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Abstract 

Recently, the use of renewable energy sources (RES) has been rapidly increased 

worldwide. The most notable RES are wind power and photovoltaic. These RES are often 

distributed according to load centers in distribution systems. These sources are described 

as intermittent sources in which their output power varies depending on weather 

conditions. Therefore, the performance of distribution systems is greatly affected by these 

sources. These resources may have positive or negative technical impacts on the grid, 

depending on their locations, penetrations, and types. High penetration of RES in 

distribution systems has significant impacts on several practical issues, such as voltage 

rise/drop, voltage fluctuations, and system efficiency. 

The use of plug-in electric vehicles (PEVs) is expected to increase rapidly worldwide.  

The batteries of PEVs have the potential to provide numerous ancillary services to the 

grid owing to the fact that they can act as either loads or sources when connected to the 

grid. In other words, PEVs can be assumed as controllable loads to level the system 

demand during the off-peak period and as generation devices during peak period or high 

electricity price period to provide capacity and energy services to grid. Unlike large 

generators, PEV batteries energy storage and power electronics are designed to provide 

large and frequent power fluctuations over a short time period. This makes the PEVs 

especially suitable for regulation. Once the vehicle receives a signal from the aggregator, 

it can respond in less than a second to change its power output. 

The aim of this work is to develop novel approaches to optimize the operation and 

planning of active distribution systems in the presence of PEVs. The distributed resources 

should be optimally coordinated by a central control system based on mathematical/ 

numerical approaches. The distribution of both active and reactive power flows inside the 

distribution system should be optimized to maximize the productivity as well as minimize 

the operating losses and, at the same time, the operation constraints like voltage and 

power flow limitations must be ensured under the charging/discharging of PEVs. 

For this purpose, different methods are proposed for mitigating both voltage 

fluctuation and voltage rise resulted by RES in the presence of PEVs. The idea of these 

methods is to simultaneously optimize the operation of RES inverters and PEVs charging 

stations (CS) so as to mitigate the impacts of RES. The charging/discharging power of 

PEVs and the reactive power of the bidirectional inverters of RES are simultaneously 

computed for mitigating impacts of cloud transients/wind speed changes. 
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Furthermore, an interval optimization method is presented to optimally schedule 

PEVs with considering the uncertainty of RES generation and loads. For this purpose, the 

RES generation (including photovoltaic and wind power) and loads are considered as 

interval parameters, and the charging/discharging power of PEV is expressed as an 

interval variable to be optimally computed. Further, an optimization-based method is 

proposed to calculate the optimal oversize of the interfacing inverter employed in various 

DG types to regulate voltages and to reduce losses with minimum total costs. The 

proposed method considers the active power curtailment (APC) feature in the DG inverter 

and the transformer taps. Different control schemes of the interfacing inverter are 

considered and incorporated in the proposed optimization model.  

Finally, an optimization-based algorithm is proposed to accurately determine the 

optimal locations and capacities of multiple PV units in the presence of PEVs to minimize 

energy losses while considering various system constraints. The proposed algorithm 

considers the uncertainty of PV and loads, and the stochastic nature of PEVs. The 

operational constraints of PEVs are incorporated in the optimization model: 1) arrival and 

departure times, 2) initial preset state of charge, and 3) minimum preset state of charge by 

the owner, 4) the time-of-use electricity rate, and 5) different charging control schemes. 

The optimal PV planning model is formulated as a two-layer optimization problem that 

ensures optimal PV allocation while optimizing PEV charging simultaneously. A two-

layer metaheuristic method is developed to solve the optimization model considering 

annual datasets of the studied distribution system. The proposed methods are tested using 

33-bus, 69-bus, and 90-bus distribution test systems. The simulation results and 

comparisons with existing approaches demonstrate the efficacy and superiority of the 

proposed methods for optimal operation/planning of distribution systems. 
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Chapter 1: Introduction  

1.1 Active Distribution Systems 

The penetration of distributed generation (DG) is recently being increased in 

distribution systems. The use of renewable energy sources (RES) is one of the 

fundamental strategies to fight climate change and to reduce the dependence on fossil 

fuels. The most notable types of these renewable energy resources are wind power, 

photovoltaic (PV), solar thermal systems, biomass, and various forms of hydraulic power. 

However, the increase in the amounts of DG, in spite of the economic benefits for its 

owners, leads to serious challenges for operation and planning of distribution systems. 

Voltage and fault current levels, for example, are two key parameters of the networks that 

could change dramatically with the incorporation of DG. The intermittent nature of some 

RES such as wind and PV are another issue which must be concerned nowadays. 

As a result, distribution system operators recognize the necessity for electricity 

distribution to evolve from the usual passive unidirectional flow system to active 

distribution systems. An active distribution system includes those enabling technologies 

that allow efficient and reliable large-scale integration of RES within low and medium 

voltage networks, addressing the impacts and problems derived from such increasing 

levels. In general, an active distribution system is defined as a distribution system that has 

to control a combination of distributed energy resources (DER) (generators, loads, and 

storage). Figure 1.1 gives the general graphic representation of the active distribution 

system since, it is coming under DG umbrella, and there is no unified standard or 

structure.  

1.2 Background 

1.2.1 RES Impacts 

The capacity of DG in distribution systems has obviously increased worldwide. These 

DG units can be classified into dispatchable sources (e.g. diesel engines, biomass) and 

non-dispatchable sources (e.g. wind power, solar power) [1,2]. These distributed sources 

affect greatly the distribution system operation, control, and security [3–5]. The power 

generation of renewable DG units, such as PV, are unpredictable; therefore, the real-time 

profile of generated power is normally irregular according to weather conditions. Driven 

by the benefits of RES, the penetration of these sources has been exponentially increased 
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in recent years. PV is considered one of the fastest growing RES worldwide. It is 

predicted that the contribution of solar power will reach 11% of global electricity 

production in 2050 [6]. Normally, large PV farms are connected to transmission systems 

while PV with small capacities is integrated into distribution systems [7,8]. In distribution 

systems, PV is distributed beside load centers to provide electricity locally. However, the 

massive integration of RES in distribution systems leads to unpredictable fluctuations in 

voltages and power flows, especially in weak systems.  

For example, at the point of common coupling (PCC), as the solar irradiance naturally 

fluctuates during cloud transients, the PV power fluctuates and consequently, voltage 

fluctuates [9,10]. It is demonstrated that large-scale PV units with their considerable 

output power fluctuations can lead to frequency deviations [11,12]. Furthermore, when 

the output power of RES exceeds the local load, reverse power flow can occur due to this 

excess generation of RES. This reverse flow of power can lead to voltage rise because the 

traditional distribution systems are designed for one-way power flow. Due to the high 

penetration of RES in distribution systems, voltage rise can violate the acceptable 

thresholds which lead to the negative effects of equipment. Hence, the voltage rise 
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Figure 1.1 Representation of active distribution system 
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problem is one of the foremost concerns for distribution systems with high RES 

penetration. These consequences become more serious in the case that a sudden change in 

solar irradiance occurs as a result of cloud transients. The traditional voltage regulating 

devices, such as step voltage regulators (SVR) and on-load tap changers (OLTC), are not 

able to alleviate the impact of the cloud transients because of the time delay in their 

operation. Since there are many mathematical models for time series estimation of solar 

irradiance [13,14], the negative impacts of PV can be evaluated, thereby helping to 

determine a proper way to be mitigated.  

Several studies have been directed to investigate the fluctuating nature of different 

RES types and define efficient ways to mitigate their negative consequences [15,16]. To 

cope with this issue, several techniques have been developed in the literature to mitigate 

such fluctuations by employing the reactive power capability of the RES inverter during 

rapid power transients [17,18]. However, these techniques are constrained by the rating of 

the RES inverter and they could reduce the lifetime of the RES inverter [19]. Other 

techniques for fluctuation mitigation are based on employing various components in 

distribution systems, such as batteries in [20–28], capacitors in [29,30], or dispatchable 

DG in [31,32]. The dispatchable DG technologies can adapt their generation for 

optimizing system operation. The merits of controlling generations of DG units are their 

fast response and continuous operation through the interfacing inverter. On the contrary, 

excessive movement of transformer taps increases the running cost where regular 

maintenance is required. A cooperative operation between transformer taps and DG 

generation is recommended for effectively optimizing voltages and losses. Proper control 

of these control variables and the available voltage control devices (VCDs) are required 

to avoid several potential technical problems, namely, voltage rise/drop and excessive 

power losses. In [15], dump load is connected to dissipate extra power for preventing 

voltage rise and flicker. The maximum power point of PV is managed in [33] for the 

mitigation purpose.  

Several forms of DG such as PV, wind turbine generation system (WTGS), 

microturbines, and fuel-cells are interfaced to the medium voltage (MV) distribution 

system through inverters. These power electronic devices are superior to the conventional 

interface machines due to their flexibility in operation and control. As mentioned before 

that the smart voltage source inverters (VSI) of DG with reactive power compensation 

capability can mitigate the voltage rise problem. For instance, at the occasions of high PV 

generation, i.e., sunny moments, and low consumption (extreme state), the spare capacity 
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of the interfacing inverter can be employed to absorb reactive power, thereby regulating 

the voltage at PCC. However, in such extreme state, the DG inverter is often fully loaded. 

For the purpose of allowing further reactive power capability, many studies suggested to 

oversize the interfacing inverter. Oversized inverters have the capability to deliver 

reactive power without curtailing the real power of DG. For example, in [34,35], it is 

established that 10 % inverter oversize provides a sufficient release of the inverter 

capacity for loss reduction and voltage improvement, while 60 % is considered in [36]. 

Oversizing the inverter of DG with a certain level (e.g., 10 % or 60 %) for preventing 

voltage rise is not an optimal approach. Note that the cost of a DG project is expected to 

increase in the case that the interfacing inverter is decided to be oversized. Thus, an 

optimal oversize of the interfacing inverter of DG must be determined for preventing 

voltage rise while considering the oversize costs.  

Another alternative way of regulating the overvoltage during the extreme state by the 

interfacing inverter is active power curtailment (APC) of DG [37–39], especially for 

distribution systems with high R/X ratios [40]. This latter control-based way seems to be 

cost-efficient as it does not require oversizing DG inverter capacity. However, by using 

this way, the DG units are forced not to operate at full capacity (i.e., waste energy) for 

voltage regulation during the extreme state.  

The cost of inverter oversizing, and the cost of curtailed power must be considered 

when deciding the inverter oversize level. Accordingly, three solutions are possible for 

the voltage rise problem by the DG inverter: 1) Oversizing DG inverter without APC, 2) 

Enabling the APC feature without oversizing the DG inverter, 3) Oversizing DG inverter 

and enabling APC. The best solution is determined according to the cost rates of inverter 

oversizing and curtained power. This optimal oversizing of the interfacing inverter for 

mitigating voltage rise is expected to vary according to different factors, including DG 

penetration, DG type, and DG location. Another significant factor is the presence of 

VCDs (e.g., transformer taps) which are required to be considered as control variables in 

the optimization model for inverter oversizing. 

In the literature, several methods have been directed to the optimal allocation of RES 

in distribution systems. In [41], a probabilistic based planning approach has been 

proposed to allocate various RES types for minimizing the energy losses in the 

distribution system without violating system constraints. In [42–44], analytical formulae 

have been proposed for the optimal allocation of RES without considering the intermittent 

generation of renewable-based DER types. An analytical method has been proposed in 
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[45] to allocate a single PV unit for minimizing losses with considering load variation and 

probabilistic PV generation. A probabilistic multi-objective algorithm has been proposed 

in [46] for the optimal DER planning considering the minimization of economic costs and 

pollutant emissions, and load uncertainties. Different metaheuristic methods have been 

proposed to solve the DER allocation problem, e.g. genetic algorithms [47], tabu search 

[48], simulated annealing [49], and ant colony optimization [50]. In [12], the authors 

highlighted the role of energy storage systems as an important factor to be considered for 

accelerating the integration of DER to distribution systems. The authors of [51] 

investigate the various possibilities to integrate uncertain renewable-based DER types by 

smart charging policies of different electric vehicle fleets. 

1.2.2 PEVs Effects  

The use of plug-in electric vehicles (PEVs) has been dramatically increased 

worldwide. The number of operating electric vehicles was about one million in 2015, as 

reported by the international energy agency [52]. By 2020, several countries, which are 

called electric vehicle initiative group, follow a strategy to increase the number of such 

vehicles to 20 million [53]. PEVs are electric cars in which batteries are used as a power 

source to be charged/discharged during their parking time via the utility. Indeed, the 

batteries of PEVs can be employed to reduce the undesired fluctuations caused by RES. 

The batteries in PEVs could be used to let electricity flow from the car to the electric 

distribution network. From the viewpoint of system operation, PEVs are equivalent to a 

kind of distributed energy storage devices. Through vehicle-to-grid (V2G) technology, 

the PEVs have the potential to provide peak power during high demand periods, which 

can improve the sustainability and resilience of the electric power infrastructures and 

contribute to load leveling, voltage stability, and frequency regulation [54–56]. Further, 

PEVs can be used as storage devices to absorb excess renewable energy during off-peak 

hours and inject power back to the grid. However, there are still technical barriers when 

employing V2G technology as storage devices, such as the reduction in the lifetime of 

their batteries [57].  

With ability of PEVs to charge/discharge power, they can contribute to system 

stability that is jeopardized by uncertain RES generation [58]. However, optimal 

charging/discharging of PEVs is required to guarantee secure and economic operation of 

distribution systems. Many methods have been developed in the literature for the optimal 

charging/discharging of PEV systems. These methods can be classified into analytical 
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methods, classical optimization methods, and artificial intelligence methods (e.g., genetic 

algorithm and particle swarm optimization) [59,60]. Most of these methods do not 

consider the uncertainty of RES generation and so simply solve the PEVs scheduling 

problem by a deterministic optimization model. To consider RES uncertainties, 

probabilistic methods can be employed [61,62]. The disadvantage of these probabilistic 

methods is that they require accurate probabilistic parameters of the fluctuating 

environmental conditions. Interval optimization is an efficient method that considers 

uncertain problems and its superiority against stochastic optimization is illustrated in [63]. 

Furthermore, interval optimization is applied to many topics in power systems [63–66]. 

1.3 Research Objectives  

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

resolve the optimal operation and planning problems of the active distribution systems; 

however, the existing approaches have either drawbacks or limitations that are 

summarized in the following: 

─ Proposals exist to use the reactive power capability of the inverters for preventing 

voltage rise or mitigating voltage fluctuations, but the mitigation using this 

technique is constrained by the rating of the inverters. Existing methods make use 

of oversizing the inverters without optimizing its rating, however, this leads to an 

unjustified cost increase of the DG project.  

─ Proposals exist to use APC for regulating the voltage rise during extreme states, 

instead of inverter oversizing. But in this case, the inverter will be forced not to 

operate at maximum power point tracking (MPPT) mode, which means that part 

of the energy will be wasted to regulate the voltage during the extreme state. 

Existing methods do not consider the cost of this lost energy; however, the cost of 

this energy should be optimized to be as low as possible. 

─ Existing methods used for mitigating the voltage fluctuations using PEV batteries 

did not consider the fluctuations in charging/discharging power, however, these 

fluctuations decrease the lifespan of the PEV batteries. 

─ Existing methods that are proposed to regulate the voltage and minimize losses 

considering RES uncertainties and PEV scheduling options require accurate 

forecasts of RES generation and loads. However, there are mathematical 

constructs, like interval optimization, that make such forecasts unnecessary and 

only require lower and upper bound estimations.  
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─ The allocation of PV with PEVs is based on assumptions that simplify the model. 

Some of the research works consider deterministic models of PV and loads but do 

not consider PEVs. Other approaches that consider the uncertainty of PV and 

loads, do not consider the presence of PEVs. 

This dissertation presents efficient optimization models to cope with the 

aforementioned drawbacks. By using the approach proposed in this thesis, the active and 

reactive power of the distribution system are optimized to maximize the productivity and 

minimize the losses considering PEVs and various system operation constraints. The 

main objective of this work is to optimally solve operation/planning problems of active 

distribution systems in the presence of PEVs. Following are the research objectives, 

which will be accomplished in this work to answer the challenges stated above and 

optimizing the operation/planning of the active distribution systems. 

1.3.1 Mitigation Both Voltage Fluctuations and Voltage Rise 

To mitigate voltage fluctuations and voltage rise due to RES in the presence of PEVs, 

different methods are proposed in this Thesis. In these methods, the active power of PEVs 

(charge/discharge) and reactive power of the RES inverters (inject/absorb) are 

simultaneously optimized for mitigating the fluctuations and voltage rise. The real-time 

voltage at PCC is kept within limits that can be preset by distribution system operators. 

Moreover, the fluctuations in the active and reactive powers of the load and 

charging/discharging power of PEVs are also considered in the proposed methods. 

Therefore, the problems of inverter rating constraints, fluctuations of charging/ 

discharging power of PEV batteries will be covered. 

1.3.2 Optimal Scheduling of the PEVs 

To optimally schedule the PEVs with considering the uncertainty of RES generation 

and loads, an interval optimization method is proposed. The generation and loads are used 

as interval parameters while the active power of PEVs (charge/discharge) is an interval 

variable which optimally computed. The optimal day-ahead scheduling of PEV is 

achieved considering uncertain RES and loads. The proposed interval optimization 

method can accurately represent the uncertainty problem.  

1.3.3 Calculating the Optimal Oversizing of the RES Inverters  

To regulate the voltages and to reduce losses with minimum total costs, an efficient 

method is proposed to optimally oversize the interfacing inverter of RES. Moreover, the 

proposed method incorporates the APC feature of the inverter, the transformer taps, and 
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different control schemes of the inverter in the optimization model. The simulation results 

demonstrate the effectiveness of the proposed method. Therefore, the problems of 

inverter oversizing with a certain level and APC for voltage regulation are covered. 

1.3.4 Optimal Capacity and Location of RES. 

To determine the optimal capacity and location of RES in the presence of PEVs, an 

efficient approach is proposed. This approach considers the uncertainty of PV and loads, 

and the stochastic nature of PEVs. Hence, the problem of simplified or deterministic 

models of the allocation of PV with PEVs is covered. 

1.4 Thesis Outline 

The thesis is organized as follows: 

Chapter 1: presents the introduction to active distribution systems, comprehensive 

background, research objectives, and organization of the thesis. 

Chapter 2: describes the optimization of the distribution systems and gives a starting 

point for establishing an optimization framework where are used in the dissertation by 

adding many features. 

Chapter 3: introduces two new methods based on target profiles for mitigating both 

voltage fluctuation and voltage rise resulted by PV in the presence of PEVs.  

Chapter 4: proposes a new optimization-based method to mitigate the voltage 

fluctuations due to PV and WTGS by optimally controlling the charging/discharging 

power of PEVs and the reactive power of the PV and WTGS inverters 

Chapter 5: determines the optimal operation of PEVs in distribution systems with 

considering the uncertainty of RES generations and loads. For this purpose, an interval 

optimization method is used for determining the optimal interval PEV power for day-

ahead. 

Chapter 6: provides the optimal oversize calculation of the interfacing inverter in 

different DG types for preventing voltage rise. Inverter oversizing cost, APC cost, and 

cost of energy losses are considered in the objective function to be minimized. 

Chapter 7: proposes an algorithm for accurately determining the optimal locations and 

capacities of multiple PV units to minimize energy losses considering PEV and various 

system constraints. 
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Chapter 8: concludes the contributions of the research. The possible future direction of 

further research is also presented in this chapter. 

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

of contributions among the different chapters Figure 1.2 is drawn, which describes the 

workflow in the dissertation. According to the figure, the contents of the dissertation are 

divided into four parts, namely, Part I, Part II, Part III, and Part IV. 
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Chapter 2: Distribution System Optimization  

2.1 Introduction  

The distribution systems are the most important component of the electric power 

system in terms of their impact on quality and reliability for supplying electricity and also 

electricity cost. Distribution systems are the main source of power losses and the main 

cause of service interruptions in the power system. Also, they are considered as very 

capital-intensive organizations [67]. Optimization of distribution systems is defined as 

fulfilling the requirements of the system in the most economical, reliable and 

environment-friendly way while all the related operational or geographical constraints 

(e.g. the amount of renewable energy sources that are available in the geographic regions 

of interest) are met. This chapter is considered as a starting point to establish an 

optimization framework which is used in the next chapters with adding several features. 

2.2 Optimization Problem 

Optimization problems can be considered as generalizations of decision problems, in 

which the solutions are additionally estimated by an objective function and the target is to 

find solutions with optimal objective function values. A general constrained optimization 

problem (e.g. minimization) can be formulated as follows: 

min ( )f x                                                                           (2.1) 

                                 subject to    
( ) for 1, ,

( ) for j 1, ,

i i

j j

g c i n

h d m

= =

 =

x

x
                                       (2.2) 

where x is the vector of decision variables gi(x) and hj(x) are the equality and inequality 

constraints; f(x) is the objective function to be optimized subject to the constraints. The 

objective function (OF) of the optimization problem could be single-objective or multi-

objectives. The key single-objective functions in distribution systems are: 1) voltage 

deviations; 2) cost minimization; 3) active loss minimization; and 4) reactive loss 

minimization. The multi-objective functions often combine different single-objective 

functions, where weighting factors are employed to set up priorities. 

2.3 Optimal Control Strategy  

There are two traditional control strategies for managing the distribution systems, 

including: 1) centralized control and 2) decentralized control [68], [69]. Centralized 

control systems (CCS) decide their control action based on overall system information; 
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hence, communication infrastructures are essential [70], [71]. There are several 

communication technologies that can be applied to smart grid (e.g., ZigBee, WLAN, 

Cellular Networks, and Power Line Communication (PLC)). Each technology works at 

specified range of frequencies (e.g., 2.4 GHz- 3.5 GHz for WLAN, and 100-200 kHz for 

PLC) [72]. As a result, a unified control action can be performed for DGs and VCDs, 

such as OLTCs and SVRs. An advantage of centralized control systems is the ability to 

establish coordinated control actions for all controllable devices; thus, a global optimal 

operation of the entire distribution system can be achieved. Furthermore, the cost of the 

communication devices, which are required in centralized control systems, is decreasing, 

and the spread of smart meters in distribution systems can be effectively employed for 

data transfer [73].  

Figure 2.1 shows the structure of the CCS for distribution systems. As shown in the 

figure, the function of CCS is to receive the measured data of loads and non-dispatchable 

DG (e.g. wind and photovoltaic) in order to cooperatively manage the controllable 

devices. VCDs, dispatchable DG, interface inverters of DG, and PEV batteries can be 

treated as controllable devices, where the control variables of these devices are 

SVR/OLTC taps, DG active power output, reactive power output of the interface 

inverters, and charging/discharging power of PEV batteries, respectively. The distribution 

system operator (DSO) has the availability to reset the control parameters, as illustrated in 

the figure. Communication setup is employed for sending measured data to CCS, and 

from CCS to the control circuits of available controllable devices. 

As shown in the figure, CCS block consists of four main parts: 1) data storage, 2) 

input port, 3) output port, and 4) optimization solver. These parts are cooperating 
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Figure 2.1 Structure of the centralized control system 
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simultaneously together for controlling distribution systems. The function of each part is 

summarized as follows: 

- Input and Output Ports: These are interface devices of data transfer between 

CCS, and controllable devices.    

- Data storage: The role of it is to store data that are needed for the optimization 

process. This data may include historical and current condition of SVR taps, DG 

output, DG/VCD failure, the status of PEVs, and bus voltages.  

- Optimization solver: The function of this solver is to appropriately control DG 

active/reactive power outputs, charging/discharging power of PEVs, and VCDs in 

a cooperative manner to improve system performance considering the schedule of 

CCS. In addition, the control priorities are being determined, according to system 

condition.  
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Chapter 3: Voltage Management in Distribution 

Systems Based on Target Profiles 

3.1 Introduction  

In this chapter, two methods are proposed for mitigating both voltage fluctuation and 

voltage rise resulted by PV in the presence of PEVs. The first method is sensitivity-based 

(SB) and the second method is optimization-based (OB). The idea of these methods is to 

simultaneously optimize the operation of PV inverters and PEVs charging stations (CS) 

so as to mitigate PV impacts. The charging/discharging power of PEVs and the reactive 

power of the bidirectional PV inverter are simultaneously computed for mitigating 

impacts of cloud transients. The PEV aggregators effectively distribute the required 

charging/discharging power at PCC among the existing electric vehicles. The real-time 

voltage at PCC is instantaneously adjusted to match a target voltage profile that can be 

preset by distribution system operators. The fluctuations in the active and reactive powers 

of the load are also considered in the proposed methods. The main contributions of this 

chapter are summarized as follows:  

• Proposing two methods for mitigating voltage fluctuations and voltage rise. 

• Taking into account the cloud transients and load fluctuations. 

• Defining three indices to study the performance of the proposed methods. 

• Studying the effect of PEV penetration on voltage fluctuation and voltage rise. 

Table 3.1 compares the main features of the proposed methods with some of the 

previously addressed approaches. Unlike the existing methods, the proposed methods 

simultaneously optimize both PEV active power and reactive power of PV inverters for 

mitigating voltage fluctuation and rise due to load and PV power fluctuations. Based on 

this unique feature in the two proposed methods, they are superior to the other methods in 

terms of the ability to mitigate the negative impacts of PV and fluctuating loads. 

3.2 Problem Description  

3.2.1 PV and Load Demand Impacts 

High variation in the power output of PV systems is one of their main characteristics. 

Therefore, significant fluctuations in voltage magnitudes in the distribution system can be 

caused by this variation. Voltage fluctuation problem appears when the voltage deviates 

from the nominal value. Fast cloud transients and load fluctuations are the most important  
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sources of voltage fluctuations. The effect of voltage fluctuations has been discussed in 

[9], [74]. If the PV power generation is greater than the local load at PCC, the surplus 

power from PV unit can cause reverse power flow along the feeder and leads to voltage 

rise [75],[76]. This problem is bound to be exacerbated because of the high penetration of 

PV sources.  

Figure 3.1 shows an example of PV generation on a clear day and a partly cloudy day. 

The power displayed in the figure is obtained from [77], where they have a time 

resolution of 30 seconds. The daily load curve of a distribution system with load 

fluctuations and without load fluctuations are illustrated in Figure 3.2. The load 

fluctuations appear because some loads are switched on and off remotely by the 

distribution system operators. 

To demonstrate the problem of voltage fluctuations and voltage rise, Figure 3.3 shows 

the voltage magnitude profile at PCC in fluctuating case (i.e., partly cloudy day and 

fluctuating loads) and non-fluctuating case (i.e., clear day and non-fluctuating loads) 

calculated with time-series distribution power flow simulations, considering the PV 

penetration is 70% of the total load. The PV power and daily load curves used in these 

simulations are shown in Figures 3.1 and 3.2, respectively. We can see from the figure 

that the high variation of PV power and daily loads led to excessive voltage fluctuations 

in the early afternoon. The voltage magnitude raised and violated the upper limit due to 

Table 3.1 Comparison of the proposed methods with existing studies in the literature. 

Reference 

Voltage 

fluctuation 

mitigation 

Voltage rise 

mitigation 

Reactive power 

of PV inverter  

Active power 

of PEV 

Load 

fluctuations 

[15] considered 
Not 

considered 
Not considered Not considered 

Not 

considered 

[20] considered considered Not considered Not considered 
Not 

considered 

[22] considered 
Not 

considered 
Not considered Not considered 

Not 

considered 

[130] considered considered 
Considered but 

not optimized 
Not considered 

Not 

considered 

[77] considered 
Not 

considered 

Considered and 

optimized 
Not considered  

Not 

considered 

[86] considered 
Not 

considered 

Considered but 

not optimized 

Considered but 

not optimized 

Not 

considered 

[131] considered considered Not considered  
Considered but 

not optimized 

Not 

considered 

[132] Not considered considered Not considered  
Considered but 

not optimized 

Not 

considered 

Proposed 

SB 
considered considered Simultaneously optimized considered 

Proposed 

OB 
considered considered Simultaneously optimized considered 
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high PV penetration. It worth to mention that the voltage flicker is a voltage quality index 

that has limits in standards (e.g. EN50160 [78]), and although voltage fluctuation - as we 

use it here - and flicker are not strongly related but decreasing voltage fluctuations would 

certainly decrease flicker as well.  

Voltage flicker and voltage fluctuation are related to each other. This is because the 

voltage flicker results from the impact of voltage fluctuation on lighting intensity due to 

enormous loads that have rapidly changing active and reactive power demand and 

fluctuating generated power of RES. In other words, voltage fluctuation is the response of 

the distribution system to fast-changing loads and generated power of RES. On the other 

 

Figure 3.1 Active power output of PV [76] 

 
Figure 3.2 Daily load curve 
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hand, light flicker is derived from the response of the lighting system to such variations as 

observed by the human eye 

3.2.2 Target Profile 

The core problem of voltage fluctuations and voltage rise is the deviation from the 

target profile. So, the voltage should track a curve within acceptable limits. To do so, the 

non-fluctuating case voltage profile in Figure 3.3 will be used as a target voltage profile, 

but it should be kept within limits as follows: 

 
, ,

, ,

,

NFj t min NFj t max

tarj t max NFj t max

min NFj t min

V V V V

V V V V

V V V

  


= 




                                                           (3.1) 

where Vtarj,t, VNFj,t, Vmax, and Vmin are the target voltage, non-fluctuating case voltage, 

maximum voltage limit, and minimum voltage limit for jth bus at time instant t, 

respectively. Equation (3.1) implies that the target voltage at time instant t is equal to the 

non-fluctuating voltage if the non-fluctuating voltage is within the acceptable voltage 

limits, otherwise, it is rounded up/down to the voltage limits. The target voltage profile, 

fluctuating case voltage profile, and the amplitude of fluctuating case voltage deviation 

from the target voltage are shown in Figure 3.4.  

From the load flow analysis of the study distribution system with PV power 

generation on a clear day, we can determine the maximum allowed PV power that can be 

injected without violating the upper constraint. The target power profile of PV is defined 

as the PV generation curve at a clear day, limited by the maximum allowed value. The 

surplus power of PV is imposed to be absorbed by PEVs. It can be mathematically 

described as follows: 

 
Figure 3.3 Impact of PV power and loads in voltage magnitude profile 
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𝑃𝑃𝑉−𝑡𝑎𝑟𝑗,𝑡 = {
𝑃𝑃𝑉𝑗(𝑐𝑙𝑒𝑎𝑟),𝑡                                       𝑉𝑁𝐹𝑗,𝑡 ≤ 𝑉𝑚𝑎𝑥
𝑃𝑃𝑉𝑗(𝑐𝑙𝑒𝑎𝑟),𝑡 − 𝑃𝑃𝑉𝑗(𝑠𝑢𝑟𝑝𝑙𝑢𝑠),𝑡            𝑉𝑁𝐹𝑗,𝑡 > 𝑉𝑚𝑎𝑥

                     (3.2) 

where 𝑃𝑃𝑉−𝑡𝑎𝑟𝑗,𝑡, 𝑃𝑃𝑉𝑗(𝑐𝑙𝑒𝑎𝑟),𝑡, and 𝑃𝑃𝑉𝑗(𝑠𝑢𝑟𝑝𝑙𝑢𝑠),𝑡 are the target PV power, PV power 

generation on a clear day, and surplus PV power which leads to voltage rise, respectively. 

On the other hand, the target voltage profile can be defined as the moving average of 

the voltage at PCC. The moving average of the voltage at time interval t with period N 

points can be calculated as follows: 

𝑉𝑡𝑎𝑟𝑗,𝑡 = 𝑉𝐴𝑉𝐺𝑗,𝑡 =
1

𝑁
∑ 𝑉𝑗(𝑡 − 𝑚)

𝑁−1

𝑚=1

 (3.3) 

where 𝑉𝐴𝑉𝐺𝑗,𝑡 is the moving average of the voltage magnitude at jth bus for time instant t. 

Optionally, the target voltage profile can also be determined and preset in advance by the 

DSO (in this case, the target voltage profile would be the result of load-flow calculations 

using clear-sky PV generation, limited by the maximum allowed value).  

3.3  Proposed Methods  

3.3.1 Description  

Two methods are proposed to mitigate voltage fluctuations and voltage rise in 

distribution systems with PV sources. The proposed methods are based on utilizing the 

available reserve reactive power of PV inverter and the application of PEVs as energy 

storage to mitigate the fluctuations caused by cloud transients and loads. Figure 3.5 shows 

the capability curve of a PV inverter, where the semicircle represents the limit of the 

inverter’s operating range; the radius of this semicircle denotes the inverter size (Srated 

 
Figure 3.4 Target voltage profile 
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(MVA)); PPV is the active power output of the inverter; Qmax is the maximum reactive 

power of the inverter.  

A schematic diagram of the proposed methods is shown in Figure 3.6. As shown in 

the figure, the optimization solver receives signals from the measured data of the 

distribution grid, PV power generation (PPVj), the reserve reactive power of PV inverter

( )2 2
,PVj max ratedj PVjQ S P= − , the target voltage profile (Vtarj), and the total available energy of 

PEVs batteries (EAVj). On the basis of these five signals, the controllable devices can be 

cooperatively managed. In this work, both PV inverter and CS of PEVs are treated as 

controllable devices, where the control variables of these devices are a reactive power of 

Pmax (Rated Power)

θ θ Q 

P 

Qmax= PPVtanθ-Qmax= -PPVtanθ

Srated

PPV

-Q 

 

Figure 3.5 PV inverter capability curve 
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Figure 3.6 Schematic diagram of the proposed methods 
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PV inverter (QPVj,) and active power of CS (PCSj), respectively. The optimization solver 

decides the magnitude and direction of power flows (PCSj and QPVj). The total active 

power (PCSj) as decided by the solver is divided by the aggregator at CS among the 

batteries of PEVs as Pbat1 for the first PEV’s battery and PbatN for Nth PEV’s battery. 

These are the actual charging/discharging powers of PEVs batteries connected to the grid. 

The proposed SB and OB methods can be implemented in the distribution 

management system (DMS). DMS involves various applications (e.g., state estimator, 

smart-grid simulator, etc.) to monitor and manage the distribution system, and it assists 

system operators as a decision support system during normal and critical conditions. 

Figure 3.7 describes the configuration of DMS in a distribution system with PV and 

PEVs. PV generator controllers send communication signals over the distribution 

network. DMS analyzes the signals, generates appropriate commands (e.g., optimal active 

power charging/discharging required from PEVs and reactive power required from PV 

inverters), and dispatches these commands over the distribution network. The aggregators 

of PEVs control the connection/disconnection of PEVs depending on their battery status. 

Once the battery of a PEV unit is fully charged, it will be automatically replaced with 

another unit from a waiting list. Regarding PV units, their inverters inject/absorb an 

optimal amount of reactive power according to the inverter’s capability. Note that the 

active power of PEVs and reactive power of PV inverters are simultaneously optimized to 

mitigate voltage fluctuation and rise. 
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Figure 3.7 Configuration of DMS in a distribution system 
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3.3.2 Proposed SB Method 

The SB method is an analytical method to directly estimate the required amounts of 

reactive power to be injected/absorbed by PV inverter and active power to be 

charged/discharged by PEVs (power of CS) to mitigate the fluctuation caused by cloud 

transients and loads. This method is useful for keeping voltages smooth and within 

acceptable limits. The proposed method is based on the determination of voltage 

sensitivities with relation to injected power of PV and loads.  

We consider a distribution line segment connected between substation and PV 

generator and PEVs bus as shown in Figure 3.8. The voltage at PCC (Vj) can be given by: 

( )2

1

jjjV  +=                                                                                                 (3.4) 

where: 

)(22

ijijijijij QXPRV +−=                                                                                (3.5.a) 

)(44 2222

ijijijjj QPZ +−=                                                                                   (3.5.b) 





+−=
nb

jik
jk

jkCSjPVjLjij PPPPP

,

                                                                           (3.5.c)





+=
nb

jik
jk

jkPVjLjij QQQQ

,

                                                                                   (3.5.d) 

where Rij, Xij, Zij, Pij, Qij, and nb are the line resistance, line reactance, line impedance, 

line active power, line reactive power, and the number of buses connected to bus j except 

Zij=Rij+jXij
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Figure 3.8. Distribution system including PV and PEVs connected at bus j 

 



Chapter 3: Voltage Management in Distribution Systems Based on Target Profiles 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

21 
 

bus i, respectively. Vj, PLj, QLj, PPVj, QPVj, PCSj, are the voltage magnitude, active power 

demand, reactive power demand, active power of PV, reactive power of PV inverter, and 

active power of CS at bus j, respectively. 

Based on sensitivity analysis, the amount of active power to be charged/discharged 

by CS and reactive power to be injected/absorbed by PV inverter can be directly 

estimated using (3.6) and (3.7), respectively. 

tPCStQCStPCStCSj PVjLjLj
PPPP ,,,, −−− ++=                                                          (3.6) 

tPPVtQPVtPPVtPVj PVjLjLj
QQQQ ,,,, −−− ++=                                                         (3.7) 

in which: 
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    (3.8.f) 

where PCSj,t, and QPVj,t are the total charging/discharging active power of CS and the total 

injected/absorbed reactive power of PV inverter, respectively. ∆PCS-PLj,t, ∆PCS-QLj,t and 

∆PCS-PVj,t are the charging/discharging active power of CS related to active power demand 

fluctuation, reactive power demand fluctuation, and PV power fluctuation, respectively. 

∆QPV-PLj,t, ∆QPV-QLj,t, and ∆QPV-PVj,t are the injected/absorbed reactive power of PV 

inverter related to active power demand fluctuation, reactive power fluctuation, and PV 

power fluctuation, respectively. PL-NFj,t and QL-NFj,t, are non-fluctuating (target) active 

power demand and non-fluctuating (target) reactive power demand, respectively, as given 

in Figure 3.2. and PPV-tarj,t is the target power of PV as described in Section 3.2.2. 

Equations (3.6) and (3.7) are used to compute the required amounts of PV reactive 

power and CS active power. For a given instant t, if the calculated amounts of PCSj,t or 
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QPVj,t are higher than the maximum limit, the instantaneous active and reactive power are 

limited to PCSmax,t and QPV, max,t, respectively. On the other hand, if their amounts are lower 

than the minimum limit, the instantaneous active and reactive power are limited to PCSmin,t 

and QPV, min,t, respectively.  

3.3.3 Proposed OB Method 

In this method, the reactive power of PV inverter and the active power of CS are 

optimally calculated using an optimization algorithm. The voltage magnitude deviation 

from the target voltage profile is involved as an objective function in the optimization 

problem as follows: 


=

−
PVN

j

ttarjtj VVMinimize
1

2

,, )(                                                                         (3.9)  

where Vj,t and Vtarj,t are the voltage magnitude and target voltage magnitude at jth bus for 

instant t, respectively. 

subject to: 
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,
min max

CSj CSj t CSjP P P                                                                                      (3.12) 

, , ,
min max
PVj t PVj t PVj tQ Q Q                                                                                   (3.13) 

,

min max

m m t mV V V                                                                                               (3.14) 

where Pgm,t, PPVm,t, PLm,t, Qgm,t, QPVm,t, and QLm,t are the active power generation, active 

power of PV, active power demand, reactive power generation, reactive power of PV 

inverter, and demand reactive power for mth bus at instant t, respectively. Gmn and Bmn are 

the conductance and susceptance between bus m and bus n, respectively. δmn, 
min

mV , 
max

mV , 

NB, and NPV are the difference voltage angles at bus m and bus n, minimum voltage limit 

at bus m, maximum voltage limit at bus m, the number of buses, and the number of buses 

connected with PV source, respectively.  

3.3.4 Battery Model for PEV 

For a given time instant t, the state of charge (SoC) of the PEV battery is updated 

according to the charging/discharging status as follows: 
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ttdcl
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ttchlchltltl tYPtXPSoCSoC −+= − ,,1,,
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                                    (3.15) 

where SoCl,t, Pchl,t, Pdcl,t, ηchl, and ηdcl are the state of charge, charging rate, discharging 

rate, charging efficiency, and discharging efficiency of lth PEV at time instant t, 

respectively. X and Y are binary variables (X, Y ∈ {0,1}), where X.Y = 0 because battery 

charging, and discharging cannot be simultaneously performed. 

The charging and discharging powers of each PEV battery at time instant t are 

described as follows: 
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where Cl, and El,t are the total capacity, and stored energy of lth PEV battery, respectively. 

  subject to: 

,

min max

l l t lSoC SoC SoC                                                                                       (3.18) 

,

max

chl t chlP P                                                                                                             (3.19) 

,

max

dcl t dclP P                                                                                                             (3.20) 

where max

lSoC , min

lSoC , max

chlP , and max

dclP  are the maximum state of charge, the minimum state 

of charge, the maximum charging rate, and the maximum discharging rate of the lth PEV 

battery. 

3.4 Solution Process 

The flowchart of the proposed SB and OB methods is given in Figure 3.9. At each 

time instant t, the demand load, PV power, and status of the batteries (e.g., battery energy 

storage capacity, the state of charge, depth of discharge) of PEVs are monitored. Based 

on the chosen method (SB/OB), the optimization problem is solved to calculate the 

optimal reactive power of PV inverter and active power of CS. The active power of CS is 

checked as follows: 
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─ If it is positive (i.e., charging mode), the charging rate of each PEV is calculated. 

Note that, if the calculated rate is greater than the maximum charging rate, it 

should be kept at the maximum charging rate. 

─ If it is negative (i.e., discharging mode), the discharging rate of each PEV is 

calculated. Note that, if the calculated rate is greater than the maximum 

discharging rate, it should be kept at the maximum discharging rate. 

 Charging/discharging a large number of PEVs may produce line congestion, high 

power losses, and voltage deviations. Therefore, to avoid these problems, the aggregator 

controls the connection/disconnection of PEVs depending on their battery’s status. Once 

the battery of a PEV unit is fully charged, it will be disconnected and another unit from a 
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Figure 3.9 Flow chart of the proposed methods 

 



Chapter 3: Voltage Management in Distribution Systems Based on Target Profiles 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

25 
 

waiting list will be connected. These affected PEVs will be restarted to charge/discharge 

when the electrical network conditions allow. In the case of charging/discharging mode of 

PEVs, their battery statuses are updated, and their SoC is checked. If any PEV unit 

reaches the maximum SoC limit, it will be replaced by another one from the waiting list, 

where the aggregator transmits two signals at the same time. One of these signals is to 

disconnect the fully charged PEV unit, and the other one is to connect a PEV unit 

available in the waiting list. Note that if SoC of a PEV unit is reached the minimum limit, 

it will be still connected to the grid but cannot discharge anymore. The resulted 

commands of the time instant t are saved and transmitted over the distribution network. It 

worth to mention that, in this chapter, we did not consider the negative effects of 

fluctuating charging/discharging power of PEV batteries nor the required SoC at the 

departure time, but they are considered in the next chapter. 

The interior-point nonlinear optimization method is used in this chapter to solve the 

objective function in (3.9-3.14) as discussed in Appendix B. A Mathematical 

Programming Language (AMPL) is applied to model the objective function [79], while 

the nonlinear problem is solved via KINTRO solver interfaced with MATLAB®, where 

the Interior/Direct algorithm is used in the solver [80].On the other hand, the proposed SB 

method (3.4-3.8) was implemented within MATLAB® environment. 

3.5 Performance Indices 

To study the performance of the proposed methods on mitigating voltage fluctuations 

and voltage rise in distribution system connected with PV sources, three different 

performance indices are employed. The performance indices are considered for the PCC 

bus over the time period of a 24-hour. These indices are voltage fluctuation improvement 

index (VFII), voltage rise improvement index (VRII), and voltage rise duration 

improvement index (VRDII) as follows: 
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where FFj,base, FFj, and Fj(t) are the fluctuation factor in the base case (fluctuating case), 

fluctuation factor in the studied case, and fluctuant voltage at jth bus, respectively. h, Vj(t), 

a, and τ are the number of measured data, measured voltage at jth bus, degree of moving 

average, and time lag, respectively. These factors are described in [81]. 
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where Vj,base,t and Vj,t are the voltage of the base case and the studied case at jth bus, 

respectively. λ is a binary variable (λ ∈ {0, 1}), where λ =1 when the voltage violates the 

upper limit, and λ =0 when the voltage does not violate the upper limit.  
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3.6 Results and Discussions 

Two distribution systems have been used to test the proposed methods (69-bus 

distribution system and 33-bus distribution system). The details of these systems are 

available in Appendix A. The PV generator was modeled as active power injection and 

reactive power injection/absorption at PCC. The daily load profile which was used for the 

real time scenario is shown in Figure 3.2, where it was assigned for all loads. The lower 

and upper voltage thresholds are assumed to be 0.95 p.u. and 1.05 p.u., respectively [82]. 

The PEV manners are quite random, but several research studies indicate that the vehicles 

are out of service up to 95% of the time [83]. Therefore, some PEVs were assumed at the 

charging station at the time of cloud transient occurrence, and they have been utilized to 

support the grid at that time. Five models of PEVs are considered in this chapter. The 

main characteristics of these models (e.g., battery energy storage capacity, the initial SoC, 

Depth of Discharge (DoD)) are summarized in Table 3.2. The maximum capacity of the 

CS is 750 PEV. The number of PEVs parked at CS is assumed to be 500 (i.e., 100 PEVs 

Table 3.2 PEV Models 

Model Battery capacity kWh Initial SoC % Maximum DoD % 

Model 1 27.4 70 80 

Model 2 5.3 80 60 

Model 3 16.0 40 65 

Model 4 24.0 50 70 

Model 5 16.0 80 65 
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for each model). If the size of PEVs is relatively small compared with PV capacity, PEV 

cannot be effective. So, a large number of PEVs was assumed here for the purpose of 

properly mitigating voltage fluctuations and rise due to high PV penetration. The 

performance of the two proposed methods and existing methods is checked under such 

condition even though it seems too high. The maximum charging/discharging rates have 

been chosen 4 kW. The charger of 4 kW has been chosen because the maximum power 

output of a standard single-phase residential 230 V outlet is 4.6 kW [84]. 

3.6.1 The 69-Bus Distribution System  

In this distribution system, a PV generator is assumed to be connected to bus 65, as 

shown in Figure 3.10, which displays the minimum voltage profile. Also, CS is connected 

to the same bus to relieve the fluctuation of PV power generation. The typical clear day 

and partly cloudy day of PV power generation profiles are shown in Figure 3.1. The 

target PV power mentioned in Section 3.2 is used. 

3.6.1.1 Study Cases 

In order to demonstrate the effectiveness of the two proposed SB and OB methods, 

the following five cases are studied. 

Case 1: reactive power of PV inverter is optimized without considering PEVs. 

Case 2: active power of PEVs is optimized without considering the reactive power of 

PV inverter.  

Case 3: active power of PEVs is optimized and full spare capacity of PV inverter is 

considered for reactive power compensation (i.e. QPVj,max is injected). 

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 277

36 37 38 39 40 41 43 44 45 4642

47 48 49 50 51 52 66 67 68 69

28 29 30 31 32 33 3534

53 54 55 56 57 58 60 61 62 63 64 6559

Slack Bus

Active power flow

Reactive power flow
Charging Station

PV System

 

Figure 3.10 Single line diagram of the 69-bus system 
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Case 4:  both active power of PEVs and reactive power of PV inverter are optimized 

using the proposed SB method. 

Case 5: both active power of PEVs and reactive power of PV inverter are optimized 

using the proposed OB method. 

Case 1 estimates the amount of required reactive power for solving cloud transients 

problem (voltage fluctuations) [77], but the reactive power is constrained with PV 

inverter limits. Case 2 uses the application of PEVs as energy storages to compensate the 

shortage in PV generation during cloud transients, while the interface inverter of PV is 

assumed to operate at unity power factor (IEEE 1547 standard [85]). The full spare 

capacity of PV inverter for reactive power compensation and PEVs are used in Case 3 

[86]. These three cases (Case 1, Case 2, and Case 3) did not consider the load 

fluctuations, but they are concerned only about mitigating the fluctuations of the PV 

generation. Cases 4 and 5 are the proposed methods, where the reactive power of PV 

inverter and the active power of CS are optimally computed. The voltage profiles at PCC 

and performance indices of these five cases are shown in Figure 3.11 and Table 3.3, 

respectively.  

As shown in Figure 3.11 and Table 3.3, the proposed methods result in the highest 

voltage fluctuations reduction and keep the voltage profile within acceptable limits. 

Compared with the base case (shown in Figure 3.3), voltage fluctuations are significantly 

improved when the proposed SB and OB methods are applied, for instance, VFII is 95% 

and 90 % for OB and SB, respectively. The voltage rise problem is completely mitigated 

in Cases 4 and 5, where both VRII and VRDII are 100%. The mitigation of voltage 

fluctuations in Case 3 is better than that of Cases 1 and 2. It demonstrates that the joint 

use of the reactive power of PV inverters and active power of PEVs can do a better job in 

voltage fluctuations mitigation than only using the reactive power of PV inverters or 

active power of PEVs alone. However, excessive reactive power injection led to a high 

increase in voltage over the upper limit. So, this case considers the worst case (worse than 

the base case) in terms of voltage rise and voltage rise duration (negative values in Table 

3.3).  

Voltage fluctuations cannot be properly reduced in Cases 1 and 2 because of the 

limitation of reactive power injection/absorption of PV inverter and active power 

charging/discharging of PEVs. Moreover, the voltage violated the upper limit during the 

peak PV generation in these cases.  The effects of the improvements made by the joint 

use of the reactive power of PV inverter and active power of PEVs in an optimal manner 
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can be seen from the results of Cases 4 and 5. The proposed OB method is more efficient 

in improving voltage fluctuations than others. Cases 1, 2 and 3 considered the fluctuations 

caused by cloud transients and never considered the load fluctuations, but the proposed 

methods considered both of them.  

 
(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

 
(d) Case 4 

 

(e) Case 5 

Figure 3.11 Voltage profiles at PCC for different cases 

Table 3.3 Performance indices for studied cases. 

Cases VFIIj (%) VRIIj (%) VRDIIj (%) 

Case 1 55 -227 -134 

Case 2 45 -253 -113 

Case 3 66 -3060 -510 

Case 4 90 100 100 

Case 5 95 100 100 
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Figure 3.12 illustrates the total active power charged/discharged by PEVs and the 

reactive power injected/absorbed by PV inverter to mitigate voltage fluctuations and 

voltage rise. It can be seen from Figure 3.12 that the reactive power injection/absorption 

 
(a) Reactive power of PV inverter in Case 1 

 
(b) Active power of CS in Case 2 

 
(c1) Reactive power of PV inverter in Case 3 

 
(c2) Active power of CS in Case 3 

 
(d1) Reactive power of PV inverter in Case 4 

 
(d2) Active power of CS in Case 4 

 
(e1) Reactive power of PV inverter in Case 5. 

 
(e2) Active power of CS in Case 5. 

Figure 3.12 Active and reactive power injected/absorbed by PEVs/PV inverter 
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when proposed methods are applied has lower values and variations than that in other 

cases. Consequently, the reactive power flow and power loss in the feeder are decreased. 

When the power generated by the PV is larger than the target PV power, it is the best time 

to charge the PEVs, therefore the SoC of the PEVs will be increased. On the other hand, 

when the power generated by the PV is lower than the target PV power, the PEVs work in 

discharging mode to compensate the active power reduction, therefore the SoC of PEVs 

will be decreased. It is worth to mention that the OB method is better than the SB method 

because, in case of OB method, there is a balance between charging and discharging 

which is missing in SB method. 

The SoC profiles for the different models of PEV when the proposed methods are 

applied are shown in Figure 3.13. With SB method, the SoC levels of PEVs at the end of 

 

(a) SB method 

 
(b) OB method 

Figure 3.13 SoC for different PEV models 
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the day are approached to their minimum SoC limit. This is caused by a higher amount of 

discharging power and a lower amount of injected PV reactive power in the midday 

period according to the strategy used in this method, where this is a linearized method, 

and this is the main demerit of this method. The SoC levels in case of OB method are 

increased until they reach their maximum SoC, then the fully charged batteries of PEV 

are automatically replaced with other batteries from the same models available in a 

waiting list. The high injected reactive power of PV in the case of OB compared to SB led 

to a high surplus active power to be charged to PEVs to prevent the voltage from 

violating the upper limit and track the target voltage profile. Note that when the PV power 

generation is lower than the target PV power and the capacity of the all the batteries in 

PEVs is at its minimum (SoC=SoCmin), the CS will stop the charging/discharging and the 

PV inverter will inject reactive power to minimize the deviation of the voltage from the 

target voltage. On the contrary, when the PV power generation is greater than the target 

PV power and all the batteries in PEVs (active and replacement) are maximally charged 

(SoC = SoCmax), the CS will stop the charging/discharging and the PV inverter will 

absorb reactive power to minimize the deviation of the voltage from the target voltage.  

3.6.1.2 The Impact of PEVs Penetration  

As the assumption of 500 PEVs parked at CS during the day is not certain, the OB 

method is used to compute VFII, VRDII, and VRII with changing the percentage of PEVs 

from 1% to 100% of the maximum capacity without considering the required SoC. Two 

PV inverter models are used in this analysis as follows: 

• Inverter Model A: The inverter is assumed to operate at unity power factor. 

• Inverter Model B: The inverter is allowed to generate reactive power according 

to proposed formulations.  

 The three performance indices at the PCC bus are plotted in Figure 3.14 for different 

percentages of PEVs parked at CS. It is observed that with increasing the percentage of 

parked PEVs, VFII, VRDII, and VRII are increased for the two PV inverter models. 

However, the improvements in voltage fluctuations and voltage rise by using Model B are 

better than Model A. In Model B, with less than 85% of PEVs, voltage fluctuations are 

not completely mitigated; with over 85% of PEVs, voltage fluctuations are completely 

mitigated. On the contrary, voltage fluctuations cannot be mitigated in Model A even 

with 100% of PEVs. Regarding voltage rise, Model B resulted in 100% improvement 

with only 40% PEVs, but Model A reached to the same improvement with 47% PEVs. 
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This analysis implies that the reactive power capability of PV inverter can greatly reduce 

the required capacity of CS for mitigating voltage fluctuations and voltage rise. 

Therefore, by using the proposed methods, the required capacity of PEVs can be 

determined for a certain grid and PV situation. 

 
(a)  

 
(b)  

 
(c)  

Figure 3.14 Effect of the change in the percentage of PEVs parked at CS on voltage 

fluctuations and voltage rise mitigation 
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3.6.2 The 33-Bus Distribution System  

In this subsection, the OB method is applied on the 33-bus distribution system in 

which the target voltage profile is the moving average of the voltage at PCC as described 

in (3.3). PV system and CS of PEVs are connected to bus 18, as shown in Figure 3.15, 

which displays the minimum voltage profile. The reactive power absorption/injection 

capability of PV inverter is considered here. Two study cases have been performed to 

reveal the efficiency of the proposed OB method as follows:  

Case 1: in this case, the PV inverter works at unity power factor and there is no 

consideration for PEVs. 

Case 2: Both reactive power capability of PV inverter and charging/discharging active 

power of PEVs are considered and optimized.  

  The base case is represented by Case 1 in which there is no consideration for any 

control variable, neither reactive power capability of PV inverter nor charging/ 

discharging power of PEVs. Both the charging/discharging power of PEVs and reactive 

power injected/absorbed of PV inverter are considered and optimally computed in Case 2 

for mitigating the fluctuations of the voltage at PCC. The voltage profile and the 

deviation from the moving average at PCC, bus 18, for Case 1 is shown in Figure 3.16.  

As illustrated in Figure 3.16, the PCC voltage violates the maximum limit around the 

mid-day due to the high penetration of PV, while the voltage at PCC violates the 

minimum limit during the nighttime because there is no power output from PV system 

during this time. On the other hand, the voltage at PCC is much fluctuated due to the 

power output fluctuations of PV system. Also, the deviation of the voltage from the 

moving average value is high.  

The voltage profile and voltage deviation at PCC by carrying out the OB method is 

addressed in Figure 3.17. As shown here, the proposed OB method results in high voltage 

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 187

26 27 28 29 30 31 333219 20 21 22

23 24 25

Active power flow

Reactive power flow
Charging Station

PV System

 

Figure 3.15 Single line diagram of the 33-bus distribution system 
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fluctuations reduction and keeps the voltage profile within acceptable limits. Compared 

with the base case, voltage fluctuation is significantly improved by applying the proposed 

OB method. The percentage of VFII when the proposed OB method is applied is 98.7 %. 

The voltage rise/drop problem is completely mitigated, and the voltage deviation is 

significantly reduced compared with the base case. - 

Figure 3.18 shows the optimal total charging/discharging power of PEVs to alleviate 

the voltage fluctuation and voltage rise/drop at PCC. The figure illustrates that when the 

output power of PV system is high, the PEVs will tend to charge, therefore their state of 

charge will be increased. On the other hand, when the output power of PV system is low, 

the PEVs will discharge amount of their stored energy to compensate the active power 

reduction, therefore their state of charge will be decreased.  

The optimal reactive power absorption/injection of PV inverter to minimize the 

objective function is described in Figure 3.19. From Figure 3.19, it can be seen that the 

PV inverter tends to inject reactive power during the night time to improve the voltage 

profile in which during this period there is no output power from PV system, therefore, 

the whole capacity of PV inverter can be used for reactive power injection/absorption. On 

 
Figure 3.16 Voltage profile and deviation at PCC for base case 

 

Figure 3.17 Voltage profile and deviation at PCC for Case 2 
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the other hand, the PV inverter tends to absorb reactive power around the mid-day to 

mitigate the voltage rise comes from the high-power generation of PV system during this 

period as well as to mitigate the voltage fluctuation due to fluctuating power generation of 

PV system. The reactive power capability of PV inverter during the daytime depends on 

the active power output of the PV system.  

3.7 Conclusions  

This chapter has presented two methods, called SB and OB, for mitigating voltage 

fluctuations and voltage rise in the presence of PV and PEVs. These proposed methods 

optimize the reactive power of PV inverters and the charging/discharging operation of 

PEVs so that fluctuations and rise in voltages are effectively mitigated. The proposed 

methods aim to match a target voltage profile that can be preset by distribution system 

operators. The 69-bus and 33-bus distribution systems are used to test the proposed 

methods. The performance of the proposed methods is compared with existing methods. 

The results have shown the effectiveness of the proposed methods for mitigating the 

negative impacts of PV. The SB method has shown worse performance than OB method. 

However, the SB method can be effective if there is an alternative source to compensate 

its shortage (e.g. capacitor bank). Main results have been published in [S5] and [S17].  

Chapter 8.2 contains information about the practical applicability and the 

communication options that could support the proposed approach. A further practical 

significance of the results is that by using the proposed methods, the required capacity of 

PEVs can be determined for a certain grid and PV situation. 

In the next chapter, the uncertainty of PEVs and the minimum required SoC at the 

departure time will be taken into consideration in the optimization model.  

 

 
Figure 3.18 Optimal active 

chrging/discharging power of PEVs 

 
Figure 3.19 Optimal absorbing/injecting 

reactive power of PV inverter 
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Chapter 4: Mitigation of Voltage Fluctuation in 

Distribution Systems with PEVs 

4.1 Introduction 

The batteries of PEVs can be employed to reduce the undesired fluctuations caused by 

RES. In [87], the use of the simple moving average (SMA) method has been proposed to 

smooth the power fluctuations of PV. The SMA method has been employed in [88] for 

smoothing the PV power fluctuations in the presence of a DG unit and a battery device. In 

[89], a battery device is utilized to track a smoothed profile generated by the SMA 

method for mitigating power fluctuations of PV. In [90], the exponential moving average 

(EMA) method has been employed to reduce the fluctuations of PV power. It is a fact that 

decreasing the charging and discharging rate of the battery maintains the battery health 

[91–94]. Another factor that can increase the lifespan of the battery is maintaining a 

healthy SoC. The use of the SMA and EMA methods in the literature can mitigate the 

voltage fluctuations due to RES, but they result in high fluctuations of PEV power, and so 

decay the lifespan of its battery. 

In this chapter, an optimization-based method is proposed to mitigate the voltage 

fluctuations due to PV and WTGS by optimally controlling the charging/discharging 

power of PEVs and the reactive power of the PV and WTGS inverters. Based on the 

literature, the battery degradation of PEV is affected by several factors. The two 

following factors are considered in this chapter: 1) the charging/discharging rate of PEV 

batteries, and 2) the SoC of the PEV batteries during V2G operation. To extend the 

lifespan of the PEV batteries, the fluctuations of PEV charging power and their minimum 

SoC during V2G operation and at departure time are considered in the proposed 

optimization model. For this purpose, the objective function of the optimization problem 

is formulated to minimize: 1) voltage fluctuations, 2) PEV power fluctuations, and 3) the 

deviation of SoC of PEVs from their desired level. In this formulation, we propose the 

use of the hull moving average (HMA) to mitigate voltage and SMA to mitigate PEV 

power fluctuations. Unlike SMA, HMA eliminates the lag problem and mitigates the 

fluctuations at the same time. The third term in the objective function guarantees the 

charging goal of the PEVs while considering their individual parking time schedule and 

their current SoC status. To accurately solve the optimization model, the efficacious 

gravitational search algorithm (GSA) is utilized. The proposed method is applied to the 
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90-bus distribution system with PV, WTGS, and PEVs. The proposed method is a helpful 

tool that enables system operators to make the trade-off between decreasing the voltage 

fluctuations and decreasing the PEV power fluctuations while meeting the PEV charging 

goal.  

4.2 Problem Description  

4.2.1 RES Impacts 

The variability of the irradiance and wind speed due to weather conditions can cause 

high fluctuations in the output power of PV and WTGS, respectively. These fluctuations 

in the output powers make RES intermittent and unreliable sources when connected to the 

distribution systems. Therefore, as the penetration of RES in the distribution system 

increases, the power fluctuations can have serious impacts on power quality and 

reliability. One of these impacts is voltage fluctuation at the entire distribution system, 

and especially at the PCC of PV or WTGS. The voltage fluctuations may lead to the 

disconnecting of PV and WTGS  from the distribution system [95], which can result in a 

shortage in the power system.  

Figures 4.1 and 4.2 are used as examples of the power generation of PV and WTGS, 

respectively, in which they have a time resolution of 1 minute. The PV data were 

extracted from a set of measurement data of a PV generator. The complete set of data 

were collected in 2013, from February 25 to March 12 and from June 17 to July 2 [77]. 

While the data of WTGS were extracted from the data sets of Nevada Power Clark 

Station [96]. To illustrate the voltage fluctuations problem, Figure 4.3 demonstrates the 

voltage profile at PCC of the PV system which is calculated by time-series power flow 

analysis. It can be seen from the figure that the voltage is significantly fluctuated due to 

 
Figure 4.1 Active power output of a PV system (partly cloudy day) 

 
 

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14 16 18 20 22 24

P
V

 p
o

w
er

 (
p

u
)

Time (h)



Chapter 4: Mitigation of Voltage Fluctuation in Distribution Systems with PEVs 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

39 
 

the high variation in the output power of PV. In this context, mitigating of these 

fluctuations is necessary to prevent their negative impacts on the distribution system. 

4.2.2  Impact of PEV Batteries  

Deployment of PEVs will encourage cooperation among the power generation, power 

transmission, and power supply. PEVs are expected to be widely used in the future. 

Therefore, the stress and fluctuations in the distribution system will be increased. On the 

contrary, PEVs can be useful for power dispatching to efficiently manage load, as long as 

the charging/discharging behavior of PEVs can be scheduled effectively. 

To mitigate the voltage fluctuations, PEVs can be utilized for this purpose during their 

parking at the charging station. However, in this case, the fluctuations of the 

charging/discharging power of PEVs can be increased to compensate the fluctuations 

from RES. These frequent changes between charging mode and discharging mode may 

have a complex set of effects on PEVs batteries performance and lifespan. Therefore, the 

fluctuations in the charging/discharging power of PEVs should be considered and 

 
Figure 4.2 Active power output of a WTGS 

 
Figure 4.3 Voltage magnitude at PCC of the PV system in 90-bus distribution system 
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mitigated. Mitigating these fluctuations decreases the charging/discharging rate which 

increases the lifespan of PEV batteries [91]. Moreover, PEV batteries should be operated 

at high SoC levels during V2G operation to optimize their lifespan as described and 

modeled in [97,98]. Furthermore, it is important to consider the charging plan of PEVs 

which is preset by their owners.  

4.3 Representation of the Fluctuations  

Moving average is basically focused on finding the average of the set of inputs. 

Moving averages are assuming that the latest n periods are more related and others are 

left out. There are many types of moving averages which are used to represent the 

fluctuations. SMA is used in the literature to mitigate the voltage fluctuations in 

distribution systems. In the following subsections, the characteristics of SMA are 

described, and the use of an efficient HMA to sufficiently represent the voltage 

fluctuations is proposed.    

4.3.1  SMA 

SMA is an unweighted moving average. This means that the importance of all data 

points in the data set is equal and they are weighted equally. As a new data point appears, 

the oldest one is removed, and the newest data point is added to the beginning. SMA has 

the highest lag from the actual value compared to the other moving averages. The 

principle of SMA operation for n related data points at time interval t can be given as 

follows, 

𝑉𝑠𝑚,𝑡 =
𝑉(𝑡 − 1) + 𝑉(𝑡 − 2) + ⋯+ 𝑉(𝑡 − (𝑛 − 1))

𝑛
=
1

𝑛
∑𝑉(𝑡 − 𝑖)

𝑛−1

𝑖=1

 (4.1) 

where n is the number of related data points used in SMA smoothing; V and Vsm,t are 

input data points (e.g., voltage) and the smoothed output voltage, respectively. SMA is 

applied to smooth the output voltage shown in Figure 4.3. The time series data are 

represented by the voltage at PCC of PV, in which the data points consist of sequential 

values of voltage through a time period. 24-hours data have been used with a time 

resolution of 1 minute in which the total values obtained are 1440.  

Figure 4.4 (dashed blue line) illustrates SMA for 35 data points of voltage profile 

shown in Figure 4.3. Newest 35 data points of the voltage which are most related data to 

smooth the output voltages are used and the other data points are neglected. In this figure, 

the actual voltage is compared with the smoothed voltage. As a result, it can be noted that 

the lag between the actual and smoothed values is very high and this increases the stress 
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on the PEV batteries and the inverters of RES to mitigate the fluctuations. Also, SMA is 

slow for responding to the rapid changes in the voltage that often occur at PCC. 

Therefore, SMA is not efficient for representing the voltage fluctuations. The high 

mismatch between the actual voltage and the smoothed voltage by SMA can mislead 

system operator and planners to effectively mitigate these fluctuations. On the other hand, 

SMA will be efficient to smooth PEV charging/discharging powers where the charging/ 

discharging power value will follow the SMA value. 

4.3.2 HMA  

To address the lag problem, a new moving average called HMA was developed by 

Alan Hull in 2005[99]. HMA is a step above SMA as it is more dynamic with regard to 

the voltage fluctuations. Furthermore, HMA is very fast, smooth, almost eliminates the 

lag which appears in the other moving averages, and also it manages to mitigate the 

fluctuations at the same time. The HMA includes the weighted moving average (WMA) 

in its calculation and can be formulated as follows, 

𝑉𝑠𝑚,𝑡 = √𝑛 𝑊𝑀𝐴 [2 (
𝑛

2
)𝑊𝑀𝐴(𝑉) − 𝑛𝑊𝑀𝐴(𝑉)]                                   (4.2) 

Note that if √𝑛  or 𝑛/2 is not an integer number, the number should be rounded to the 

nearest integer number. 

WMA is similar to the SMA, while the WMA gives higher importance to the recent 

data points. Each data point within the input set is given a weight (largest weight is given 

to the newest data point and then decreased in order) which changes the importance of 

 
Figure 4.4 Actual voltage and smoothed voltage using SMA and HMA 
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that specific data point. Like the SMA, the oldest data point is removed once a new data 

point is added to the set input. WMA (V) can be mathematically formulated as, 

𝑉𝑠𝑚,𝑡 =
𝑛𝑉(𝑡 − 1) + (𝑛 − 1)𝑉(𝑡 − 2) + ⋯+ 2𝑉(𝑡 − (𝑛 − 2)) + 𝑉(𝑡 − (𝑛 − 1))

𝑛 + (𝑛 − 1) + ⋯+ 2 + 1
 (4.3) 

The smoothed voltage using HMA of 35 data points is addressed in Figure 4.4 (solid 

red line). It can be seen from this figure that the HMA reduces the lag from the actual 

voltage as compared to SMA. The HMA employs WMA and frustrates the effect of the 

smoothing (and resulting lag) by using the square root of the number of relevant data 

points instead of the actual number of the data points. In this work, HMA is used in the 

optimization model for mitigating the voltage fluctuations, thanks to the unique feature 

for lag reducing. SMA is used to mitigate the fluctuations of charging/discharging power 

of PEVs due to its high smoothing feature and so it can reduce the changes in 

charging/discharging rate, which in turn reduces the stress on PEV batteries. 

4.4 Proposed Method  

4.4.1 Description 

A new method is proposed for mitigation of the voltage fluctuations in the distribution 

system due to the intermittency of RES (e.g., PV and WTGS). This method is based on 

utilizing the reactive power injection/absorption capability of the interface inverters of 

RES and the application of PEVs as energy storage (in which they are parked at the 

charging station up to 95% of the time) to mitigate the voltage fluctuations at PCC. 

Furthermore, the fluctuations of the charging/discharging power of PEVs are considered 

in the proposed method to extend the lifespan of the PEV batteries. The minimum SoC 

required by the consumers at the departure time is also incorporated and considered in the 

proposed method to meet the consumer needs. 

Figure 4.5 shows the schematic diagram of the proposed method. The proposed 

optimization method can be executed in the distribution management system (DMS), as 

shown in the figure. DMS comprises many functions (e.g., smart-grid simulator, state 

estimator) to manage and supervise the distribution system, and it helps system 

administrators as a decision support system during normal and critical conditions. The 

controllers of PV, WTGS, and aggregators send communication signals through the 

distribution system. These signals  consist of wind power generation (Pg,i), the reserve 

reactive power of wind inverter (𝑄𝑖𝑛𝑣,𝑖
𝑚𝑎𝑥), power generation of PV (Pg,j), the reserve 
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reactive power of the PV inverter (𝑄𝑖𝑛𝑣,𝑗
𝑚𝑎𝑥), the total available energy of PEV batteries that 

can be used for mitigation of the voltage fluctuations at the charging stations i and j (Eav,i 

and Eav,j), and the total energy required by PEV batteries at charging stations i and j to 

reach their desired SoCs (Ereq,i and Ereq,j).  Based on these signals, the optimization solver 

in the DMS cooperatively manages the controllabe devices. The interface inverters of 

RES and charging stations of PEVs are considered as controllable devices in which the 

control variables are the reactive power injection/absorption of the interface inverters 

(Qinv,i and Qinv,j) and the charging/discharging active power of the charging stations (Pcs,i 

and Pcs,j). These variables are simultaneously calculated to mitigate the voltage 

fluctuations and appropriate orders are generated. DMS dispatches these orders over the 

distribution system (i.e., optimal reactive power injected/absorbed by the interface 

inverters and active power charging/discharging of the charging stations). The 

aggregators divide the total active power of the charging stations decided by the 

optimization solver among the batteries of PEVs based on their charging plan. The active 

power charging/discharging of each PEV battery depends on its SoC and departure time.  

4.4.2 Optimization Problem Formulation  

In this work, the voltage magnitude deviations at PCC from their HMAs, the 

deviation of active powers of PEVs from their SMAs, and the deviation of the total 

energy of charging stations from the total required energy of PEVs to reach their desired 

SoCs are considered as an objective function to be minimized in the optimization model 

as follows: 
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Figure 4.5 Schematic diagram of the proposed method 
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐹𝑡 =   𝛼∑(𝐻𝑀𝐴(𝑉𝑖,𝑡) − 𝑉𝑖,𝑡)
2

𝑁𝑑𝑔

𝑖=1

+ 𝛽∑(𝑆𝑀𝐴(𝑃𝑐𝑠,𝑗,𝑡) − 𝑃𝑐𝑠,𝑗,𝑡)
2

𝑁𝑐𝑠

𝑗=1

+ 𝛾∑(𝐸𝑟𝑒𝑞,𝑗,𝑡 ± 𝑃𝑐𝑠,𝑗,𝑡 × 𝑡)

𝑁𝑐𝑠

𝑗=1

 

(4.4) 

in which  

𝛼 + 𝛽 + 𝛾 = 1                                                                                   (4.5) 

where α, β, and γ are weighting factors; Ndg and Ncs are the numbers of buses connected 

with DG and the number of charging stations, respectively; HMA(Vi,t) and SMA(Pcs,j,t) are 

the hull moving average of the voltage at bus i and the simple moving average of 

charging station active power at bus j at time instant t, respectively; Vi,t, and Pcs,j,t are the 

voltage magnitude at bus i and the active power of the charging station at bus j at time 

instant t, respectively; Ereq,j,t  is the total energy required by PEV batteries at the charging 

stations j to reach their desired SoC. The last term of the objective function indicates that 

by minimizing the difference between the required energy and charging/discharging 

energy the PEVs can reach their desired SoC in which it gives the priority to the driver 

goals. It is important to note that each objective function term in (4.4) is normalized via 

dividing it by its base value. The proposed combination of these three sub-objectives 

ensures effective mitigation of the voltage fluctuations while optimizing PEV power 

fluctuations and PEV charging goals. 

The following constraints are considered in the model: 

𝑃𝑔,𝑚,𝑡 + 𝑃𝐷𝐺,𝑚,𝑡 − 𝑃𝐿,𝑚,𝑡 ± 𝑃𝑐𝑠,𝑚,𝑡 − 𝑉𝑚,𝑡∑𝑉𝑛,𝑡 [
𝐺𝑚𝑛𝑐𝑜𝑠(𝛿𝑚𝑛,𝑡) +

𝐵𝑚𝑛sin (𝛿𝑚𝑛,𝑡)
]

𝑁𝐵

𝑛=1

=  0   ∀𝑚, 𝑡 (4.6) 

𝑄𝑔,𝑚,𝑡 ± 𝑄𝑖𝑛𝑣,𝑚,𝑡 − 𝑄𝐿,𝑚,𝑡 − 𝑉𝑚,𝑡∑𝑉𝑛,𝑡 [
𝐺𝑚𝑛𝑠𝑖𝑛(𝛿𝑚𝑛,𝑡) −

𝐵𝑚𝑛cos (𝛿𝑚𝑛,𝑡)
]

𝑁𝐵

𝑛=1

= 0   ∀𝑚, 𝑡 (4.7) 

𝑃𝑐𝑠,𝑚,𝑡
𝑚𝑖𝑛 ≤ 𝑃𝑐𝑠𝑚,𝑡 ≤ 𝑃𝑐𝑠,𝑚,𝑡

𝑚𝑎𝑥  (4.8) 

𝑄𝑖𝑛𝑣,𝑚,𝑡
𝑚𝑖𝑛 ≤ 𝑄𝑖𝑛𝑣,𝑚,𝑡 ≤ 𝑄𝑖𝑛𝑣,𝑚,𝑡

𝑚𝑎𝑥  (4.9) 

𝑉𝑚
𝑚𝑖𝑛 ≤ 𝑉𝑚,𝑡 ≤ 𝑉𝑚

𝑚𝑎𝑥 (4.10) 

where Pgm,t and Qgm,t, are the active and reactive power generated at mth bus for time 

instant t, respectively; PDGm,t and QDGm,t  are the active and reactive power of DG for mth 

bus at time instant t; PLm,t, respectively; and QLm,t is the active and reactive power demand 



Chapter 4: Mitigation of Voltage Fluctuation in Distribution Systems with PEVs 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

45 
 

at mth bus for time instant t; Bmn and Gmn are the susceptance and conductance between bus 

m and bus n, respectively; δmn is the difference voltage angles at bus m and bus n; NB is 

the number of buses; 𝑃𝑐𝑠,𝑚,𝑡
𝑚𝑖𝑛 and 𝑃𝑐𝑠,𝑚,𝑡

𝑚𝑎𝑥  are minimum and maximum active power of mth 

charging station at time instant t, respectively. These values are computed by knowing the 

total available and required energies at that charging station. 𝑄𝑖𝑛𝑣,𝑚,𝑡
𝑚𝑖𝑛  and 𝑄𝑖𝑛𝑣,𝑚,𝑡

𝑚𝑎𝑥  are the 

minimum and maximum reactive power of the inverter m at time instant t, respectively; 

𝑉𝑚
𝑚𝑖𝑛 and 𝑉𝑚

𝑚𝑎𝑥 are the minimum and maximum voltage limits at bus m, respectively. 

The control variables of the optimization model are the reactive power of the interface 

inverters (Qinv) and the active power of the charging stations (Pcs). These variables are 

simultaneously calculated to mitigate the voltage fluctuations. It is important to note that 

the converters of the charging stations are assumed to work at unity power factor, so they 

cannot inject/absorb reactive power. 

4.4.3 Modeling of PEV Battery  

The percent of the charging/discharging power for each PEV with respect to the total 

power of the charging station depends on the capacity of PEV battery (Ci), current SoC 

(SoCt,i), and the remaining time before the departure (Ti). The charging/discharging power 

of the individual PEV i at time instant t can be mathematically formulated as follows, 

𝑃𝑐ℎ,𝑖,𝑡 =

1
𝑇𝑖
(𝐶𝑖 − 𝑆𝑂𝐶𝑖,𝑡 × 𝐶𝑖)

∑
1
𝑇𝑗
(𝐶𝑗 − 𝑆𝑂𝐶𝑗,𝑡 × 𝐶𝑗)

𝑁
𝑗=1

× 𝑃𝑐𝑠,𝑡   (4.11) 

𝑃𝑑𝑐,𝑖,𝑡 =
𝑇𝑖(𝑆𝑂𝐶𝑖,𝑡 × 𝐶𝑖)

∑ 𝑇𝑗(𝑆𝑂𝐶𝑗,𝑡 × 𝐶𝑗)
𝑁
𝑗=1

× 𝑃𝑐𝑠,𝑡 (4.12) 

By using these equations (4.11 and 4.12), the aggregator can divide the total active power 

of the charging station which is calculated by the optimization solver among the batteries 

of the PEVs based on their current SoC and the remaining time before the departure. 

4.4.4 Modeling of Stochastic Nature of PEVs 

Not all PEVs are connected to the distribution system at the same time. The number 

of PEVs connected to the distribution system and their SoC depends on daily return time 

of the user from the last trip and daily traveling distance per vehicle. These parameters 

should be considered because they are directly related to the driving habits of the users 

and their preference for charging/discharging of PEVs. In this chapter, users’ daily return 

time from the last trip and the initial SoC of individual PEV are assumed to be random 
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variables with a normal probability density function (pdf) [100]. Therefore, the pdf of 

users’ daily return time from the last trip (initial parking time) and initial SoC of PEV 

battery can be mathematically written as follows, 

𝑓(𝑇𝑟; 𝜇, 𝜎) =
1

𝜎√2𝜋
𝑒
−(𝑇𝑟−𝜇)

2

2𝜎2       (4.13) 

𝑓(𝑆𝑂𝐶; 𝜇, 𝜎) =
1

𝜎√2𝜋
𝑒
−(𝑆𝑂𝐶−𝜇)2

2𝜎2     (4.14) 

where µ is the mean, indicating the location of the maximum probability density, 𝜎 is the 

standard deviation, and Tr is the return time. Most PEV’ users back to home after ending 

their work; therefore, the mean of daily return time is µ=18 and the standard deviation is 

𝜎 = 5 hours [101]. The normal distribution for 100 PEVs is shown in Figure 4.6. The 

mean and standard deviation for probability density function of the initial SoC of PEV 

battery are µ=50%  and  𝜎 = 14 % [101], respectively. Figure 4.7 shows the probability 

 
Figure 4.6 Initial parking time distribution of PEVs with µ=18 and 𝜎 = 5 hours for 100 PEVs 

 
Figure 4.7 Probability density function of initial battery SoC with µ= 50% and 𝜎 = 14% 
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density of initial SoC of the PEV battery, where the SoC varies from zero to the full 

capacity of the battery. 

4.5 Application of GSA to Proposed Optimization Model  

  In this section, the application of GSA (see Appendix B) to solve the proposed 

optimization model is described in the flowchart given in Figure 4.8. At each time instant 

t, the demand load, PV power, wind power and batteries status (e.g., the capacity of the 

battery, the state of charge, arrival time, departure time) of PEVs are read. Based on the 

Start

Read system data ( PV power, wind 

power, total load, and EVs  status) 

at time instant t

Yes

Next Time

 instant

No

Generate initial population in the range amongst the lower 

and upper values of the control variables (Pcs, Qinv)

Meeting end of 

criteria?

Identify the search space of GSA

Compute the fitness function value of each agent for the 

problem using (4.4)

Update G(t), best (t), and worst(t)

Calculate a  and M  for each agent

Update the velocity and the position  

Print and store the results of this time instant

Time instant t=t1

Stop
 

Figure 4.8 Flowchart of the proposed method 
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status of the batteries and the generated powers of PV and WTGS, the maximum and 

minimum limits of the control variables (Pcs, Qinv) can be determined at that instant. Then, 

the initial population between these limits are generated based on the identified search 

space of GSA. Afterward, the value of the objective function given in (4.4) is computed 

for each agent. The worst value, best value, gravitational constant, acceleration, mass, 

velocity, and position are updated as shown in the flowchart. This process is repeated 

until the stopping criteria are met. Hence, the optimal values of the active power of the 

charging stations and the reactive power of the interface inverters for this instant are 

returned. The whole process is repeated to calculate the optimal values of the entire time 

instants. At each time instant, the optimal active power of the charging station is checked 

as follows: 

• If it is positive (i.e., charging mode), the charging rate of each PEV is calculated 

using (4.11) and the SoC is updated using (3.15).  

• If it is negative (i.e., discharging mode), the discharging rate of each PEV is 

calculated using (4.12) and the SoC is updated using (3.15).  

4.6 Results and Discussions 

To demonstrate the effectiveness of the proposed method, it has been tested on the 

IEEE 90-bus distributions system. The details of this system are given in Appendix A. 

The PV and WTGS are modeled to inject active power and inject/absorb reactive power 

at PCC. The load profile given in Figure 4.9 is used for the real-time scenario, and it is 

assigned to all loads. The minimum and maximum voltage limits are 0.95 p.u. and 1.05 

p.u., respectively. Two models of PEV batteries are considered in this chapter, the Nissan 

leaf lithium-ion battery with a capacity of 24 kWh and Toyota RAV4 NiMH battery with 

 
Figure 4.9 Daily load profile 
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a capacity of 27.4 kWh. The number of PEVs connected to each charging station is 

assumed to be 100 PEVs. The initial parking time and initial SoC of each PEV are 

according to Figures 4.6 and 4.7, respectively. Each PEV is assumed to be parked at the 

charging station for 12 hours (from the initial parking time till the departure time). To 

ensure that the SoC of the PEV battery at the departure time is enough and to optimize its 

lifespan, it is assumed that the PEV cannot discharge to the grid (V2G) if its SoC is less 

than 75%. The maximum power rate of charging/discharging has been chosen 4 kW [84]. 

In the 90-bus system, 25% PV penetration with respect to the total load is connected to 

bus 28, and 25% wind power penetration with respect to the total load is connected to bus 

42. Also, a PEVs charging station is assumed at bus 28 and bus 35, as shown in Figure 

4.10. The typical active power output of a PV system on a partly cloudy day and active 

power output of a WTGS are shown in Figures 4.1 and 4.2, respectively.   

The voltage profiles at PCC (bus 28 and bus 42) in the base case are shown in Figure 

4.11. In this case, the inverters of PV and WTGS are assumed to operate at unity power 

factor without considering the PEVs. It can be seen from these figures that the voltages at 

PCC are significantly fluctuating due to the intermittent nature of RES and they violate 

the lower limits in many periods.   
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Figure 4.10 Single line diagram of the 90-bus distribution system 
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To mitigate the voltage fluctuations and keep the voltages within limits, the reactive 

power of RES inverters and the active power of PEV charging stations have been  

optimized by applying the proposed method in which the voltage magnitude deviations at 

PCC from their HMAs, the deviation of the charging stations’ active powers from their 

SMAs, and the deviation of the total energy of charging stations from the total required 

energy of PEVs to reach their desired SoC are considered in the objective function. 

Figure 4.12 shows the voltage profiles at the PCC of PV and WTGS. Compared with the 

base case described in Figure 4.11, the voltages are kept within the acceptable limits and 

the voltage fluctuations are significantly enhanced.  

The charging/discharging power of the PEV charging stations are shown in Figure 

4.13. It can be seen from the figure that the fluctuations of the active power of the 

charging stations are low compared to the conventional method which increases the 

lifespan of PEV batteries. The SoC of all PEVs at the charging stations updated using 

(3.15), (4.11), and (4.12) are given in Figure 4.14. The fixed horizontal lines represent the 

 
(a) 

 
(b) 

Figure 4.11 Voltage profiles at PCC of the base case for the 90-bus distribution system: a) 

voltage profile at PCC of PV (bus 28); b) voltage profile at PCC of WTGS (bus 42) 
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initial SoC of PEVs when they arrive at the grid. From the figure, we can note that the 

SoC of each PEV at the departure time (after 12 hours from PEV connection to the grid) 

is greater than the desired level which has been settled previously by the consumer (it was 

assumed to be 75%. One could set it higher, the optimization will then perform 

 
(a) 

 
 (b) 

Figure 4.12 Voltage profiles at PCC using the proposed method for the 90-bus distribution 

system: a) voltage profile at PCC of PV (bus 28); b) voltage profile at PCC of WTGS (bus 42) 
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accordingly, but there will be not enough capacity to regulate voltage. On the other hand, 

100% is not preferred, because of lifespan considerations [102,103]). It can be seen from 

the figure that some PEVs have SoC less than the desired level by the end of the day, this 

is because these PEVs are arrived at CS by the late night. Therefore, they will still be 

connected at the begging of the next day (parking time is 12 hours).  

To demonstrate the effectiveness of the proposed method, it is compared with the 

conventional method in which only the first part of the objective function (i.e., voltage 

fluctuations) is considered as an objective function of the optimization model. For this 

purpose, the fluctuation factor is used to compare these methods and its formula is given 

in Chapter 3, equation 3.21.a.   

The fluctuation factor of the active power of the charging stations at different 

locations are compared in Table 4.1. It can be seen from the table that the fluctuation 

 
(b)  

Figure 4.13 Active power of PEV charging stations using the proposed method for the 90-bus 

distribution system: a) charging/discharging power of the charging station at bus 28; b) 

charging/discharging power of the charging station at bus 35 
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(a)   

 

(b)  

Figure 4.14 SoC of PEVs using the proposed method for the 90-bus distribution system: a) SOC of 

PEVs connected to charging station at bus 28; b) SoC of PEVs connected to charging station at bus 

35 
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factors of the charging station’ active powers are significantly decreased by applying the 

proposed method compared with the conventional method. By applying the proposed 

method, the fluctuation factor of the charging station active power is reduced from 52.68 

to 11.95 at bus 28 and it is reduced from 47.25 to 20.31 at bus 35. Therefore, the 

conventional method over smooths the voltages. This over smoothing will be on the 

expenses of the charging station active powers. As a result of voltage over-smoothing, 

there is more stress on the PEVs and the inverters of RES which will eventually decrease 

their lifespan. Figure 4.15 shows the excessive fluctuations of the active power of the 

charging stations in this case (conventional method) compared to Figure 4.13 (proposed 

method). Because of these high fluctuations, the performance and lifespan of PEV 

batteries will be decreased. These results demonstrate that the proposed method is an 

Table 4.1 Fluctuation factors with applying the conventional and proposed methods to the 90-

bus distribution system. 

Item  

Fluctuation factors of 

charging station’ powers(kW) 

Bus 28 Bus 35 

Conventional method 52.68 47.25 

Proposed method 11.95 20.31 
 

 
(a) 

 

 (b) 

Figure 4.15 Active power of PEV charging stations for the 90-bus distribution system 

(conventional method): a) charging/ discharging power of the charging station at bus 28; b) 

charging/discharging power of the charging station at bus 35 
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efficient tool which can be used for mitigating the voltage fluctuations without increasing 

the stress on neither the PEVs nor inverters of RES.  

4.7 Conclusions 

In this chapter, an efficient method has been proposed to smooth voltage fluctuations 

in distribution systems with WTGS and PV. The proposed method is based on optimally 

controlling the charging and discharging power of PEVs and the reactive power of the 

RES inverters in a simultaneous manner. The merit of the proposed method is that it 

considers the PEV power fluctuations to increase the lifespan of their batteries, also, the 

minimum allowed SoC of PEVs is considered. Furthermore, we have proposed the use of 

HMA to mitigate voltage fluctuations to avoid the lag problem of SMA, while SMA is 

used to smooth PEV power fluctuations. The GSA has been utilized to efficiently solve 

the optimization model. The 90-bus distribution system has been simulated to 

demonstrate the effectiveness of the proposed method. The results reveal the proposed 

method can effectively smooth voltage fluctuations while optimizing the 

charging/discharging rate of PEVs, thereby extending the lifespan of their batteries. 

Furthermore, the individual charging plans of all PEVs are satisfied considering their 

stochastic behavior. More details related to this chapter have been covered in [S2] and 

[S8]. 

The practical significance of the results shown in this chapter can be deduced from 

Figure 4.13. Based on results similar to these, the DSO could commit itself towards the 

operator of the charging station with respect to the maximal number, the maximal power 

and the maximal energy of discharging actions during a day. These limits could help the 

operator of the charging station to commit itself towards the car owners (with respect to 

the same parameters), in order to ensure that the lifespan of their batteries will not be 

degraded. 
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Chapter 5: Scheduling of PEVs Considering Uncertain 

RES Generation 

5.1 Introduction 

In this chapter, the optimal operation of PEVs in distribution systems is determined 

with considering the uncertainty of RES generations and loads. For this purpose, an 

interval optimization method is used for determining the optimal interval PEV power for 

day-ahead. The main contribution of this chapter is to construct an interval optimization 

model for the optimal scheduling of PEVs with the uncertainty of RES generation and 

loads for minimizing the network active power losses and total voltage magnitude 

deviation. To the best of our knowledge, this is the first work to employ the interval 

optimization for modeling the uncertainty of active distribution systems in the optimal 

day-ahead dispatch of PEVs. The capability of PV inverters to regulate voltages is also 

considered. The objective function is to minimize the network active power losses and 

total voltage magnitude deviation with considering system constraints. The proposed 

method can represent the uncertainty of the system, thereby delivering further information 

compared to deterministic optimization models. 

5.2 Problem Description  

The uncertainty of power generated by weather-based facilities (e.g., PV and wind 

systems) and load demand affect the decisions of different activities related to the 

operation of distribution systems (e.g., the assessment of voltage magnitude variation, 

reactive power management, scheduling of power generation, etc.). Therefore, the 

uncertainty modeling to achieve secure operation of distribution systems is one of the 

most significant challenges for system operators of distribution management systems with 

RES. There are many methods for uncertainty handling, one of these methods is interval 

optimization. Only the interval of the uncertain parameters is required in this method, 

rather than other properties of the probability.  

A lot of papers dealt with the forecasting of RES generation and loads. These 

forecasting issues are beyond the scope of this work. The expected wind power, PV 

power, load, and their corresponding volatile ranges are assumed to be determined by a 

forecasting method. The forecasting errors are formulated as interval numbers to avoid 

any need for an accurate probability distribution. The wind power, PV power, and load 
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(active and reactive power) at the ith node are denoted as intint
,

int
, and,, Di,ttPVitW i SPP ( int

,
int

, and tDitDi QP ),  

and they change within certain ranges over the time period as shown in Figure 5.1, 

denoted as U
tW itW i

L
tW i PPP ,

int
,,  , U

tPVitPVi
L

tPVi PPP ,
int

,,  , and U
tDitDi

L
tDi SSS ,

int
,,  , respectively. We 

assume that a forecasting method can estimate the upper and lower limits of the 

confidence interval at each time instant. The information of different nodes at each time 

instant t is defined as a matrix (M) as follows, 

𝑀 =

[
 
 
 
 
𝑆𝐷1,1
𝑖𝑛𝑡 𝑆𝐷1,2

𝑖𝑛𝑡 𝑆𝐷1,𝑇
𝑖𝑛𝑡 𝑃𝑊1,1

𝑖𝑛𝑡 𝑃𝑊1,2
𝑖𝑛𝑡 𝑃𝑊1,𝑇

𝑖𝑛𝑡 𝑃𝑃𝑉1,1
𝑖𝑛𝑡 𝑃𝑃𝑉1,2

𝑖𝑛𝑡 𝑃𝑃𝑉1,𝑇
𝑖𝑛𝑡

𝑆𝐷2,1
𝑖𝑛𝑡 𝑆𝐷2,2

𝑖𝑛𝑡 𝑆𝐷2,𝑇
𝑖𝑛𝑡 𝑃𝑊2,1

𝑖𝑛𝑡 𝑃𝑊2,2
𝑖𝑛𝑡 𝑃𝑊2,𝑇

𝑖𝑛𝑡 𝑃𝑃𝑉2,1
𝑖𝑛𝑡 𝑃𝑃𝑉2,2

𝑖𝑛𝑡 𝑃𝑃𝑉2,𝑇
𝑖𝑛𝑡

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
𝑆𝐷𝑖,1
𝑖𝑛𝑡 𝑆𝐷𝑖,2

𝑖𝑛𝑡 𝑆𝐷𝑖,𝑇
𝑖𝑛𝑡 𝑃𝑊𝑖,1

𝑖𝑛𝑡 𝑃𝑊𝑖,2
𝑖𝑛𝑡 𝑃𝑊𝑖,𝑇

𝑖𝑛𝑡 𝑃𝑃𝑉𝑖,1
𝑖𝑛𝑡 𝑃𝑃𝑉𝑖,2

𝑖𝑛𝑡 𝑃𝑃𝑉𝑖,𝑇
𝑖𝑛𝑡

]
 
 
 
 

        (5.1) 

The controlled charging coordinates PEVs management to verify the requirements and 

performances of the consumers and the efficient operation of the distribution system. 

There are two charging management scenarios can be categorized into centralized and 

decentralized charging strategies [104,105].  

− In the centralized charging strategy, system operators utilize a central controller to 

accurately decide the charging time and the rate of charge for each PEV. The 

decisions in this strategy could be made based on the system level concerns (e.g., 

minimizing the total losses, mitigating feeder congestion). Furthermore, customer 

 
(a) Wind power 

 
(b) PV power (clear day) 

 
(c) PV power (partly cloudy day) 

 
(d) Load profile 

Figure 5.1 Interval of uncertain parameters. 
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requirements can be considered, such as the allowable charging interval, the final 

SoC, and charging cost [104]. The controller of this strategy determines the 

optimal charging patterns of PEVs by employing power flow studies. 

− In the decentralized charging strategy, the vehicle owners can directly determine 

their charging patterns. The charging decisions could be made based on the time-

of-day or electricity price. The outcome of a decentralized charging strategy 

depends on the information on the local charging pattern methods, so the 

optimality is not ensured [105]. 

In order to alleviate the effects of RES uncertainties, to reduce the network active 

power losses, and to improve the profile of node voltages, the charging/discharging 

power of PEVs connected to the system should be optimally computed using 

centralized charging strategy to consider the status of the whole system. Because of 

formulating the wind power, PV power, and load as interval numbers, the optimal 

charging/discharging power of PEVs should be expressed as an interval variable, too. 

Moreover, there are many PV inverters that have reactive power capabilities. These 

capabilities should be considered and optimally managed. The capability curve of a 

PV inverter is given in Chapter 3 (Figure 3.5).  

5.3 Interval Optimization Model  

To address uncertainty problems, a method called the interval analysis has been 

proposed by Moore [106]. In this method, only the upper and lower bounds are the 

available information for uncertain parameters. Interval optimization method based on the 

interval analysis is able to address the uncertainties by interval numbers without needing 

to accurate probability information [64,66]. By using this method, the output bounds can 

be optimally computed regarding given input intervals with acceptable computational 

time. The interval number is the main component in the interval optimization problem, 

and it can be defined as follows,                                                       

𝛽𝑖𝑛𝑡 = [𝛽𝐿 , 𝛽𝑈] = {𝛽|𝛽𝐿 ≤ 𝛽 ≤ 𝛽𝑈}  (5.2) 

where int, L, and U represent the interval, lower bound, and upper bound of the range, 

respectively. The radius (ω) and midpoint (ρ) of the interval number βint are defined as: 

{
𝜔(𝛽𝑖𝑛𝑡) =

1

2
(𝛽𝑈 − 𝛽𝐿)

𝜌(𝛽𝑖𝑛𝑡) =
1

2
(𝛽𝑈 + 𝛽𝐿)

 (5.3) 



Chapter 5: Scheduling of PEVs Considering Uncertain RES Generation 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

58 
 

The general nonlinear optimization based on interval analysis can be expressed as 

follows, 

{
  
 

  
 
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑓(𝑥, 𝛽) = {𝑓1(𝑥, 𝛽), 𝑓2(𝑥, 𝛽),… , 𝑓𝑘(𝑥, 𝛽)}

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  𝑔𝑚(𝑥, 𝛽) ≤ 𝑢𝑚
𝑖𝑛𝑡, (𝑚 = 1,2, … ,𝑁𝐼𝐶)

                      𝑗𝑛(𝑥, 𝛽) = 𝑐𝑛
𝑖𝑛𝑡, (𝑛 = 1,2, … ,𝑁𝐸𝐶)

                     𝛽 ∈ 𝛽𝑖𝑛𝑡 = [𝛽𝐿 , 𝛽𝑈]

                    𝛽 ∈ {𝛽|𝛽𝑑
𝐿 ≤ 𝛽𝑑 ≤ 𝛽𝑑

𝑈, 𝑑 = 1,2, … , 𝑞}

                    𝑥𝑙
𝐿 ≤ 𝑥𝑙 ≤ 𝑥𝑙

𝑈 , (𝑙 = 1,2, , 𝑁𝑉)

 (5.4) 

where U
l

L
lV xxNx and,,, are the control variable, total number of control variables, and 

lower and upper bounds of the control variable, respectively; β, U
d

L
d  and,  are the q-

dimensional interval variable, lower bound of the dth dimension of interval variable β, and 

upper bound of the dth dimension of interval variable β, respectively; gm, jn, ,int int

m nu and c  are 

the mth inequality constraint equation, nth equality constraint equation, allowed range of 

mth inequality constraints, and allowed range of nth equality constraints; NIC and NEC are 

the total numbers of inequality functions and equality functions. 

To calculate the optimal values, order relations of the interval are often used to 

compare interval numbers [107], where the order relation indicates which interval number 

is better than another. The order relation (  ) between interval numbers αint , βint for the 

maximization problem is described as follows,  

{
𝛼𝑖𝑛𝑡 ≤𝜌𝜔 𝛽

𝑖𝑛𝑡 𝑖𝑓𝑓  𝜌(𝛼𝑖𝑛𝑡) ≤ 𝜌(𝛽𝑖𝑛𝑡), 𝜔(𝛼𝑖𝑛𝑡)  ≤ 𝜔(𝛽𝑖𝑛𝑡)

𝛼𝑖𝑛𝑡 <𝜌𝜔 𝛽
𝑖𝑛𝑡  𝑖𝑓𝑓  𝛼𝑖𝑛𝑡 ≤𝜌𝜔 𝛽

𝑖𝑛𝑡, 𝛼𝑖𝑛𝑡  ≠ 𝛽𝑖𝑛𝑡              
 (5.5) 

The objective function is needed to be transformed into a deterministic objective 

function. For this purpose, the uncertain objective function ( , ) [ ( , ), ( , )]int L Uf x f x f x  =

can be presented by midpoint and radius as follows: 

{
𝜌(𝑓(𝑥, 𝛽)) =

1

2
[𝑓𝐿(𝑥, 𝛽) + 𝑓𝑈(𝑥, 𝛽)]

𝜔(𝑓(𝑥, 𝛽)) =
1

2
[𝑓𝑈(𝑥, 𝛽) − 𝑓𝐿(𝑥, 𝛽)]

 (5.6) 

in which 

             𝑓𝑈(𝑥, 𝛽) = 𝑚𝑎𝑥𝛽𝑓(𝑥, 𝛽), 𝑓
𝐿(𝑥, 𝛽) = 𝑚𝑖𝑛𝛽𝑓(𝑥, 𝛽)                                    (5.7) 

The midpoint value represents the expected optimal value and radius value represents 

the uncertainty level of the optimal solution. The minimum of an interval optimization is 

the minimum of both radius and midpoint of the uncertain objective function. Therefore, 
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based on (5.5), this function can be transformed into a deterministic multi-objective 

function that minimizes both the midpoint and radius of the interval objective value,   

          𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑥𝑓(𝑥, 𝛽) = 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑥[𝜌(𝑓(𝑥, 𝛽)),𝜔(𝑓(𝑥, 𝛽))]                      (5.8)  

Based on the deterministic objective function (5.8), the multi-objective function can be 

converted into a single objective function by using a weighting factor λ to balance the 

importance of midpoint and radius of the objective function as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑥 𝑓(𝑥, 𝛽) = (1 − 𝜆)𝜌(𝑓(𝑥, 𝛽)) + 𝜆𝜔(𝑓(𝑥, 𝛽))                            (5.9) 

5.4 Interval Optimization for PEV Scheduling  

In this section, we apply the interval optimization model described in Section 5.3 with 

representing the uncertainties in active distribution systems for optimal day-ahead 

scheduling of PEVs. The objective function considering the interval parameters is 

expressed by 

{
 
 

 
 
𝐽𝑖𝑛𝑡(𝑥, (𝑃𝑊, 𝑃𝑃𝑉 , 𝑆𝐷)) = [𝐽

𝐿(𝑥, (𝑃𝑊, 𝑃𝑃𝑉, 𝑆𝐷)), 𝐽
𝑈(𝑥, (𝑃𝑊, 𝑃𝑃𝑉 , 𝑆𝐷))]

in  which

𝐽𝐿(𝑥, (𝑃𝑊, 𝑃𝑃𝑉, 𝑆𝐷)) = 𝑚𝑖𝑛
(𝑃𝑊,𝑃𝑃𝑉,𝑆𝐷)

𝐽(𝑥, (𝑃𝑊, 𝑃𝑃𝑉, 𝑆𝐷))

𝐽𝑈(𝑥, (𝑃𝑊, 𝑃𝑃𝑉 , 𝑆𝐷)) = 𝑚𝑎𝑥
(𝑃𝑊,𝑃𝑃𝑉,𝑆𝐷)

𝐽(𝑥, (𝑃𝑊, 𝑃𝑃𝑉 , 𝑆𝐷))

 (5.10) 

In this chapter, the total voltage magnitude deviation and the network active power 

losses are combined and used as an objective function to be minimized. The objective 

function and the constraints in terms of PW,t, PPV,t, and SD,t are represented in the interval 

form, thus the interval optimization problem at time instant t can be formulated as 

follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑥 𝐽𝑡(𝑥𝑡, (𝑃𝑊,𝑡, 𝑃𝑃𝑉,𝑡, 𝑆𝐷,𝑡

= {𝐽1,𝑡(𝑥𝑡, (𝑃𝑊,𝑡, 𝑃𝑃𝑉,𝑡, 𝑆𝐷,𝑡)), 𝐽2,𝑡(𝑥𝑡, (𝑃𝑊,𝑡, 𝑃𝑃𝑉,𝑡, 𝑆𝐷,𝑡))} 
(5.11) 

    in which                        

{
  
 

  
 𝐽1,𝑡(𝑥𝑡, (𝑃𝑊,𝑡, 𝑃𝑃𝑉,𝑡, 𝑆𝐷,𝑡)) =∑(

𝑉𝑖,𝑡
𝑖𝑛𝑡 − 𝑉𝑁𝑖
𝑉𝑁𝑖

)

2𝑁𝐵

𝑖

𝐽2,𝑡(𝑥𝑡, (𝑃𝑊,𝑡, 𝑃𝑃𝑉,𝑡, 𝑆𝐷,𝑡)) = ∑ 𝐺𝑘

𝑁𝑇𝐿

𝑘=1
𝑘=(𝑖,𝑗)

[(𝑉𝑖,𝑡
𝑖𝑛𝑡)2 + (𝑉𝑗,𝑡

𝑖𝑛𝑡)2 − 2𝑉𝑖,𝑡
𝑖𝑛𝑡𝑉𝑗,𝑡

𝑖𝑛𝑡𝑐𝑜𝑠𝛿𝑖𝑗,𝑡
𝑖𝑛𝑡]

 
(5.12) 
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where J1,t, J2,t, NB, and NTL are the total voltage magnitude deviation, network active 

power losses, number of nodes, and number of branches, respectively; ,

int

i tV and tNiV , are 

the voltage of ith node and the nominal voltage (i.e., 1 pu) of ith node at time instant t. Gk 

and 
int

ij  are the conductance and phase angle of voltage between the nodes i, j. 

subject to  

{
 
 

 
 𝑃𝑃𝑉𝑖,𝑡

𝑖𝑛𝑡 + 𝑃𝑊𝑖,𝑡
𝑖𝑛𝑡 ± 𝑃𝑃𝐸𝑉𝑖,𝑡

𝑖𝑛𝑡 − 𝑃𝐷𝑖,𝑡
𝑖𝑛𝑡 − 𝑉𝑖,𝑡

𝑖𝑛𝑡∑𝑉𝑗,𝑡
𝑖𝑛𝑡[𝐺𝑖𝑗𝑐𝑜𝑠𝛿𝑖𝑗,𝑡

𝑖𝑛𝑡 + 𝐵𝑖𝑗𝑠𝑖𝑛𝛿𝑖𝑗,𝑡
𝑖𝑛𝑡] = 0

𝑁𝐵

𝑖

𝑄𝑃𝑉𝑖,𝑡
𝑖𝑛𝑡 + 𝑄𝑊𝑖,𝑡

𝑖𝑛𝑡 − 𝑄𝐷𝑖,𝑡
𝑖𝑛𝑡 − 𝑉𝑖,𝑡

𝑖𝑛𝑡∑𝑉𝑗,𝑡
𝑖𝑛𝑡[𝐺𝑖𝑗𝑠𝑖𝑛𝛿𝑖𝑗,𝑡

𝑖𝑛𝑡 + 𝐵𝑖𝑗𝑐𝑜𝑠𝛿𝑖𝑗,𝑡
𝑖𝑛𝑡] = 0

𝑁𝐵

𝑖

               

 (5.13) 

{
  
 

  
 
𝑄𝑃𝑉𝑖,𝑡
𝐿 ≤ 𝑄𝑃𝑉𝑖,𝑡

𝑖𝑛𝑡 ≤ 𝑄𝑃𝑉𝑖,𝑡
𝑈 ,          𝑄𝑃𝑉𝑖,𝑡

𝐿 ≥ 𝑄𝑃𝑉𝑖,𝑡
𝑚𝑖𝑛 , 𝑄𝑃𝑉𝑖,𝑡

𝑈 ≤ 𝑄𝑃𝑉𝑖,𝑡
𝑚𝑎𝑥              

𝑄𝑊𝑖,𝑡
𝐿 ≤ 𝑄𝑊𝑖,𝑡

𝑖𝑛𝑡 ≤ 𝑄𝑊𝑖,𝑡
𝑈 ,            𝑄𝑊𝑖,𝑡

𝐿 ≥ 𝑄𝑊𝑖,𝑡
𝑚𝑖𝑛, 𝑄𝑊𝑖,𝑡

𝑈 ≤ 𝑄𝑊𝑖,𝑡
𝑚𝑎𝑥                  

𝑃𝑃𝐸𝑉𝑖,𝑡
𝐿 ≤ 𝑃𝑃𝐸𝑉𝑖,𝑡

𝑖𝑛𝑡 ≤ 𝑃𝑃𝐸𝑉𝑖,𝑡
𝑈 ,     𝑃𝑃𝐸𝑉𝑖,𝑡

𝐿 ≥ 𝑃𝑃𝐸𝑉𝑖,𝑡
𝑚𝑖𝑛 , 𝑃𝑃𝐸𝑉𝑖,𝑡

𝑈 ≤ 𝑃𝑃𝐸𝑉𝑖,𝑡
𝑚𝑎𝑥          

𝑉𝑖
𝐿 ≤ 𝑉𝑖,𝑡

𝑖𝑛𝑡 ≤ 𝑉𝑖
𝑈,                      𝑉𝑖

𝐿 ≥ 𝑉𝑖
𝑚𝑖𝑛, 𝑉𝑖

𝑈 ≤ 𝑉𝑖
𝑚𝑎𝑥                           

𝑇𝑖
𝐿 ≤ 𝑇𝑖,𝑡

𝑖𝑛𝑡 ≤ 𝑇𝑖
𝑈,                      𝑇𝑖

𝐿 ≥ 𝑇𝑖
𝑚𝑖𝑛, 𝑇𝑖

𝑈 ≤ 𝑇𝑖
𝑚𝑎𝑥                           

 (5.14) 

where andint int int int int int int int

PVi PVi Wi Wi Di Di i EViP ,Q ,P ,Q ,P ,Q ,T , P  are the PV active power, reactive power of 

PV inverter, active power of wind generator, reactive power of wind generator, demand 

active power, demand reactive power, transformer tap, and active power of PEVs at bus i. 

The superscripts min and max denote the minimum and maximum available amount. The 

feature of this interval optimization model is that it can present the most optimistic 

solution from the perspective of security and economy, according to different needs. The 

active charging/discharging power of PEVs and reactive power of PV inverter are used as 

control variables to optimize the power flow in the distribution systems so as to reduce 

power losses and voltage magnitude deviation. 

5.5 Modeling of RES and PEV 

5.5.1 Modeling of PEV 

The minimum required number of PEVs depends on the capacity and SoC of the 

PEVs and the total active power charging/discharging required from the PEVs. The 

number of PEVs in case of charging/discharging can be calculated as follows: 
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5.5.1.1 Charging case 

{
 
 
 

 
 
 𝑁𝑃𝐸𝑉,𝑡

𝑖𝑛𝑡 =
𝑃𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

𝐶(𝑆𝑂𝐶𝑚𝑎𝑥 − 𝑆𝑂𝐶𝑡
𝑖𝑛𝑡)

                         

𝑃𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

𝑃𝑐ℎ
𝑚𝑎𝑥 ≤ 𝑁𝑃𝐸𝑉,𝑡

𝑖𝑛𝑡                                                        

𝑃𝑐ℎ,𝑡
𝑖𝑛𝑡 =

𝑃𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

𝑁𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

,      𝑃𝑐ℎ,𝑡
𝐿 ≥ 𝑃𝑐ℎ

𝑚𝑖𝑛, 𝑃𝑐ℎ,𝑡
𝑈 ≤ 𝑃𝑐ℎ

𝑚𝑎𝑥

 (5.16) 

 

5.5.1.2 Discharging case  

{
 
 
 

 
 
 𝑁𝑃𝐸𝑉,𝑡

𝑖𝑛𝑡 =
𝑃𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

𝐶(𝑆𝑂𝐶𝑡
𝑖𝑛𝑡 − 𝑆𝑂𝐶𝑚𝑖𝑛)

                         

𝑃𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

𝑃𝑑𝑐
𝑚𝑎𝑥 ≤ 𝑁𝑃𝐸𝑉,𝑡

𝑖𝑛𝑡                                                        

𝑃𝑑𝑐,𝑡
𝑖𝑛𝑡 =

𝑃𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

𝑁𝑃𝐸𝑉,𝑡
𝑖𝑛𝑡

,      𝑃𝑑𝑐,𝑡
𝐿 ≥ 𝑃𝑑𝑐

𝑚𝑖𝑛, 𝑃𝑑𝑐,𝑡
𝑈 ≤ 𝑃𝑑𝑐

𝑚𝑎𝑥

 (5.17) 

where C, SOCmin, SOCmax, andint max max

EV,t ch dcN ,P , P  are the total capacity, minimum SoC, 

maximum SoC, maximum charging rate, and maximum discharging rate of PEV battery, 

respectively.  

5.5.2 PV Model  

A PV system mainly consists of PV modules and power conditioning unit (i.e., 

interfacing inverter). The power output from PV modules at different time instants can be 

calculated as follows [41]: 

𝑃𝑃𝑉,𝑡
𝑖𝑛𝑡 = 𝜂𝑃𝑉 × 𝑁 × 𝑉𝑡

𝑖𝑛𝑡 × 𝐼𝑡
𝑖𝑛𝑡 ×

𝑉𝑀𝑃𝑃𝐼𝑀𝑃𝑃
𝑉𝑂𝐶𝐼𝑆𝐶

 (5.18) 

in which 

𝑉𝑡
𝑖𝑛𝑡 = 𝑉𝑂𝐶 − 𝐾𝑣𝑇𝑐,𝑡

𝑖𝑛𝑡 (5.19) 

𝐼𝑡
𝑖𝑛𝑡 = 𝑅𝑡

𝑖𝑛𝑡[𝐼𝑆𝐶 + 𝐾𝑖(𝑇𝑐,𝑡
𝑖𝑛𝑡 − 25)] (5.20) 

𝑇𝑐,𝑡
𝑖𝑛𝑡 = 𝑇𝐴 + 𝑅𝑡

𝑖𝑛𝑡 (
𝑇𝑛 − 20

0.8
) (5.21) 

where 𝑇𝑐,𝑡
𝑖𝑛𝑡, TA, Kv, Ki, Tn, Isc, Voc, IMPP, VMPP, 𝑉𝑡

𝑖𝑛𝑡, 𝐼𝑡
𝑖𝑛𝑡 , 𝑅𝑡

𝑖𝑛𝑡 , ηPV, and N are the cell 

temperature at time instant t, ambient temperature, voltage temperature coefficient, 

current temperature coefficient, nominal operating temperature, short circuit current, open 

circuit voltage, current at maximum power point, voltage at maximum power point, cell 

voltage at time instant t, cell current at time instant t, solar radiation at time instant t, PV 
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inverter efficiency, and the number of cells, respectively. It is noted that the output power 

of the PV module is dependent on the solar radiation and ambient temperature as well as 

the number of cells and the characteristics of the module itself. The injected/absorbed 

reactive power of PV inverter to/from the distribution system can be expressed as 

follows: 

𝑄𝑃𝑉,𝑡
𝑖𝑛𝑡 ≤ √𝑆𝑖𝑛𝑣

2 − (𝑃𝑃𝑉,𝑡
𝑖𝑛𝑡 )

2
 (5.22) 

5.5.3 Wind Turbine Model 

The active power output from the wind turbine is dependent on the wind speed as well 

as the parameters of the power performance curve and can be expressed by [41]: 

𝑃𝑊,𝑡
𝑖𝑛𝑡 =

{
 
 

 
 
0                                                     𝑣𝑐𝑜 ≤ 𝑣𝑤,𝑡

𝑖𝑛𝑡 ≤ 𝑣𝑐𝑖

𝜂𝑊 × 𝑃𝑟 × (
𝑣𝑊,𝑡
𝑖𝑛𝑡 − 𝑉𝑐𝑖
𝑉𝑟 − 𝑉𝑐𝑖

)          𝑣𝑐𝑖 ≤ 𝑣𝑤,𝑡
𝑖𝑛𝑡 ≤ 𝑣𝑟  

𝜂𝑊 × 𝑃𝑟                                         𝑣𝑟 ≤ 𝑣𝑤,𝑡
𝑖𝑛𝑡 ≤ 𝑣𝑐𝑜

 (5.23) 

where Pr and ηw are the rated power of the wind turbine and the efficiency of wind 

inverter; 𝑣𝑊,𝑡
𝑖𝑛𝑡 , vci, vco, and vr are the speed at time instant t, cut-in speed, cut-off speed, 

and rated speed of the wind turbine, respectively. Similar to PV, the reactive power 

injection/absorption of the wind turbine inverter with size SW (MVA) to/from the 

distribution system can be expressed as follows: 

𝑄𝑊,𝑡
𝑖𝑛𝑡 ≤ √𝑆𝑊

2 − (𝑃𝑊,𝑡
𝑖𝑛𝑡)

2
 (5.24) 

5.6 Results and Discussions  

The IEEE 33-bus radial distribution system has been used to test the proposed method, 

as given in the Appendix A. 45 % PV penetration and 22 % wind penetration with respect 

to the total load are connected at buses 18 and 33, respectively, as shown in Figure 5.2. 

The analysis is conducted using 24-hour time series of different weather data with a 1-

min resolution. The PEVs are connected to the bus 18 to relieve the voltage rise and 

fluctuation of PV power generation. 

The PV generator was modeled as active power injection and reactive power 

injection/absorption at PCC while the wind generator was modeled as only active power 

injection (i.e., unity power factor). The real-time scenarios are modeled using uncertain 

load, clear/partly cloudy of PV power generation, and wind power generation as shown in 

Figure 5.1. The lower and upper voltage thresholds should be 0.95 p.u. and 1.05 p.u., 
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respectively. The transformer tap ratios are taken as ten taps of 0.01 units from 0.95 to 

1.05. Two PEV models are used in this chapter. The main characteristics of these models 

(e.g., battery energy storage capacity, the initial SoC, Depth of Discharge (DoD)) are 

summarized in Table 5.1. The maximum charging/discharging rate has been chosen to be 

4 kW [84].  

5.6.1 Study Cases 

To demonstrate the effectiveness of the proposed method, the following different cases 

are studied: 

Case 1 this case is performed at unity power factor of PV inverter without considering 

PEVs/transformer tap. 

Case 2 this case is performed at unity power factor of PV inverter without considering 

PEVs, but the transformer tap is considered. 

Case 3 active power charging/discharging of PEVs is optimized at unity power factor 

of PV inverter with considering the transformer tap. 

Case 4 both active power charging/discharging of PEVs and reactive power of PV 

inverter are optimized with considering the transformer tap. 

Case 1 represents the base case, while in Case 2 only the transformer tap is considered.  

Case 3 uses the PEV as distributed energy storages to mitigate the voltage rise and 

fluctuation without considering the reactive power of PV inverter (the inverter of the 

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 187

26 27 28 29 30 31 333219 20 21 22

23 24 25

Active power flow

Reactive power flow
Charging Station

PV System

Wind Farm

 

Figure 5.2 Single line diagram of 33-bus system 

Table 5.1 Characteristics of PEV battery models 

Battery capacity kWh 5.3/24  

Initial SOC % 80 

Maximum DOD % 60 

Maximum SoC % 100 
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wind generator is assumed to be unity power factor for all study cases). Both PEVs and 

reactive power of PV inverter are optimally computed in Case 4. The voltage profiles at 

PCC of PV, bus 18, (there is no voltage rise/fluctuation problems appeared at PCC of the 

wind generator) for different cases are shown in Figure 5.3. 

As shown in Figure 5.3, the voltage violates the upper and lower constraints in the 

base case and there are high fluctuations in the voltage during the partly cloudy day. In 

Case 2, the voltage rise is mitigated while the voltage fluctuations are still high during the 

partly cloudy day. The voltages rise and fluctuations are completely mitigated after 

considering PEVs and PV reactive power capability (Case 3, Case 4). However, the 

voltage in Case 4 is a little higher than Case 3 because of the PV reactive power injection 

in this case. It is noted here that the results of the interval optimization model are 

computed using several accurate optimal power flow calculations.  

The total voltage magnitude deviation and the network active power losses of different 

study cases are shown in Figure 5.4 and Figure 5.5, respectively. Figures 5.4 and 5.5 

show that the upper and lower bounds of total voltage magnitude deviation and network 

active power losses are reduced significantly in Case 3 and Case 4. However, the upper 

and lower bounds in Case 4 are lower than in other cases. It demonstrates that using both 

active power of PEVs and reactive power of PV inverters can do a better job in 

minimizing the total voltage magnitude deviation and the network active power losses 

than only using the active power of PEVs alone. Based on the obtained results in the 33-

bus test system, it is clear that the proposed interval optimization model is superior to the 

traditional deterministic algorithms since it considers system uncertainty and so 

displaying the expected ranges of the voltages and losses.  

Figure 5.6 illustrates the active power charging/discharging of PEVs and the reactive 

power injecting/absorbing of PV inverter to maintain the voltages within limits and to 

 
(a) Clear day 

 
(b) Partly cloudy day 

Figure 5.3 Voltage profiles at PCC for different cases 
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mitigate the fluctuations with minimum losses and voltage magnitude deviation. In Figure 

5.6 (a) and Figure 5.6 (b), the negative parts represent the PEV discharging region while 

the positive parts represent the PEV charging region. It is clear that when the power 

generated by the PV is high, it is the best time for PEVs to charge, therefore the SoC of 

these PEVs will be increased. In the contrast, when the power generated by the PV is low 

and the voltage violates the lower limit, the PEVs work in discharging mode (if possible) 

to improve the voltage profile, therefore their SoC will be decreased. We can note that the 

reactive power injection of PV is the same in clear and cloudy days because the 

fluctuating active power of PV is mitigated by PEVs.   

Figure 5.7 shows the transformer daily tap positions comparison under different four 

study cases. The transformer tap is moved only in Case 2 to mitigate the voltage 

fluctuations and rise. However, the transformer taps movements mitigate the voltage rise 

but, they could not mitigate the voltage fluctuations during the partly cloudy day (Figure 

5.3 (b)). On the contrast, the voltage fluctuations and rise are completely mitigated in 

Cases 3 and 4 without needing to transformer tap movements. Therefore, the lifetime of 

the transformer tap will be increased if the active power of PEVs and reactive power of 

PV inverters are considered as control variables.  

 
(a) Clear day 

 
(b) Partly cloudy day 

Figure 5.4 Total voltage magnitude deviation 

 
(a) Clear day 

 
(b) Partly cloudy day 

Figure 5.5 Network active power losses 
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The corresponding number of PEVs at each time interval to cover the required active 

power charging/discharging is shown in Figure 5.8 (if model 1 is used (5.3 kWh)) and 

Figure 5.9 (if model 2 is used (24 kWh)). Note that the required number of PEVs depends 

on the capacity and SoC of the PEVs and the total active power charging/discharging 

required from the PEVs. For the sake of simplicity, the optimal required number of PEVs 

is computed based on the same SoC at each time interval; if it is not true, different SoC 

can be considered in the optimization model. 

 
(a) Active power of PEVs in clear day 

 
(b) Active power of PEVs in partly 

cloudy day 

 

(c) Reactive power of PV clear day 

 

(d) Reactive power of PV in partly 

cloudy day 

Figure 5.6 Active and reactive power injected/absorbed by PEVs/PV inverter 

 
(a) Clear day 

 
(b) Partly cloudy day 

Figure 5.7 Transformer tap positions 
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5.6.2 Summary  

Table 5.2 compares the simulation results obtained in the four different study cases 

for the 33-bus system in the clear day. The radiuses of voltage magnitude deviation in 

Cases 2, 3 and 4 are 90.67%, 28.74 % and 28 % of the radius of voltage magnitude 

deviation in Case 1, respectively, and the mid-points in Cases 2, 3 and 4 are 

85.27%,33.55 % and 22.96% of the mid-point of voltage magnitude deviation in Case 1, 

respectively. The radiuses of active power losses in Cases 2,3 and 4 are 104.64%, 75.56 

% and 64.69 % of the radius of active power losses in Case 1, respectively, and the mid-

points in Cases 2,3 and 4 are 100.62 %, 58.16 % and 49.53 % of the mid-point of active 

power losses in Case 1, respectively. The summary and comparison of the simulation 

results during the partly cloudy day is shown in Table 5.3 where similar results with the 

clear day are given. In short, the total voltage magnitude deviation and active power 

losses are greatly decreased in Cases 3 and 4. We can note that the total voltage deviation 

and active power losses in Case 4 are lower than in other cases. Therefore, the joint use of 

the reactive power of PV inverters and active power of PEVs can do a better job in 

 

(a) Clear day 

 

(b) Partly cloudy day 

Figure 5.8 Optimal required number of PEVs for model 1 

 

(a) Clear day 

 

(b) Partly cloudy day 

Figure 5.9 Optimal required number of PEVs for model 2 
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securing the distribution system with minimum active power losses and voltage 

magnitude deviation.                                                                                                                                                     

5.7 Conclusions 

In this chapter, an interval optimization method has been proposed for the optimal day-

ahead scheduling of PEV in the presence of uncertain RES. The PEV power and the 

reactive power of PV inverters are formulated as interval variables to be optimally 

computed. Different case studies are tested on the 33-bus distribution system. It is 

demonstrated that the joint utilization of the reactive power of PV inverters and PEVs 

active power is preferable for minimizing the total losses and voltage security. It is also 

shown that the proposed interval optimization method can represent the uncertainty in 

active distribution systems.  

The proposed method can help distribution system operators or aggregators to 

optimally schedule PEVs (and based on that, other resources, too) with considering the 

uncertainty associated with RES and loads, but without the need of accurate forecasts, 

which are difficult to achieve for smaller groups of prosumers.  

The results of this chapter have been published in [S6]. 

 

 

Table 5.2 Comparison between different cases during clear day. 

Item  Case 1 Case 2 Case 3 Case 4 

upper lower upper Upper upper lower upper lower 

Voltage deviation  39.83 18.50 34.54 15.20 12.85 6.72 9.68 3.71 

Active power losses (MW) 117.26 77.81 118.78 77.50 71.63 41.82 61.07 35.55 

Table 5.3 Comparison between different cases during partly cloudy day. 

Item   Case 1 Case 2 Case 3 Case 4 

upper lower upper Lower upper lower upper lower 

Voltage deviation  40.36 18.48 33.35 15.74 12.85 5.34 9.68 3.71 

Active power losses (MW) 101.67 68.00 101.32 67.93 71.63 41.82 61.07 35.55 
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Chapter 6: Optimal Capacity of Renewable DG 

Inverters 

6.1 Introduction 

The voltage regulation problem with DG can be effectively and economically treated 

if both reactive power capability and APC options are considered when oversizing the 

interfacing inverter. In this chapter, the optimal oversize of the interfacing inverter in 

different DG types is calculated for preventing voltage rise. Inverter oversizing cost, APC 

cost, and cost of energy losses are considered in the objective function to be minimized. 

The reason for incorporating the cost of energy losses is that it is demonstrated that 

allowing the DG inverter to inject/absorb reactive powers can increase/decrease system 

losses. To the best of the authors’ knowledge, this is the first work to propose an 

optimization model for determining the optimal DG inverter oversize to regulate voltage 

in distribution systems. The proposed optimization model determines the most 

economical solution for voltage regulation by considering inverter oversize and/or APC 

options. The tap position of the OLTC is also incorporated in the optimization model as a 

control variable to be optimized. To demonstrate the effectiveness of the proposed 

method for calculating the inverter oversizing to prevent voltage rise, it is compared with 

several methods in the literature. The optimal inverter oversizing is comprehensively 

analyzed for different DG types, penetrations, and locations. The proposed method can 

compute the optimal inverter oversize for avoiding the technical problems in the MV 

distribution systems at high DG penetration. The main contributions of the chapter are 

summarized as follows:  

− An optimization model is proposed to determine the optimal DG inverter oversize 

for voltage regulation in the distribution system.  

− Different DG types are incorporated in the proposed optimization-based inverter 

oversizing model. 

− Comprehensive simulations are carried out with different DG types, penetrations, 

and locations. 

The proposed method for the DG inverter oversizing is an efficient tool that can help 

system operators and planners to decide the inverter size of DG to prevent voltage 

problems. 
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6.2 Problem Description  

6.2.1 Voltage Regulation Problem with DG 

The impact of DG units on voltage regulation is considered a serious drawback and 

limitation for high DG penetration. Figure 6.1 shows a schematic diagram of the grid-

connected inverter-based DG unit (PV as an example). A local load is connected to PCC, 

which is placed at DG unit terminals. To draw the maximum efficiency of DG unit, it 

tends to operate in the maximum power point tracking (MPPT) mode. In other words, the 

output power of DG depends on the energy source conditions rather than the power 

Grid
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Figure 6.1 Schematic diagram of MV distribution system connected with DG 
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Figure 6.2 Daily profiles of DG output, local load, and voltage at PCC. (a)  Local load and PV 

generation profile; (b) Voltage profile 
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balance between supply and loads in the feeder. Therefore, the required amount of power 

should be complemented from the main grid. 

Figure 6.2 illustrates the effect of high DG penetration on the voltage profile at PCC. 

As shown in Figure 6.2 (a), the output power of DG exceeds the local load during the 

period Tij. During this period, the power difference between DG output and load will flow 

back to the main grid. Therefore, the voltage at PCC will rise over the nominal voltage 

(VN). As the generation of DG continues to increase, voltage rise at PCC violates the 

upper limit (Vmax) during the period Ts (Ts=Tkm), as shown in Figure 6.2 (b). The period 

(Ts) in which the voltage violates the upper limit is the worst-case period of this day. 

6.2.2  Mitigation Techniques of Voltage Rise Using DG Inverter    

The voltage rise seen at PCC can be alleviated by controlling active and/or reactive 

power injections from the DG inverters. Besides mitigating voltage rise, inverters can also 

alleviate under-voltage by reactive power injection. The smart VSI has a reactive power 

capability which means it can inject/absorb reactive power. Figure 6.3 shows the P-Q 

capability curve of an inverter, where the semicircle represents the limit of the inverter’s 

operating range. Note that the radius of this semicircle denotes the rated power of the 

inverter (Srated), Pinv is the active power output of the inverter, and max
invQ  is the maximum 

reactive power of the inverter. At high power generation of DG, the DG inverters are 

often fully loaded (𝑃𝑖𝑛𝑣 = 𝑃𝑖𝑛𝑣
𝑚𝑎𝑥) (i.e., work at unity power factor), where 𝑃𝑖𝑛𝑣

𝑚𝑎𝑥  is the 

maximum active power that can be injected by DG, so there is no spare capacity to 

inject/absorb reactive power to alleviate the voltage rise problem. If the inverter is not 

oversized, it will not be applicable to absorb reactive power during voltage rise period, 

and so voltage rise problem cannot be fixed.  

6.2.3 Proposed Optimization Model of Inverter Oversizing  

To regulate the voltages and reduce the power losses with minimum total costs, the 

inverters oversizing (Sos) and APC (Pcurt) should be optimally and simultaneously 

computed. Moreover, the tap position of OLTC must be computed optimally. In this 

chapter, the optimal oversize of the DG inverter is calculated considering APC option to 

regulate the voltages and reduce the power losses. Also, the effect of optimal tap position 

of OLTC on the inverter oversize and APC is studied. Based on the reactive power 

capability and APC of the inverters, the following control schemes are considered in this 

chapter, as illustrated in Figure 6.4. 
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− Control scheme A: Only the option of APC is available. The DG inverter has no 

capability to inject/absorb reactive power, i.e., the inverter operates at unity power 

factor. 

− Control scheme B: The inverter has the capability to inject/absorb reactive 

power, and there is no option for APC. The size of DG inverter could be optimally 

oversized by Sos for further reactive power capability.  

− Control scheme C: Both options of control schemes A and B are available. 

6.3 Probabilistic Approach  

6.3.1 Modeling of Renewable Energy Sources and Load  

In this subsection, the probability of the generated power from the RES is considered 

for optimally oversizing their inverters. Two types of RES (PV and WTGS) are 

considered in this study. A study period of one year is selected to represent the random 

behavior of the different RES. Beta and Weibull probability density functions (pdf) are 

used to model hourly solar irradiance and wind speed data, respectively. The load model 

is generated by utilizing the hourly load shape of the IEEE-RTS system. 

6.3.1.1 Solar Irradiance Modeling  

To describe the random phenomenon of the solar irradiance, a Beta pdf is used which 

is formulated as follows: 

𝑓𝑏(𝑅) = { 

Γ(𝛼 + 𝛽)

Γ(𝛼)Γ(𝛽)
× 𝑅(𝛼−1) × (1 − 𝑅)(𝛽−1),            0 ≤ 𝑅 ≤ 1, 𝛼, 𝛽 ≥ 0         

 0,                                                                             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                     

 (6.1) 

The parameters of the Beta pdf (α, β) can be calculated by utilizing the mean (µ) and 

standard deviation (σ) of the random variable R as follows:  

𝛽 = (1 − 𝜇) × (
𝜇 × (1 + 𝜇)

𝜎2
− 1) (6.2) 
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Figure 6.3 Inverter P-Q capability curve 
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Figure 6.4 Different control schemes of the 

inverter 
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𝛼 =
𝜇 × 𝛽

1 − 𝜇
 (6.3) 

To incorporate the output power of the PV system as a multi-state variable in the 

planning formulation, the pdf is divided into several states.  In each state, the solar 

irradiance is within specified limits. The number of states should be carefully selected 

because a small number of states affects the accuracy, whereas a large number increases 

the problem complexity. In this chapter, the number of states is chosen to be 12 states in 

which the step is adjusted to be 100 W/m2 [41,108]. 

The solar irradiance probability of each state can be determined as follows: 

𝑝𝑟𝑜𝑏𝑅(𝐺𝑠) = ∫ 𝑓𝑏(𝑅). 𝑑𝑅

𝑅𝑠2

𝑅𝑠1

 (6.4) 

where R, α, β, 𝑓𝑏(𝑅), 𝑝𝑟𝑜𝑏𝑅(𝐺𝑠) are the solar irradiance, parameters of Beta pdf, beta 

distribution function of R, and probability of the solar irradiance being in state s, 

respectively. Rs1, Rs2 are the solar irradiance limits of state s. 

The output power of the PV module for each state (PPVs)can be calculated by using 

the average value of the solar irradiance at this state as follows [41]: 

𝑃𝑃𝑉𝑠 = 𝑁 ×
𝑉𝑀𝑃𝑃 × 𝐼𝑀𝑃𝑃
𝑉𝑜𝑐 × 𝐼𝑠𝑐

× 𝑉𝑐𝑒𝑙𝑙𝑠 × 𝐼𝑐𝑒𝑙𝑙𝑠 (6.5) 

in which   

𝑇𝐶𝑒𝑙𝑙𝑠 = 𝑇𝐴 + 𝑅𝑎𝑣𝑠 (
𝑁𝑂𝑇 − 20

0.8
) (6.6) 

𝐼𝑐𝑒𝑙𝑙𝑠 = 𝑅𝑎𝑣𝑠(𝐼𝑠𝑐 + 𝐾𝑖(𝑇𝐶𝑒𝑙𝑙𝑠 − 25)) (6.7) 

𝑉𝑐𝑒𝑙𝑙𝑠 = 𝑉𝑜𝑐 − 𝐾𝑣𝑇𝐶𝑒𝑙𝑙𝑠 (6.8) 

where VMPP, IMPP, VOC, ISC, Vcells, Icells, and N are the voltage at maximum power point, 

current at maximum power point, open circuit voltage, short circuit current, cell voltage, 

cell current, and number of PV modules, respectively. Tcells, TA, Ravs, NOT, Ki, and Kv are 

the cell temperature, ambient temperature, average solar irradiance, nominal operating 

temperature of the cell, current temperature coefficient, and voltage temperature 

coefficient, respectively.  

6.3.1.2  Wind Speed Modeling 

To model the behavior of wind speed, Weibull pdf is often recommended [41,109]. 

The Weibull pdf which relates the wind speed and the output power of WTGS is given 

by: 
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𝑓𝑤(𝑣) = (
𝑘

𝑐
) (
𝑣

𝑐
)
(𝑘−1)

exp [− (
𝑣

𝑐
)
𝑘

] (6.9) 

where k and c are the shape index and scale index, respectively. If the shape index is 2, 

the pdf is called a Rayleigh pdf. Hence, Rayleigh pdf is a special case of Weibull pdf 

which can mimic most wind speed profiles. In this work, Rayleigh pdf is utilized to 

model the speed for each state as follows:  

𝑓𝑟(𝑣) = (
2𝑣

𝑐2
) exp [− (

𝑣

𝑐
)
2

] (6.10) 

 As in the case of PV, the pdf for wind speed modeling has been divided into 12 states 

in which the step is adjusted to be 1m/s. The wind speed probability of each state can be 

given as follows: 

𝑝𝑟𝑜𝑏𝑊𝑇(𝐺𝑤) = ∫ 𝑓𝑟(𝑣). 𝑑𝑣

𝑣𝑤2

𝑣𝑤1

 (6.11) 

where 𝑓𝑤(𝑣),  𝑓𝑟(𝑣), v, 𝑝𝑟𝑜𝑏𝑊𝑇(𝐺𝑤), vw1, and vw2 are the weibull distribution function of v, 

Rayleigh pdf, wind speed, probability of the wind speed being in state w, and wind speed 

limits of state w, respectively. 

The output power of wind turbine for each state can be calculated by using the 

average value of the wind speed at this state as follows [41]: 

𝑃𝑊𝑇𝑤 =

{
 
 

 
 
0,                                                         0 ≤ 𝑣𝑎𝑣𝑤 < 𝑣𝑐𝑖

𝑃𝑟𝑎𝑡𝑒𝑑 ×
(𝑣𝑎𝑣𝑤 − 𝑣𝑐𝑖)

(𝑣𝑟 − 𝑣𝑐𝑖)
,            𝑣𝑐𝑖 ≤ 𝑣𝑎𝑣𝑤 < 𝑣𝑟 

𝑃𝑟𝑎𝑡𝑒𝑑,                                                 𝑣𝑟 ≤ 𝑣𝑎𝑣𝑤 < 𝑣𝑐𝑜
0,                                                         𝑣𝑐𝑜 ≤ 𝑣𝑎𝑣𝑤             

 (6.12) 

where Prated, vavw, vci, vco, and vr and are the rated power of the wind turbine, average wind 

speed, cut-in speed, cut-off speed, and rated speed of the wind turbine, respectively. 

6.3.1.3 Load Modeling  

The load profile will be assumed to follow IEEE-RTS [110]. Based on this 

assumption, a clustering technique has been used to divide the load into 10 states utilizing 

the central centroid sorting process [111,112]. Figure 6.5 shows the 10 load states 

accompanied by their probabilities (𝑝𝑟𝑜𝑏𝐿𝑜𝑎𝑑(𝐿𝑦)) which are used in this chapter [109].   

6.3.1.4 Combined Generation-Load Model 

The modeling of PV/WTGS output power and the load are used to generate the 

combined PV-load/ WTGS-load model. In this study, solar irradiance states, wind speed 

states, and load states are assumed to be independent. Based on this assumption, the 
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combined probability of the load and solar irradiance/wind speed (prob{Cg}) can be 

computed by convolving the two probabilities, as described in the following: 

a) Combined solar irradiance-load model 

𝑝𝑟𝑜𝑏{𝐶𝑔} = 𝑝𝑟𝑜𝑏𝑅(𝐺) × 𝑝𝑟𝑜𝑏𝐿𝑜𝑎𝑑(𝐿) (6.13) 

b) Combined wind speed-load model 

𝑝𝑟𝑜𝑏{𝐶𝑔} = 𝑝𝑟𝑜𝑏𝑊𝑇(𝐺) × 𝑝𝑟𝑜𝑏𝐿𝑜𝑎𝑑(𝐿) (6.14) 

Based on this concept, a generation–load model is computed by listing all possible 

combinations of the PV/WTGS output power and the load. The complete generation–load 

model can be calculated as follows: 

Ψ = [{𝐶𝑔, 𝑝𝑟𝑜𝑏(𝐶𝑔)} ∶ 𝑔 = 1:𝑁𝑠] (6.15) 

where prob(Cg) is a vector that represents the combined probability based on matrix C in 

which C is a matrix that includes all possible combinations of the PV/WTGS output 

power state and the load states;  and Ns is the total number of states in the model Ψ, 

which is equal to the product of the solar irradiance/wind speed states and the load states 

(in this study, Ns=12×10=120 states). 

6.3.2 Problem Formulation  

6.3.2.1  Modeling of Inverter-Based DG  

DG is sometimes connected to a distribution grid by asynchronous generators or 

synchronous generators. Some DG types, such as fuel cells, PV, WTGS, and 

microturbines are connected to distribution system through electronic power devices 

 

Figure 6.5 The yearly probability of the load 
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(DC/AC or AC/AC converters). In such inverter-based DG, the active power output, the 

reactive power output, and the oversize of the DG inverter can be described as follows: 

𝑃𝑖𝑛𝑣 = {
𝑃𝑀𝑃𝑃𝑇 − 𝑃𝑐𝑢𝑟𝑡              𝑉𝑃𝐶𝐶 ≥ 𝑉𝑚𝑎𝑥

𝑃𝑀𝑃𝑃𝑇                             𝑉𝑃𝐶𝐶 < 𝑉𝑚𝑎𝑥
 (6.16) 

𝑄𝑖𝑛𝑣
𝑚𝑎𝑥 = ±√(𝑆𝑟𝑎𝑡𝑒𝑑 + 𝑆𝑜𝑠

𝑚𝑎𝑥)2 − 𝑃𝑖𝑛𝑣
2  (6.17) 

𝑆𝑜𝑠 = {

0                                                 𝑉𝑚𝑖𝑛 ≤ 𝑉𝑃𝐶𝐶 ≤ 𝑉𝑚𝑎𝑥

√𝑃𝑖𝑛𝑣
2 + 𝑄𝑖𝑛𝑣

2 − 𝑆𝑟𝑎𝑡𝑒𝑑          𝑉
𝑚𝑖𝑛 > 𝑉𝑃𝐶𝐶  𝑜𝑟 𝑉𝑃𝐶𝐶 > 𝑉

𝑚𝑎𝑥
 (6.18) 

Equation (6.16) implies that if the voltage at PCC is greater than the upper voltage 

limit, the curtailed power has real value (0 < Pcurt ≤ PMPPT), otherwise it is zero. The 

constraint in (6.17) defines the maximum reactive power injection/absorption of the DG 

inverter considering the rated inverter capacity and the maximum inverter oversize value. 

The optimal inverter oversize is described in (6.18) where Qinv is the optimal value of 

output reactive power. It is important to note that Pcurt and Sos are required to be 

simultaneously computed so as to prevent the voltage rise problem with DG. 

Furthermore, it is worth to mention that the expressions (6.16) -(6.18) are valid only if the 

inverter oversize and/or APC are/is optimally computed to regulate the voltage without 

considering any other factors to be minimized. On the other hand, if any other factors are 

added to the objective function (e.g., energy losses of the system, inverter losses), Pcurt 

and/or Sos may have real values greater than zero even the voltage is within limits. 

6.3.2.2 Optimization Model for Optimal Inverter Oversizing  

In this work, the optimal inverter oversize for voltage regulation in MV distribution 

systems is aimed to be computed. Minimizing the total costs (Ctotal) for all possible 

combinations of load and DG output power are considered in the objective function. The 

proposed optimization model is mathematically formulated as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐶𝑡𝑜𝑡𝑎𝑙 =∑(𝐶𝑔1 + 𝐶𝑔2 + 𝑥𝐶𝑔3 + 𝑦𝐶𝑔4)

𝑁𝑠

𝑔=1

× 𝑝𝑟𝑜𝑏(𝐶𝑔) (6.19) 

in which 

𝐶𝑔1 = 𝑇𝑝𝐶𝐿𝑃𝐿𝑑𝑠,𝑔 (6.20) 

𝐶𝑔2 = 𝑇𝑝 ∑ 𝐶𝑖𝑛𝑣,𝑘𝑃𝐿𝑖𝑛𝑣,𝑘,𝑔
𝑘∈∅𝑑𝑔

 (6.21) 
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𝐶𝑔3 = ∑ 𝑎𝑠,𝑘 + 𝑏𝑠,𝑘𝑆𝑜𝑠,𝑘,𝑔 + 𝑐𝑠,𝑘𝑆𝑜𝑠,𝑘,𝑔
2

𝑘∈∅𝑑𝑔

 (6.22) 

𝐶𝑔4 = ∑ 𝑎𝑝,𝑘 + 𝑏𝑝,𝑘𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔 + 𝑐𝑝,𝑘𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔
2

𝑘∈∅𝑑𝑔

 (6.23) 

where 

𝑃𝐿𝑑𝑠,𝑔 = ∑ [𝐺𝑖𝑗(𝑉𝑖,𝑔
2 𝑡𝑎𝑝𝑖𝑗,𝑔

2 + 𝑉𝑗,𝑔
2 − 2𝑉𝑖,𝑔𝑉𝑗,𝑔𝑡𝑎𝑝𝑖𝑗,𝑔𝑐𝑜𝑠 𝛿𝑖𝑗,𝑔)]

(𝑖,𝑗)∈∅𝑟

 (6.24) 

𝑃𝐿𝑖𝑛𝑣,𝑘,𝑔 = 𝑎𝑖𝑛𝑣,𝑘 + 𝑏𝑖𝑛𝑣,𝑘(𝑆𝑟𝑎𝑡𝑒𝑑,𝑘 + 𝑆𝑜𝑠,𝑘,𝑔) + 𝐶𝑖𝑛𝑣,𝑘(𝑆𝑟𝑎𝑡𝑒𝑑,𝑘 + 𝑆𝑜𝑠,𝑘,𝑔)
2
 (6.25) 

where Cg1, Cg2, Cg3, and Cg4   are the cost of energy losses in the distribution system 

during state g, cost of energy losses in the inverter during state g, cost of inverter oversize 

during state g, and cost of curtailing active power during state g, respectively. as, bs, and 

cs are the cost coefficients of inverter oversize. ap, bp, and cp are the cost coefficients of 

active power curtailment.∅𝑑𝑔, ∅𝑟, PLds,g and 𝑃𝐿𝑖𝑛𝑣,𝑘,𝑔 are the set of inverters-based DG 

locations, set of branches of the system, active power losses of a distribution system 

during state g, and active power losses of kth inverter during state g, respectively. Tp and 

tapij,g  are the time duration of the planning period and tap position of OLTC in the line i-j 

during state g, respectively. CL, Cinv,k, Sos,k,g, and Pcurt,k,g are the cost rate of energy losses 

in the distribution system, cost rate of energy losses in kth inverter, oversizing of kth 

inverter, and APC of kth inverter, respectively. 

The cost functions are given in equations (6.22) and (6.23) are assumed as quadratic 

equations. Quadratic equations are utilized instead of linear equations to represent the 

general case. The choice of the coefficients of these quadratic equations is based on the 

prices of the available commercial inverters and energy prices [113,114]. In [115], a price 

list of different inverter sizes is given which can be used to calculate the parameters of the 

cost function based on the curve fitting technique. In this chapter, we have used the 

parameters given in the Appendix C. The quadratic equation in (6.25) represents the total 

active power losses in the inverter in which the active power loss in an inverter can be 

approximated by a quadratic function of its apparent power. Where ainv,k, binv,k, and cinv,k 

are the inverter’s standby losses, voltage-dependent losses over the power electronic 

components (proportional to the current), and ohmic losses over the impedances 

(proportional to the square of the current) at bus k, respectively [116].  

It is interesting to note that this model is efficient to choose the proper control scheme 

which achieves the goal of minimum total costs. This selection is modeled using the 
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binary variables x and y (x, y ∈ {0,1}), where the values of x, y depend on the used control 

scheme as follows: 1) x = 0, y = 1 for the control scheme A, 2) x = 1, y = 0 for the control 

scheme B, and 3) x = y = 1 for the control scheme C.  

The following constraints are considered in the optimization model 

      𝑃𝐺,1,𝑔 + 𝐶(𝑔, 1)𝑃𝐷𝐺,𝑖 − 𝐶(𝑔, 2)𝑃𝑑,𝑖

− 𝑉𝑖,𝑔∑𝑉𝑗,𝑔𝑡𝑎𝑝𝑖𝑗,𝑔[𝐺𝑖𝑗 cos(𝛿𝑖𝑗,𝑔) + 𝐵𝑖𝑗sin (𝛿𝑖𝑗,𝑔)] = 0      ∀ 𝑖 ∈ ∅𝑏 , 𝑔 

𝑁𝐵

𝑗=1

 
(6.26) 

   𝑄𝐺,1,𝑔 − 𝑄𝑖𝑛𝑣,𝑖,𝑔 − 𝐶(𝑔, 2)𝑄𝑑,𝑖

− 𝑉𝑖,𝑔∑𝑉𝑗,𝑔𝑡𝑎𝑝𝑖𝑗,𝑔[𝐺𝑖𝑗 sin(𝛿𝑖𝑗,𝑔) + 𝐵𝑖𝑗cos (𝛿𝑖𝑗,𝑔)] = 0   ∀ 𝑖 ∈ ∅𝑏 , 𝑔

𝑁𝐵

𝑗=1

 
(6.27) 

−𝑄𝑖𝑛𝑣,𝑘,𝑔
𝑚𝑎𝑥 ≤ 𝑄𝑖𝑛𝑣,𝑘,𝑔 ≤ 𝑄𝑖𝑛𝑣,𝑘,𝑔

𝑚𝑎𝑥               ∀ 𝑘 ∈ ∅𝑑𝑔, 𝑔 (6.28) 

                                  𝑉𝑚𝑖𝑛 ≤ 𝑉𝑘,𝑔 ≤ 𝑉
𝑚𝑎𝑥                          ∀ 𝑘 ∈ ∅𝑑𝑔, 𝑔 (6.29) 

𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔
𝑚𝑖𝑛 ≤ 𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔 ≤ 𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔

𝑚𝑎𝑥              ∀ 𝑘 ∈ ∅𝑑𝑔, 𝑔 (6.30) 

𝑆𝑜𝑠
𝑚𝑖𝑛 ≤ 𝑆𝑜𝑠,𝑘,𝑔 ≤ 𝑆𝑜𝑠

𝑚𝑎𝑥                          ∀ 𝑘 ∈ ∅𝑑𝑔, 𝑔 (6.31) 

                              𝑡𝑎𝑝𝑚𝑖𝑛 ≤ 𝑡𝑎𝑝𝑖𝑗,𝑔 ≤ 𝑡𝑎𝑝
𝑚𝑎𝑥                ∀ (𝑖, 𝑗) ∈ ∅𝑟 , 𝑔 (6.32) 

Where ∅𝑏, tapmin, and tapmax are the set of buses of the system, minimum tap position of 

OLTC, and maximum tap position of OLTC, respectively. 𝑆𝑜𝑠
𝑚𝑎𝑥, 𝑆𝑜𝑠

𝑚𝑖𝑛, 𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔
𝑚𝑖𝑛 , and 

𝑃𝑐𝑢𝑟𝑡,𝑘,𝑔
𝑚𝑎𝑥  are the maximum inverter oversize, minimum inverter oversize, minimum APC 

at bus k during state g, and maximum APC at bus k during state g, respectively.  

Expressions (6.28) and (6.30) give a capability curve presented in Figure 6.4. It is 

worth to mention that different constraints can be considered in the optimization model 

according to the utility requirements.  

6.3.2.3 Solution Process  

The block diagram of the proposed method is shown in Figure 6.6. As shown in the 

figure, the block diagram consists of four stages. The first stage is data collection, where 

the algorithm collects all required data from the system and DG units (e.g., system data, 

system constraints, DG types, and historical/long-term forecast of DG production). These 

data are structured in the second stage where the probabilities of the generated power 

from DG and the load through the whole planning period are estimated, and the 

optimization model is constructed. The optimization model described in this section is 

solved in the third stage. Both the reactive power of the DG inverter (represented by Qinv) 
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and the active power of the DG inverter (represented by Pinv where it is a function in Pcurt) 

have been optimized in the optimization model. All results are printed in the fourth stage. 

The objective function in (6.19-6.32) is solved by using the interior-point nonlinear 

optimization method (Appendix B). The objective function is modeled using AMPL [79]. 

6.3.3 Results and Discussions  

A 69-bus distribution system shown in Figure 6.7 has been used to test the proposed 

method (see the details in Appendix A). The lower and upper voltage thresholds should 

be 0.95 p.u. and 1.05 p.u., respectively. The planning period is assumed to be one year, 

and the parameters of the cost functions are given in the Appendix C. Note that only one 

DG is connected to the system which can be either PV or WTGS, but its location is 

changed. The probabilities of PV power and WTGS power are given in Table 6.1 

[108,109].  

Define the constraints of the 

distribution system

Estimate the probabilities of DG power and load during the planning period

Solve the optimization problem (6.19)-(6.32) to get the optimal inverter oversize 

that regulates the voltages and minimizes the total costs 

Read system data

Print optimal inverter oversize, optimal APC, optimal tap position, total costs, 

active losses, and voltages at all buses
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Stage I: Data Collection 

 

Figure 6.6 Block diagram of the proposed method 
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6.3.3.1  Optimal Inverter Oversize of Different DG Types  

In this subsection, the proposed method has been applied to two different DG types 

(PV and WTGS) without considering OLTC. The following DG penetrations with respect 

to the total load of the studied distribution system are considered here: 

• Low DG penetration (20 %)  

• Medium DG penetration (40 %, 60 %) 

• High DG penetration (80 %, 100 %) 

The calculated inverter oversize as a percent of its rated size and total curtailed energy 

during the planning period for different DG types and at the different DG locations with 

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 277

36 37 38 39 40 41 43 44 45 4642

47 48 49 50 51 52 66 67 68 69

28 29 30 31 32 33 3534

53 54 55 56 57 58 60 61 62 63 64 6559

Slack Bus

 

Figure 6.7 Single line diagram of the 69-bus system 

Table 6.1 Probabilities of PV and WTGS powers 

PV power probabilities WTGS power probabilities 

State No % of rated power Probability State No % of rated power Probability 

1 0 0.052 1 0 0.206 

2 9.091 0.173 2 4.998 0.066 

3 18.182 0.106 3 14.995 0.112 

4 27.273 0.115 4 19.993 0.104 

5 36.364 0.106 5 34.988 0.112 

6 45.455 0.11 6 44.985 0.091 

7 54.545 0.099 7 54.982 0.077 

8 63.636 0.088 8 64.979 0.050 

9 72.727 0.068 9 74.976 0.045 

10 81.818 0.056 10 84.972 0.033 

11 90.909 0.025 11 94.969 0.025 

12 100 0.002 12 100 0.078 
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low, medium, and high DG penetrations are shown in Figures 6.8-6.11. As shown in these 

figures, the inverter oversizing is the optimal selection of the optimization algorithm in 

some locations instead of APC or the combination of them (e.g., buses 59 and 60 with 

low and medium penetration of PV, and buses 57 and 58 with low and medium 

penetration of WTGS) and only APC option is selected in other locations (e.g., buses 34 

and 35 with all different penetrations of PV, and buses 32 and 33 with all different 

penetrations of WTGS). Furthermore, in some locations, neither inverter oversizing, nor 

APC is required to minimize the objective function (e.g., buses 3 and 4 with all different 

penetrations of PV, and buses 41 and 42 with all different penetrations of WTGS). On the 

other hand, both options of APC and inverter oversizing are the optimal selection of the 

optimization algorithm in some locations (e.g., buses 62-64 with medium and high 

penetrations of PV, and buses 57-59 with the high penetration of WTGS). It is important 

to note that in the case of calculating real values for both APC and inverter oversize, the 

required injected/absorbed reactive power is supported by the spare capacity of the 

 

Figure 6.8 Optimal oversize of the PV 

inverter at different locations of the studied 

system with five different PV penetrations 

(69-bus distribution system) 

 
Figure 6.9 Optimal oversize of the WTGS 

inverter at the different locations of the studied 

system with five different WTGS penetrations 

(69-bus distribution system) 

 

Figure 6.10 Optimal curtailed energy from 

PV at the different locations of the studied 

system with five different PV penetrations 

(69-bus distribution system) 

 

Figure 6.11 Optimal curtailed energy from 

WTGS at the different locations of the studied 

system with five different WTGS penetrations 

(69-bus distribution system) 
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inverter due to APC. If this spare capacity is not sufficient for the reactive power support, 

the inverter will be oversized to cover the required reactive power injection/absorption. It 

is worth to mention that with increasing the DG penetration the calculated inverter 

oversize is decreased while the calculated APC is increased.   

The voltage profiles at PCC during the extreme state (i.e., state 120, in which the DG 

power is maximum, whereas the load is minimum) without and with applying the 

proposed method for the different DG types are given in Figures 6.12 and 6.13. It is clear 

that, without applying the proposed method, the voltages at PCC violate the upper limits 

in many locations as shown in the figures. The proposed method regulates the PCC 

voltages of all the violated cases.  

This analysis demonstrates that the optimal inverter oversize and APC values vary 

significantly depending on the DG type, DG location, and DG penetration. Therefore, it is 

important to compute the inverter oversize optimally using the proposed method.   

6.3.3.2 Comparison of the Proposed Method with Existing Methods  

To demonstrate the effectiveness of the proposed method, comparisons have been 

 
(a) without applying the proposed method. 

 
(b) with applying the proposed method. 

Figure 6.12 Voltage profiles at PCC with installing PV in the 69-bus distribution system 

(extreme state) 

 
(a) without applying the proposed method. 

 
(b) with applying the proposed method. 

Figure 6.13  Voltage profiles at PCC with installing WTGS in the 69-bus distribution system 

(extreme state) 
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performed against the following methods. 

Method 1: the inverter oversize is optimally computed to minimize the active power 

loss without considering APC [117]. 

Method 2: the inverter is oversized by 60 % of its rated capacity [36]. 

Method 3: the inverter is oversized to keep the inverter pf constant [38] (e.g., equal to 

the load pf) 

Method 4: the inverter is oversized by 10 % of its rated capacity [35,118]. 

The total costs obtained by applying those methods have been compared with the total 

costs obtained by applying the proposed method, as shown in Figures 6.14 and 6.15. In 

the case of Method 1, only active power losses are considered to compute the optimal 

inverter oversize. The inverter is oversized by fixed percentages of the rated inverter size 

 
(a) 20% penetration 

 
(b) 40% penetration 

 
(c) 60% penetration   

 
(d) 80% penetration 

 
(e) 100% penetration 

Figure 6.14 Normalized costs with installing PV at different locations of the 69-bus distribution 

system 
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in Methods 2-4. These percentages are not optimal oversize. It can be seen from Figures 

6.14 and 6.15 that at all DG locations and with the different DG penetrations, the total 

costs are much high when Methods 1-4 have been applied and these total costs are 

increased with the increasing of DG penetration. On the contrast, the total costs are 

significantly decreased when the proposed method has been applied.    

Based on this analysis, the optimal DG location for the different methods with the 

different DG penetrations as well as the corresponding inverter oversize and total costs 

are compared in Tables 6.2 and 6.3 for PV system and WTGS, respectively. Pent., Prop., 

M1, M2, M3, M4 denote the DG penetration, proposed method, Method 1, Method 2 

Method 3, and Method 4, respectively. From those tables, it is clear that the optimal DG 

location and inverter oversize depend on the used method, DG type, and DG penetration. 

Moreover, the proposed method is better than the other methods for different DG types 

 
(a) 20% penetration 

 
(b) 40% penetration 

 
(c) 60% penetration 

 
(d) 80% penetration 

 
(e) 100% penetration 

Figure 6.15 Normalized costs when installing WTGS at the different locations of the 69-bus 

distribution system 
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and DG penetration in minimizing the total costs, especially at high DG penetration. It is 

worth to mention that; Method 2 is not recommended for high DG penetration due to high 

total costs.  

6.3.3.3 Effect of OLTC  

In this subsection, the effect of OLTC (at the substation) operation on the total costs 

and inverter oversize has been studied. In this analysis, optimal inverter oversize, optimal 

APC, and optimal tap position of OLTC are computed simultaneously. The tap ratios of 

OLTC are taken as 33 tap positions (16 taps up, 16 taps down, and neutral tap). The 

transformer secondary voltage is regulated at 1.0 pu with the neutral tap and changes in 

steps of order 0.625%. The results of considering OLTC is shown in Figures 6.16. Figure 

6.16 (a) shows the optimal tap positions of OLTC for different DG types at optimal DG 

locations with different DG penetrations.   

As shown in Figure 6.16 (a), at low DG penetration (20%), the tap position of OLTC 

reaches to eighth position (1.05) in case of PV system while it reaches to seventh position 

(1.04375) WTGS. On the other hand, at medium DG penetrations (40% and 60%), the tap 

position of OLTC reaches the third position (1.01875) for both DG types. The tap of 

OLTC reaches to the second position (1.0125) at high DG penetration (80% and 100%) 

for both DG types. It is clear that, for different DG types and different DG penetrations, 

the tap position of OLTC is greater than the neutral tap (1.00), unlike the analysis 

described before, in which the tap position of OLTC was fixed at the neutral tap. From 

Table 6.2 Optimal DG location, inverter oversize, and total costs with installing PV in the 69-

bus distribution system. 

Pent. 
Optimal DG location Oversize % Total normalized cost 

M1 M2 M3 M4 Prop. M1 M2 M3 M4 Prop. M1 M2 M3 M4 Prop. 

20% 35 61 61 61 56 0.05 60 22.55 10 0 0.94 1.33 1.09 0.98 0.92 

40% 35 35 35 35 35 0.04 60 22.55 10 0 1.02 1.80 1.46 1.30 1.00 

60% 32 35 35 35 27 0.02 60 22.55 10 0.01 1.02 1.99 1.56 1.37 1.00 

80% 31 27 27 27 27 0.02 60 22.55 10 0 1.03 2.05 1.58 1.36 0.96 

100% 30 27 27 27 27 0.01 60 22.55 10 0 1.03 1.98 1.51 1.30 0.91 
 

Table 6.3 Optimal DG location, inverter oversize, and total costs with installing WTGS in the 

69-bus distribution system 

Pent. 
Optimal DG location Oversize % Total normalized cost 

M1 M2 M3 M4 Prop. M1 M2 M3 M4 Prop. M1 M2 M3 M4 Prop. 

20% 35 61 61 61 19 0.05 60 22.55 10 0 1.01 1.46 1.20 1.09 1.00 

40% 35 35 35 35 35 0.04 60 22.55 10 0 1.02 1.79 1.45 1.29 1.00 

60% 32 35 27 27 27 0.02 60 22.55 10 0.005 1.02 1.97 1.54 1.34 0.98 

80% 31 27 27 27 27 0.02 60 22.55 10 0.003 1.03 1.95 1.51 1.30 0.93 

100% 30 27 27 27 27 0.01 60 22.55 10 0.002 1.03 1.87 1.43 1.23 0.86 
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this analysis, the optimal tap position of OLTC differs depending on the DG location and 

penetration.  

The percentages of cost reduction (CR) and oversize reduction (OSR) of the inverter 

with considering OLTC can be described as follows:  
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CR formulated in (6.33) is shown in Figure 6.16 (b) at optimal DG locations with 

different DG penetrations for different DG types. It is observed from this figure that the 

value of CR varies with the DG type, DG location, and DG penetration. In case of the PV 

system, the maximum CR is 9.10% at bus 56 (optimal location of 20% penetration) with 

20 % DG penetration, while the minimum CR is 1.54 % with 100 % DG penetration at 

bus 27 (optimal location of 100% penetration). The value of CR at other DG locations 

 
(a) 

 
(b) 

 
(c) 

Figure 6.16 Results with considering OLTC: a) Optimal tap position of OLTC; b) CR with 

considering OLTC; c) OSR with considering OLTC 
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and DG penetrations varies between those maximum and minimum values. On the other 

hand, in the case of WTGS, the maximum and minimum CR are 7.77 % and 1.54 % with 

20% and 100% DG penetrations at their optimal locations (bus 19 and bus 27), 

respectively. Therefore, considering the operation of OLTC in the optimization algorithm 

has a significant benefit in reducing the total cost.   

Figure 6.16 (c) illustrates the OSR values at different DG locations and DG 

penetrations for different DG types. It is noted that there is no reduction in the inverter 

oversize at some locations and penetrations of DG because the inverter is not oversized 

with/without considering OLTC, while OSR is 100 % at the locations and penetrations of 

DG in which the inverters is oversized without considering OLTC.  

6.3.3.4 Results of the IEEE 33-Bus Distribution System 

To evaluate the effectiveness of the proposed method when applied to a different test 

system, the IEEE 33-bus distribution system shown in Figure 6.17 was selected for this 

purpose as given in the Appendix A. To avoid results repetition, only one DG type (PV) 

is considered in this analysis while the results for the other DG type follows the same 

trend.  

The inverter oversize and the total curtailed energy during the planning period at the 

different DG locations of the studied system with different DG penetrations (low, 

medium, and high) are shown in Figures 6.18 and 6.19, respectively. As shown in these 

figures, like the first test system (69-bus distribution system), the optimal selection of the 

optimization algorithm varies among inverter oversizing, APC, or both of them according 

to the DG location and DG penetration. At certain locations, neither inverter oversizing, 

nor APC is selected by the optimization algorithm.   

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 187

26 27 28 29 30 31 333219 20 21 22

23 24 25

 

Figure 6.17 Single line diagram of 33-bus system 
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The voltage profiles at PCC during the extreme state without and with applying the 

proposed method are given in Figure 6.20. Without applying the proposed method, the 

voltage violates the upper limit of the voltage at many locations with different DG 

penetrations. In turn, when applying the proposed method, the voltages at PCC are kept 

within acceptable limits at all DG locations with different DG penetrations as shown in 

Figure 6.20 (b). Therefore, the proposed method can solve the voltage rise problem at the 

high penetration of DG. 

 The optimal DG location, the corresponding inverter oversize, and the corresponding 

total costs by applying the different methods to the studied distribution system with the 

 
(a) without applying the 

proposed method 

 
(b) with applying the proposed method 

Figure 6.20 Voltage profiles at PCC with installing PV in the 33-bus distribution system 

(extreme state) 

Table 6.4 Optimal DG location, inverter oversize, and total costs with installing PV in the 33-

bus distribution system. 

Pent. 
Optimal DG location Oversize % Total normalized cost 

M1 M2 M3 M4 Prop. M1 M2 M3 M4 Prop. M1 M2 M3 M4 Prop. 

20% 30 22 30 30 30 95.37 60 17.65 10 25.91 1.56 1.51 1.21 1.13 0.91 

40% 22 22 22 22 5 0.70 60 17.65 10 0.00 2.19 1.90 1.44 1.33 1.00 

60% 18 22 18 18 5 2.70 60 17.65 10 0.00 1.81 2.16 1.55 1.40 1.00 

80% 18 18 18 18 18 1.53 60 17.65 10 0.48 1.37 2.09 1.48 1.33 0.98 

100% 18 18 18 18 18 0.98 60 17.65 10 0.31 1.06 1.93 1.37 1.23 0.89 
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Figure 6.18 Optimal oversize of the PV 

inverter at different locations of the studied 

system (33-bus system) with five different PV 

penetrations 

 
Figure 6.19 Optimal curtailed energy from PV 

at the different locations of the studied system 

(33-bus system) with five different PV 

penetrations 
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different DG penetrations are given in Tables 6.4. This table shows that the proposed 

method gives the minimum total cost for different DG penetration, especially at high DG 

penetration. The previous results demonstrate the effectiveness of the proposed method 

for calculating the optimal inverter oversize and optimal APC to prevent the voltage rise 

problem with minimum cost. Furthermore, the proposed method is applicable to different 

DG types, DG locations, DG penetrations, and distribution systems. Therefore, it is 

recommended to use the proposed method for computing the inverter oversize optimally.  

6.4 Deterministic Approach  

In this section, the optimal capacity of the DG inverter is computed without 

considering the probability of the generated power from the RES or load. The 69-bus 

distribution system has been used here. Based on the reactive power capability and active 

power curtailment of the PV inverter, the following cases are considered in this section. 

− Case 1: This base case is simulated based on the original state of the distribution 

system without considering any inverter control option. 

− Case 2: Only the option of active power curtailment is available. The PV inverter 

will have no reactive power capability, i.e., the inverter operates at unity power 

factor. 

− Case 3: The PV inverter has the reactive power capability and there is no option 

for active power curtailment. The capacity of the PV inverter could be optimally 

increased to allow more reactive power capability.  

− Case 4: Both options of active power curtailment and reactive power capability 

are available.  

6.4.1 Simulation Results for Different Control Schemes   

The optimal capacity of the PV inverter is computed with considering the different 

case studies of the inverter mentioned before. A PV system is assumed to be connected to 

bus 65. The voltage profiles at PCC (bus 65) for different case studies with varying PV 

penetration with respect to the total system loads are shown in Figure 6.21. Figure 6.21 

(a) shows the variation in the voltage at PCC with PV penetration for the base case (Case 

1). This curve is divided into three regions based on voltage limits as follows: 

− Under-voltage region for low PV penetration (1 %-20 %).  

− Normal voltage region for medium PV penetration (21 %-80 %).       

− Over-voltage region for high PV penetration (81 %-100 %).       
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As shown in Figure 6.21 (b), the voltage rise problem at high PV penetration is 

completely mitigated in Case 3 and Case 4. However, the voltage in Case 3 is still on the 

upper margin while in Case 4, the voltage rise is mitigated and becomes more secure. At 

low PV penetration, the voltage is slightly increased, and the under-voltage region is 

slightly decreased (1 %-12 %). Note that at very low PV penetration the inverter capacity 

might not improve the voltage to be within limits due to the upper limit of the PV inverter 

capacity (maximum capacity is assumed to be 200% of its rated capacity). On the other 

hand, the voltage rise problem is solved by using active power curtailment option (Case 

2) while there is no improvement in the voltage at low PV penetration. Therefore, the 

results demonstrate that the optimal capacity of the PV inverter by using Case 4 can do a 

better job in voltage regulation than the other Cases.  

 
(a) 

 
(b) 

Figure 6.21 Voltage profiles at PCC: (a) Case 1; (b) Different case studies 
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Figure 6.22 illustrates the optimal capacity of the PV inverter as a percent of its rated 

capacity for the different case studies. At low PV penetration (1 %-12 %), the PV inverter 

capacity is increased 100 % of its rated capacity, mean that the total capacity of the PV 

inverter is doubled, in Case 3 and Case 4 to inject reactive power for voltage support. 

After this point (12 %), the PV inverter capacity starts to decrease because the voltage is 

within constraints and the active PV power injected is increased. At medium PV 

penetration, the capacity of the PV inverter is increased to minimize the total costs till a 

certain penetration at which the calculated optimal capacity of the PV inverter decreases 

to avoid violating the upper voltage limit. At high PV penetration, the capacity of the PV 

inverter is increased to absorb reactive power for preventing the voltage from violating 

the upper limit as shown in Case 3 while in Case 4, the active power curtailment is more 

cost-efficient than increasing the capacity of the PV inverter.   

Active power losses and normalized total costs at different PV penetration are shown 

in Figures 6.23 and 6.24, respectively. The figures show that Case 4 is better than the 

 
Figure 6.22 Variation in optimal capacity of the PV inverter with PV penetration 

 
Figure 6.23 Active power losses. 
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other cases at this PV location (bus 65) in minimizing the losses and the total costs, 

especially at high PV penetration. Note that Case 3 is not recommended at high PV 

penetration due to excessive losses and high total costs.   

6.4.2 PV Inverter Oversizing at Different Locations 

In this subsection, we compute the optimal capacity of the PV inverter at different 

locations (buses 27, 35, 61, 64, and 69). Since Case 4 displays better results compared 

with the other three cases, only this case (Case 4) is considered here. The optimization 

results at the different locations with three penetrations are shown in Table 6.5 and 

Figures 6.25 and 6.26 and summarized as follows:   

− At low PV penetration (20%), when PV is connected to bus 64, it displays 

minimum active power losses and total costs compared to other locations. The 

optimal capacity of the PV inverter at this location is 127.9 % of its rated capacity 

and there is no active power curtailment.  

− At medium PV penetration (60%), bus 60 displays the optimal location while the 

optimal capacity of the PV inverter at this location is 103.0 % and there is no 

active power curtailment.  

− At high PV penetration (100%), bus 27 displays the optimal location in terms of 

total costs while the optimal location in terms of active power losses is bus 64. 

The active power curtailment at these buses are 2.186 MW and 0.794 MW, 

respectively, and there is the capacity of the PV inverter is 100 %, which means 

that there is no increase in the capacity of the PV inverter. However, there is an 

amount of reactive power at the later bus due to spare capacity appeared after 

active power curtailment.  

 
Figure 6.24 Normalized total costs 
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This analysis demonstrates that the optimal capacity of the PV inverter and active 

power curtailment significantly varies depending on the PV location and penetration. 

Therefore, it is important to compute the capacity of the PV inverter optimally using the 

proposed formulation for voltage regulations with minimum total costs.   

Table 6.5 Results for different PV locations. 

Bus 

 

Item 

 

PV penetration % 

20 60 100 

27 

Qinv (Mvar) 0.000 0.000 0.000 

Inverter capacity % 100 100 100 

Pcurt (MW) 0.000 0.669 2.186 

35 

Qinv (Mvar) 0.000 0.000 0.000 

Inverter capacity % 100 100 100 

Pcurt (MW) 0.000 1.292 2.812 

60 

Qinv (Mvar) 0.640 0.570 0.557 

Inverter capacity % 130.723 103.075 100 

Pcurt (MW) 0.000 0.000 0.135 

64 

Qinv (Mvar) 0.606 0.574 0.583 

Inverter capacity % 127.931 103.120 100 

Pcurt (MW) 0.000 0.000 0.794 

69 

Qinv (Mvar) 0.000 0.000 0.000 

Inverter capacity % 100 100 100 

Pcurt (MW) 0.000 0.000 0.342 

 
Figure 6.25 Normalized total costs with different PV penetrations 

 
Figure 6.26 Active power losses with different PV penetrations 
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6.5 Conclusions  

In this chapter, an optimization method is proposed for determining the optimal 

oversize of DG inverters for voltage regulation by considering reactive power capability 

and APC. The costs of inverter oversizing and APC are incorporated in the optimization 

model. Additionally, the active losses in MV distribution systems and DG inverter are 

considered. The optimal oversizing of DG inverters for reactive power control can be 

accurately computed for voltage regulation. The results confirmed that considering APC 

in the proposed inverter oversizing method can effectively regulate voltages with 

minimum total costs, especially at high DG penetration. It is also demonstrated that the 

optimal inverter oversize differs depending on DG type, location, and penetration.  

The proposed method is a helpful tool for system planners to calculate the optimal 

inverter oversize for voltage regulation at different DG penetration levels. It is worth to 

mention that the DSO could bear the costs, and in this case, he must have the right and 

physical possibility to control (at least) the reactive power injection. One way of doing 

this is to buy reactive power or APC services from generator operators. (Proper incentive 

mechanisms still need to be elaborated, but this is out of the scope of this Thesis.)  

Another practical aspect of the results can be understood when considering the 

current practice of the permission process for new DG. The DSO has to perform in 

advance (before granting new DG connection) detailed grid simulations and adjust for 

situations with incrementally added DG units. However, 

− very often several DG connection requests are filed at the same time, and, 

− some of the already granted DG installations are not realized, or are delayed, 

and consequently, it can happen that some DG units go online before other units that 

were permitted earlier. Of course, additional requirements for DGs that already received 

a permission, cannot be imposed. This creates unwanted situations for the DSO. 

The proposed method has the advantage that it determines oversizing requirements and 

curtailment expectations individually for each unit. These can be seen as worst-case 

values: the DSO will be able to mitigate voltage problems even if several units will be 

added (and irrespective of their order), since the superposition principle can be applied 

for voltage rise determination. 

Most important scientific results of this chapter are included in publications [S3], 

[S15] and [S19]. 
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Chapter 7: Optimal Placement and Sizing of PV with 

Considering PEVs 

7.1 Introduction 

There is considerable research work has been performed with respect to determining 

the optimal location and capacity of PV in distribution systems [42–44]. However, most 

of the proposed work is based on assumptions to simplify the planning model of PV 

Some of these methods assume either a single allocation of PV [45] or consider 

deterministic models of PV and loads while do not consider PEVs. Even the methods that 

consider the intermittent and uncertain nature of PV and loads, they do not consider the 

presence of PEVs [41]. The existing methods do not consider the different control 

schemes of PEVs units, their stochastic nature, and their detailed model in the PV 

allocation problem. Hence, this allocation problem still requires more investigations and 

developments. 

In this chapter, an algorithm is proposed for accurately determining the optimal 

locations and capacities of multiple PV units to minimize energy losses considering PEVs 

and various system constraints. The merits of the proposed algorithm are the 

consideration of the uncertainty of PV and loads, and the stochastic PEVs nature. The 

operation constraints of PEVs and the time-of-use (TOU) electricity rate are incorporated 

in the optimization model. Different charging control schemes of PEVs are considered, 

including uncontrolled charging, controlled charging, and smart charging based on TOU 

electricity rate. A two-layer optimization method, i.e. GSA, is formulated to solve the 

optimal PV allocation problem and optimize PEV charging simultaneously.  

7.2 Problem Formulation 

In this section, the proposed probabilistic formulation for determining the optimal 

locations and capacities of the PV distribution generation units in the presence of PEVs is 

presented. In this approach, the probabilistic PV-load model is accommodated into the 

equations of the deterministic optimal power flow. Therefore, the penetration of PV, as 

well as the load level, are changed based on PV-load model. 

7.2.1 Objective Function 

The main objective of the proposed approach is to determine the optimal locations and 

capacities of PV. Minimizing the total annual energy losses in the distribution system for 
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all possible combinations of load and PV output power is considered as an objective 

function. To do so, for each state (the pdf of the PV output power/load demand has been 

divided into several states (periods) to be incorporated as a multi-state variable in the 

planning problem. For each state, the solar irradiance/load demand is within specified 

limits. In other words, for each time segment, there are several states for the solar 

irradiance/load demand), the power losses should be calculated and weighted according to 

the probability of occurrence of this state during the whole planning period. Each time 

segment represents ∆𝑇 hours, hence, the objective function can be mathematically 

formulated as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐹 =∑∑𝑃𝑙𝑜𝑠𝑠,𝑔
𝑡 ×

𝑁

𝑔=1

𝑁𝑡

𝑡=1

𝑝𝑟𝑜𝑏𝑐𝑜𝑚
𝑡 (𝐺𝑔) × ∆𝑇 (7.1) 

in which 

𝑃𝑙𝑜𝑠𝑠,𝑔
𝑡 = ∑ [𝐺𝑖𝑗 ((𝑉𝑖,𝑔

𝑡 )
2
+ (𝑉𝑗,𝑔

𝑡 )2 − 2𝑉𝑖,𝑔
𝑡 𝑉𝑗,𝑔

𝑡 𝑐𝑜𝑠 𝛿𝑖𝑗,𝑔
𝑡 )],          ∀𝑔

(𝑖,𝑗)∈∅𝑟

, 𝑡 (7.2) 

where 𝑃𝑙𝑜𝑠𝑠 𝑔
𝑡  and 𝑝𝑟𝑜𝑏𝑐𝑜𝑚

𝑡 (𝐺𝑔) are the total active power losses in the distribution system 

and combined probability of the solar irradiance and load at time segment t during state g, 

respectively; 𝑁𝑡, 𝑁 are the total number of the time segments and  total number of the 

states each time segment, respectively; 𝐶 is matrix of two columns that include all 

possible combinations of the PV output power states and the load states (i.e., column 1 

represents the PV output power as a percentage of the rated power, column 2 represents 

the load level as a percentage of peak load) 

7.2.2 Constraints 

The following equality and inequality constraints are considered in the optimization 

model 

𝑃𝐺,1,𝑔
𝑡 + 𝐶(𝑔, 1)𝑃𝑃𝑉,𝑖 − 𝐶(𝑔, 2)𝑃𝑑,𝑖

𝑡 ± 𝑃𝑐𝑠,𝑖,𝑔
𝑡 −  𝑉𝑖,𝑔

𝑡 ∑ 𝑉𝑗,𝑔
𝑡𝑁𝐵

𝑗=1 [𝐺𝑖𝑗 𝑐𝑜𝑠(𝛿𝑖𝑗,𝑔
𝑡 ) +

                                      𝐵𝑖𝑗 𝑠𝑖𝑛(𝛿𝑖𝑗,𝑔
𝑡 )],                                                     ∀ 𝑖 ∈ ∅𝑏 , 𝑔, 𝑡 

(7.3) 

𝑄𝐺,1,𝑔
𝑡 − 𝐶(𝑔, 2)𝑄𝑑,𝑖

𝑡 −  𝑉𝑖,𝑔
𝑡 ∑ 𝑉𝑗,𝑔

𝑡 [𝐺𝑖𝑗 sin(𝛿𝑖𝑗,𝑔
𝑡 )𝑁𝐵

𝑗=1 + 𝐵𝑖𝑗 cos(𝛿𝑖𝑗,𝑔
𝑡 )] = 0,  

 ∀ 𝑖 ∈ ∅𝑏 , 𝑔, 𝑡 
(7.4) 

𝑃𝑐𝑠,𝑖,𝑔
𝑚𝑖𝑛,𝑡 ≤ 𝑃𝑐𝑠,𝑖,𝑔

𝑡 ≤ 𝑃𝑐𝑠,𝑖,𝑔
𝑚𝑎𝑥,𝑡,        ∀ 𝑖 ∈ ∅𝑏 , 𝑔, 𝑡 (7.5) 

𝑃𝑃𝑉
𝑚𝑖𝑛 ≤ 𝑃𝑃𝑉,𝑖 ≤ 𝑃𝑃𝑉

𝑚𝑖𝑛,       ∀ 𝑖 ∈ ∅𝑏 (7.6) 
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∑𝑃𝑃𝑉,𝑖

𝑁𝑃𝑉

𝑖=1

≤∑𝑃𝑙,𝑖,𝑔
𝑡

𝑁𝑙

𝑖=1

+ 𝑃𝑙𝑜𝑠𝑠,𝑔
𝑡 ,    ∀ 𝑖 ∈ ∅𝑏 , 𝑔, 𝑡 (7.7) 

𝑉1,𝑔
𝑡 = 1.0 

𝛿1,𝑔
𝑡 = 0.0 

(7.8) 

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑖,𝑔
𝑡 ≤ 𝑉𝑚𝑎𝑥         ∀ 𝑖 ∈ ∅𝑏 , 𝑔, 𝑡 (7.9) 

0 ≤ 𝐼𝑖𝑗,𝑔
𝑡 ≤ 𝐼𝑖𝑗

𝑚𝑎𝑥 (7.10) 

7.2.3 Modeling of PEV Battery 

The SOC of the PEV battery is updated each time segment t according to its 

charging/discharging and it can be given as follows: 

𝑆𝑂𝐶𝑛,𝑔
𝑡 = 𝑆𝑂𝐶𝑛,𝑔

𝑡−1 + 𝜂𝑐ℎ,𝑛𝑃𝑐ℎ,𝑛,𝑔
𝑡 ∆𝑡𝑋 −

1

𝜂𝑑𝑐,𝑛
𝑃𝑑𝑐,𝑛,𝑔
𝑡 ∆𝑡𝑌 

(7.11) 

where X and Y belong to {0,1}, in which X.Y = 0 because the charging and discharging 

of the PEV battery cannot coexist at the same time. 

Each PEV has a percentage from the total charging/discharging power of the charging 

station.  This percentage depends on the capacity of the battery (Cn), SOC (𝑆𝑂𝐶𝑛,𝑔
𝑡 ), and 

time left until departure (Tn). Therefore, the amount of charging/discharging power for 

each PEV battery n at time segment t can be computed as follows: 

𝑃𝑐ℎ,𝑛,𝑔
𝑡 =

1
𝑇𝑛
(𝐶𝑛 − 𝑆𝑂𝐶𝑛,𝑔

𝑡 × 𝐶𝑛)

∑
1
𝑇𝑗
(𝐶𝑗 − 𝑆𝑂𝐶𝑗,𝑔

𝑡 × 𝐶𝑗)
𝑚
𝑗=1

× 𝑃𝑐𝑠,𝑔
𝑡    (7.12) 

𝑃𝑑𝑐,𝑛,𝑔
𝑡 =

𝑇𝑛(𝑆𝑂𝐶𝑛,𝑔
𝑡 × 𝐶𝑛)

∑ 𝑇𝑗(𝑆𝑂𝐶𝑗,𝑔
𝑡 × 𝐶𝑗)

𝑚
𝑗=1

× 𝑃𝑐𝑠,𝑔
𝑡  (7.13) 

According to (7.12 and 7.13), the optimal active power of the charging station can be 

divided among the batteries of the PEVs by using the aggregator based on their current 

SOC and the left time until the departure. 

7.2.4 Modeling of PEVs Stochastic Nature 

The PEVs load/generation profile is not deterministic but it contains stochastic 

variables in which not all PEVs are connected to the distribution system at the same time. 

These stochastic variables are the arrival time to the home from the last trip, daily 

traveling distance, departure time, and driving habits, furthermore, the total capacity and 

efficiency of the PEV batteries. All these variables should be taken into account because 

they are directly related to the driving habits of the owners and their preference for 
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charging/discharging of PEVs. 

It is assumed that the PEVs are charged/discharged only at charging stations and they 

begin charging/discharging from/to the distribution system as soon as their arrival. In this 

chapter, arrival time and the initial SOC of each PEV are assumed to be random variables 

with a normal probability density function (pdf) as described in Chapter 4.  

7.3 Modeling of Solar Irradiance and Load  

In this section, the probability generation of the PV and load models are explained. A 

study period of one year is selected and the whole year is denoted by a typical day to 

represent the stochastic behavior of the PV system and load during that period. Beta 

probability distribution function (pdf) is used to model hourly solar irradiance, while the 

hourly load is modeled by using a Normal probability distribution function [119]. 

7.3.1 Historical Data Processing 

Hourly historic data of solar irradiance and load for a period of one year have been 

considered here. The whole year is represented by a day within the year. The day which 

represents the year is divided into 24-h in which each hour represents a time segment. 

Each time segment indicating to a specific hourly interval for the entire year. Therefore, 

there are 24-time segments for the whole year. Considering a year to be 365 days, hence, 

each time segment has 365 solar irradiance and load level data points. These data are used 

to calculate the mean and standard deviation of solar irradiance and load for each time 

segment. Then, the Beta and Normal probability density function are generated for each 

hour, as described below. 

7.3.2 Load Demand Modeling  

The future load demand of the distribution system is uncertain at any given time 

segment. Therefore, a Normal pdf is utilized to model the distribution of the load demand. 

The Normal pdf of uncertain load demand for each time segment t can be described as 

follows: 

𝑓𝑛
𝑡(𝑙) =

1

𝜎𝑙
𝑡√2𝜋

× 𝑒𝑥𝑝 [−(
(𝑙 − 𝜇𝑙

𝑡)2

2(𝜎𝑙
𝑡)2

)] (7.14) 

The load demand probability of each state for each time segment t can be given as 

follows: 
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𝑝𝑟𝑜𝑏𝑙
𝑡(𝐺𝑦) = ∫ 𝑓𝑛

𝑡(𝑙). 𝑑𝑙

𝑙𝑦2

𝑙𝑦1

 
(7.15) 

where 𝑝𝑟𝑜𝑏𝑙
𝑡(𝐺𝑦) is the solar irradiance probability in state y; 𝑙𝑦1 and 𝑙𝑦2 are the solar 

irradiance limits of state y.  The solar irradiance and combined PV-load models have been 

described in the previous chapter (Chapter 6). 

7.4 Solution Process  

The block diagram of the proposed approach is described generally in Figure 7.1. As 

shown in the figure, optimal planning of the PV in the presence of PEVs has been 

considered as a two-layer optimization problem that is solved using metaheuristic 

optimization algorithm. Because of the complexity of the problem, the GSA (see 

Appendix B) is used in both layers and denoted as: 1) optimizer 1 for the first layer, and 

2) optimizer 2 for the second layer. The rationale behind these calling is that each of them 

has different parameters, i.e. to get good accuracy and to reduce the computational time, 

the population size and number of iterations of optimizer 1 are chosen to be larger than 

First layer (for the main problem using optimizer 1 )

Control variables are the location and capacity of PV system

Second layer (for POPF sub-problem: 24-hour 

analysis in the presence of PEVs using optimizer 2  )

Control variables are the charging/discharging powers of charging stations 

 Load flow 

( Time resolution is 1 hour)

 Candidate location 

and capacity are 

determined

The annual energy 

losses is calculated

(objective function)

Probabilistic values 

are specified

 Energy losses of all 

states are 

determined 

Until optimizer 1 

converges 

Until optimizer 2 

converges 

 

Figure 7.1 The proposed approach for demining optimal locations and capacities of PV units 
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those in optimizer 2. The main problem and sub-problem are solved using optimizer 1 

and optimizer 2, respectively. 

In the first layer where is the main problem, the optimizer 1 should determine the 

locations and capacities of the PV for the planning period. To do so, the optimal charging 

/discharging power of the charging stations should be considered. The number of PEVs 

connected to the distribution system is a stochastic variable. Therefore, the optimal 

scheduling of PEVs is a probabilistic optimal power flow (POPF) in practice (Second 

layer). The outputs of the Second layer, as a sub-problem for an optimal planning 

problem, are the probabilistic optimal charging/discharging power profiles. To calculate 

the value of the objective function for each state at time segment t, load flow analysis is 

used.  The solution process of this combinatorial problem is described in the following 

paragraph. 

Optimizer 1 which is used in the first layer suggests candidate locations and capacities 

of the PV units. These locations and capacities are used in the Second layer to calculate 

the daily energy losses and the daily optimal charging/discharging power of the charging 

stations. It is important to note that the locations and capacities of the PV are kept fixed 

during the executing of optimizer 2. This procedure does not affect the searching for 

optimal locations and capacities of the PV, because the pdf of the PEVs will be used with 

each candidate location and capacity. As shown in Figure 7.1, the planning problem 

contains an internal optimization problem (probabilistic optimal power flow (POPF)) as a 

sub-problem. Hence, in each iteration of optimizer 1, the internal optimization problem 

(POPF) should be performed completely several times for several candidate locations and 

capacities of PV. In each iteration of optimizer 2, the load flow analysis should be 

performed several times to compute the optimal charging/discharging powers of the 

charging stations for each state at time segment t as well as the value of the corresponding 

objective function. The summation of the whole individual objective functions (at all 

states and time segments) is considered the objective function of the optimizer 1(annual 

energy losses). This process is repeated until optimizer 1 converges. 

7.5 Results and Discussions  

The IEEE medium voltage 12.66 kV, 33-bus distribution system shown in Figure 7.2 

has been selected to test the proposed approach (Appendix A). Four PEV charging 

stations are assumed to be connected at buses (18, 21, 23, and 33). Based on the arrival 
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time, the daily distribution of 60 PEVs follows Figure 7.3. The initial SOC of each PEVs 

is calculated based on normal distribution function as described in Chapter 6.  

The PEVs of Tesla Model S with a battery capacity of 85 kWh is used in this chapter 

[120]. Each PEV is assumed to be parked at the charging station for 12 hours (from the 

arrival time till the next departure time). To ensure that the SoC of the PEV battery at the 

departure time is enough, it is assumed that the PEV cannot discharge to the grid (vehicle 

to grid) if its SoC is less than 75%. The maximum power rate of charging/discharging has 

been chosen to be 0.2 of the total capacity (i.e., 0.2×85= 17 kW) [121]. The PV is 

assumed to be operated at unity power factor. To demonstrate the effectiveness of the 

proposed approach it has been tested for one, two, and three locations of PV. 

Furthermore, the proposed approach has been performed with and without considering the 

time-of-use (TOU) electricity rate. The planning period considered in this chapter is one 

year and it is represented by 24 hours.   

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 187

26 27 28 29 30 31 333219 20 21 22

23 24 25
Active power flow

 

Figure 7.2 Single line diagram of 33-bus system 

 
Figure 7.3 Percentage of PEVs which arrive each hour with µ=18 and 𝜎 = 5 hours for 60 

PEVs 
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7.5.1 Optimal Locations and Capacities of PV without Considering TOU 

In this subsection, the proposed approach has been executed and compared with two 

different approaches with fixed electricity rate. The three different approaches can be 

described as follow: 

Approach 1: this is the reference approach in which there is no DGs are connected to the 

distribution system and the PEVs start to charge once they arrive at the charging station 

with the uncontrolled charging technique. 

Approach 2: in this approach, the optimal locations and capacities of the PV are 

determined without considering the effect of uncontrolled PEVs.  

Approach 3: this is the proposed approach in which the optimal locations and capacities 

of the PV are determined with considering the effect of PEVs. The PEVs are considered 

to charge/discharge with optimal charging/discharging technique.   

The outcomes of the planning problem for the different approaches are shown in Table 

7.1 and Figures 7.4, 7.5 and 7.6. The results demonstrate that regardless of the 

considering/non-considering of the PEVs to calculate the optimal locations and capacities 

of PV, there is a significant reduction in the annual energy losses by connecting the PV to 

the distribution grid when compared to the reference approach (Approach 1). However, 

the reduction of the annual energy losses in case of Approach 3 is higher than that in the 

case of Approach 2. For instance, the reductions of annual energy losses in case of 

Approach 3 are 39%, 44.79%, and 48.71% for 1 DG, 2 DGs, and 3 DGs, respectively. 

While they are 31.76%, 38.89%, and 43.42% in case of Approach 2. Note that with 

Table 7.1 Results of different approaches with different numbers of DGs. 

Number 

of DGs 

Applied 

approach 

Optimal DG 

location 

Optimal DG 

capacity 

(MW) 

Annual 

energy losses 

(MWh) 

Annual energy 

Loss reduction 

(%) 

No DGs Approach 1 - - 1802.11 0.00 

1 DG 
Approach 2 6 3.60 1229.79 31.76 

Approach 3 6 3.43 1099.23 39.00 

2 DGs 

Approach 2 
6 2.64 

1101.31 38.89 
14 0.91 

Approach 3 
6 2.57 

994.88 44.79 
14 1.00 

3 DGs 

Approach 2 

6 1.64 

1019.70 43.42 14 0.92 

31 0.96 

Approach 3 

6 1.94 

924.36 48.71 14 0.91 

31 1.05 
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increasing the number of DGs the reduction of annual energy losses is increased, too. 

Furthermore, it worth to mention that the DG locations with and without considering 

PEVs are the same, while the DG capacities are different. 

The improvement percentage of Approach 3 over Approach 2 is given in Figure 7.7. 

From this figure, it can be noted that the improvement percentage depends on the number 

of DGs connected to the distribution system in which the improvement of Approach 3 

decreases with increasing the number of DGs. i.e., the percentages of the improvement in 

the case of Approach 3 over Approach 2 are 10.62%, 9.66%, and 9.35% for 1 DG, 2 DGs, 

and 3 DGs, respectively.  

 

Figure 7.4 Active power losses during the 

planning period (1 DG) 

 

Figure 7.5 Active power losses during the 

planning period (2 DG) 

 

Figure 7.6 Active power losses during the 

planning period (3 DGs) 

 

Figure 7.7 Annual energy improvement in case 

of Approach 3 over Approach 2 

 

Figure 7.8 SoC of PEVs using uncontrolled charging technique in case of Approach 1 and 

Approach 2 
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The SoC of all PEVs at the charging stations with uncontrolled charging technique (in 

case of Approach 1 and Approach 2) are given in Figure 7.8. To avoid results repetition, 

this figure is drawn one time because it is the same for 1 DG, 2 DGs, and 3 DGs in case 

of Approach 2. From this figure, it can be seen that the SoC of PEVs are reached to their 

full SoC in a short period even though they will remain in the charging station for 12 

hours. Because of the high changing power, the system losses will increase. 

Figure 7.9 shows the SoC of all PEVs at the charging stations with optimal charging/ 

discharging technique with a different number of connected DGs. From the figure, we can 

note that the SoC of each PEV can increase/decrease based on its state 

(charging/discharging) to decrease the losses of the distribution system. Furthermore, the 

SoC of each PEV at the departure time (after 12 hours from its connection to the grid) is 

an acceptable value for driving (not less than 60% at departure time). These results 

demonstrate that the considering of PEVs with optimal charging/discharging technique 

when determining the optimal location and capacity of the DGs can significantly decrease 

the energy losses of the distribution system.  

7.5.2 Optimal Locations and Capacities of PV with Considering TOU 

From subsection 7.5.1, it is demonstrated that determining the optimal location and 

 
(a) 

 
(b) 

 
(c) 

Figure 7.9 SoC of PEVs using optimal charging/discharging technique in case of Approach 3: 

a) 1 DG; b) 2 DGs; c) 3 DGs 

 

 



Chapter 7: Optimal Placement and Sizing of PV with Considering PEVs 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

105 
 

capacity the PV with considering PEVs gives better results than that without considering 

them. In this subsection, three different cases have been performed using the proposed 

approach (considering PEVs) with considering the effect of TOU on determining the 

optimal location and capacity of the PV as follows: 

Case 1: Optimal locations and capacities the PV are determined with considering PEVs 

in case of uncontrolled charging technique. 

Case 2: Optimal locations and capacities of the PV are determined with considering 

PEVs in case of uncontrolled off-peak charging technique. i.e., the PEVs cannot charge 

during the peak period in which the electric price is high. The peak period is 16.00 h-

22.00 h. 

Case 3: Optimal locations and capacities of the PV are determined with considering 

PEVs in case of optimal charging/discharging technique. In this case, during off-peak, 

maximum charging power is 0.2C power while the maximum discharging power is 60% 

of the maximum charging power. On the other hand, during the peak period, maximum 

discharging power is 0.2C while the maximum charging power is 60% of the maximum 

discharging power. C is the capacity of the PEV battery. 

Table 7.2 illustrates the results of the different cases. From this table, we can note that 

the PV locations are the same as those in subsection 7.5.1, while the PV capacities are 

different. Compared with the reference approach, the annual energy losses are 

Table 7.2 Results of different cases of the proposed approach with considering TOU. 

Number 

of DGs 

Applied 

Case  

Optimal 

DG location 

Optimal DG 

capacity (MW) 

Annual energy 

losses (MWh) 

Annual energy Loss 

reduction (%) 

1 DG 

Case 1 6 3.71 1227.17 31.90 

Case 2 6 3.71 1327.83 26.32 

Case 3 6 3.70 1077.12 40.23 

2 DGs 

Case 1 
6 2.86 

1093.58 39.32 
14 1.07 

Case 2 
6 2.76 

1215.34 32.56 
14 0.99 

Case 3 
6 2.69 

973.82 45.96 
14 0.89 

3 DGs 

Case 1 

6 1.69 

1010.87 43.91 14 1.08 

31 1.13 

Case 2 

6 1.66 

1143.51 

36.55 14 0.99 

31 1.06 

Case 3 

6 1.64 

909.07 49.56 14 0.99 

31 0.95 
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significantly decreased in the three cases. Case 3 gives better energy losses reduction than 

the other cases, while Case 2 is the worst case in terms of energy losses reduction. The 

energy losses reduction in Case 3 are 40.23%, 45.96%, and 49.56% for 1 DG, 2 DGs, and 

3 DGs, respectively. While they are 31.9%, 39.32%, and 43.91% in Case 1 and 26.32%, 

32.56%, and 36.55 % in Case 2, respectively.  

By comparing Case 3 in Table 7.2 with Approach 3 in Table 7.1, we can note that 

considering both PEVs in case of optimal charging/discharging technique and TOU gives 

a better reduction of annual energy losses than only considering PEVs in case of optimal 

charging/discharging technique.   

Figures 7.10 and 7.11 show the SoC of all PEVs at the charging stations in Case 2 and 

Case 3 in the case of 3 DGs are connected to the distribution system, respectively. The 

 

Figure 7.10 SoC of PEVs using off-peak uncontrolled charging technique (Case 2 in case of 3 

DGs) 

 

Figure 7.11  SoC of PEVs using optimal charging/discharging technique and considering TOU 

(Case 3 in case of 3 DGs) 
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SoC of PEVs in Case 1 is the same as Figure 7.8, while the SoC of PEVs in Case 2 and 

Case 3 in case of 1 DG and 2 DGs are connected to the distributions system follow the 

same trend in case of 3 DGs are connected.  

7.6 Conclusions 

In this chapter, an optimization-based algorithm has been proposed to accurately 

allocate multiple PV units with the presence of PEVs to minimize energy losses without 

violating the system constraints. The proposed optimization model also incorporates 

several operation constraints of PEVs. A metaheuristic method, i.e., GSA has been 

developed to solve the two-layer optimization problem. The merit of the proposed 

algorithm is that it accurately allocates PV to minimize the objective function and 

optimize the PEV charging/discharging in a simultaneous manner. The 33-bus radial 

distribution system with four PEV charging stations is used to test the proposed 

algorithm. Annual datasets of PEVs, PV and loads are utilized to construct the probability 

models of such components. To demonstrate the effectiveness of the proposed algorithm, 

it has been compared with the existing approaches that ignore the effect of PEV in the PV 

planning problem. The simulation results reveal that the proposed algorithm ensures a 

higher reduction in the objective function compared to the existing approaches. The 

proposed algorithm can be also used to optimally schedule PEVs in distribution systems.  

The practical significance of the above results is even more prevalent in the context 

where DSOs receive financial remuneration (as part of the system usage tariff) for the 

estimated losses on their networks. In such regulatory setups, the optimized PV 

sizes/locations and PEV schedules can be used for benchmarking the losses occurring at 

actual PV and PEV penetration situations. Such investigations can help in assessing 

whether an actual situation is beneficial or causing additional costs for DSOs. 

This chapter has been covered in [S1]. 
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Chapter 8: Summary and Future works 

8.1 Novelty of the Dissertation 

The most important new scientific results of the present dissertation can be 

summarized in five theses as follows: 

Thesis 1, New optimization-based (OB) and sensitivity-based (SB) models have been 

proposed for managing the voltages of the distribution system in the presence of PV and 

PEVs. The proposed models are based on matching a target voltage profile that can be 

preset by distribution system operators or calculated by online using the moving average. 

The reactive power of PV inverters and the charging/discharging operation of PEVs have 

been optimized to mitigate the voltage fluctuations and rise in voltages. The simulation 

results have demonstrated the superiority of the proposed method for mitigating the 

negative impacts of PV compeard with existing methods. 

Note: It has been demonstrated that the capability of PV inverters for generating 

reactive power can significantly reduce the required capacity of PEVs for 

manging the voltage profiles. Morover, these methods can provide an estimation 

of the necessary amount (or capacity) of PEVs that are required to compensate 

voltage fluctuations and voltage rise.  

Thesis 2, An efficient method has been proposed for voltage fluctuations smoothing 

resulted by WTGS and PV in distribution systems. This method is based on optimally 

controlling the charging and discharging power of PEVs and the reactive power of the 

RES inverters simultaneously. Unlike the existing methods, the proposed method has 

considered the charging/discharging power fluctuations of PEV batteries and driver’s 

preferences. Furthermore, HMA is used to mitigate voltage fluctuations to avoid the lag 

problem of SMA, while the use of SMA for smoothing charging/ discharging power 

fluctuations of PEV batteries is suggested. The results demonstrate that the proposed 

method can effectively smooth voltage fluctuations while optimizing the charging/ 

discharging rate of PEVs, thereby extending the lifespan of their batteries. 

Thesis 3, An interval optimization method has been presented for optimal scheduling of 

PEVs with considering the uncertainty of RES and loads. RES generation and loads have 

been modeled as interval parameters, and the charging/discharging power of PEVs has 

been considered as an interval variable to be optimally computed. The network active 
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power losses and total voltage magnitude deviation have been used as an objective 

function to be minimized with considering overall system constraints. The results have 

demonstrated that the proposed interval optimization method can represent the 

uncertainty in active distribution systems, without requiring forecasts of RES and load. 

Thesis 4, An optimization-based method has been proposed to determine the optimal 

oversize of RES inverters for voltage regulation and total losses minimization considering 

reactive power capability, APC and tap position of OLTC. The costs of inverter 

oversizing, and APC are incorporated in the optimization model. The proposed method is 

superior the traditional methods in which it achieves the target (voltage regulation and 

total losses minimization) with minimum cost. 

Note: The results demonstrated that the optimal oversizing of RES inverters for 

reactive power control can be accurately computed for voltage regulation. Also, 

considering APC in the inverter oversizing can effectively regulate voltages with 

minimum total costs, especially at high penetration of RES. Furthermore, the 

optimal inverter oversize differs depending on the type of RES, location, and 

penetration.  

Thesis 5, An algorithm has been proposed to determine the optimal placement and 

capacities of multiple PV units with considering PEVs. The total energy losses of the 

distribution system have been considered as an objective function to be minimized. The 

uncertainty of PV and loads, as well as the stochastic nature and the operational 

constraints of PEVs have been considered in the proposed algorithm. The optimization 

model of PV planning has been formulated as a two-layer optimization problem to ensure 

optimal PV locations and capacities and optimizing PEV charging/ discharging 

simultaneously. A two-layer metaheuristic method has been developed to solve the 

optimization model. The simulation results reveal that the proposed algorithm ensures a 

higher reduction in the annual energy loss compared to the existing approaches. 

8.2 Significance and Practical Applicability of the Results 

Here, we describe the significance and practical applicability of the research work. 

The DMS available at DSO control centers is supposed to incorporate the proposed real-

time control approach since it has the capability to acquire and analyze the signals, 

generate appropriate commands, and dispatch them over the distribution system. 

Communication infrastructures are essential to acquire system (e.g. demand power, 
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voltages, currents, DGs power production, and switches status) and environmental and 

other parameters (temperatures, irradiance, wind speed, security or safety warning 

signals, etc.), while the cost of the communication devices, which are required in the 

control systems, is decreasing, and the spread of smart meters in distribution systems can 

be effectively employed for data transfer [73,122]. There are several communication 

technologies that can be applied to smart grid (e.g., ZigBee, WLAN, Cellular Networks, 

and Power Line Communication (PLC)). Each technology works at specified range of 

frequencies (e.g., 2.4 GHz- 3.5 GHz for WLAN, and 100-200 kHz for PLC) [72]. The 

aggregator of PEVs and RES inverters sense the communication signals from DMS. 

Based on these signals, the aggregator allows a certain number of PEVs 

connect/disconnect to the grid to cover the optimal charging/discharging active power 

required according to the capacity and SoC of an individual PEV. Furthermore, RES 

inverters inject/absorb an optimal amount of reactive power according to the inverter 

capability. Note that the optimal active and reactive power are simultaneously optimized 

to enhance the performance of the distribution systems (e.g. voltage fluctuations, voltage 

rise, power loss, etc). Regarding the delay between the instant information is sent and the 

instant a control action happens, we assume that DMS control the distribution system in 

an instantaneous manner without considering this delay, but we recommend considering 

this delay for practical applications. 

As the annual demand for electricity grows, the use of RES in power distribution 

systems has remarkably increased throughout the world. It is demonstrated that the 

integration of such intermittent RES units with the uncertainty feature into existing 

systems can also lead to various technical, financial, and regulatory consequences [2]. 

These consequences should be considered when deciding the highest allowed RES 

penetration. Therefore, as a part of this work, we focused on the optimal integration of 

various RES types. By using the annual datasets of PEVs, RES, and loads for a practical 

distribution system, we can determine the optimal integration of the RES with the 

proposed approach. As a result, the benefits of RES and PEVs can be maximized while 

avoiding their operational problems. 

8.3 Directions of Further Research 

There are several research points around the topic of optimal operation and planning 

of active distribution systems that need more investigations. Emerging research problems 

that come from this research include the following: 
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− Further research is necessary to investigate the hosting capacity of RES in the 

presence of PEVs. 

− The future work may direct to consider various energy storage and voltage control 

devices in the optimization problems. 

− More investigation is required for frequency regulation in the presence of RES 

and PEVs. 

− Extension of the work is needed to consider unbalanced distribution systems. 

− Distribution system reconfiguration can be considered as a tool to improve the 

efficiency (e.g. loss minimization or load balancing). 

− The reliability and latency properties of communication systems need to be 

analyzed from the point of view of their effect on the control efficiency of the 

methods described in this Thesis. 

− A step-by-step strategy is required for motivating the investors to optimally 

allocate the RES to accommodate the momentary changes that can appear in the 

network and to minimize the energy losses in the distribution system. 
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Appendix A: Description of Test Systems 

Three medium voltage distribution systems are employed for testing the proposed 

methods in the dissertation. These systems are the 33-bus, 69-bus, and 90-bus distribution 

systems. These distribution systems are widely used in the literatures. 

A.1 33-Bus Distribution System  

The 33-bus distribution system is a MV system comprises a single 12.66 kV supply 

point, 33-buses, 3 laterals, and 32 branches. The total active and reactive loads are 

3.715 MW and 2.3 Mvar, respectively, with a real power loss at nominal loading of 0.203 

kW. The complete system data are given in [123]. The single line diagram of this system 

is shown in Figure A.1. 
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Figure A.1 Single line diagram of 33-bus distribution system. 

A.2 69-Bus Distribution System  

 69-bus distribution system is shown in Figure A.2.The system comprises a single 

12.66 kV supply point, 69-buses, 7 laterals, and 68 branches with a radial structure [124]. 

The total active and reactive loads are 3.802 MW and 2.695 Mvar, respectively. The 

active and reactive power losses of the system at nominal loading are 0.230 MW and 

0.104 Mvar, respectively.  
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Figure A.2 Single line diagram of 69-bus distribution system. 

A.3 90-Bus Distribution System  

The 90-bus distribution system consists of 90 buses and 89 branches with the radial 

structure as shown in Figure A.3. The total active and reactive power loads are 19.45 MA 

and 9.72 Mvar, respectively. The line and bus data are taken from [125]. 
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Figure A.3 Single line diagram of 90-bus distribution system.
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Appendix B: Optimization Methods 

B.1 Interior Point Optimization Method 

Interior Point (IP) methods are an efficient class of algorithms that are widely used to 

solve several linear and nonlinear optimization problems. These methods have been 

successfully applied in many areas; power systems are one of these areas. One of the 

commonly applied classes of IP methods is primal-Dual IP method due to its efficiency 

[126]. To solve optimization problems for nonlinear programming using the IP method, a 

perturbation parameter is introduced in the complementarily Karush-Kuhn-Tucker (KKT) 

condition [127]. Suppose a general optimization problem at time instant t described by  

               𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑓𝑡(𝒙)                                                                                         (B.1)  

subject to 

              {
ℎ𝑡(𝒙) = 0
𝑔𝑡(𝒙) ≤ 0

                                                                                                 (B.2) 

where, x is the vector of control variables; ft(x) represents the function to be optimized at 

time instant t; ht(x) and gt(x) are the equality and inequality constraints at time instant t. 

After applying the optimality conditions of KKT in the optimization problem 

represented by (B.1) and (B.2), we can get 

          

{
 
 

 
 
𝛻𝑥𝐿(𝒙, 𝜆ℎ, 𝜆𝑔) = 0

ℎ𝑡(𝒙) = 0
𝑔𝑡(𝒙) ≤ 0

[𝜆𝑔]𝑔𝑡(𝒙) = 0

𝜆𝑔 ≥ 0

                                                                                    (B.3) 

where 𝛻𝑥𝐿(𝒙, 𝜆ℎ, 𝜆𝑔) = 𝛻𝑥𝑓(𝒙) + 𝛻𝑥ℎ(𝒙)𝜆ℎ + 𝛻𝑥𝑔(𝒙)𝜆𝑔is the first derivatives vector of 

the Lagrange function with respect to the control variables x; 𝜆ℎand𝜆𝑔are the Lagrange 

multipliers of the equality and inequality constraints, respectively; and [..] represents a 

diagonal matrix with the considered variables. 

To compute the solution of the optimization problem, the optimality conditions of the 

KKT through the convergence process should be modified. The inequality constraints 

represented by (B.3) are converted to equalities by using slack variables s > 0, and the 

strict combinatory problem of the complementary equations is perturbed through the 

perturbation parameter µ ≥ 0. Therefore, equation (B.3) can be rewritten as following, 
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{
 
 

 
 
𝛻𝑥𝐿(𝒙, 𝜆ℎ, 𝜆𝑔) = 0

ℎ𝑡(𝒙) = 0
𝑔𝑡(𝒙) + 𝑠 = 0

[𝜆𝑔]𝑠 − 𝜇[1,⋯ ,1]
𝑡 = 0

(𝑠, 𝜆𝑔, 𝜇) ≥ 0

                                                                         (B.4) 

The nonlinear equations in (B.4) are iteratively solved by Newton’s method. More 

details about the Primal-Dual IP method are given in [128]. 

B.2 Gravitational Search Algorithm (GSA) 

GSA is a population-based search algorithm and it is one of the modern stochastic 

search algorithms and it was developed in [129]. In GSA, each possible solution is called 

an agent and each agent is considered as an object. The performances of that algorithm 

are measured by its mass which is in proportion to its fitness values. Each object attracts 

the other object by the gravity force, and the global movement of all agents will be 

directed towards the agents with heavier masses. The heavier masses have higher fitness 

values, therefore, the agent with the heaviest mass describes the optimal solution. There 

are four particulars for each mass as follows, 1) mass passion, 2) mass inertial, 3) active 

gravitational mass, and 4) passive gravitational mass.  The mass position is equaled by a 

problem solution and a fitness function is used to specify its inertial and gravitational 

masses.  

 

Consider a system consisting of K masses, where K is the dimension of the search 

place. The ith agent position is described as follows, 

𝑋𝑖 = [𝑥𝑖
1, 𝑥𝑖

2, ⋯ , 𝑥𝑖
𝑑 , ⋯ , 𝑥𝑖

𝑞]           for   𝑖 = 1,2,⋯ , 𝐾    (B.5) 

where q is the space dimension of the problem, 𝑥𝑖
𝑑 represents the position of ith agent in 

the dth dimension. 

The gravitational force between agent j and agent i at the time instant t is formulated as 

follows, 

𝐹𝑖𝑗
𝑑(𝑡) = 𝐺(𝑡)

𝑀𝑖(𝑡) × 𝑀𝑗(𝑡)

𝑆𝑖𝑗(𝑡) + 휀
(𝑥𝑗

𝑑(𝑡) − 𝑥𝑖
𝑑(𝑡)) (B.6) 

where Mi(t), Mj(t), and G(t) are the mass of the object i, mass of the object j, and 

gravitational constant at time instant t, respectively; ε and Sij(t) are a small constant and 

the Euclidian distance between i and j objects, respectively. Sij(t) is described as follows, 
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                                                      𝑆𝑖𝑗(𝑡) = ‖𝑋𝑖(𝑡), 𝑋𝑗(𝑡)‖2
                                        (B.7) 

The total force acting on the ith agent in dth dimension is given as follows, 

                                             𝐹𝑖
𝑑(𝑡) = ∑ 𝑟𝑎𝑛𝑑𝑗 × 𝐹𝑖𝑗

𝑑(𝑡)
𝑑𝑏𝑒𝑠𝑡
𝑗=1,𝑗≠𝑖                                     (B.8) 

where randj and dbest are a random number in the range [0,1] and the set of first d agents 

with the best fitness value and biggest mass, respectively. According to Newton's law of 

motion, the acceleration of the ith agent in dth dimension at time instant t can be directly 

computed as follows, 

𝑎𝑖
𝑑(𝑡) =

𝐹𝑖
𝑑(𝑡)

𝑀𝑖(𝑡)
 (B.9) 

The following position and the following velocity of the agent can be given as follows, 

                                      𝑣𝑖
𝑑(𝑡 + 1) = 𝑟𝑎𝑛𝑑𝑖 × 𝑣𝑖

𝑑(𝑡) + 𝑎𝑖
𝑑(𝑡)                              (B.10) 

                                        𝑥𝑖
𝑑(𝑡 + 1) = 𝑥𝑖

𝑑(𝑡) + 𝑣𝑖
𝑑(𝑡 + 1)                                   (B.11) 

where 𝑥𝑖
𝑑   and 𝑣𝑖

𝑑 are the position and velocity of an agent at time t in dth dimension, 

respectively.  

The gravitational constant G(t), described in (4.17), can be mathematically given as 

follows: 

𝐺(𝑡) = 𝐺0𝑒
(−𝛼𝑡/𝑖𝑡𝑒𝑟𝑚𝑎𝑥) (B.12) 

where α is a user-specified constant term; itermax is the maximum number of iterations; 

G0 is the initial value.  

The fitness evaluation is used to calculate the masses of the objects. The masses of the 

agents can be updated as follows: 

𝑀𝑖(𝑡) =
𝑚𝑖(𝑡)

∑ 𝑚𝑗(𝑡)
𝐾
𝑗=1

 (B.13) 

𝑚𝑖(𝑡) =
𝑓𝑖𝑡𝑖(𝑡) − 𝑤𝑜𝑟𝑠𝑡(𝑡)

𝑏𝑒𝑠𝑡(𝑡) − 𝑤𝑜𝑟𝑠𝑡(𝑡)
 (B.14) 

where fiti(t) is the fitness value of ith at time instant t; best(t) is the best solution; worst(t) 

is the worst solution. For minimization problem: 

                      𝑏𝑒𝑠𝑡(𝑡) = min
𝑗∈{1,⋯,𝑚}

𝑓𝑖𝑡𝑗(𝑡)                                                       (B.15) 

                      𝑤𝑜𝑟𝑠𝑡(𝑡) = max
𝑗∈{1,⋯,𝑚}

𝑓𝑖𝑡𝑗(𝑡)                                                        (B.16) 
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Appendix C: Cost Rates and Cost Function Parameters 

 

Table C.1 Cost rates 

Cost rate $/kWh 

CL 0.06 

Cinv 0.06 

 

 

Table C.2 Cost function parametersrs 

Variable Value  

ainv         3.810-4       kW 

binv         7.610-4      kW 

cinv         7.610-4    kW 

as         0               $/kVAh             

bs        25             $/kVAh                

cs        0.25          $/kVAh                

ap        0               $/kWh 

bp        50             $/kWh 

cp        0.5            $/kWh 

 

 

 

 

 

 

 

 

 

 

 

 


