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Abstract 

The rapid increase in the installation of distributed generations (DGs), particularly 

solar photovoltaic (PV) associated with unbalanced features of distribution systems (DS), 

disturbs the classic control strategy of voltage regulation devices. The classic control 

strategies of the traditional voltage regulation devices, such as the on-load tap changer 

(OLTC), switchable capacitors (SC) and step voltage regulators (SVRs), are designed 

based on the unidirectionally power flow scheme from the substation to the loads. The 

DG installation changes the characteristic of the DS from passive to active, which can 

mislead such classic control strategies and causes tap oscillations and increase the voltage 

violation problems, i.e., voltage rise, voltage fluctuation and voltage imbalance because 

of the intermittent and unbalanced outputs of DGs.  

The main objective of this work is to develop effective voltage control schemes for 

DS with high DG penetration.  For this purpose, three strategies for voltage control are 

proposed in this work based on a multi-agent system (MAS) architecture. An 

advantageous feature of using the MAS scheme is a robust control performance in a 

flexible and reliable manner, even in the case of agent failure. 

 Firstly, an effective voltage control strategy for voltage regulators in the unbalanced 

DS (UDS) is proposed based on voltage/tap sensitivity and the MAS architecture. The 

features of the UDS with DGs and different types and configurations of voltage regulators 

are considered in the proposed strategy. The novelty of the proposed method lies in 

realizing both the control optimality of minimizing voltage violations and the flexibility 

to accommodate changes in the DS topology using a MAS scheme. Simulation studies 

have been conducted using the IEEE 34-node and 123-node distribution test feeders 

considering high PV penetration and different sun profiles. The results show that the 

proposed voltage control strategy can optimally and effectively manage the voltage 

regulators in the UDS, which decreases their operation stresses and minimize the overall 

voltage deviation. 

Secondly, a simple and efficient method is proposed for voltage regulation by 

managing the reactive power of the DG sources. The proposed control strategy is 

formulated based on voltage/reactive power sensitivity analysis using the MAS 

architecture. Comprehensive case studies on IEEE 33 test feeders are carried out to 

demonstrate the effectiveness of the control strategy. The numerical results show that the 
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proposed strategy can significantly mitigate voltage violation problems in a simple 

manner. 

Finally, a novel method for management the output active and reactive powers of the 

DG sources in order to realize an optimal operation of the DS. The objective of the 

proposed method is to control the reactive power outputs of DGs for maximizing the total 

output power while improving the voltage profiles of the DS. The proposed method 

resolves all those problems. In order to mitigate the voltage violation, the proposed 

method performs an optimal power flow (OPF) calculation and compute the nodal prices 

of active and reactive powers based on the MAS approach. Then dynamic pricing is 

carried out on-line using locational marginal pricing (LMP) for real and reactive powers 

of PVs in DS. The simulation results confirm that the proposed method can successfully 

deal with the voltage violations in DS and minimize the curtailment of PV power. 
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Chapter 1: Introduction  

 Research Background 

Recently, the installation of distributed generations (DGs) in distribution systems 

(DS) has quickly expanded; approximately 181 gigawatts (GW) of renewable power 

energy has been installed in 2018 worldwide, and 55% of this capacity is generated from 

solar photovoltaic (PV) sources  as shown in Figure 1.1 [1]. This increase causes serious 

voltage problems in the DS. The DGs installation changes the characteristic of a DS from 

passive to active, which causes voltage rise, voltage fluctuation and voltage imbalance 

because of the intermittent and the unbalanced of the DGs outputs [2]–[5]. Figure 1.2 

illustrates the structures of traditional and active DS (i.e., without and with DG 

integration). 

The classic control strategies of the traditional voltage regulation devices, such as the 

on-load tap changer (OLTC), switchable capacitors (SC) and step voltage regulators 

(SVRs), are designed based on the unidirectionally power flow scheme from the 

substation to the loads. The bidirectional power flow caused by the DGs generation can 

mislead such classic control strategies and cause voltage violations and tap oscillations of 

the transformers. Various studies for voltage control have been performed, such as the 

local coordination techniques [6], [7], optimization techniques [8]–[10], neural network 

 

Figure 1.1 Annual additions of renewable power and total, 2012-2018 [1]. 
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applications [11], [12], and agent-based techniques [13]–[17]. Various strategies have 

been conducted to mitigate the impact of the high DG penetration on the DS voltage. The 

approaches can be classified into centralized and distributed methods. 

The centralized control methods coordinate voltage regulators by optimizing a certain 

objective, such as minimizing the voltage deviations and tap operations in DSs. The 

centralized control scheme is effective for the coordination among the DGs, OLTC, and 

SC. The approach can include day-ahead coordination [18], [19], management of the DG 

reactive power [20]–[22], voltage rise mitigation by coordination among battery energy 

storage systems (BESS) [23]–[26], microgrid voltage regulation [27], [28], and PV 

inverter reactive power control [29], [30]. These centralized control schemes can realize 

optimal control, whereas the high performance depends on the cost of the communication 

system, and its reliability against faults requires continued high investment.  

The distributed control scheme relies on the independent decision of distributed 

controllers, where a coordination method is necessary to address the present voltage 

problems [31]. This strategy includes the off-line coordination of the parameters of 

conventional distributed controllers, and a multi-agent system (MAS) scheme that fully 

utilizes communications among them. There have been various works, such as the 

charge/discharge of BESS [32], controlling the DG active power generations [33], 

coordination among the OLTCs, SCs, and PV inverter reactive powers [34]–[36]. The 

 

Figure 1.2 Traditional and active distribution system structures. 
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distributed approach is generally more reliable, since the individual controllers can act 

autonomously, even in the case of faults. However, the optimal performance cannot be 

achieved in general, except certain cases [37]–[39], where the optimality can be reached 

when the agents are allowed to communicate and cooperate. 

Furthermore, different studies have been  performed using the reactive power 

capability of the DGs in order to reduce the stress on the voltage control devices  [14], 

[40], [41]. The reactive power devices have a fast response comparing with the traditional 

SVR or OLTC. Therefore, the reactive power capability of certain DG types, like PV, is 

used in several control methods to mitigate voltage regulation problems including voltage 

rise, voltage drop and voltage fluctuations [42]–[44].  

Recently, the multi-agent system (MAS) has been used in a lot of studies to solve 

many voltage control problems in DSs. MAS is a control system composed of multiple 

agents, which can interact with each other and work together to solve problems based on 

the data collected by sensors, and it can acts autonomously [45], [46]. The authors in [17] 

used the MAS to manage the power dispatch in the DS taking into account the uncertainty 

of DGs generation. A decentralized optimum control technique for the voltage regulation 

devices in DS has been proposed in [47].This control method was formulated based on 

MAS to find the optimal setting for the voltage control devices in the DSs. In [16], a 

cooperative protocol based on MAS has been proposed, where the objective of this 

protocol is to minimize voltage deviation and mitigate the interference between tab 

regulators and DGs in active DSs 

 Research Objectives  

Based on the above literature, considerable research work has been conducted to 

resolve the voltage control problems of the active DS. The main objective of this work is 

to develop effective voltage control schemes for DSs with high DGs penetration.  This 

objective is achieved using the MAS architecture through the following sub-objectives: 

1.2.1 Management of Voltage Regulators 

 In this thesis, an effective voltage control strategy for the voltage regulators in the 

unbalanced DS (UDS) is proposed [48]. The proposed method considers the features of 

the UDS and different types and configurations of voltage regulators. The difference of 

the proposed method from the existing methods lies in ensuring an optimal control action 

to minimize the voltage deviations in a simple manner without using a central controller. 

Furthermore, it is flexible to handle the possible changes in the DS topology and 
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operations of the PV systems using the distributed MAS scheme. The use of the MAS 

scheme yields a robust control performance in a flexible and reliable manner, even in the 

case of agent failure. The proposed method can optimally and effectively manage the 

voltage regulators in the UDS with an unbalanced PV distribution among the three-

phases, decrease the device operation stresses and minimize the total voltage deviation. 

The proposed method can consider other conventional controllers (e.g., capacitors) to be 

operated as local controllers with their own setpoints. 

1.2.2 Management of DGs Power 

1.2.2.1 Reactive Power Control of DGs  

A simple and effective management strategy is proposed for controlling the reactive 

power of the DGs using voltage/reactive power sensitivity analysis and MAS. The 

proposed strategy utilizes the reactive power capability of the DG sources to reduce the 

overall system voltage deviation. The proposed strategy represents each DG with its 

ability to supply or absorb reactive power as a control agent, and each DG have its own 

control parameter which is function of the local node voltage deviation and the 

voltage/reactive power sensitivity. The proposed method can simplify the coordination 

process among the different voltage regulation devices and the various DG sources in the 

DS to achieve an overall strategy for effective voltage control.  

1.2.2.2 Active/Reactive Power Control of DGs Using Nodal Prices  

A novel method is proposed for the management of the output power of the DGs in 

order to solve the voltage rise problem and the unfairness situation among the DGs 

generations. Two optimization problems are formulated: One is for the optimal operation 

of DS, where the objective is to maximize the total active power generations of the PVs 

subject to the voltage limits and PV inverter constraints. The other is for the individual 

PV prosumers to maximize their profits subject to the inverter constraints. An important 

thing is that the solutions of the both problems agree to each other by the following 

procedure: (1) The former optimization provides the nodal shadow prices of the active 

and reactive powers of PV inverter outputs; (2) Then prices are announced to the PV 

prosumers; and (3) The prosumers maximize their profit under the nodal prices. This 

method can also realize a fair profit situation among the prosumers, while maximizing 

total power generations and controlling the voltages within their limits. The voltage 

control in the proposed method is performed based on MAS described in [47]–[49], 
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where the information is exchanged via a common memory (blackboard memory) and 

each PV source acts as a control agent. 

 Thesis Outline 

The thesis is organized as follows: 

Chapter 1: presents the introduction to the active DSs, research objectives, scope of the 

research, and organization of the thesis. 

Chapter 2: provides a comprehensive review of DS, impact of DGs on feeder voltage 

regulation, voltage control techniques, and MAS.  

Chapter 3: presents an optimal voltage control strategy for voltage regulators in active 

UDS using MAS architecture. The proposed method is tested considering high PV 

penetration and compared with a conventional method. The simulation results 

demonstrate that the proposed strategy can effectively adjust the tap operations to 

minimize the voltage deviation with no tap oscillations under different sun profiles (sunny 

or cloudy).  

Chapter 4: provides an effective control strategy for DGs reactive power based on MAS 

and voltage/reactive power sensitivity analysis. The proposed strategy utilizes the reactive 

power capability of the DG sources to reduce the overall system voltage deviation. The 

numerical results show that the proposed strategy can significantly mitigate voltage 

violation problems.  

Chapter 5: provides a novel method for controlling photovoltaic (PV) power outputs for 

optimal operation of DS. The proposed method maximizes the total power of PVs in the 

DS by controlling their reactive power outputs while improving the voltage profiles. The 

results demonstrate that the proposed method is effective to mitigate the voltage violation 

problem and maximize the total PV power generations. 

Chapter 6: provides a conclusion part, where contributions of the study are discussed. In 

addition, some recommendations for further research in the future are presented. 

To give a unified picture and facilitate understanding the contents and the 

distribution of contributions among the different chapters Figure 1.3 is drawn, which 

describes the workflow in the thesis. According to the figure, the contents of the 

dissertation are divided into three parts, namely, Part I, Part II, and Part III. 
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Chapter 2: Voltage Control in Distribution Systems  

 Introduction  

This chapter presents a literature review on the voltage control in DS. The chapter 

starts with an introduction on the characteristics of the DS, the impact of DGs on feeder 

voltage regulation and network performance during different operating conditions. The 

chapter then focuses on the voltage control techniques. Lastly, a detailed explanation on 

the MAS and the voltage regulation using MAS architecture is described. 

 Distribution System Characteristics 

The electrical DSs are an essential part of the electrical power system. In order to 

transfer electrical power from the transmission system to the place where it will be used 

by the consumers, some type of DSs must be utilized. The DSs are divided into two types, 

radial or meshed network. The radial structure of DSs makes the flow of the power in one 

direction from the source substation towards the customers and it is arranged like a tree 

where each customer has one source of supply. Radial systems are commonly used in 

rural or suburban areas. A network system has multiple sources of supply operating in 

parallel. In general, there are unique features, configurations, and characteristics of DSs 

which can be summarized as follows: 

 Extremely large number of branches/nodes. 

 Multiphase, unbalanced grounded or ungrounded operation. 

 High R/X ratios. 

 Three-phase transformers and voltage regulators. 

 Unbalanced distributed load. 

 High penetration of different types of DG technologies. 

 

 Impact of DGs on Feeder Voltage Regulation  

Recently, the installation of different types of DGs in DS has increased rapidly. The 

traditional DS and their control strategies were designed based on the unidirectionally 

power flow scheme from the substation to the loads. The bidirectional power flow caused 

by the DGs generation changes the characteristics of the DSs from passive to active 

which can mislead the classic strategies of voltage control and cause various voltage 
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violations. The impact of the DG’s presence on the DSs voltages can be illustrated as 

follows: 

- Overvoltage Problem: The installation of the DG sources in the DSs, will affect 

the voltage regulation depending on the location, size, and operating scheme of 

the DG source. During high DGs generation and low load periods, there is a 

possibility of reverse power flow, which causes voltage rise, in the network as 

shown in Figure 2.1 [50].The overvoltage problem due to high DGs penetration 

restricts the DGs hosting capacity and increases the DGs power curtailment in the 

DS [51].  

- Voltage Fluctuations: The varying output of renewable energy-based DG sources 

can cause voltage fluctuations on the feeder which lead to the oscillating of tap 

changers and capacitors. For example, the output power of wind turbines and PVs 

is highly dependent on weather conditions which are naturally random, these 

fluctuations will disturb the operation of the voltage control devices. 

- Interaction with the Voltage Control Devices: The interaction of the voltage 

control devices and the DG sources affects the performance of the control devices 

and disturbs their conventional control strategies which increases the difficulties 

 

Figure 2.1 Voltage profile before and after addition of large DG. 
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to solve the voltage regulation problems. The fluctuated output of some DG 

sources like PV and wind generation systems because of their intermittent 

characteristics, increases the stress on the regulation devices, causes oscillations in 

the regulator tap, and affects the operation of the switched capacitors. Likewise, 

the DG that has feedback to regulate the voltage may interact negatively to the 

voltage control devices of the DS. Under such conditions, excessive cycling of 

voltage control devices can occur which will affect the power quality of the DS 

[52]. 

 Voltage Control Techniques 

All the devices, apparatus, electrical machines, consumer appliances etc. are all 

designed to be used within the standard voltage range. The variations of voltage in the 

DSs with different DG sources may affect the operation of those and cause performance 

deterioration. Therefore, it is desirable that the consumers receive power within the 

prescribed voltage limit. This section presents a comprehensive review of voltage control 

techniques for the active DSs, recommendations are provided in order to decrease the 

voltage violations and maximize the DGs utilization. 

2.4.1 Tap Changing Transformers 

The tap changing transformers (i.e. on-load tap changers (OLTCs), off-load tap 

changing transformers, and step voltage regulators (SVRs)) are the most common 

technique for voltage control in the DSs. It is an effective way to control the voltage by 

selecting the appropriate tap position. The standard step regulators can change the voltage 

by ±10% regulator range, usually in 32 steps. 

 There are various control characteristics associated with tap changing transformers 

such as: 

- Voltage level: the voltage level to which the control will regulate (load center 

voltage). 

- Dead band or bandwidth: the total voltage range around the voltage level which 

the control will consider acceptable. 

- Line drop compensation (LDC): which set to compensate for the voltage drop 

between the regulator and the load center rather than at transformer terminals. 

- Time delay: used to avoid taps oscillation during a transient or short time voltage 

fluctuations and it can be used to accommodate the operation of series and parallel 

regulators. 
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However, with increase the installation of DGs in the DSs, the performance of the tap 

changing transformers is affected, thus resulting in voltage regulation problems. 

Therefore, the regulators should have an effective and cooperative voltage control 

algorithm to overcome the voltage violations and keeps the voltage within the standard 

limits. 

2.4.2 Shunt Capacitors (SC) 

Shunt capacitor banks are important for the reliable operation of the DSs. The 

capacitor banks used to regulate voltage profiles and reduce reactive power flow through 

the power system.  

Different approaches can be used to control the capacitor bank depending on the bank 

size, location, nearby capacitor bank, availability of the load tap changer (LTC), etc. these 

approaches can be described as follows [53]: 

 Voltage control: the capacitor bank is controlled based on the measured node 

voltage. 

 Reactive power control: the capacitor bank is controlled based on the measured 

reactive power. 

 Power factor control: the capacitor bank is activated/deactivated according to the 

power factor limit. 

 Timed control: the capacitor bank is activated/deactivated depending on the 

scheduled time (hour, day, month). 

  Manual control: the capacitor bank is activated/deactivated manually based on 

needs. 

 

2.4.3 Static Synchronous Compensator (STATCOM) 

STATCOM is a shunt-connected FACTS device which can provide voltage control in 

either transmission or distribution system. The STATCOM generates/absorbs reactive 

power with a fast control response because no moving parts are used. The reactive output 

of the STATCOM is controlled to regulate the bus voltage with which it is connected.  

The STATCOM performs the voltage regulation in a more robust and flexible manner 

[54].  

2.4.4 Energy Storage Systems (ESS) 

The integration of energy storage systems (ESS) in the DSs can mitigate some of the 

problems of installing DGs with high penetration. The ESS can help in maximizing the 
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energy efficiency of the DS, improve the overall performance, mitigates the voltage 

deviation, and control the line losses [55]. Various types of ESS can be used in the DSs, 

i.e. fuel cells, flywheels Pumped hydro storage, compressed air energy storage (CAES), 

super-conducting magnetic energy storage (SMES), and the most widespread ESS are 

hydrogen and lead acid battery energy storage system (BESS) [56].  

Various studies for voltage control have been performed using the EES, a coordinated 

control strategies for ESS with traditional voltage regulators (OLTC and SVR) and PV 

sources are proposed in [25], [26], [40], [57], [58]. The objective of the proposed methods 

is to regulate the voltage within the standard limits.  

2.4.5 Network Reconfiguration 

Network reconfiguration refers to reshape the distribution network topology by 

closing/opening the tie switches in order to optimize the system operations and achieve a 

certain objective such as system loss reduction, voltage stability, and voltage regulation 

[59], [60]. Although this technique is a new topic in voltage control for DSs with DG, 

some studies has been performed using the network reconfiguration to regulate the node 

voltages as described in [61]–[63]. 

2.4.6 Active/Reactive Power Control of the DGs 

Voltage violations caused by the DG sources can be decreased by controlling active 

and reactive power of the DGs. The voltage can be regulated by reducing the DG active 

power generation or allowing the DGs which have the reactive power capability to 

absorb/inject reactive power to the network. 

Active Power Curtailment of the DGs becomes a popular solution introduced in many 

voltage control schemes and it can be easily implemented with different type of DGs, i.e., 

biomass, hydro, wind turbines, and PV sources as illustrated in [50], [64], [65]. However, 

this method has a negative effect on the DG investment. Therefore, different approaches 

are proposed for managing the voltage regulation using the reactive power control of the 

DGs combined with the real power curtailment. Firstly, the DG absorb/inject reactive 

power until the constraints are reached. Then, If the reactive power control is not enough 

to regulate the voltage within the limits, the active power control strategy will used to 

regulate the voltage [56].  

Recently, the PV inverter play an important role in the voltage regulation of the active 

DSs. Different techniques are proposed for the managing of active/reactive power of the 

PV inverter in order to control the voltage and mitigate the overvoltage problem [30], 
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[66]–[68]. These control techniques can be classified in two main approaches. The first 

one is a centralized control where the optimal active and reactive power are calculated 

using the optimal power flow (OPF) [69]–[71]. The second approach is a distributed 

control scheme where each PV inverter acts individually [34], [42]. Concerned with PV 

inverter control, the active power curtailment and the reactive power control of the PV 

power are major methods to mitigate the voltage rise problem in the DS. However, the 

management of PV power in DS may cause unfairness situation in the PV operations 

because the generated power is reduced in some specific PV nodes to reduce the voltage 

raise. Therefore, some control techniques are proposed to quantify this unfairness as 

described in [65], [72].  

 

2.4.7 Cooperative Control Techniques 

Recently, with increase the installation of different types of DG in the DS, using a 

single control technique becomes insufficient to solve the complicated voltage problems. 

Therefore, cooperative techniques and methodologies are widely used in the active DSs 

compared with the single control techniques. The coordination among the different 

control techniques has been developed in various research studies, a coordination between 

the reactive power compensation and the OLTC is proposed in [9], [16], [73]–[75]. 

Cooperative real-time control between PV inverters and BESS is proposed in [76]. In 

[77], a fast-acting approach is proposed to minimize the voltage deviations by 

determining the setting of regulator taps and the contributions of reactive power for both 

the capacitors and the DGs without active power curtailment.  

 Control Structures 

Numerous control structures are used in the DS for the management of voltage control 

devices and it can be classified into centralized and distributed structures. The centralized 

control structure coordinates the voltage control devices by optimizing a certain objective 

using a central controller. The central controller collects and analyzes the network 

information and takes the control decisions and sends the control signal to the voltage 

control equipment. The centralized control scheme can provide the best performance for 

the coordination among the DGs, OLTC, SC, and smart inverters. But this scheme may 

become unpopular in the large DS for several reasons as follows: 

- For high DGs penetration, the high performance requires large investments in the 

communication network.  
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- Large number of installed DGs with different size, type, and configuration.  

- Increased the amount of uncertainties because of DG sources. 

- Large computational burden is needed for network solution at each time step. 

The distributed control structure depends on the autonomous decision of the voltage 

control devices based on the local information, where a coordination method is necessary 

to address the present voltage problems [31]. This strategy includes the off-line 

coordination of the parameters of conventional distributed controllers, and a multi-agent 

system (MAS) scheme that fully utilizes communications among them as described in the 

next section. 

 Multi-Agent System (MAS) 

In recent years, with increase the integration of DGs in the DSs, the use of MAS is 

increased to control the system operation and solve the problems of the DSs [17], [78]. 

The MAS is a control system consisted of several controlled agents. The agent is a system 

which can take action and affects its environment based on the data collected by sensors, 

and it can acts autonomously [45],[46] . The independent agents need to cooperate with 

each other and coordinate their activities in order to avoid duplication of effort and 

achieves their goals in a simple manner [79]. 

The main advantages of the MAS can be described as follows: 

- The ability to be extended: the number of agents can be easily extended.  

- The flexibility: several agents with different abilities can work together to achieve 

a desired goal. 

- The Robustness: the ability to act even in case of communication failure. 

- The fast response: the agents can work simultaneously to achieve a goal. 

2.6.1 MAS Architectures  

The MAS system consists of several control agents, the agents can coordinate 

together to achieve the desired goal with different communication methods.  As shown in 

Figure 2.2, two main strategies can be used to for exchange information among agents as 

follows [80]: 

1) The agent can exchange information directly to a specific agent or all agents or 

specific group of agents 

2) The agent can access a shared data in a common memory (referred to as a 

blackboard) in which information can be posted and read by the other agents.  
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Also, some literature classifies the MAS architecture to centralized, distributed and 

hierarchical control system  as described as in the following [31], [81].  

1)  The centralized approach 

- The local agents send their local information to the control center as shown in in 

Figure 2.3. 

- The control center takes the decisions and sends the control signal to the local 

agents. 

- The local agents act based on the control signal in order to achieve the desired 

goal.  

The performance of the centralized control method is affected by the reliability and 

the speed of the employed communication system. This mean that the high performance 

operation will be costly and more complicated to overcome the communication failure 

and increase the overall system efficiency [82]-[83]. 

 

 

 

Figure 2.2 Basic communication in the MAS [80]. 
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2)  The hierarchical approach  
In this approach, the agents are working in different levels of decision making as 

shown in Figure 2.4 . The control center is at the head of the system which represent the 

high level of control and it decides and send the appropriate control signal based on the 

collected information from the lower level agent. The agents at the lower level are 

responsible for collecting information from the lower agents and pass control signal.  In 

this approach, only the higher-level agents are responsible for decision-making and the 

lower level agents can only able to communicate with higher level agents. The main 

disadvantage of this approach is that the failure of higher-level agents can critically affect 

all lower level agents 

3) The Distributed approach  
The distributed control approach relies on the independent decision of distributed 

agents. In the distributed approach there is no central controller, the agents share the 

information each other to reach the goal. This nature of distributed MAS control reduces 

communication. The decentralized systems are more powerful and adaptable as opposed 

to the centralized ones however, the optimal performance cannot be achieved in general. 

The control center is simply considered as a supervisory observing. In some cases, the 

control center additionally considered as a part of decision making. 

 
 

Figure 2.3 Centralized MAS architecture. 

 

 

Figure 2.4 Hierarchical MAS architecture. 
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2.6.2 MAS for Feeder Voltage Regulation 

Recently, The MASs have been used to solve many problems in the electric power 

network and are being developed for a range of applications. 

Various studies have been performed for the voltage regulation in the active DS using 

the MAS architecture. The MAS is used to control the traditional voltage regulators in 

order to decrease the voltage violations and decrease tap oscillations of the transformers 

in [13], [47], [48], [84].  A cooperative strategies has been proposed in [14], [16] for 

active DS using the MAS where OLTC and DG units are considered as control agents. 

The objectives of the study are the minimizing of the voltage deviation, reducing the tap 

operation, eliminate the feeders’ congestion and maximizing the energy of DG units. 

Also, in [72], [85] the MAS is used to manage the active and reactive power of the PV 

sources in order to regulate the voltages within standard limits and realize a fair profit 

situation among the prosumers, while maximizing total power generations. 

 Summary  

The voltage control in DS with high DG penetration is an important and challenging 

issue for the system operator, DG owners and customers. This chapter focused on 

providing some facts about the main features of distribution systems, the impact of DGs 

on voltage regulation, the different techniques of voltage control, and the MAS for 

voltage regulation. Based on these literature, effective strategies are proposed in this 

thesis to regulate the voltage of the active DSs. 
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Chapter 3: Optimal Control Strategy for Voltage 

Regulators in Active UDS  

 Introduction  

This chapter presents an effective control strategy for voltage regulators in the DS 

based on the voltage sensitivity using MAS architecture. The features of the UDS with 

DGs and different types and configurations of voltage regulators are considered in the 

proposed strategy. The novelty of the proposed method lies in realizing both the control 

optimality of minimizing voltage violations and the flexibility to accommodate changes 

in the DS topology using an MAS scheme. An advantageous feature of using the MAS 

scheme is the robust control performance in normal operation and against system failure. 

Simulation studies have been conducted using IEEE 34-node and 123-node distribution 

test feeders considering high PV penetration and different sun profiles. The results show 

that the proposed voltage control strategy can optimally and effectively manage the 

voltage regulators in the UDS, which decrease their operation stresses and minimize the 

overall voltage deviation. 

 Proposed Control Strategy 

3.2.1 Proposed MAS Control Strategy for the UDS  

The construction of the DS includes unbalanced loads, unbalances in lines, single-

phase or three-phase DG sources, and different configurations of voltage regulation 

devices. Therefore, a UDS can be represented as an MAS consisting of different agents. 

Each voltage regulator will act as a control agent that works autonomously according to 

the data received from the blackboard memory (BM). The BM is used to achieve the 

optimality of the control objective. 

The proposed MAS architecture is illustrated in Figure 3.1 for the UDS, and it has the 

following features: 

- Each agent receives information from two sources: measurements from its own 

area and from the BM. 

- Each agent can calculate its own control parameter (referred to as index S in this 

paper) based on the obtained information. 

The BM collects information from all agents, and each agent recognizes the status of 

the other agents through this information. 
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- Each agent takes action according to the received information from the BM to 

minimize an objective.  

- In case of a communication failure, each agent can optimally control itself to 

achieve its desired goals based on the available data. 

A management agent can be useful for system monitoring and real-time calculation, 

while the proposed method can autonomously work and optimally perform without using 

it. The optimality of the proposed method is explained in the Appendix B. 

 

3.2.2 Optimal voltage control strategy 

The optimality is realized each time by selecting the most effective controller (k) in 

the set of all discrete control parameters (K) to reduce the absolute value of the total 

voltage deviations in the system. The objective is to minimize (1). 

0
min ( ) , ( ) 0v    abc abck K

VD dt VD



 v  (3.1)

In this formula, VDabc is the positive three-phase voltage deviation function, which is 

defined as the sum of the voltage deviations at all observation points in the DS from the 

reference values. Since UDSs can have different line configurations, including star and 

delta, the voltage deviation function consists of the voltages in the DS with all line 

configurations as follows:  

 

Figure 3.1 Proposed MAS for the UDS. 
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v

                           (3.2) 

For Υ-connected regions: 

 VDa, VDb, and VDc are the voltage deviation functions for phases a, b, and c, 

respectively. 

 Y
jv  is the voltage at node j phase Y (Y= a, b, c). 

 Y
jw is the weight coefficient of node j phase Y. 

 
Y
Rv  is the reference value of the phase voltage. 

For Δ-connected regions: 

 VDab, VDbc, and VDca are the voltage deviation functions for lines ab, bc, and ca, 

respectively. 

 iv  is the line voltage at node i, and (Δ= ab, bc, ca). 

 iw
is the weight coefficients of node i line Δ. 

 Rv is the reference value of the line voltage. 

The weight coefficients in (3.2) can be considered indicators of the importance of 

individual observation points. The constraints of minimization (3.1) are the power flow 

equations (3.3) and those for the tap operations, which will be provided in the next 

section. 

 Control Method Formulation  

3.3.1 Mathematical formulation 

The voltages in the UDS are governed by the power flow equations, and they are the 

function of the tap positions of voltage regulators n, and the load parameters L are 

described in (3.3). 

           v = f L,n  (3.3)

where, v = [v1, v2,..., vM] T, n = [n1, n2,..., nN] T and L = [L1, L2,..., Lp] T. 
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Since the proposed method depends on controlling the voltage regulator taps to minimize 

the overall voltage deviation, the next tap position of regulator k, ( 1)p
kn t   is a control 

parameter, which can be expressed as follows: 

,min ,max( 1) ( ) ( ) ,

, , for Y connected regulators

, , for Δ  connected regulators

                    

            
,  

      

p p p p p p
k k k k k kn t n t n t n n n

a b c
where p

ab bc ca

     





 

(3.4)

The tap change in regulator k at time t is described by ( )p
kn t , and it depends on the 

regulator step size and tap status, which can be expressed as follows: 

( ) ( ), ( ) 0

1

1    (tap increase)

          (no tap change)

    (tap decrease)

p p p p
k k k kn t R Z t Z t

 
      
  

 

(3.5)

where Rk
p and Zk

p(t) are the step size and tap status of regulator k phase or line p, 

respectively.  

According to (3.3), the change in the objective is given as 

( ( )) ( ( 1)) ( ( ))

. . ( )
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v
                  

v n

abc abc abc

abc

VD t VD t VD t

VD d
t

d

   

          
n

 

   (3.6)

Equation (3.6) can be written as follows:   

( )
1

1 1

..

( ) . . . ( )

( ) . ( ) ( ) . ( )

( ) . ( ) ( ) . ( )

v
     R  Z

v n

           S   Z   

      
y x

abc
abc

N

abc k abc k
k

N Nc ca
y y x x
j j i i

y a j x ab i

configYconfig

VD d
VD t t

d

t t S t Z t

S t Z t S t Z t



   



           

 

 



 
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   (3.7)

where 

1 2( ) [ ( ), ( ),... ( )]Z T
Nt Z t Z t Z t and  1 2( ) [ ( ), ( ),... ( )]R Nt diag R t R t R t . 

 Sabc(t) is the sensitivity of the objective with respect to the unit change in the regulator 

taps; therefore, Sabc(t) can be used as an index for optimal control to find the most 

effective controller. The index can be computed as follows: 
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   (3.8)

where [dv/dn] is the voltage/tap sensitivity matrix calculated by (3). Ny and Nx are the 

number of phase and line voltage regulators for the star and delta configurations, 

respectively.  

An optimal control to minimize the objective can be realized using the three-phase index 

S as follows.    

min ( ( 1)) ( ( )) min{ ( ). ( )}  v v S Zabc abc abc
k K k K

VD t VD t t t
 

       (3.9)

3.3.2 Proposed Control Rules 

 For optimal operation 

The proposed strategy can perform an optimal operation for the UDS by calculating 

only index S in each control agent. If the index values are shared among agents, each 

agent can independently take its control action. According to (3.9), the agent with the 

highest value of index S should change its regulator taps as follows: 

1( ) max [ ( ),....., ( )]

max ( )

 

                      

p p p
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i
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S t
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    (3.10)

where α is a threshold value, i ϵ K= {1,…, N}, and N is the number of system regulators. 

Tap k will change according to the following. 

,
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   (3.11)

 In the optimal control strategy, each agent should know the index S values of the other 

agents. At each time t, the values of the indices are compared, and the controller with the 

highest value is activated as described in (3.11). This action ensures that the agents 

minimize the overall voltage deviation and local voltage deviations of the violated area. 
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The proposed control strategy described in (3.10) and (3.11) can be useful even in the 

conventional centralized control scheme.  

 For suboptimal operation 

The proposed suboptimal scheme is to avoid the comparison process among the values of 

indices of the other agents. We propose that each agent performs control by its own index 

S when it is greater than a predefined threshold as below. 

0

0

0

( ) ( ) 1

( ) ( ) 1

( ) ( ) 0

if           then  Z

if             then  

if           then     

p p
k k

p p
i k

p p
k k

S t t

S t Z t

S t Z t







  

  

 

 

   (3.12)

where 
0

0
0

0

 

  .  

Threshold α0 is a common value among all controllers. This treatment expects that only 

one controller reacts at a time, which implies the optimal action. The suboptimal control 

strategy can be used even in the normal condition. In this case, each agent can act 

independently as a decentralized control system according to (3.12). This strategy is 

suitable for autonomous control but does not guarantee strict optimality (See Appendix 

B). The suboptimal strategy is useful when the data from the other agents are not fully 

available or reliable. If an agent fails to know the index S values of other agents because 

of communication loss or any abnormal conditions, it will act based on its own 

measurements. 

The threshold values (α and α0) in (3.11) and (3.12) are used as tuning factors that 

determine the amount of voltage deviation that causes the taps to take actions. Therefore, 

the threshold values (α and α0) are useful to adjust the response time of the controllers. A 

large value admits a large voltage deviation, which implies that the responses of the 

controllers become slow and vice versa. The threshold value can be set by the system 

operator.  

3.3.3 Formula of Index S 

Based on (3.8) and (3.9), index S for regulator k is written as follows: 

1

1

( ) . .

. ( )
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k k p p
p j j k
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jp p p

k j j R p
p j k
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S t r

v dn

dv
r w v v

dn








   




 

   (3.13)
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where Mkp is the number of observation nodes for the area of regulator k. 

 The voltage/tap sensitivity matrix [dv/dn] is an important term in the computation of 

three-phase index S as in (3.13). It is a possible strategy that the accurate real-time 

calculation of the voltage/tap sensitivity matrix is performed on-line by the management 

agent based on the power flow computation using (3.3). In this case, the proposed method 

is effective for any networks including the meshed configuration. However, to reduce the 

computational burden of the control process, a simplified method for radial networks is 

proposed in the next section. 

 Formulation of Voltage/tap Sensitivity Matrix  

The voltage/tap sensitivity matrix can be approximated based on only the network 

configuration assuming that all transformers are ideal [47], [86]. The voltage/tap 

sensitivities for different types of regulators and system configurations are given as 

follows: 

3.4.1 Single-phase Regulators  

The approximate values for the voltage/tap sensitivity matrix for the single-phase 

regulator are described in (3.14). 

0, 1      Hk Gk

k k

v v

n n

 
 

 
 

   (3.14)

where G is the set of system nodes that can be affected by changing tap k (downstream 

nodes), and H is the other nodes that are not affected by changing the tap (upstream 

nodes). 

 

3.4.2 Three-phase Star Connected Regulators 

The three-phase star connected regulators can be classified into two categories as 

follows: 

3.4.2.1 Three Taps Ganged Together 

 In this type, the three taps simultaneously change; therefore, they can be modeled as one 

controller, as described in (3.15) and (3.16). 

( )a b c k abcn n n n       (3.15)

The voltage/tap sensitivity matrix is as follows: 
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   (3.16)

3.4.2.2 Three Independently Controlled Regulators 

In this type, the tap of each phase can change separately, which is modeled as three 

independent regulators. The voltage/tap sensitivity matrix for this type of regulators is as 

follows:  

( , , ) 1

( , , )

1 0 0

0 1 0

0 0 1

     

      

            

      

     

ka ka ka

ka kb kc

Gk a b c kb kb b

k a b c ka kb kc

kc kc kc

ka kb kc

v v v

n n n

v v v v

n n n n

v v v

n n n

   
                      
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     

 

   (3.17)

 

where  are taps a, b and c, respectively, for regulator k. The number of 

independent taps in (3.17) vary with the existing phases. 

3.4.3 Three-Phase Delta Connected Regulators 

3.4.3.1 Closed Delta 

The voltage equations for closed delta regulators in [7] is used to derive the approximated 

voltage/tap sensitivity matrix as follows: 
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0 1 1

1 0 1
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    
     

 

   (3.18)

where nkab, nkbc, nkca are the taps of lines ab, bc, and ca, respectively, for regulator k. As 

observed from (18), the change in a single tap will affect the voltages in two phases.  

ckbkak nnn ,,
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3.4.3.2 Open Delta  

In this type of regulator configuration, two single-phase regulators are connected 

between two phases. The voltage/tap sensitivity matrix for the two single-phase regulators 

connected between phases AB and CB is expressed in (3.19). 
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   (3.19)

 Control Procedure 

The proposed control algorithm for each agent is illustrated in Figure 3.2, which is 

explained as follows: 

3.5.1 Agent Measurement Process 

 In this stage, the agent measures the present tap position and voltages of the 

observation points in its monitoring area. 

3.5.2 Agent Calculation Process 

 Based on the measurements, the agent will calculate the following parameters: 

 Center voltage:  The minimum and maximum voltage values are identified to 
compute the center voltage as follows. 

 

Figure 3.2 Proposed voltage control method. 
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min max

2

p p
p k k
k

v v
vc


  

   (3.20)

where min
p
kv  and max

p
kv  are the minimum and maximum voltages, respectively, at 

phase or line p of area k as shown in Figure 3.3. 

 Voltage deviation:  The deviation of the center voltage from its reference value is 
calculated as follows: 

V ( max( , ) )p p p
k k k RD vc d vm vc       (3.21)

max min max min

2 2

p p
p k k L L
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v v v v
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   (3.22)

min max

2
L L

R

v v
vc


  

   (3.23)

where vLmin and vLmax are the standard minimum and maximum voltage limits, and 

d is a small positive value that acts as a dead band. The dead band (d) is adjusted 

by the operator based on the system condition and is a function of nominal 

voltage, where the value is ±1% of the nominal voltage in this study. 

 Index S: Three-phase index S is calculated using (3.13).  

 Moving average of index S: To ensure a smoothed control action, the time series 

moving average of index S is calculated using (3.24). 

,
1

1 n
p p

avg k k
j

S S
n 

      (3.24)

3.5.3 Agent Data Collection  

 The agent sends the voltage deviation of (3.21) and average values of index S of (3.24) 

to the BM.  (When the data are accepted by the BM, the BM will classify the status of 

each agent data as “1” for updated data and “0” for old data). 

 

Figure 3.3 Utilized voltage control parameters in area k. 
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3.5.4 Agent Control Action: 

 The agent reads the BM data for the other agents and takes action. The action will 

differ according to the agent data status as follows: 

Optimal action: When all agents work normally, the own index S is maximum 

compared with the others, and the tap is within limits, the agent initiates the control 

action according to (3.10) and (3.11).  

Suboptimal action: The agent initiates the control action when the tap is within limits 

and the own index S is greater than the presetting threshold value according to (3.12). 

This case is useful under system fault. This situation may be identified from the status 

of the other agent data. 

It is noted that the proposed suboptimal control process can easily be completed by only 

the individual agents without the interaction of the central management agent, since it 

avoids the comparison process of the indices. Nevertheless, the optimal control 

performance is realized as shown in Figure 3.13and the Appendix B. 

 Results and Discussion 

 In this section, different case studies are conducted to evaluate the overall performance 

of the proposed control strategy. The maximum and minimum system voltages limits 

used for the simulation are 1.05 p.u. and 0.95 p.u., respectively. All measurements are 

equally weighted in (3.2). Two IEEE test systems are used in this study as follows: 

3.6.1 IEEE 123-node Test Feeder 

The IEEE 123-node test feeder in Figure 3.4 represents the UDS characterized by 

 

Figure 3.4 IEEE 123-node test feeder. 
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unbalanced loading and four voltage regulators with different configurations as illustrated 

in Table 3.1 [87]. The feeder is classified into four areas; each area can act as a control 

agent.  

The total daily active and reactive power of loads and PV output (Clear and cloudy day) 

are shown in Figure 3.5. The locations of the PV sources and the system configuration are 

illustrated in Figure 3.4. 

3.6.1.1 Case Studies 

Four cases are investigated to study different scenarios for the PV and network. The 

investigation is summarized in Table 3.2. In this study, we use α =2.45 x 10-7 and α0 =3.5 

x 10-7 for optimal and suboptimal controls. The simulation cases will be discussed below:    

1) Case C0: Without control 
a) Clear day condition 

This case illustrates the voltage problems that occur in different regions of the IEEE 

123-node test feeder during the clear day of PV as shown in Figure 3.5 . As illustrated in 

Figure 3.4 and described in Table 3.1, the system is divided into four regions with 

different regulator configurations.  

Table 3.1 IEEE 123-node test feeder regulator data 

Reg. ID Line segment Phases Configuration 

1 150-149 A-B-C 3-Ph wye, gang operated 
2 9-14 A 1-Ph, line-to-neutral connected 
3 25-26 A-C Two 1-Ph, open wye connected 
4 160-67 A-B-C Three 1-Ph, wye connected 

 

 

Figure 3.5 Total active and reactive power of the loads and PV. 
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Figure 3.6 illustrates the maximum voltage deviation in the area of regulator no. 4, 

where the voltage rise problem occurs in phase (c) feeder during the PV peak time due to 

high PV penetration. Simultaneously, a voltage drop problem appears in phase (a) 

between hour 11 and 23; the area of three-phase regulator no. 1 also has a voltage drop 

problem between hour 17 and 22. 

b)  Cloudy day condition 
As shown in Figure 3.7 (a), voltage fluctuations with voltage rise and voltage drop 

problems occur at the peak time of PV power in the area of regulator no. 4 in phases (a) & 

(c) (nodes 85, 83 and 111). The voltage profile in Figure 3.7 (b) illustrates that the area of 

three-phase regulator no. 1 has a voltage drop problem during hours 17 and 22. 

 Figure 3.7 (b) illustrates the voltage profiles of the nodes at which the large voltage 

deviations occur; the maximum voltage rise occurs in the area of regulator no. 4 in phase 

(c) feeder at nodes 83 and 85. The voltage profiles of nodes 65, 111, and 83 show that the 

maximum voltage drop occurs at phase (a) for the areas of regulators no. 1 and no. 4. 

 

(a)  Voltage deviation. 

 

(b)  Voltage profiles. 

Figure 3.6 Results of Case 0: Without control for the clear day. 
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(a)  Voltage deviation. 

 

(b)  Voltage profiles. 

Figure 3.7 Results of Case 0: Without control for the cloudy day. 

 

(a)  Voltage profiles. 

 
(b)  Tap positions. 

Figure 3.8 Results of the proposed controls for the clear day.  (Solid lines: case C1 (Optimal); 
Dashed lines: case C2 (Suboptimal)). 

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0 4 8 12 16 20 24
V

ol
ta

ge
 D

ev
ia

ti
on

T ime [Hour]

Reg.1 area
Reg.4(a) area
Reg.4(c) area

V
ol

ta
ge

 R
is

e
V

ol
ta

ge
 D

ro
p

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

0 4 8 12 16 20 24

V
[p

.u
.]

T ime[Hour]

65.a 111.a
83.a 83.c
85.c

0.94

0.96

0.98

1

1.02

1.04

1.06

0 4 8 12 16 20 24

V
[p

.u
.]

T ime[Hour]

65.a
111.a
83.a
83.c
85.c

-6
-5
-4
-3
-2
-1
0
1
2
3
4

0 4 8 12 16 20 24

T
ap

 P
o

si
ti

on

T ime[Hour]

Reg.1
Reg.4a
Reg. 4c



Chapter 3: Optimal Control Strategy for Voltage Regulators in Active UDS 
 ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  ـــــــــــــــــــــــــــ ــــــــــــــــــــ  

41 
 

2) Case C1: Proposed method (Optimal) 
a) Clear day condition 

After applying the proposed optimal control strategy, the voltage profiles are improved, 

where voltage violations are removed as shown in Figure 3.8 (a). Figure 3.8 (b) illustrates 

the tap position for each regulator; only three regulators act to mitigate the voltage 

problems. Based on the proposed control strategy at time t, only the regulator with the 

most effective ability takes action to mitigate the voltage problems. Thus, the proposed 

method effectively coordinates the tap operations of various voltage regulators, thereby 

preventing undesirable tap oscillations. The system overall voltage deviation is 

minimized as illustrated in Table 3.2. Thus, the proposed method can completely solve 

the voltage violations in the active UDS. 

 

b) Cloudy day condition 
 A cloudy day of PV generation in Figure 3.5 is used to check the performance of the 

proposed control strategy in the presence of voltage fluctuations. Applying the proposed 

control strategy to this case clearly mitigates the voltage violation without tap 

oscillations, as shown in Figure 3.9 and Table 3.2. The number of tap changes is slightly 

increased in the cloudy day compared with the clear day because of the PV output 

 
 (a) Voltage profiles. 

 
(b) Tap positions. 

Figure 3.9 Results of the proposed controls for the cloudy day.  (Solid lines: case C1 
(Optimal); Dashed lines: case C2 (Suboptimal)). 
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fluctuations. These results show that the proposed optimal control strategy works 

effectively to reduce the voltage violations without tap oscillations even in the case of PV 

output fluctuations.  

3) Case C2: Proposed method (Suboptimal) 
 This case represents the proposed suboptimal method in normal condition. As shown 

in Figure 3.8, Figure 3.9, and Table 3.2, the performances of the suboptimal method 

(dashed lines) and the optimal method (solid lines) are almost equivalent. It is noticed 

from the figures that the regulators react one by one at a different time instant, which 

implies that the proposed suboptimal law succeeds. 

4) Case C3: Proposed method (Suboptimal, Agent failure) 
 In the case of communication failure among the agents, the performance of the 

proposed suboptimal method is evaluated. We assume that regulator no. 4 fails to 

communicate with the BM. The regulator no. 4 agent will act autonomously using only 

the available data. In this case, since the status of agent no. 4 in the BM has not been 

updated and is indicated as “0”, the other agents will neglect agent no.4 data and takes 

their actions to minimize the voltage deviation. 

The results for clear and cloudy days are shown in Table 3.2. Both the voltage 

deviation and number of tap operations are approximately identical to those in the optimal 

strategy for the clear day. Meanwhile, the voltage deviation is increased for the cloudy 

day since reg. no.4 works individually based on the suboptimal rule with no cooperation 

with the other agents as observed in Figure 3.10. Thus, the proposed method works 

effectively even in the case of communication failure. 

 

 

(a) Voltage profiles. (b) Tap positions. 

Figure 3.10 Results of case 3: Proposed control for the cloudy day with failure. 
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5) Case C4: Conventional method 
 Table 3.2 lists the performance of a classical control method, which is the line drop 

compensator approach in [6], [7]. Figure 3.11 and Figure 3.12 show the voltage profiles 

and tap operations for clear and cloudy days, respectively. Compared with the 

conventional method, the proposed method has a high performance in both clear and 

cloudy days. 

6) Cases C5 and C6: Proposed methods (High PV penetration) 
 In cases C5 and C6, the number of installed PV sources is increased to check the 

performance of the proposed optimal and suboptimal control strategies, respectively. The 

Table 3.2 Total voltage deviation and no. of tap changes  

 
Simulation Cases 

Clear day Cloudy day 

Total VD 
Tap 

changes 
Total VD 

Tap 
changes 

C0: Without control 33.20 0 23.10 0 
C1: Proposed method (Optimal) 0.012 12 0.124 15 
C2: Proposed method (Suboptimal.) 0.012 12 0.124 15 
C3: Proposed (Suboptimal, agent failure) 0.012 12 0.132 15 
C4: Conventional control 0.242 44 0.505 52 
C5: Proposed (Optimal, High PV penetration) 0.014 17 0.387 27 
C6: Proposed (Suboptimal, High PV penetration) 0.014 17 0.387 27 
 

 

(a) Voltage Profiles (a) Voltage Profiles 

(b) Tap Positions (b) Tap Positions 

Figure 3.11 Results of case 4: Conventional 
control for the clear day.  

Figure 3.12 Results of case 4: Conventional 
control for the cloudy day. 
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results for the clear and cloudy days are shown in Table 3.2. The observed performances 

are equivalent in both cases, and the number of tap movement is increased compared with 

Cases 1 and 2 due to the high PV penetration.  

3.6.1.2 Overall Performance Evaluations 

 Figure 3.13 shows the performance of the proposed optimal and suboptimal control 

strategies compared with the conventional control method in the case of the clear day. 

The total voltage deviations vs. number of tap changes are plotted, where parameters  

for optimal and 0 for suboptimal methods are gradually changed from 0 to 1.1x10-4. 

Each plot is obtained by a 24-hour simulation. The plots of the optimal (circle) and 

suboptimal (triangle) cases are mostly identical, which implies that the reactions of all 

regulators (e.g., Figure 3.8 and Figure 3.9) are identical for each 24-hour simulation for 

different threshold values. Thus, the suboptimal control method can be optimal for a wide 

range of selected values of α0. Figure 3.13 shows that the threshold values  and 0 are 

useful to adjust the response time of the controllers. The proposed control system clearly 

shows a Pareto-optimal characteristic between the number of tap operations and the total 

voltage deviations.  

 The performance of the conventional method is also shown in Figure 3.13, where the 

time delay of the line drop compensators is changed as a parameter. Figure 3.13also 

shows the result for the agent failure for the proposed method. The performance of the 

proposed method degrades in the case of failure, but it remains acceptable, which is better 

than the conventional method in normal conditions, since the coordination is performed 

among the normal agents using the available data. 

 

Figure 3.13 Voltage deviation vs. tap change in clear day for different  and 0. 
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3.6.2 IEEE 34-node Test Feeder 

 The IEEE 34-node test feeder is characterized by the unbalanced loading condition 

with two three-phase star-connected voltage regulators as shown in Figure 3.14[87]. The 

proposed control strategy effectively reduces the total voltage deviation with the small 

number of tap changes compared with the line drop compensator method, as illustrated in 

the case study of the clear day in Figure 3.15 and Table 3.3. 

 Table 3.3 also lists the total computation time to determine the control actions for all 

agents in each control time. The computational burden of the proposed method to obtain 

the optimal control is sufficiently fast, but it is greater than the conventional method. 

Thus, the proposed method can effectively act in real-time circumstances. 

 

 

 

Figure 3.14 IEEE 34-node test feeder. 
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Table 3.3 Results of the IEEE 34-node test feeder. 

 Total VD Tap changes 
computation time 
(sec/step) 

Proposed method 3.51 122 0.00210 
Conventional control 14.01 165 0.00031 
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 Conclusions 

 An effective voltage control strategy is proposed in this paper using an MAS 

architecture. The objective of the proposed strategy is to optimally minimize the voltage 

deviation of the UDS under the condition of high PV penetration. The unbalanced 

features of the DS with different types and configurations of voltage regulators are 

considered in the formulation. The optimal and suboptimal methods are realized in the 

proposed voltage control strategy, where each agent can act autonomously based on the 

available information to minimize the objective. The simulation results show that the 

proposed strategies can effectively adjust the tap operations to minimize the voltage 

deviation with no tap oscillations under different sun profiles (sunny or cloudy).  

 The optimal method requires a comparison process among the indices of the agents, 

which is more suitable for a centralized control, although it can be applied to an MAS. 

The suboptimal method avoids the comparison process among the agents, which can be 

easily realized by a simple decentralized control strategy using the MAS. The proposed 

suboptimal method shows an equivalent performance to the optimal method and works 

reliably even in the case of communication failure. The method can be easily applied to 

the existing voltage regulators within a reasonable cost of investment compared to a 

centralized scheme. 

 As part of the future work, we will upgrade the control algorithm to coordinate with 

the DG reactive power capability and PV smart inverter functionalities. A hierarchical 

scheme is under development, where each agent in Figure 3.1 will act as a sub-

management agent that manages the DGs in its area [72]. 
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Chapter 4: Reactive Power Control of the DGs for 

Voltage Regulation  

 Introduction 

This chapter proposes an effective control strategy for voltage regulation in DSs with 

high DG penetration using the MAS. The proposed strategy is a simple and efficient 

method for managing the reactive power capability of various types of DG based on 

voltage/reactive power sensitivity analysis. Comprehensive case studies on IEEE 33 test 

feeders are carried out to demonstrate the effectiveness of the control strategy. The 

numerical results show that the proposed strategy can significantly mitigate the overall 

voltage violation problems in a simple manner. 

 Problem Description 

This section describes the main objective function of the voltage regulation problem, 

the proposed control strategy. In addition, it contains the problem formulation and a brief 

description for the coordination between reactive power control of DGs and traditional 

voltage regulators. 

4.2.1 Objective Function 

The main objective function of the voltage regulation strategies is to minimize voltage 

deviation as follows: 

2

1

min ( ) ( ) 0, ( ) 0      
N

k R R
k

f v v v f v


     (4.1)

where 𝒗 represents a voltage deviation vector at N monitoring nodes, and 𝑣ோ is reference 

voltage.  

Based on the load flow equations, the voltages in DSs with DGs are a function of the 

following parameters. 

( , , , , )Lh L DG DGv P Q n P Q  (4.2)

where:   

PL, and QL: load parameters (active and reactive power).                                      

n: Voltage regulator tap positions. 

PDG, and QDG: DGs active and reactive power.  
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4.2.2 Control Strategy of Voltage Regulators  

This section describes briefly the optimal voltage regulators control strategy which 

has been formulated by the authors in [47], [48]. The main objective of this strategy is to 

find the optimal setting for the voltage regulators tap positions in order to minimize the 

voltage violation in the DSs with high PV penetration, and the work was extended to 

consider the unbalanced features of the active DSs  as described in the previous chapter 

[13], [48]. 

In the control strategy for voltage regulators, it was assumed that, during the control 

time t, the load parameters and the DG active power did not change substantially, and the 

DG did not have reactive power capability. So, based on these assumptions, the tap 

position is the effective parameters which will be optimally controlled to minimize the 

voltage deviation function (4.1) as described in Chapter 3.  

4.2.3 Voltage Control Problem 

From the previous studies, we notice that the voltage regulators cannot totally solve 

the voltage problems in presence of high DG penetration. Therefore, based on (4.2), the 

reactive power capability of the DGs should be considered with tap control to reduce the 

stress on the voltage regulators devices. 

4.2.4 Time Coordination 

The solution for the voltage control problem and the cooperation between DG reactive 

power and tap operation described in the previous section can be realized using a good 

time coordination. The effective time coordination strategy between the DG sources and 

voltage regulators can help a lot to reduce the DSs voltage violation and decrease the 

stresses on the voltage regulators operation and the DG sources, but the time coordination 

between the DG reactive power and tap operation will be considered in the future work. 

 Reactive Power Control Strategy 

4.3.1 Control Strategy 

The objective of this strategy is to study the effect of the reactive power capability of 

DGs on DSs voltage deviation and to find a simple and effective control strategy for DGs 

reactive power to minimize the overall voltage deviation of the DS. In this strategy, we 

assumed that during the control period, the load active, reactive power, and the DGs 

active power will not change substantially. Also, in this study, we will investigate the 

effect of the DGs reactive power on the voltage deviation with a fixed tap setting.  
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The change in reactive power at time t will be: 

( 1) ( ) ( )DG DG DGQ t Q t Q t    (4.3)

If the reactive power is changed by ∆𝑄஽ீ , the change in the voltage deviation objective 

function (4.1) will be: 

( ( 1)) ( ( )) ( )f v t f v t f t     (4.4)

From (4.4) the change in voltage ∆f (t) can be described as follows: 

( ) ( ( 1)) ( ( ))

( )

( ) ( )

Reactive power index (RPI)

f t f v t f v t

f
t

t t

   

            

 


DG

DG

DG

v
Q

v Q

RPI Q

 
(4.5)

where, 

ௗ𝒗

ௗ𝑸𝑫𝑮
    : The voltage/reactive power sensitivity matrix calculated from the power flow 

jacobian. 

 ∆𝑸𝑫𝑮  : The change in reactive power of DG. 

 

Equation (4.5) can be written as follow: 

( ) ( ) ( )
DGN

k DGk
k

f t t t

RPI Q

  

 
DGRPI Q

 (4.6)

where NDG represent the number of the DG sources which have a reactive power 

capability. 

4.3.2 Voltage/Reactive Power Sensitivity Matrix 

The voltage/reactive power sensitivity matrix can be calculated from the Jacobian 

matrix of the power flow as follows: 

1
P P

P PP QV
V Q Q Q V V Q

V P Q

 
 



     
                                   
        

 (4.7)

From the previous equations the change in voltage ∆V regarding active and reactive 

power can be calculated as follows: 
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( ) ( )L DG L DG

V V
V P Q

P Q

V V
P P Q Q

P Q

 
    

 
 

         
 

 (4.8)

During the control time t, the DG active power will not change substantially. So, the 

previous equation (4.8) can be rewritten as follows: 
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4.3.3 Reactive Power Index (RPI) 

Based on (4.5), RPI can be defined as the sensitivity of voltage deviation with respect 

to the unit change in the controllable reactive power, and it can be written as follows: 

( )
( ) ( )

( )

d t
t t

d t
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v
RPI Vd
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 (4.10)

In a matrix form, 
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 (4.11)

where 𝑉𝑑௜(𝑡) = 𝑣௜(𝑡) − 𝑣ோ , represents the voltage deviation at time t for node i with 

respect to a reference voltage 𝑣ோ. 

From the previous equations, the most important part to find the effective strategy for 

minimizing and control voltage deviation function in (4.1) is RPI, and ∆𝑸𝑫𝑮 as described 

below. 
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( ( )) min ( ) ( )

f t f t t
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   DG

v v f

v RPI Q
 (4.12)

 Control Process 

In the proposed strategy each DG source acts as a control agent, as illustrated in 

Figure 4.1. The steps for control reactive power of DGs at time instant t are illustrated in 

the flowchart shown in Figure 4.2 and it can be described as follows: 

4.4.1 Monitoring Process 

- The load and DGs power are monitored, and the power flow analysis is 

performed. 

 

Figure 4.1 Control strategy of DGs reactive power  

 

Figure 4.2 Flowchart of the control process.  
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- Each DG source acts as a control agent, as shown in Figure 4.1.. 

- Each agent will calculate its voltage deviation and the available amount of 

reactive power and transfer these values to the black board memory (BM). 

4.4.2 Control Process of the Management Agent  

When a voltage violation occurs at any time t, the management agent (MA) will be 

responsible for the following actions in order to minimize ∆f(t): 

- Reads the available information about each agent from the BM. 

- Calculates the RPI value for each agent.  

- Compares among the values of RPI and determines the agent k which has the highest 

RPI as described in (4.13). 

1( ) max ( ), , ( )
DGk NRPI t RPI t RPI t   (4.13)

- Calculates the threshold value α among the agents’ RPI, and transfer it with the RPI 

values to the BM. 

4.4.3 Control Process of the Local Agents  

- Receives the RPI value and α from the BM. 

- If |RPI| ≥ α, the agent k will inject or absorb a reactive power ∆𝑄஽ீ ௞
to minimize the 

voltage deviation at the local bus subject to: 

 Voltage constrains:                0.95 ≤ 𝑣௞(𝑡) ≤ 1.05 

 Reactive power constrains: 

After injecting or absorbing the calculated ∆𝑄஽ீ௞ by the agent k, the other agents 

will update its RPI values and the next agent that has the highest value will act. The 

control process will end when the minimum voltage deviation is achieved, or the 

maximum reactive power is reached. The control strategy is very effective in simplifying 

the coordination process among the agents. Also, in case of emergency or lost 

communication among the agents and the BM, each agent will act independently and 

achieve the desired goals based on the local data. 

                               
2 2

( ) ( ) ( )

( ) ( ) ( )

k k k

k k k

DG DG DG

DG DG DG

Q t Q t Q t

Q t S t P t
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 
 (4.14)
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 Result and Discussion 

4.5.1 Test Feeder 

The IEEE 33- distribution test feeder shown in Figure 4.3 is used for simulations and 

analyses of the proposed control strategy. Three DG  sources (PV with inverter) which 

have reactive power capability, are connected at nodes 10, 14, and 18. 

 

 

 

 

 

 

 

4.5.2 Simulated Cases 

The proposed control strategy for DGs reactive power has been carried out using 

MATLAB software with normalized 24-hour load profile and PV curves shown in Figure 

4.4.  The voltage limits considered in the simulated cases is 1.05 p.u. and 0.95 p.u. 

4.5.2.1 Case 1: Low PV Penetration 

The rated capacity of each PV source used in this case is 500 kW, and the reactive 

power supplied by the PV inverter are function of PV active power as described in (4.14). 

 

Figure 4.4 Load and PV curves. 
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Figure 4.3 IEEE 33-bus test feeder. 
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a) Without reactive power control 
Figure 4.5 (a) shows the daily voltage profile for the PV connected nodes. The profile 

illustrates that the nodes have a voltage drop problems during the PV off-peak time. This 

demonstrates the important of the reactive power capability of PV in solving voltage 

violations during night-time in the DSs with low PV penetration.  

b) With reactive power control 
Since, the nodes voltage profiles in Figure 4.5 (a) illustrate that the voltage drop for 

the three PV nodes occurs simultaneously during most of day time, applying the proposed 

control strategy will specify the sources from the three PV sources that have the greatest 

effect on voltage drop mitigation and it should be act first. As shown in Figure 4.5 (b), 

applying the proposed reactive power control strategy helps to mitigate the voltage drop 

problems on the three PV nodes.  

The reactive power of the PV sources is illustrated in Figure 4.6, demonstrating that 

the proposed control strategy can effectively manages the reactive power capability of the 

PV sources. Figure 4.6 shows that reactive power was supplied by the PV sources at node 

14 and 18 since it has the highest RPI values, and this decreases the amount of reactive 

power supplied by the other sources. Also, between hours 19:21, the PV at node 18 

 
(a) Without control. (b) With reactive power control. 

Figure 4.5 Voltage profiles of Case1(Low PV Penetration). 

 

Figure 4.6 Reactive power ouput of PV sources(Low PV Penetration). 
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reaches its maximum reactive power limit, therefore, the next PV source which have the 

next high RPI (PV at nodes 14, and 10) value will act and inject the remaining amount of 

the required reactive power in order to mitigate the remaining voltage deviation.  

4.5.2.2 Case 2: High PV Penetration 

In this case, the penetration of the PV sources is increased, to check the performance 

of the proposed control strategy under such extreme condition. The rated capacity of the 

three PV sources used in this case is 500, 700, 1400 kW for PV nodes 10, 14, and 18, 

respectively. Since the reactive power control strategy in this study is simulated at fixed 

tap position, the reactive power supplied by the PV inverter is increased by increasing the 

inverter size by 10% to mitigate the voltage problems occurs in the peak time of PV 

generation. 

a) Without reactive power control 
Because of high PV penetration, a voltage rise problem occurs at node 18 during the 

peak time of PV generation as shown in the voltage profiles shown in Figure 4.7 (a). 

Also, a voltage drop problem still occurs in the PV off-peak time. This indicates that at 

high PV penetration, both voltage rise, and voltage drop are resulted. 

 

  
(a) Without control. (b) With reactive power control. 

Figure 4.7 Voltage profiles of Case 2(High PV Penetration). 

 
Figure 4.8 Reactive power ouput of PV sources (High PV penetration). 
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b) With reactive power control 
Figure 4.7 (b) illustrates that the proposed control strategy successes to solve the 

voltage rise and the voltage drop problems occur at high PV penetration. And as shown 

from Figure 4.8 (c), the PV at node 18 injects reactive power during the off-peak 

generation time to mitigate the voltage drop problem. Increasing the size of the PV 

inverter by 10% gives the PV at node 18 source the flexibility to mitigate the voltage rise 

problem occurs at the peak time of PV generation, as illustrated in the reactive power of 

PV at bus18 (Figure 4.7 (b)). 

 Conclusions 

This chapter provides a simple and effective control strategy for reactive power of 

multiple DG sources in the DS. The proposed control strategy is formulated based on the 

voltage/reactive power sensitivity analysis using MAS architecture, In the proposed 

strategy, each DG has a reactive power capability is represented as a control agent, and all 

agents can work together to minimize the overall voltage deviation. 

The simulated cases demonstrate that the proposed strategy can mitigate the voltage 

drop problems and decrease the effect of voltage rise occurred at the peak time of PV 

generation. Furthermore, the coordination among the PV sources in supplying or 

absorbing reactive power, decreases the stress on the PV inverters. 

Finally, in the proposed strategy each DG has a reactive power capability is represented 

by a simple index (referred to as RPI) and it acts as a control agent, which will help a lot 

in the coordination process among the DG reactive power and the traditional voltage 

regulators in the future work.  
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Chapter 5: Active/Reactive Power Control of DGs Using 

Nodal Prices  

 Introduction 

This chapter proposes a novel method for the management of the output power of PV 

sources in order to realize an optimal operation of DS and solve the voltage raise problem 

and the unfairness situation in PV generations. The objective of the proposed method is to 

control the reactive power outputs of PVs to maximizes the total output power, while 

improving the voltage profiles of the DS. In this chapter, two optimization problems are 

formulated: One is for the optimal operation of DS, where the objective is to maximize 

the total active power generations of the PVs subject to the voltage limits and PV inverter 

constraints. The other is for the individual PV prosumers to maximize their profits subject 

to the inverter constraints. An important thing is that the solutions of the both problems 

agree to each other by the following procedure:  

(1) The former optimization provides the nodal shadow prices of the active and 

reactive powers of PV inverter outputs.  

(2) Then prices are announced to the PV prosumers.  

(3) The prosumers maximize their profit under the nodal prices.  

The proposed method performs an optimal power flow (OPF) calculation and 

compute the shadow prices of active and reactive powers based on the multi-agent system 

approach. Then a dynamic pricing is carried out on-line using LMP for real and reactive 

powers of PVs in DS. The simulation results confirm that the proposed method can 

successfully deal with the voltage violations in DS and minimize the curtailment of PV 

power. 

 Proposed Control Strategy 

5.2.1 Outline of the Proposed Strategy 

The proposed control strategy combines the centralized and the distributed 

autonomous control as illustrated in Figure 5.1. The information (inverter and PV 

constraints of local agents, shadow prices from management agent, etc.) is exchanged via 

a common memory, referred to as blackboard memory (BM) in this paper. Each agent 

measures local data to send them to BM.  

The management agent computes an optimal power flow based on the data from the 
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agents through BM, and provides active and reactive nodal prices to BM. Then, each 

agent determines its own behavior and acts independently under the nodal prices provided 

through BM. Here, the optimal DS operation is realized, while the reactive power of each 

PV is effectively utilized so that the voltage regulation is performed. 

[Management agent] 

State estimation of the DS, optimization calculation, and announcement of the nodal 

prices of active and reactive power. 

[PV agent] 

Measurement of local data, control of active and reactive powers of PV output. 

[Blackboard Memory] 

A memory where the management agent and each PV agent share the measured and 

the calculated data. 

5.2.2 Global OPF Formulation for the Management Agent 

The objective of global OPF is to maximize the sum of PV generations in DS, 

equivalent to the total profit, with network constraints and PV inverter constraints as 

follows: 

,
max ( , )

i i
i i i

P Q
i N

F P Q

  (5.1) 

Subject to 

2 2 2
i i iP Q S   (5.2) 

 

Figure 5.1 Proposed Control System. 
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i i i i iP Q P     (5.3) 

0 i iP P   (5.4) 

max,i iV V  (5.5) 

( , )

( , )

V δ

V δ
pii li

qii li

hP P

hQ Q

   
      

 (5.6) 

where, 

i N ， {1, , }N n  ，n is the number of PV sources. 

( , )i i i Pi iF P Q w P  : objective function of PV no. i. 

wpi: price of PV active power. 

,i iP Q  : PV active and reactive power. 

,li liP Q  : active and reactive power of node i. 

Si : capacity of PV inverter. 

iP : available active power of PV calculated from solar radiation. 

min, min,tan ,    i i i   : lower limit of PV power factor angle. 

Vi : voltage at PV connection point i. 

Vmax,i : upper limit of voltage. 

i : Phase angle of PV connection point i. 

,  pi qih h  :power flow equations. 

It is assumed that the value of  Pi
ഥ  is the available value of the PV power output at 

each node, and it can be determined by the solar radiation. The measurements by 

radiation meters at representative points are enough for this purpose. In the above 

calculation process, the state estimation is performed to obtain the parameters of (5.6). 

This model can use only the voltage and power characteristics of the PV nodes. In this 

paper, only the upper limit of voltage is considered since voltage raise problem is a main 

subject of PV output controls. 

5.2.3 Formulation of KKT Condition for Global OPF  

The optimal solution of (5.1) should satisfy the Karush-Kuhn-Tucker (KKT) 

condition as follows:  
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2 2 2
1, 2,

3, 4, 5, 6, max,

1, 2,

( , ) ( ) ( )

( , , ) ( ) ( ) ( )

( ( , ) ) ( ( , ) )V δ V δ

i i i i i i i i i i i

i i i i i i i i i i i i
i N

i pi i li i qi i li

F P Q S P Q P Q

L P Q P Q P P P V V

h P P h Q Q

  

     

 


     
          
        

  (5.7) 

 

1, 2, 3, 4, 5, 1,2 0i
i i i i i i i i i

i i

FL
P

P P
       

       
 

 (5.8) 

1, 2, 3, 2,2 0i
i i i i i

i i

FL
Q

Q Q
   

     
 

 (5.9) 

6, 0p qT T
1 2

h h
μ μi

i i i

L

V V V


 
    

  
 (5.10) 

0p qT T
1 2

h h
μ μ

i i i

L

  
 

  
  

 (5.11) 

2 2 2 2 2 2
1,

1,

0, ( ) 0i i i i i i i
i

L
S P Q S P Q




      


 (5.12) 

2,
2,

0, ( ) 0i i i i i i i
i

L
P Q P Q  




    


 (5.13) 

3,
3,

0, ( ) 0i i i i i i i
i

L
P Q P Q  




    


 (5.14) 

4,
4,

0, 0i i i
i

L
P P




  


 (5.15) 

5,
5,

0, ( ) 0i i i i i
i

L
P P P P




    


 (5.16) 

max, 6, max,
6,

0, ( ) 0i i i i i
i

L
V V V V




    


 (5.17) 

1,

( , ) 0V δpi i li
i

L
h P P




   


 (5.18) 

2,

( , ) 0V δqi i li
i

L
h Q Q




   


 (5.19) 

Here, λ1,i, λ2,i, λ3,i, λ4,i, λ5,i, λ6,i, μ1,i ,and μ2,i are Lagrange multipliers, which are 

nonnegative. μ1, μ2, hp, and hq are n dimensional vectors. The solution of the above 

problem provides an optimal power flow. The nodal prices Pip  and Qip  for active and 

reactive power outputs, corresponding to the last terms of (5.8) and (5.9), are computed as 

follows.   

1, 2,( ) , ( )T T
Pi i Qi i

i i

p p
P Q

         
 6 6
V Vλ λ  (5.20) 
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It is noted that the nodal prices are in general negative for active power and positive for 

lagging reactive power. The nodal prices will be transferred to the local agents through 

BM. Then, each agent will maximize its own profit, resulting in the optimal power flow as 

will be described in the next section. 

5.2.4 Profit Maximization for Local Agents  

The nodal prices (5.20) are added to the original power prices to form the objective 

function. Each local agent is to maximize its own Profit 𝑓𝑖 as follows: 

,
max ( , ) ( , )

( )

i
i i

i

i i i i i i Pi i Q i
P Q

Pi Pi i Q i

F P Q F P Q p P p Q

w p P p Q

  

  
 (5.21) 

Subject to 

2 2 2
i i iP Q S   (5.22) 

i i i i iP Q P     (5.23) 

0 i iP P   (5.24) 

The KKT conditions are given as follows: 

2 2 2
1, 2,

3, 4, 5,

( , ) ( ) ( )
( , , )

( ) ( )

ii i i Pi i Q i i i i i i i i i

i i i

i i i i i i i i i

F P Q p P p Q S P Q P Q
L P Q

P Q P P P

  


   

          
      

 (5.25) 
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       
 
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     
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2 2 2 2 2 2
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0, ( ) 0  i i i i i i i
i

L
S P Q S P Q




      
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0, ( ) 0  i i i i i i i
i

L
P Q P Q  




    
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 (5.29) 

3,
3,

0, ( ) 0  i i i i i i i
i

L
P Q P Q  




    


 (5.30) 

4,
4,

0, 0  i i i
i

L
P P




  


 (5.31) 

5,
5,

0, ( ) 0  i i i i i
i

L
P P P P




    


 (5.32) 

where, λ1,i, λ2,i, λ3,i, λ4,i, λ5,i are Lagrange multipliers, which are nonnegative. The 

comparison of (5.8) with (5.27), and (5.9) with (5.28), guarantees that the solution of the 
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global OPF agrees with those of the profit maximizations for local agents when Pip and 

Qip are set as (5.20). This implies that when each PV agent pursues the maximum profit 

the voltages of the DS will be automatically controlled, and the total PV power generation 

will be maximized. 

 

 Control Process  

The control process of the proposed method is shown in Figure 5.2 and it can be 

described as follows: 

5.3.1 Procedure for Management Agent  

[Step M1] Obtain the system parameters, voltage upper limit (Vmax) and the price of 

active power (wP). 

[Step M2] Read parameters of inverters and the local measurements (V, δ, P, Q, P ) 

from the agents through BM. Perform state estimation. 

 

Figure 5.2 The control process of the proposed method. 

Blackboard memory (BM)

Local Agent i

Local measurements

(Maximizing Own Profit 𝒇𝒊)

m𝑎𝑥
௉೔,ொ೔

𝑓௜ = 𝑤௉𝑃௜ + 𝑝௉௜𝑃௜ + 𝑝ொ௜𝑄௜

Subject to
- Inverter Constraints

Management Agent (Global OPF) 
(Maximizing Total Profit of DGs Power)

m𝑎𝑥
௉೔,  ௜∈ே

෍ 𝑤௣𝑃௜

௜∈ே
Subject to
-DS Constrains (power flow, voltage limits)

-Inverter Constraints ( capacity, generation, P.F.)

𝑝௉௜ and 𝑝ொ௜: 
(Nodal Price)

Global OPF
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[Step M3] Solve the whole system KKT condition to obtain the nodal prices for 

active power ( )P Pw p and reactive power pQ, which are transferred to 

BM. 

5.3.2 Procedure for Local Agent i 

[step L1] Measure the voltage value (Vi), phase angle (δi), active power output (Pi), 

reactive power output (Qi), and available active power output (
iP ). 

[step L2] Provide BM with the measurements. 

[step L3] Obtain nodal prices ( , )Pi Pi Qiw p p  from BM. 

[Step L4] Determine the output (Pi and Qi) to maximize the own profit. 

 Simulation Results  

5.4.1 Simulation Cases 

In order to evaluate the performance of the proposed method, two simulation cases are 

set as below. 

[Case 1] Analysis of a specific operating point. 

[Case 2] 24-hour simulation. 

In the simulation cases, a system with four connected PV sources is used as shown in 

Figure 5.3. System parameters are given in Appendix A. Parameters set in the simulation 

are: wPi = 22.68 [¥ / kWh], Vmax,i = 1.02 [p. u. ],  γi = 0.6197 corresponding to power 

factor lower limit, cosφmin,i = 0.85. The proposed method is compared with a typical 

conventional control method being used in Japan [88]. The conventional method is a local 

control to maximize the own active power generation under the above voltage and power 

factor limits, which is described in Appendix C. 

 

 

 

Figure 5.3 5-bus test feeder. 
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5.4.1.1 Case1: Analysis of A specific Operating Point 

 In this section, the performance of the proposed control method is examined at a 

fixed operating point, where the available PV active power at each node is 120 [kW] 

(0.04 [p. u.]) The outputs of the PVs for the conventional and the proposed control 

methods are listed in Table 5.1, where P, Q and V are the active power, reactive power 

outputs and the node voltages, respectively. The amount of curtailed active power is 

calculated from the available power as 120-P.  

 

It is observed from Table 5.1 that the total amount of power generation is increased, 

and the curtailed power is significantly decreased compared with those of the 

conventional method. This implies that the proposed method successfully maximizes the 

total power generation while controlling the voltages within their limits. The profit per 

hour for each agent is also given in Table 5.1, which is calculated using the nodal prices 

for active and reactive powers shown in Table 5.2. As is noticed from the profits, an 

unfairness situation occurs in the conventional control method. This situation comes from 

a general tendency that the largest amount of curtailed power is occurred at the end of the 

feeder. On the other hand, the proposed method realizes a fair profit situation 

Table 5.2 Prices of P and Q  offered by the management agent 

 Conventional Method Proposed Method 
P 

[¥/kWh] 
Q 

[¥/kVArh] 
P 

[¥/kWh] 
Q 

[¥/kVArh] 
PV1 22.68 0 20.82 1.93 
PV2 22.68 0 19.03 3.90 
PV3 22.68 0 17.27 5.86 
PV4 22.68 0 15.47 7.80 

 

Table 5.1 Comparison of the conventional and the proposed method (Case 1) 

 

Conventional Method Proposed Method 

V 
[p. u.] 

P 
[kWh] 

Q 
[kVArh] 

Curtailed P 
[kWh] 

Profits 
[¥/h] [%] 

V 
[p. u.] 

P 
[kWh] 

Q 
[kVArh] 

Curtailed P 
[kWh] 

Profits 
[¥/h] [%] 

PV1 1.010 120.0 0 0 2268 (29) 1.009 119.5 11.1 0.5 2082 (27) 
PV2 1.017 120.0 0 0 2268 (29) 1.015 117.6 24.1 2.4 1934 (26) 
PV3 1.020 116.8 27.4 3.2 2195 (28) 1.019 113.6 38.6 6.4 1824 (24) 
PV4 1.020 65.4 40.6 54.6 1030 (14) 1.020 107.1 54.0 12.9 1754 (23) 
Total  422.2 68.0 57.8 7761 (100)  457.8 127.8 22.2 7594 (100) 
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5.4.1.2 Case2: 24-hour Simulation  

In this section, the performance of the proposed method is evaluated using a real 

fluctuated PV data and load consumptions for nodes 1 to 4 shown in Figure 5.4. The 

simulation is performed for 24-hour with a time interval of 1 minute. 

Table 5.3 lists the PV power outputs, the curtailed active power, and the profits for the 

proposed method and the conventional method. In the proposed method, the total power 

generation is increased, and the total amount of curtailed power is significantly decreased 

compared with those of the conventional method. Furthermore, the profits are fairly 

distributed among the agents which implies that the proposed method is also effective 

from the economic point of view. 

Figure 5.5 illustrates the voltage profiles before and after applying the proposed 

method. It is observed that the method succeeds in controlling the voltages within limits. 

Figure 5.6 shows the active power output, reactive power output, power factor, and the 

voltage profiles for the conventional and the proposed control methods. It is noticed from 

the figures that the proposed method determines the appropriate output of the PV nodes 

 

Figure 5.4 Real load and PV output pattern for simulation. 

Table 5.3 Generated powers and profits for 24-hour simulation (Case 2) 

 
Conventional Method Proposed Method 

P 
[kWh] 

Q 
[kVArh] 

Curtailed 
P [kWh] 

Profits 
[%] 

P 
[kWh] 

Q 
[kVArh] 

Curtailed 
P [kWh] 

Profits 
[%] 

PV1 866.4 0 0 29 862.8 65.83 3.61 27 
PV2 866.4 0 0 29 849.2 147.8 17.2 26 
PV3 831.9 177.8 34.5 28 821.4 238.9 45.0 24 
PV4 455.6 178.3 410.8 14 784.2 322.2 82.2 23 
Total 3020.3 356.1 445.3 100 3317.6 774.7 148 100 
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which realize the fair operation and maximize the power generation for the 24-hour 

operation. 

 

 

 

 
(a) Without control. 

 
 (b) Proposed control method. 

 

Figure 5.5 Voltage profiles. 
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Active power output Active power output 

  
Reactive power output. Reactive power output. 

  
Power factor. Power factor. 

  
Voltage profile. Voltage profile. 

(a) Conventional Method. (b) Proposed method. 

Figure 5.6 Conventional method vs. proposed method. 
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5.4.2 Effect of Control Cycle on the Control Performance 

In the proposed method, the data of the local agents and the management agent are 

exchanged asynchronously through the BM. Each agent decides its own action 

independently based on the nodal prices which are provided by the management agent. 

Therefore, the control cycle of calculating the nodal prices and the agent control action 

affects the performance of the proposed method. Figure 5.7 shows that the voltage 

violation (RMS value) is decreased for higher speed control cycle. 

 

 Conclusions 

In this chapter, a novel voltage control strategy is proposed for the management of the 

PVs output powers in the DS based on the MAS architecture. The objective of the 

proposed method is to maximize the total active power generation of the PVs by 

controlling their active and reactive power outputs using their nodal prices, while 

maintaining the voltage within normal limits and realizing the optimal operation of the DS. 

The simulation results confirm that the proposed method can reduce the total amount of 

curtailed power produced by the PVs. Furthermore, the profits of the PV agents are fairly 

distributed among them, which may be able to solve unfairness problem underlying in the 

existing system. The proposed method achieves the optimal operation of the DS in a 

distributed manner based on an acceptably simple communication system.  

 

  

 

Figure 5.7 Total voltage violations vs. control cycle for 24-hours (RMS p.u). 
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Chapter 6: Conclusions and Future works  

The installation of DGs in DSs greatly impacts the performance and reliability of the 

network and increase the voltage violations. The dissertation focuses on the voltage 

control schemes. In the following section, the contributions of this dissertation to the 

voltage control in the DS are highlighted, followed by a list of possible works for future 

research that have been detected during this research. 

 Novelty and Conclusions of the Dissertation 

The most important new scientific results of the present dissertation can be 

summarized as follows: 

Optimal control strategy for voltage regulators 

 An effective and optimal control strategy for voltage regulators is proposed in this 

thesis using the MAS architecture. The objective of the proposed strategy is to optimally 

minimize the voltage deviation of the UDS under the condition of high PV penetration. 

The unbalanced features of the DS with different types and configurations of voltage 

regulators are considered in the formulation. The optimal and suboptimal methods are 

realized in the proposed voltage control strategy, where each agent can act autonomously 

based on the available information to minimize the objective. The simulation results show 

that the proposed strategies can effectively adjust the tap operations to minimize the 

voltage deviation with no tap oscillations under different sun profiles.  

The optimal method requires a comparison process among the indices of the agents, 

which is more suitable for a centralized control, although it can be applied to an MAS. 

The suboptimal method avoids the comparison process among the agents, which can be 

easily realized by a simple decentralized control strategy using the MAS. The proposed 

suboptimal method shows an equivalent performance to the optimal method and works 

reliably even in the case of communication failure. The method can be easily applied to 

the existing voltage regulators within a reasonable cost of investment compared to a 

centralized scheme. 

Control of the DGs power 

Two strategies for voltage control are proposed in the thesis by controlling the DGs 

powers. Firstly, a simple and effective strategy for reactive power control of the DG 

sources in the DSs. The proposed control strategy is formulated based on voltage/reactive 
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power sensitivity analysis using the MAS architecture, In the proposed strategy, each DG 

with its reactive power capability acts as a control agent, and all agents work together to 

achieve the minimum voltage deviation. The simulated cases for controlling the PV 

reactive power, demonstrated that the proposed strategy can mitigate the voltage 

violations and decrease the stress on the PV inverters. 

Secondly, A novel strategy is proposed for the management of the DGs output powers 

in the DS using nodal prices and MAS architecture. The objective of the proposed method 

is to maximize the total active power generation of the PVs by controlling their active and 

reactive power outputs using nodal prices, while maintaining the voltage within normal 

limits and realizing the optimal operation of the DS. The simulation results confirm that 

the proposed method can reduce the total amount of curtailed power produced by the 

PVs. Furthermore, the profits of the PV agents are fairly distributed among them, which 

may be able to solve unfairness problem underlying in the existing system. The proposed 

method achieves the optimal operation of the DS in a distributed manner based on an 

acceptably simple communication system.  

 Future Works  

There are several research points and interesting topics around the topic of voltage 

control in active DS have been revealed and need more investigations. Emerging research 

problems that come from this research include the following: 

- Modeling and study different types of the DGs such as wind turbines, fuel cell and 

diesel generations system.  

- Upgrade the proposed control algorithm of the voltage regulators to coordinate 

with the control schemes of DGs power and PV smart inverter functionalities.  

- Upgrading the MAS to operate in the Microgrid concept. 

- Further work on the implementation of the MAS is needed. The hardware 

requirements for fast and reliable operation need to be studied. An appropriate 

means of communication needs to be addressed. 

- Develop a hierarchical scheme, where each agent acts as a sub-management agent 

that manages the DGs and control the voltages in its area. 
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  Description of Test Systems 

Four distribution test feeders are employed for evaluating and testing the proposed 

methods in the thesis. The feeders include two unbalanced IEEE 34 and 123-node test 

feeders [89], [90], 33-bus distribution feeder, and  five node test system. These systems 

have different configurations and structures and it can be described briefly as follows:  

A.1 IEEE 34-node Test Feeder  

 

 

This feeder operates at a nominal voltage of 24.9 kV and it is characterized by long, 

lightly and unbalanced loading, two three-phase voltage regulators, shunt capacitors, 6 

spot loads, and 19 distributed loads. The complete system data are given in [90]. The 

single line diagram of this system is shown in Figure A.1. 

 

Figure A.1 IEEE 34-node test feeder 
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Figure A.2 IEEE 123-node test feeder 
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A.2 IEEE 123-node Test Feeder  

 The IEEE 123 node test feeder has a nominal voltage of 4.16 kV. This feeder is 

characterized by different configuration of overhead and underground lines, unbalanced 

loading, four voltage regulators, four shunt capacitor banks, and 11 switches. The 

complete system data are given in [90]. The single line diagram of this system is shown in 

Figure A.2. 

A.3 33-Bus Distribution System 

The 33-bus test system is a MV system with a single 12.66 kV supply point. The 

system consists of 33-buses, 3 laterals, and 32 branches. The total active and reactive 

loads powers are 3.715 MW and 2.3 Mvar, respectively. The complete system data are 

given in [91]. The single line diagram of this system is shown in Figure A.3. 

A.4 5-bus Test Feeder 

A test feeder consists of 5-bus and four PV sources as shown in Figure A.4 is used to 

check the performance of the voltage control method using nodal prices which described 

in Chapter 5. The 5-bus feeder operates at nominal voltage 6.6-kV and it has the 

following data. 

Base power PB = 3 [MVA], Base voltage 

VB = 6.6 [kV]. 

Line impedance Zi = 0.04 + j0.04 [p. u.].  

Customer load Sli = 0.02 [p. u.]. 

 

 

Figure A.3 33-bus test feeder 

 

Figure A.4 5-bus test feeder 
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 The Optimality of the Voltage Regulators 

Control Strategy  

This appendix explains the optimality of the proposed control method discussed in 

Chapter 3 for the voltage regulators from the mathematical viewpoint based on [92]. The 

equivalent forms to objective functions (3.1) and (3.2) are as follows: 

0

min ( ) ( ( ))abc
t

U t VD t




 u  (B.1)

2

1

1
( ( )) ( ( ))

2

N

abc k k
k

VD u t w t


  u   (B.2)

In this equation, ( )tu  is the voltage deviation vector at time t and defined as 

( ) ( ( )) ( ) Rt t c t c u g v v -v               (B.3) 

where, u(t) = [u1(t), u2(t),..., uN(t)] T,  

vc= [vc1, vc2,..., vcN] vector of center voltages defined in (20). 

vcR= [vcR1, vcR2,..., vcRN] vector of target center voltages.  

 Equation (B.2) becomes minimal in the neighborhood of u = 0, which is referred to as 

the equilibrium area in this research and expressed as follows: 

1 2{ , , ,   , 1, , }N k kE u u u u k N     (B.4)

with 
k : dead band of tap k. 

Then, we set another objective defined as 

min ( )  T,  T Eu  (B.5)

T: number of tap operations to reach the equilibrium from t=0. 

  The voltages in UDS are governed by the power flow equations, and they are the 

function of tap positions of voltage regulators n and load parameters L, as described in 

(3.3).  

 v f L,n  (3.3)

The linearization of (3.3) with ( )v t  at time t around the target voltage with tap control 

( ( ))v tZ  and load disturbance ( )L t yields 

( 1) ( ) ( ) ( ) ( ) ( )u u A B Lt t t t t t      Z  (B.6)

where 
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


    ,      ΔL t =L t+1  – L t , 

1 1
1 2( ) ( ) ( ( 1) ( )) [ ( ), ( ),.... ( )]T

Nt R n t R n t n t Z t Z t Z t      Z  

R = diag [r1, r2,..., rN]: regulator step size. 

Equation (B.2) represents a dynamic system with disturbance ( )tΔL  and control ( )tZ . 

Then, we find the optimal control ( )tZ  under the following assumptions. 

a) At each time t, only one tap can act, i.e., only one component of 

1 2( ) [ ( ), ( ), . ... ( )]Nt Z t Z t Z tZ  is “+1” or “-1”, and the others are “0” (see (3.5)). 

b) Linearization errors are neglected in the control problem (B.1) -(B.6). 

c) The initial voltage deviation u (0) is u0 (u (0) = u0). 

d)  Future load disturbances are unknown, which are treated as ( ) 0L   , 

, 1,t t    . 

Minimization of the voltage deviations (A1) 

The change in (B.2) at time t is described as follows: 

( ( )) ( ( 1)) ( ( ))a b c a b c a b cV D t V D t V D t   u u u     (B.7)

If the control is executed to satisfy ( )a b cV D t  < 0, VDabc satisfies the condition of 

Lyapunov function for the dynamic system. According to the Lyapunov stability 

criterion, the asymptotic stability of the system (B.6) is guaranteed. Therefore, if there is 

an equilibrium point, the system converges to the equilibrium area E within the finite step 

T. 

( ) ,   eu t u E t T    (B.8)

If there is no equilibrium point, the system converges to a certain point that minimizes 

VDabc. 

Now, Lyapunov function at time T, (B.2), is expressed as follows: 

1

0

( ) ( ) (0) 0
T

abc abc abcVD T VD VD







     (B.9)

Assuming that ue ≈ 0 due to (A8) at t=T, 



Appendix B:The Optimality of the Voltage Regulators Control Strategy 
 ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

81 
 

0

1

0

( )

( 1) (0) (0) ( 1) (1)

( 1)

( 1) (0) ( ) ( )

T

abc
t

abc abc abc

abc

T

abc abc
t

U VD t

T VD T VD T VD

VD T

T VD T t VD t









        

 

     







                                          (B.10) 

In (B.10), the first term of the right-hand side is constant, and the others are the sum of 

positively weighted (1, 2, ..., T) terms. Minimizing each term by the descending order of 

weight coefficients (T+1, T...) will minimize the overall VDabc. The condition to minimize 

U is as follows: 

     0 1 – 1 0abc abc abcVD VD VD T        (B.11)

This condition is equivalent to the following minimization at each time t: 

m in ( )a b cV D t   0, 1, 2, ...t   (B.12)

Minimization of tap operations (A5) 

Assuming the initial tap position n (0) = n0 and equilibrium point position n(T) = ne, 

the number of tap changes required to the equilibrium point is 

Ke = R–1(n0 – ne)  (B.13)

In this equation, Ke is a vector whose components are integers Ki
e. In other words, Ki

e 

corresponds to the minimum number of necessary tap changes of each tap i to reach the 

equilibrium point. Therefore, the minimum of tap changes T is given by 

1
1

N
e e

i
i

T K


 K  (B.14)

The minimum step 
1

eK can be determined if n0 and ne are given. To reach the 

equilibrium within the above minimum steps, the norm of (B.15) must be reduced by one 

step at each time t to satisfy (B.16). 

K(t) = R–1(n(t) – ne)  (B.15)

1 1 1
( ) ( 1) ( ) 1 0t t t      K K K  (B.16)

Equation (B.16) implies that n(t) reaches ne with the minimum step if it is controlled 

step by step toward ne. Therefore, the control to minimize (B.1) also satisfies (B.16) and 

(B.5). Note that the conditions for oscillatory action have been analyzed in [92], where 

(B.5) and (B.16) are violated. 

Control rules 
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Now, substituting (B.6) into (B.1), we obtain 

( ( )) ( ( 1)) ( ( ))   

( ( )) ( ) ( ) ( )

( ( ) )

( )

u u u

u Z Z C Z

abc abc abc

T
abc

abci i ii i
i

abci i
i

VD t VD t VD t

t t t t

S u Z Z C Z

S u Z

   

    

    

 





S

 
(B.17)

where 

( ( )) ( ) ( ),

( ) ( )

u u M A

C A M A

T
abc

T

t t t

t t

  

  


 

S
 

(B.18)

In this equation, since Cii ≈ 0 has been numerically confirmed, (B.17) holds. Then, the 

optimal control rule of (3.9) is obtained. Thus, (B.12) is minimized as follows: 

 Optimal Control Rule 

When there is voltage violation at time t, a controller that minimizes ( )a b cV D t  is 

selected. In other words, at each time t, we select at most one controller k that satisfies 

(B.19). 

( ) max ( )k i
i

s u s u    (B.19)

with α: threshold value. 

This control rule provides the order of controller actions to minimize the objective 

function. 

 Suboptimal Control Rule 

A simple autonomous control rule is given as follows: 

At each time t, the controller that satisfies (B.20) is activated. 

uk(t) > εk AND sk(ue(t)) > α0 [Up] 

uk(t) < –εk AND sk(ue(t)) < –α0 [Down] 
(B.20)

According to this rule, each controller can act independently based on its own index S 

and threshold value α0. The suboptimal control does not provide strict optimality, since in 

rare cases, it simultaneously allows multiple controls, which may change the optimal 

sequence of controls given by (B.19). 
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 Conventional Method for PV Inverter 

Control 

The conventional method is a typical local control scheme used in the Japanese system 

for the PV inverter [88]. The PV power generation is maximum (P=Pmax, Q=0) when the 

voltage is within limits. When the voltage hits the limit, the PV inverter acts as shown in 

Figure C.1, which is explained as follows: 

[Step 1] Increase reactive power output and reduce active power generation to 

regulate the voltage within limits. 

[Step 2]  When the PV inverter operating point reaches the power factor limit (0.85), 

fix the power factor and reduce the power output for the voltage control. 

 

 

 

Figure C.1 Inverter control scheme for conventional method. 
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