distributed voltage controller and V19 exceeds the allowable voltage 

limit.  

 

 

 

 

 

 

Figure 5.29. Voltage profile of the critical buses when communication link failures occur 

between different adjacent critical buses. 

Figure 5.30 illustrates the voltage profile of critical buses when the proposed alternate path 

routing algorithm is implemented in the occurrences of communication link failures illustrated 

in figure 5.29. It shows that the voltage rise at bus 19 is totally mitigated and the robust 

performance of the proposed voltage controller is restored. Time delay for data transmission 

through alternate path has been considered as 35 ms. 
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Figure 5.30. Voltage profile of the critical buses when alternate path routing algorithm is 

implemented in the event of communication link failures between multiple adjacent buses on 

a partly cloudy day.  

In this section, one can see that the proposed alternate path routing algorithm can provide 

robustness to discrete event-triggered communication-based distributed voltage controller 

against random communication failures. 

5.6 Conclusion 

In this paper, the performance of an event-triggered communication-based distributed 

cooperative voltage control strategy implemented on adjacent BESSs and PV inverters has 

been evaluated to control the feeder voltage of grid-tied PV system on a partly cloudy day. 

Case studies have been performed to evaluate the performance of each separated control layer 

on a partly cloudy day.  Case studies have shown that the communication instants between 

neighbour agents are more frequent and significantly larger in number on a partly cloudy day 

comparing to a clear sunny day.  The significance of a reliable communication network to 

ensure the desirable performance of proposed discrete event-triggered communication-based 

distributed voltage controller has been illustrated by analysing the impacts of random 

communication link failures. Case study showed that the disruption of data transmission 

between neighbour agents during communication instants affects the controller performability 

and bus voltages exceed the allowable limit. The performance of the proposed alternate path 

routing algorithm has been evaluated where it has been showed that this algorithm provides 

robustness to the voltage controller against random communication link failures. The 

simulation test results were obtained from a realistic low-voltage distribution network model 

interconnected with large-scale PVs and actual network data, load profile data, solar irradiance 
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and ambient temperature data have been used to evaluate the performance of proposed control 

strategy in realistic environment.  
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Chapter 6 

 

CONCLUSION AND FUTURE WORKS 

 

Voltage regulation challenge along the distribution feeder has attracted the attention of 

industries and researchers and this challenge will be more crucial in near future due to increased 

integration of renewable DGs in the low/ medium voltage distribution network. Renewable 

DGs are generally small-scale electric power generators those generate electricity from 

renewable sources such as solar, wind, tide etc. Among various sorts of renewable DGs, solar 

PVs are most popular for grid interconnected operation. Increased interconnection of solar PVs 

with low-voltage distribution network arises several challenges among which voltage 

regulation challenge is the most significant. In this thesis, the voltage regulation challenge in 

low-voltage power distribution network when increased amount of solar PVs are penetrated 

has been addressed and intelligent mitigation strategies have been designed and their 

performances have been evaluated in realistic test environment. As traditional control devices 

like OLTCs, SVRs or SCs are not efficient enough to regulate the voltage when large amount 

of intermittent solar PVs are interconnected, development of advanced control strategies is the 

fundamental key for unlimited solar PV penetration without putting significant adverse impact 

on distribution network operation and stability.  

 

6.1 Impact analysis and qualitative comparison        

The impact of interconnecting renewable DGs with traditional low-voltage distribution 

system has been mathematically analysed in chapter 2. Qualitative analysis has been performed 

for different existing voltage control approaches and recent developments in control structures 

like centralized control structure, decentralized control structure and distributed control 

structure have been summarized.  
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6.2 Design and implementation of two-stage cooperative voltage control at 

PCC and performance evaluation 

Voltage regulation challenge mainly arises because of the reverse power flow to grid during 

high solar irradiation period. A two-stage cooperative operation of ANFISPID-based PV 

inverter control scheme and ANFIS-based supervisory EMS has been implemented in chapter 

3 in real time to regulate the PCC voltage of low-voltage distribution network interconnected 

with large-scale solar PVs. Traditionally, the utility operators need to manually adjust the 

conventional PID control parameters at a regular practice by a trial-and-error method which is 

expensive, time-consuming and tedious. The adjusted PID parameters can go obsolete in a 

short time due to rapidly changing system dynamics which will make the utility operators run 

the trial-and-error process again. Moreover, when large-scale of intermittent solar PVs are 

interconnected with low-voltage distribution system, an increased amount of nonlinearities are 

introduced in the system dynamics. Conventional PID-based control scheme may fail to 

provide appropriate response in this scenario due to their linear nature that can cause oscillation 

and system instability. However, when ANFISPID is applied, the expensive manual trial-and-

error tuning is not required anymore. To train ANFIS, a number of simulations in different 

operating conditions are necessary and this is a one-time process and far lesser time-consuming 

and tedious comparing to manual trial-and-error tuning at a regular practice. Once ANFIS is 

trained, it provides ‘plug-and-play’ feature to auto-tune appropriate PID parameters in 

accordance with system operating conditions in real time. Moreover, ANFISPID-based control 

scheme provides robust response to system dynamic changes & noises and damps oscillation. 

Case studies performed in chapter 3 showed that oscillatory responses provided by the 

conventional PID can cause the PCC voltage to exceed allowable limit which will arise several 

critical power system contingencies which are expensive to recover. On the other hand, 

ANFISPID-based control scheme provides robust responses and damps oscillations even in 

worst case scenarios and regulates PCC/ feeder voltage within permissible ranges. Besides, 

ANFIS is easier to implement, faster, stronger in generalization skills and more accurate. The 

ANFIS controller implemented in this thesis (for ANFISPID) has only two inputs and one 

output which makes the algorithm very simple, easy and inexpensive to implement. Case 

studies performed in chapter 3 also showed that the ANFIS-based supervisory EMS cooperates 

with ANFISPID-based PV inverter control scheme by reducing PCC voltage deviation thus 

reducing necessary reactive power injection/ absorption by the inverter for voltage regulation. 

This reduces line losses through the system and overall expenses. Besides, simulation studies 
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showed that ANFIS-based supervisory EMS ensures longer BESS life span and better BESS 

efficiency which increases economic feasibility.  

6.3 Design and implementation of discrete event-triggered distributed 

cooperative voltage control for radial distribution feeder with multiple buses 

and performance evaluation 

For implementing distributed cooperative voltage control along the feeder, a reliable 

communication network with appropriate bandwidth between neighbour agents is necessary. 

However, the bandwidth for the communication network of low-voltage distribution grid is 

very limited. Therefore, in the case of large-scale penetration of solar PVs, the tremendous data 

exchange while implementing distributed cooperative voltage control along the feeder will 

rapidly make the network exhausted and communication bottleneck will occur. This bottleneck 

will put adverse impact on the voltage control performance.  Therefore, a strategy is required 

to reduce the occupancy of communication network bandwidth while preserving the desirable 

distributed cooperative voltage control performance. In chapter 4 of this thesis, a novel discrete 

event-triggered communication-based distributed cooperative voltage control strategy 

implemented on adjacent BESSs and PV inverters has been designed, implemented and its 

performance has been evaluated. The designed distributed cooperative voltage control scheme 

efficiently utilizes the storage capacity of neighbour BESSs and reactive power capacity of PV 

inverters and it has been separated into two different control layers that reduces necessary 

communication between neighbour agents. Then, discrete event-triggered communication 

scheme has been implemented in each control layer that dramatically reduces data transmission 

between agents and significantly releases communication bandwidth. Three case studies have 

shown the significance of each control layer for feeder voltage regulation throughout the day. 

They have shown that the cooperation among neighbour BESSs and PV inverters reduces the 

BESS sizing requirement and reactive power injection/ absorption requirement at each bus, 

which eventually reduces capital costs and power losses through the system. Case studies have 

also proved that separating the distributed cooperative control into different layers and 

implementing discrete event-triggered communication scheme between agents decrease 

communication instants in remarkable extent. This significantly reduces the occupancy of 

limited communication bandwidth and prevents communication bottleneck.  
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6.4 Performance evaluation of designed discrete event-triggered distributed 

cooperative control in the occurrences of random communication link 

failures and design and implementation of alternate path routing algorithm 

to provide robustness and performance evaluation   

The threshold for computed errors has been defined in this thesis in such a way that the 

communication instants between agents are reduced as much as possible without affecting the 

performance of the distributed controller. Therefore, if there is a failure of data transmission 

during an event-triggered communication instant between agents, it can significantly affect the 

performance of the distributed controller. Besides, on a partly cloudy day, fast variation of solar 

irradiation associated with cloud transients causes rapid voltage variations through the 

distribution feeder with highly penetrated PVs. This phenomenon will trigger very frequent 

and increased number of communication instants which requires highly reliable and resilient 

communication network for stable distributed voltage control operation. However, 

communication networks can be subjected to numbers of disturbances and challenges in normal 

operation due to attacks, large-scale disasters, mobility and characteristics of wireless 

communication channels. Attacks against the communication network is very frequent and it 

is practically impossible to achieve fully resilient network because of cost constraints and 

design flaws. Therefore, it is necessary to evaluate the dependability and performability of the 

discrete event-triggered communication-based distributed cooperative voltage control strategy 

when subjected to communication disruptions such as, communication link failures. In chapter 

5, the performance of an event-triggered communication-based distributed cooperative voltage 

control strategy implemented on adjacent BESSs and PV inverters has been evaluated to 

control the feeder voltage of grid-tied PV system on a partly cloudy day. Case studies have 

been performed to evaluate the performance of each separated control layer on a partly cloudy 

day and they have shown that the communication instants between neighbour agents are more 

frequent and significantly larger in number on a partly cloudy day comparing to a clear sunny 

day.  The significance of a reliable communication network to ensure the desirable voltage 

control performance has been illustrated by analysing the impacts of random communication 

link failures. Case study showed that the disruption of data transmission between neighbour 

agents during communication instants affects the controller performability and bus voltages 

exceed the allowable limit. To provide robustness against these random communication link 

failures, an alternate path routing algorithm has been proposed. In this algorithm, each node on 
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the radial communication network selects their back up node so that if there is a communication 

link failure from the node upstream, an alternate path can be constructed without that node. 

The performance of the proposed alternate path routing algorithm has been evaluated where it 

has been shown that this algorithm provides robustness to the voltage controller against random 

communication link failures.   

The simulation results in this thesis were obtained from a realistic model replicating an actual 

low-voltage distribution network integrated with large-scale of solar PVs. Actual customer load 

profile data, actual solar irradiance and ambient temperature data had been used to evaluate the 

performance of the developed voltage control strategies in real scenarios. 

6.5 Recommendations for future works 

 As a continuation to this work, in the future, variable threshold can be considered in real 

time for computed errors which will allow more reduction of communication instants all 

though the day.  

 The impact of solar PV penetration can be evaluated for different R/X values and a 

cooperative strategy utilizing BESS, PV inverter and OLTC can be implemented for 

distribution feeders with very high R/X values. 

 A detailed trade-off analysis can be performed between the maintenance overhead of 

alternate path and the financial benefit of constructing alternate path in the occurrences of 

random communication link failures. Maintenance overhead is the measure of the energy 

required to maintain these alternate paths using periodic keep-alives. 

 ANFIS-based supervisory energy management system can be modified and implemented 

for distributed coordinated voltage control through the feeder with multiple buses. 

 A new reactive power control method that is based on sensitivity analysis can be 

introduced. A location-dependent power factor set value can be assigned to each inverter, 

and the grid voltage support can be achieved with less total reactive power consumption. 

In order to prevent unnecessary reactive power absorption from the grid during admissible 

voltage range or to increase reactive power contribution from the inverters that are closest 

to the transformer during grid overvoltage condition, this method can combine into two 

droop functions that can be inherited from the standard cos  (P) and Q (U) strategies.  

 An effective sizing strategy for distributed BESS can be developed in the distribution 

networks under high PV penetration level. The size of the distributed BESS can be 

optimized and the cost-benefit analysis can be derived. The cost-benefit analysis can 
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consider factors of BESS influence on the work stress of voltage regulation devices, load 

shifting and peaking power generation, as well as individual BESS cost with its lifetime 

estimation. Based on the cost-benefit analysis, the cost-benefit size can be determined for 

the distributed BESS.  

 A central voltage-control strategy can be developed for smart LV distribution networks, by 

using a novel optimal power flow (OPF) methodology in combination with the information 

collected from smart meters for the power flow calculation. This strategy can 

simultaneously mitigate the PV reactive power fluctuations, as well as minimize the voltage 

rise and power losses. The results can be very promising, as voltage control can be achieved 

fast and accurately, the reactive power can be smoothed in reference to the typical 

optimization techniques and the local control strategies can be validated with a real-time 

simulator. 

 Through a parametric study, various inverter settings can be considered and compared for 

a real medium voltage network with a high PV penetration level and for which a 

demonstration can be planned. The purpose of this work can be to investigate the suitability 

of such control concepts to compensate the voltage rise caused by the PV power feed-in 

and to provide some guidance on the adjustment of the settings of such control mechanisms. 

For the assessment of the performance of the control concept with different settings, 

extensive load flow simulations can be performed for a voltage-dependent reactive power 

control (Q(V) characteristics) on the basis of 15-minute profiles. As a result, voltage time-

series over a period of 1 year can be obtained for each case and analysed. Apart from the 

voltage profiles, other features such as network losses and reactive energy import can be 

quantified because they are also of noticeable importance for network operators. 

 The Solar PV inverter operation in mitigating the voltage quality issues in various scenarios 

through RSCAD real-time simulations can be investigated.  

 Field measurement data monitoring at the distribution transformer levels can be analysed 

for better management of the LV network and for maximizing PV penetration. Further 

research can be performed to understand and mitigate the harmonic resonance issues 

accompanied with PV systems penetration. 

 In future, Energy storage systems will play a vital role in the LV networks. The collective 

impact of PV and energy storage technology need to be studied. Also, the proposals like 

community energy storage and distributed energy storage systems installation in the 

network could be interesting. 
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