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ABSTRACT Photovoltaic (PV) systems can reduce greenhouse gas emissions while providing rapid reactive 

power support to the electric grid. At the distribution grid level, the PV inverters are controlled to reduce the 

system’s active power loss and to address problems caused by the PV systems themselves. For example, the 

distribution grid may face overvoltages due to high PV generation during off-peak hours. In this paper, a 

reactive power control approach for PV inverters is proposed to control the injection/absorption of reactive 

power to reduce the active power loss of the system while solving the overvoltage problem. To achieve this, 

the proposed controller periodically dispatches the reactive power setpoints and applies a real-time volt/var 

algorithm. The proposed method uses probabilistic distributions to account for the uncertainties in PV 

generation and load demand. The controller is implemented at the lateral level which simplifies the required 

communication platform and reduces the computational cost. The real-time volt/var control coordinates the 

operation of the different inverters during overvoltage conditions so that the voltage rise is limited using as 

little reactive power as possible by the inverters. Accordingly, the active power loss due to reactive power 

flow in the system is reduced. Two distribution systems are simulated using Open Distribution System 

Simulator (OpenDSS) and used to evaluate the proposed controller and compare with two other methods. A 

daily time series simulation is performed to test different operating conditions. The simulation results show 

that the proposed controller is able to reduce the active power loss in general and solve the overvoltage 

problem with a lower reactive power requirement than the other volt/var methods.   

INDEX TERMS Distribution network, photovoltaic, power loss minimization, smart inverters, volt/var 

control. 

I. INTRODUCTION 

Renewable energy generation is increasing worldwide to 

reduce greenhouse gas emissions and their negative impact 

on the environment [1, 2]. For instance, the share of 

renewable energy in electricity generation was 42.8% in the 

United Kingdom in the fourth quarter of 2021 [3]. 

Photovoltaic (PV) systems, as a form of renewable energy 

source, have become widespread at the utility (solar farms) 

and end- use level (rooftops) [4]. PV systems are non-

dispatchable sources where it is always desirable to extract 

the maximum active power/energy to increase the systems’ 

profitability[5]. Therefore, the continuous penetration of PV 

systems has brought challenges to system operation. For 

example, high PV generation in the distribution system 

during off-peak hours results in excess power flowing back 

to the main grid, exposing the distribution system to the risk 

of overvoltage [6]. Various control strategies have been 

developed using the smart PV inverters themselves to control 

the voltage. Research is also focused on using the reactive 

power capability of the PV inverters to improve the 

performance of the distribution grid through reducing the 

active power losses. The control methods reported in the 
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literature can be divided into local and communication-based 

methods, which are described with examples in the following 

subsections. It is worth noting that voltage regulation using 

conventional voltage regulators and capacitor banks is not 

considered in this study. 

A. LOCAL CONTROL 

Local control methods use locally measured quantities such 

as the voltage and/or the generated power [7, 8] to limit the 

voltage rise. Several control methods were found in the 

literature, but the volt/var (reactive power control) and 

volt/watt (active power control) methods were most 

commonly used and described in the IEEE Std. 1547 [9]. Due 

to the high R/X ratio of the distribution system feeder, using 

the volt/watt control method for voltage regulation known as 

Active Power Curtailment (APC), would be more effective 

than using the volt/var control method [10, 11]. Despite its 

technical feasibility, it is not preferable from an economic 

point of view because the usable active energy is lost. 

Instead, APC has been used as a second solution when the 

reactive power control is not able to control the voltage 

alone, such as in the methods described in [10, 11] where a 

droop-based reactive power control was combined with 

APC. 

In [12, 13], different local droop control methods were 

discussed and compared (e.g., voltage-dependent reactive 

power control method Q(V) and active power-dependent 

power factor control method cosφ(P)). Then, a local droop 

control method combining Q(V) and cosφ(P) strategies was 

proposed to take advantage of the two methods. In [12], the 

characteristic of the standard cosφ(P) was adjusted 

according to the local voltage, resulting in cosφ(P,V), while 

the reference reactive power of the inverter was generated as 

the weighted sum of the reactive power obtained from both 

Q(V) and cosφ(P) methods in [13]. Coordinated active 

power-dependent Q(P) and voltage-dependent Q(V) reactive 

power control methods were proposed in [14] and [15], 

respectively. In an attempt to not only overcome the 

overvoltage problem but also do so with a minimal active 

power loss due to reactive power flow, the authors 

coordinated the droop setting of the PV inverters along with 

the system. Voltage and power loss sensitivity matrices were 

constructed for the distribution network and used to 

coordinate the settings. In [15], the inverter setting 

parameters (threshold voltage, maximum reactive power, 

and the droop characteristic sloop) were formulated in a 

multi-objective optimization problem and solved at an 

assumed critical point. 

Local control methods avoid the use of communication 

networks and are therefore simple and inexpensive to 

implement. However, they do not consider the use of reactive 

power capability of PV inverters to reduce the grid losses and 

only consider voltage regulation. Despite efforts to locally 

coordinate the various inverters (e.g., [15]), the locally 

coordinated inverters may not provide the optimal solution 

under various conditions. In addition, different threshold 

parameters are required to implement these methods.  

B. COMMUNICATION-ASSISTED CONTROL 

This type of control method employs the data collected from 

various locations via communication channels. Control can be 

centralized, while all data is sent to the central substation and 

processed. The voltage regulation elements are then given the 

control directives [16]. The advantage of centralized control 

approaches is that they provide a comprehensive overview of 

the distribution network. As a result, more effective/optimal 

control decisions can be made. A centralized control method 

applies optimization techniques to optimally allocate reactive 

power to the different inverters in the systems to overcome 

voltage violations and reduce active power loss of the system. 

For instance, in [17], the central controller coordinated the 

operation of conventional devices such as capacitor banks and 

voltage regulators with the smart inverters. The setting of the 

conventional devices was scheduled in an hourly timescale, 

while the setting of the inverters was done every 15 minutes. 

Centralized control, on the other hand, requires a complex 

and costly communication infrastructure as well as 

knowledge of the system information, and involves a large 

amount of computation [18]. Moreover, these methods 

operate in a specific time window (dispatch interval) of a few 

minutes, during which the control decisions are assumed to 

be constant, which does not account for real-time system 

variations (e.g., changes in PV generation and its 

consequences during cloudy conditions) [19]. To address 

this shortcoming, the centralized control method was applied 

in [19] and coordinated with the local droop controllers, 

where the central controller solves an optimization problem 

to minimize system losses and dispatches the droop control 

settings to the local controllers. However, the central 

controller still requires an expensive communication 

network, and the computational cost is high [18].  

 In contrast to the use of a centralized controller with a 

complex communication network, a distributed control 

method for PV systems at the lateral level was proposed in 

[20]. The developed method relies on voltage and active 

power measurements along with the voltage sensitivity 

matrix to control the reactive power and use APC when 

needed to overcome the overvoltage problem. The need for 

power measurements increases the required communication 

bandwidth and cost. In [21], two communication-based 

modified droop control methods were proposed. The first 

method aims to equally share the reactive power and uses 

information about the reactive power of all inverters in the 

network to set the controller slope. In the second method, 

defined the droop slope was set by solving an optimization 

problem using the measured active power of all inverters to 

regulate the voltage and minimize the power loss. The 

second method showed better performance but was more 

expensive than the first method. 

C. CONTRIBUTION 

In summary, the existing literature reveals a research gap in 

terms of local control methods not utilizing the reactive power 

capabilities of PV systems to minimize system losses. On the 

other hand, central control methods rely on complex and 
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costly communication systems, while also facing challenges 

due to the large size of the optimization problem, leading to 

increased computational requirements. Additionally, 

alternative distributed control methods have been reported, but 

they often necessitate multiple measurements, thereby raising 

implementation costs. In this paper, a new lateral-level 

reactive power control method for smart PV inverters is 

proposed. The proposed controller performs two main tasks: 

1. Periodical dispatch of the inverter reactive power to 

minimize the active power losses along the lateral. 

2. Real-time voltage control to overcome the overvoltage 

problem with minimum active power loss due to 

reactive power flow. 

The proposed control method has the following 

characteristics: 

1. Fast reactive power dispatch: it is applied at the lateral 

level; therefore, the problem size is smaller and 

simpler than the system level operation. In turn, the 

optimization problem can be solved faster which 

reduces the length of the dispatching interval (only 1-

2 minutes). 

2. Requires a simple communication system at the 

lateral level. 

3. Scalability and flexibility: it can be replicated across 

many laterals to accommodate future system 

expansion. Unlike system level-operation, where the 

control method may need to be re-adjusted/reset to 

adapt to system configuration changes. 

4. Setting-free: the proposed real-time volt/var 

controller does not require any predefined operating 

setting or characteristic, unlike the commonly used 

droop control methods.  

5. Considers uncertainty and diversity of PV generation 

and load profiles along with the system. Often, a 

central controller assumes the same forecasted 

generation and/or demand for the entire system.  

II. PROPOSED CONTROLLER OVERVIEW 

In this section, a general overview of the proposed controller 

is presented. The controller operates on the lateral level, as 

shown in Fig. 1, and performs two tasks that proceed with 

different time steps: a periodical dispatch of reactive power by 

solving an optimization problem and a real-time volt/var 

control, as shown in Fig. 2. At the beginning of each dispatch 

interval, the controller sets the reactive power of the different 

inverters along the lateral to minimize the active power losses. 

During the dispatch interval, the real-time volt/var controller 

monitors the lateral end-node voltage (or the voltage at the 

furthest downstream PV system) and adjusts the reactive 

power of the inverters, to overcome any voltage violation 

issues, if required. The communication requirements, as 

shown in Fig. 1, are limited to delivering the reactive power 

setpoints from the lateral controller to the inverters and 

monitoring the voltage at a point, where a simple low 

bandwidth communication link would suffice. The following 

two sections explain the two control objectives in detail.  

 

 
Fig. 1  

FIGURE 1. A distribution system with the proposed controller structure. 

 

 
Fig. 2  

FIGURE 2. The timing diagram for the proposed controller. 

III. PERIODICAL DISPATCH OF REACTIVE POWER 

The first task of the proposed controller is to periodically 

dispatch the reactive power of the PV systems to minimize 

the active power loss. In this regard periodical dispatch of 

reactive power is formulated as an optimal power flow where 

the objective function is the active power losses. The length 

of the dispatch time window (period) depends on the 

execution time of the optimal power flow problem, the 

prediction/forecasting time of the different variables (e.g., 

load and PV generation), and the communication time [19]. 

The system size and the corresponding number of nodes, 

lines, and PV systems (control variables) are major factors 

affecting the dispatch interval. For centralized control at the 

substation level, the dispatch interval varies from 15 to 60 

minutes [19]. During this period, the system variables are 

assumed to be fixed. The proposed controller is applied at 

the lateral level, which has a limited size compared to the 

entire distribution network. Therefore, the dispatch interval 

can be much smaller (up to 1-2 minutes), as will be illustrated 

later. In the next subsections, the problem formulation, the 

uncertainty models, and the solution method are explained.  

A. PROBLEM FORMULATION 

The optimization problem can be formulated as follows: 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3299351

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 

VOLUME XX, 2017  

𝑚𝑖𝑛
𝑄𝑃𝑉

∑𝑃𝑖𝑗
𝑙𝑜𝑠𝑠

𝑖𝑗

 ∀ 𝑖𝑗 (1) 

subject to: 

𝑰𝑗 = ∑  

𝑘∈𝑁

𝑌𝑗,𝑘𝑉𝑘,𝑡 ∀ 𝑗 (2) 

𝑃𝑗
𝑃𝑉 − 𝑃𝑗

𝐿 = 𝑅𝑒𝑎𝑙 (𝑉𝑗𝐼𝑗
∗) ∀ 𝑗 (3) 

𝑄𝑗
𝑃𝑉 −𝑄𝑗

𝐿 = 𝐼𝑚𝑎𝑔 (𝑉𝑗𝐼𝑗
∗) ∀ 𝑗 (4) 

𝑄𝑖
𝑚𝑖𝑛 ≤ 𝑄𝑖

𝑃𝑉 ≤ 𝑄𝑖
𝑚𝑎𝑥  ∀ 𝑖 (5) 

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑗 ≤ 𝑉
𝑚𝑎𝑥  ∀ 𝑗 (6) 

The objective function in (1) is to minimize the total active 

power loss along the lateral where 𝑃𝑖𝑗
𝑙𝑜𝑠𝑠 is the active power 

loss of the element connecting nodes i and j. The control 

variable is the reactive power of PV units, 𝑄𝑃𝑉. Regarding 

the power flow, the current injection 𝑰𝑗, active and reactive 

power model for the PV (PJ
PV, QJ

PV) and load (PJ
L, QJ

L) at node 

j are represented by (2), (3), and (4), respectively, where Y is 

the system admittance matrix, V is the nodal voltage vector, 

and N is the number of nodes. 

The upper and lower limits for the control variable 𝑄𝑃𝑉 are 

given by (5). The PV inverter's reactive power capability is 

assumed to follow the minimum reactive power requirement 

as defined by the IEEE Std 1547-2018 [9], which is shown 

in Fig. 3, where 𝑄𝑚𝑎𝑥 , and 𝑄𝑚𝑖𝑛 are the limits for the 

reactive power injection and absorption respectively. The PV 

system is in an over-excited operating mode when it exhibits 

positive reactive power, while negative reactive power 

corresponds to an under-excited operation mode. The two 

points P1 and P2 in Fig. 3 correspond to the minimum active 

power generation under which there is no reactive power 

injection/absorption by the PV system, and the minimum 

active power generation that allows injecting/absorbing the 

maximum reactive power, respectively. The standard values 

for P1 and P2, as a percentage of the PV rated power (𝑃𝑟𝑎𝑡𝑒), 

are 5% and 20%, respectively [9]. The upper and lower limits 

are defined in (7) as a function of the PV system active 

power, where 𝑆𝑟𝑎𝑡𝑒  is the inverter rated apparent power and 

the + refers to 𝑄𝑚𝑎𝑥  while the − refers to 𝑄𝑚𝑖𝑛. When the 

active power is greater than 5% and less than 20% 

(Otherwise case in (7)), the relationship between the reactive 

power and the active power is a straight line with a slope of 

(0.44 𝑆𝑟𝑎𝑡𝑒 ÷ 0.2 = 2.2 𝑆𝑟𝑎𝑡𝑒) as depicted in (7). As it can 

be noticed, the inverter rated power is larger than the PV 

rated power to allow injecting/absorbing reactive power even 

when the PV is generating its maximum power [9].   

    

𝑄𝑖
𝑚𝑎𝑥,𝑚𝑖𝑛

= {

0
±0.44 𝑆𝑖

𝑟𝑎𝑡𝑒

±2.2 𝑆𝑖
𝑟𝑎𝑡𝑒 ∙ 𝑃𝑖

𝑃𝑉
 
𝑃𝑖
𝑃𝑉 < 0.05𝑃𝑖

𝑟𝑎𝑡𝑒

𝑃𝑖
𝑃𝑉 ≥ 0.2𝑃𝑖

𝑟𝑎𝑡𝑒

𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 
∀ 𝑖 (7) 

 
Fig. 3  

FIGURE 3. The reactive power capability of the PV inverters [9]. 

 

The nodal voltage is a dependent variable with its limits 

set by (6). The voltage limits depend on the system voltage 

level and the employed standard [22]. The inequality 

constraint in (6) is maintained by adding it to the objective 

function in (1) as a quadratic penalty term [23]. Therefore, 

the objective function in (1) is modified to (8), where λ is the 

penalty factor. The power loss and the nodal voltage in (8) 

are represented as per-unit (pu) quantities.  

 

𝑚𝑖𝑛
𝑄𝑃𝑉

[∑𝑃𝑖𝑗
𝑙𝑜𝑠𝑠

𝑖𝑗

+∑𝜆(𝑉𝑗 − 𝑉
𝑙𝑖𝑚𝑖𝑡)

2

𝑗

] (8) 

where 

𝑉𝑙𝑖𝑚𝑖𝑡 = {
𝑉𝑚𝑖𝑛

𝑉𝑚𝑎𝑥

𝑉𝑗

 
   𝑉𝑗 < 𝑉

𝑚𝑖𝑛

   𝑉𝑗 > 𝑉𝑚𝑎𝑥

   𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (9) 

B. UNCERTAINTY IN PV GENERATION AND LOAD 

To solve the previously formulated optimal power flow 

problem, PV generation and the load demand are needed. 

One possible option used in the literature is using forecasted 

values [24]. However, even with forecasted values, 

uncertainties associated with the irradiance and load demand 

must be considered [25]. For this purpose, probabilistic 

modeling of these parameters was used. The irradiance and 

the load demand are often represented by Beta and Gaussian 

probability distributions, respectively [19, 25-29]. In 
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addition, in [28, 29] the irradiance measurements were used 

directly to construct the uncertainty model instead of relying 

on the forecast model which requires a large database of 

historical data [26] to construct and other data, such as last 

week’s estimates, to run. After constructing the uncertainty 

models for different variables, the problem can be solved 

using different approaches, such as Monte Carlo simulation 

and scenario-based analysis, which are accurate but 

computationally intensive [19, 25]. Another way to solve the 

problem is to divide the distribution grid into several 

stages/regions and estimate a weighted average value for 

these stages/regions according to their probability [27-29]. 

This approach involves a low computational effort than the 

previous solution.  

The literature provided the forecasting and uncertainty 

models for the central substation, assuming the same 

irradiance and load values as for the entire system. The 

length of the dispatch interval (often 15 to 60 minutes [19]) 

is influenced by the prediction time [19]. It is clear that a 

fixed irradiance level and the same load patterns for the 

distribution grid along the dispatch interval do not reflect the 

actual operating conditions. 

The proposed controller operates at the lateral level, which 

covers a small region when compared to the entire 

distribution system. Therefore, the approximation of 

assuming the same forecasted value along the lateral would 

be more realistic than along the entire distribution system. 

Regarding the irradiance level, we assumed the availability 

of an irradiance meter (similar to [28, 29]) at the lateral level 

to provide a few measurements to the controller, which are 

then used to model the stochastic nature of the solar 

irradiance as will be illustrated. Since, the proposed 

controller is applied at the lateral level, it has access to the 

lateral measurements of the main transformer Therefore, 

using the actual measurements of transformer power 

(𝑃𝑋𝐹𝑀𝑅) and irradiance (the corresponding PV generation 

𝑃𝑃𝑉), a plausible estimate for the aggregate load power (𝑃𝐿) 

can be made if the lateral power loss (𝑃𝑙𝑜𝑠𝑠) in (10) is 

ignored. An average load demand for various loads along the 

lateral is then estimated. This estimate does not match actual 

load demand, but is a simpler alternative to using a load 

forecasting model, which also cannot estimate the actual load 

demand. The estimated load points are then used to create 

the Gaussian distribution to account for the uncertainty in the 

load demand. The irradiance (𝐺) and active power 

generation, ignoring the temperature effect, are related by 

(11), where 𝐺𝑠𝑡𝑑 is the irradiance under the standard 

conditions ( 1000 W/m2), and 𝑅𝑐 is a specific irradiance point 

( 150 W/m2) [30, 31]. 

 

∑𝑃𝐿 = 𝑃𝑋𝐹𝑀𝑅 +∑𝑃𝑃𝑉 −∑𝑃𝑙𝑜𝑠𝑠  (10) 

𝑃𝑃𝑉(𝐺) =

{
 
 

 
 𝑃𝑟𝑎𝑡𝑒 ∙

𝐺2

𝐺𝑠𝑡𝑑 ∙ 𝑅𝑐
   0 < 𝐺 < 𝑅𝑐

𝑃𝑟𝑎𝑡𝑒 ∙
𝐺

𝐺𝑠𝑡𝑑
         𝐺 ≥ 𝑅𝑐

  (11) 

 

 In such a case, the whole process of estimating PV 

generation and load demand depends mainly on the 

frequency of irradiance measurements, which allows a 

significant reduction of the dispatch interval. The dispatch 

interval can be as low as 1-2 minutes, which is an advantage 

for the proposed controller. The measurements during a 

given time interval and the corresponding uncertainty 

models are used to estimate the variable values for the next 

time interval. It is worth mentioning that the estimated 

irradiance and corresponding PV generation are used to 

adjust the upper and lower limits for reactive power 

according to (7).   

1) PV GENERATION UNCERTAINTY MODEL 

The Beta distribution function is used to characterize the 

uncertainty in the solar irradiance (12) [26, 27]. 

 

𝑓𝑏(𝐺) =
Г(𝛼 + 𝛽)

Г(𝛼) ∙ Г(𝛽)
∙ 𝐺(𝛼−1) ∙ (1 − 𝐺)(𝛽−1)  (12) 

 

where 

𝑓𝑏(𝐺)  Beta probability density function; 

𝐺  irradiance in kW/m2 (0 ≤ 𝐺 ≤ 1); 

𝛼, 𝛽  Beta distribution shape parameters (𝛼, 𝛽 ≥ 0); 

Г  Gamma function. 

 

The shape parameters (𝛼, 𝛽) are calculated from the 

irradiance data for every time interval using the mean (𝜇) and 

the standard deviation (𝜎) values of the irradiance during that 

interval as follows.  

 

𝛽 = (1 − 𝜇). (
𝜇 ∙ (1 + 𝜇)

𝜎2
 − 1) (13) 

𝛼 =
𝜇 ∙ 𝛽

1 − 𝜇
 (14) 

 

The generated irradiance distribution is divided into M 

region segments (between the minimum and maximum 

irradiance values), as shown in Fig. 4. The irradiance for 

each region is calculated as the average of the region 

boundaries (𝐺1, 𝐺2, . . . , 𝐺𝑀). The probability of each region 

(𝜌1, 𝜌2, . . . , 𝜌𝑀) is calculated (area under the curve), either by 

integrating 𝑓𝑏(𝐺) over the region boundaries or 

approximately using the trapezoidal rule. Then, the effective 

irradiance (𝐺𝑒𝑓𝑓) is calculated as a weighted sum for 

different regions, using the probability of the region as a 

weighting factor (15). Finally, the corresponding PV 
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generation for different PVs along the lateral is estimated by 

(11). 

 

𝐺𝑒𝑓𝑓 = ∑ 𝐺𝑚 ∙ 𝜌𝑚

𝑀

𝑚=1

 (15) 

 
Fig. 4  

FIGURE 4. Probability distribution of the solar irradiance. 

 

2) LOAD UNCERTAINTY MODEL 

As explained earlier, the PV generation estimated with (11) 

at different measured irradiance values can be used together 

with the transformer lateral active power measurement to 

obtain the load’s active power values with using (10), 

ignoring the losses. These load values are used to construct 

the Gaussian distribution 𝑓n(𝑑) which characterizes the load 

uncertainty (16), where 𝜇 and 𝜎 are the mean and standard 

deviation of the load values of the current time interval, and 

(𝑑) refers to the load demand. Then, the effective load 

demand is estimated similarly to the effective irradiance 

mentioned above. It is assumed that the reactive power 

follows the same distribution as of the active power, which 

is a practical assumption used in the literature [19]. 

𝑓𝑛(𝑑) =
1

𝜎√2𝜋
∙ 𝑒𝑥𝑝 [

−(𝑑 − 𝜇)2

2𝜎2
]  (16) 

C. SOLUTION METHOD 

Two tools/methods are required to solve the problem: a load 

flow method and an optimization method. For the purpose of 

this paper neither the load flow method nor the optimization 

method to be used will be compared or selected. Different 

load flow methods can be used for distribution systems [32, 

33]. Moreover, the optimization problem can be solved using 

different approaches, e.g., nature-inspired algorithms such as 

the Genetic Algorithm and Particle Swarm Optimization 

[34]. The field of optimization is subject to continuous 

development. New improved methods have been developed 

by combining two original methods [28].  

This paper uses the Open Distribution System Simulator 

(OpenDSS) [35] to model the distribution network under 

study and solves the load flow problem at different candidate 

solutions. Briefly, the OpenDSS is based on the construction 

of the system admittance matrix that relates the node 

voltages and currents. Starting from an initial guess of the 

node voltages, the problem is then solved iteratively until it 

converges. It is suitable for both balanced and unbalanced 

distribution systems.  

The Pattern Search optimization method [36, 37] is 

adopted in this paper as it requires fewer function evaluations 

compared to the evolutionary methods. It should be noted 

that other methods can also be used and compared. The 

Pattern Search method can be seen from Fig. 5 in which the 

algorithm creates a pattern/grid of trial points around the 

base point (the best solution so far). Initially, the current 

point is the base point, and the method solves the problem at 

the trial points. At each iteration, the pattern either moves its 

base point to a new point (a point with a better objective 

function value) or shrinks in size if no better solution is 

found. This process continues until reaching the stop criteria. 

More details on the theory and implementation of the method 

can be found in [36, 37]. MATLAB is used to model the 

proposed controller and has been interfaced with the 

OpenDSS. 

  

 
Fig. 5  

FIGURE 5. Illustration of Pattern Search showing pattern movement and 
shrinking. 

IV. REAL-TIME VOLT/VAR CONTROL 

While the optimal dispatch of reactive power takes place at 

regular intervals, the controller also monitors the voltage in 

real-time and coordinates the operation of various PV 

inverters to avoid any voltage violations. The distribution 

system suffers from an overvoltage problem especially when 

PV generation is high during off-peak hours [13, 20]. The 

surplus PV generation causes in a reverse power flow in the 

system, which in turn pushes the voltage to rise at nodes 

further away from the substation. The solution to the 

overvoltage problem is the focus of this part of the paper. 

The overvoltage problem is solved by utilizing the reactive 

power capability of the smart PV inverters along the lateral. 

Since this is a real-time application, it would not be advisable 

to rely on solving the optimal power flow because solving 

the optimization problem requires time. Therefore, in this 

section a different approach is proposed to solve the 

Start

*

Move

*

Shrink

*

* Target
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overvoltage problem. The previous section has shown that 

PV inverters are set to certain reactive power values during 

the dispatch interval to minimize the power loss. If an 

overvoltage problem occurs during this interval, the real-

time volt/var control algorithm responds to bring the voltage 

back to the accepted limits. The proposed controller aims to 

do this while minimizing the loss incurred. This task can be 

accomplished by disturbing as small a number of inverters as 

possible from their previously dispatched reactive power.  

The proposed approach is to change the reactive power of 

one inverter at a time, then another inverter if necessary. The 

nodal voltage variation due to reactive power variation 

(injection/absorption) increases while moving downstream 

from the main substation [13, 38]. Therefore, the proposed 

controller alters the reactive power setpoint for the inverter 

located furthest downstream along the lateral first. With a 

reverse power flow, the voltage at the most downstream PV 

system connection point has the highest level along the 

lateral [15]. The proposed controller monitors the voltage of 

that connection point. Once the monitored voltage exceeds 

the permitted upper voltage limit, determined by the system 

voltage level and the corresponding standard [22], the 

controller modifies the reactive power setpoint for the 

inverter. In the presence of an overvoltage, the inverter 

reduces its injected reactive power (if it was previously over-

excited) or even starts absorbing reactive power (operates in 

an under-excited mode). As explained earlier, the 

overvoltage problem occurs when PV generation is high. For 

this reason, and based on the characteristics in Fig. 3, the 

limit for the reactive power of each inverter is −0.44 pu. The 

controller modifies the inverter’s reactive power setpoint 

until the voltage returns to the accepted limit or the inverter 

reaches its reactive power limit. If the inverter absorbs its 

maximum reactive power, but the voltage still exceeds the 

limit, the controller starts to modify the reactive power 

setpoint for another inverter. This procedure is repeated until 

the problem is solved. The real-time volt/var control operates 

based on a straightforward concept that monitors the voltage 

and adjusts the inverter's reactive power setpoint 

accordingly. This simplistic volt/var control approach 

facilitates the adherence of the proposed controller to real-

time operations. 

The implementation procedure of the proposed controller 

with both operating stages (periodic dispatch of reactive 

power and real-time volt/var control) is depicted in Fig. 6. 

The change in reactive power (∆Q) can be a fixed value (e.g., 

0.05 pu), or it can be quantitatively tied to the current-voltage 

deviation from the voltage limit, with the larger the 

deviation, the higher the ∆Q. A fixed-step of 0.05 pu was 

used in this study. 

 
Fig. 6  

FIGURE 6. Implementation procedure of the proposed controller. 

V. SIMULATION STUDY 

The performance of the proposed controller is evaluated in 

this section. The proposed volt/var controller is compared 

with the state of art volt/var control method of the IEEE Std 

1547 [9] and with the optimally designed volt/var controllers 

in [15]. 

A. TEST SYSTEMS 

Two test systems have been used for the simulation studies: 

a simple, balanced system comprising a single low voltage 

lateral which was previously used in [15], and a modified 

version of the IEEE 13-bus medium voltage feeder [39, 40]. 

1) SIMPLE TEST SYSTEM 

The first test system is shown in Fig. 7, which consists of 5 

buses connected to the medium voltage (MV) grid through a 

distribution transformer. The system data is given in Table I 

[15]. This system is used as an illustrative example to 

compare the proposed volt/var control method and the other 

methods. 

2) MODIFIED IEEE 13-BUS TEST SYSTEM 

A modified IEEE 13-bus feeder is used for the extensive 

evaluation of the proposed controller. The single-line 

diagram of the modified system is shown in Fig. 8. The 

original IEEE 13-bus feeder is a medium voltage system 

(4.16 kV). It has been modified to include low voltage 

PV generation and load uncertainty modeling 

Solve the optimization problem and send Q to 

the inverters

Real-time voltage measurement at the lateral 

end node (most downstream PV)

Update Q by  Q starting from the downstream 

PV system

V > limit?
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End of 

dispatch 
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laterals connected to the medium voltage feeder through 

distribution transformers. In order to evaluate only the 

performance of the smart PV inverters other voltage control 

elements were removed or kept at fixed settings. Therefore, 

the voltage regulator present in the original system at the 

main substation was left at a fixed tap setting. The capacitor 

banks were also removed. 

The modified system has five three-phase laterals. Two of 

these have with balanced loads and are connected to buses 

671 and 680 in Fig. 8. The other three laterals have 

unbalanced loads and are connected to buses 634 and 675 (2 

laterals). Six single-phase laterals were added on different 

phases along the system and connected to buses 692, 652, 

611, 645, and 646 (2 laterals). Data for the medium voltage 

IEEE 13-bus feeder can be found in [39]. The general 

construction of all low voltage laterals follows the system in 

Fig. 7. The lateral data is given in Table II, with all the three-

phase laterals having the same transformer and cable data 

and similarly to the single-phase laterals. 

 
Table I 

TABLE I 

PARAMETERS OF THE TEST SYSTEM 1 

Element Parameters 

Medium voltage grid 20 kV, 100 MVA, X/R= 1 

Distribution transformer 20/0.4 kV, 250 kVA, Z= 4% 

Cable section  150 m, Z= 0.346+j0.0754 Ω/km 

 

 
Fig. 7  

FIGURE 7. A simple low voltage test system. 

 

 
Fig. 8  

FIGURE 8. A modified version of the IEEE 13-bus feeder. 

 
Table II  

TABLE II 

PARAMETERS OF THE LATERALS IN TEST SYSTEM 2 

Element Parameters 

Three-phase transformer 4.16/0.48 kV, Y/Y, 500 kVA, 

X= 2%, R= 1.1% 

Single-phase transformer 2.4/0.277 kV, 150 kVA, X= 2%, 

R= 1.1% 

Three-phase cable section  50 m, Zs= 0.114+j0.0359 Ω/km, 
Zm= 0.0228+j0.0072 Ω/km 

Single-phase cable section  50 m, Z= 0.14+j0.0357 Ω/km 

B. EVALUATION ON THE SIMPLE SYSTEM 

Firstly, the proposed controller is evaluated in different 

operating scenarios. Then, the proposed volt/var controller is 

compared to the IEEE Std 1547 volt/var control method [9] 

and the method developed in [15] that optimally coordinates 

the setting of different PV inverters. 

1) EVALUATION 

Testing scenarios can be hypothetically defined or derived 

from real operation data. Here we have derived them from a 

one-year recorded data in the U.K. [41]. The original data, 

involving 17520 demand-generation scenarios, have been 

clustered and aggregated into 26 representative scenarios 

[41]. Six of these scenarios correspond to variation of the 

load demand during periods of no PV generation (e.g., night-

time) and accordingly, were not included in the study. The 

other 20 scenarios are presented in Table III. Each entry in 

Table III represents the period for which the corresponding 

scenario extends during the year as a percentage of the 

annual number of hours (8760). For instance, the entry for 

the first scenario is 0.04, which means this scenario occurs 

for 0.04/100×8760=3.5 h during the year. It can be noticed 

that the 20 scenarios represent 44.42% of the year while the 

omitted six scenarios cover the rest of the year, as previously 

mentioned. 

 
Table III  

TABLE III 
DEMAND-GENERATION SCENARIOS 

%
 o

f 
P

V
 g

en
er

at
io

n
 10 ❶0.04 ❷3.35 ❸12.32 ❹7.41 ❺2.64 ❻0.08 

30 ❼0.01 ❽0.64 ❾10.89 ❿1.31 ⓫0.07  

50  ⓬0.09 ⓭4.00 ⓮0.18   

70  ⓯0.05 ⓰1.20 ⓱0.01   

90   ⓲0.11 ⓳0.01   

100   ⓴0.01    

 20 30 50 70 90 100 

% of peak demand 

❶ refers to the scenario number from 1 to 20. 

 

The load at different buses was assumed to be 30 kW with 

0.9 lagging power factor. To easily sense the values, the PVs 

had the same rated power as the loads. The grid voltage was 

set to 1.02 pu. The system was tested under these 20 

scenarios. For each scenario, the PV inverters operated at a 

unity power factor of one and operated at the dispatched 

reactive power following the proposed controller commands 

on another occasion. The accepted voltage upper and lower 
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limits depend on the voltage level and the operating standard. 

For the comparison later in this section, the accepted voltage 

margin for this system is assumed to be ±10% [15, 42]. 

The voltage magnitudes of the buses (the main grid is bus 

0) for different scenarios are shown in Fig. 9 when the PV 

inverters were running at the unity power factor. Since all the 

voltage magnitudes are within the specified limits, the real-

time volt/var controller has not been activated for any 

scenario. Hypothetical test conditions will be used in the 

comparison subsection later to evaluate the performance of 

the proposed real-time volt/var controller. When employing 

the reactive power dispatch controller, the corresponding 

voltage profiles are shown in Fig. 10. Both figures clearly 

show that the voltage increases when moving away from the 

main grid (bus 0) for a few scenarios. This emphasizes the 

reverse power flow from the PVs to the main grid when the 

PV generation exceeds the loading level. For that reason, the 

distribution grid suffers from overvoltage at far nodes when 

the PV generation is high during off-peak loading periods.  

To show the benefit of the reactive power dispatch, the 

total system active power loss (objective function) is 

compared with and without reactive power control. The 

percentage decrease in active power loss due to reactive 

power control is calculated by (17) and is depicted in Fig. 11 

for different scenarios. The following observations can be 

derived from Fig. 11. 

• Reactive power dispatch decreases the active power 

loss in all scenarios because it reduces the need to 

transfer the reactive power from the main grid to the 

loads. 

• In three scenarios where the PV generation was equal 

to the load demand, all the load power was locally 

generated, leading to almost zero active power loss or 

a 100% decrease in loss. 

• The percentage decreases in losses are relatively 

small for the first six scenarios. The reason for that is 

the increase in demand (accordingly, reactive power 

requirement) while the PV generation is 10%, and 

accordingly, the inverter reactive power is limited to 

50% of its reactive power limit following the 

characteristics in Fig. 3. 

The reactive power of the PV inverters for different scenarios 

is shown in Fig. 12. 

%𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒 =
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙
× 100 (17) 

Because each scenar io extends  for  a different per iod dur ing the year , they may introduce an unequal share in the average decrease in the active power  loss .  
 

 
 

 

Table IV illus trates  the active power  loss  in kW for  different scenar ios  without reactive power  control (w/o Q) and with reactive power  control (with Q). The four th and the fifth columns  represent the scaled kW loss  where the kW loss  of a cer tain scenar io in  
 

 
 

 

Table IVThe active power loss in various scenarios, both 

with and without reactive power control, is presented in 

second and third columns in Table IV. As expected, the 

power loss escalates with higher load levels. An example of 

this can be observed when transitioning from scenario 1 to 6, 

where the load percentage increased from 20% to 100% of 

the peak demand, leading to increased losses. However, in 

all cases, the implementation of reactive power control 

effectively reduces the active power loss. Notably, in 

scenarios such as 13 and 17, where the load power was 

entirely supplied by the PV systems, the feeder experienced 

zero loss.  

Table IV is multiplied by the corresponding value in Table 

III. This allows for different weighting the scenarios. Then, 

the average kW loss during the PV generation period of the 

year (sum/44.42) without and with reactive power control is 

calculated as 2.483 kW and 1.747 kW, respectively. The 

average active power loss for this system has decreased by 

29.64% over the entire PV generation period (44.42% of the 

year) when the proposed reactive power control is used. 

 
Fig. 9  

FIGURE 9. Voltage profiles when the PV inverters operate at unity power 
factor. 

 
Fig. 10  

FIGURE 10. Voltage profiles when the PV inverters operate at the 
dispatched reactive power levels. 
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Fig. 11  

FIGURE 11. Percentage decrease in active power loss in different 
scenarios. 

 
 

 
 

 

Table IV  

TABLE IV 

ACTIVE POWER LOSS FOR DIFFERENT SCENARIOS 

Scenario 
kW loss Scaled kW loss 

w/o Q with Q w/o Q with Q 

1 0.189 0.097 0.008 0.004 

2 0.610 0.395 2.044 1.323 

3 2.284 1.639 28.139 20.192 

4 5.069 3.950 37.561 29.270 

5 8.524 7.041 22.503 18.588 

6 10.49 8.798 0.839 0.704 

7 0.183 0.094 0.002 0.001 

8 0.203 0.001 0.130 0.001 

9 0.992 0.395 10.803 4.302 

10 2.897 1.639 3.795 2.147 

11 5.807 3.837 0.406 0.269 

12 0.569 0.369 0.051 0.033 

13 0.569 0 2.276 0 

14 1.570 0.395 0.283 0.071 

15 1.626 1.407 0.081 0.070 

16 0.925 0.368 1.110 0.442 

17 1.123 0 0.011 0 

18 1.983 1.392 0.218 0.153 

19 1.463 0.369 0.015 0.004 

20 2.727 2.096 0.027 0.021 

Final average 2.483 1.747 

 

 

 

 
Fig. 12  

FIGURE 12. Dispatched reactive power for different PV inverters in different scenarios. 

 

2) COMPARISON 

The proposed real-time volt/var controller is compared to 

the state of art volt/var control method reported in the IEEE 

Std 1547-2018 [9] and the optimally coordinated volt/var 

control method in [15]. The volt/var characteristic used in 

[9, 15] to overcome the overvoltage problem in the 

distribution system through absorption of reactive power 

(under-excited mode) is shown in Fig. 13. Briefly, the 

inverter absorbs a certain amount of reactive power 

according to the characteristic in Fig. 13 if the voltage 

exceeds V3. The maximum reactive power is absorbed if 

the voltage reaches/exceeds V4. 

 

 
Fig. 13  

FIGURE 13. Voltage-reactive power characteristic in under-excited 
mode [9]. 

 

In [9], a default setting and the acceptable range for the 

voltage breaking points are defined. No specific rules were 

mentioned to select the setting for different inverters in the 

system. On the other hand, the settings for different 
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inverters were optimally coordinated in [15]. Two methods 

were developed in [15]: assuming equal reactive power 

share between the inverters and unequal share based on a 

multi-objective optimization problem. As the latter 

provided better performance, it has been used in the 

comparison. 

To comply with the work presented in [15] and to test 

under the same conditions, the low voltage system in Fig. 

7 has been modified as follows: 

1. A PV system was added at bus 1; 

2. All the loads were removed. 

In an unloaded system, the generated PV power flows 

directly into the main grid. Therefore, the voltage level in 

the system increases. The default setting is used for all 

inverters when applying the IEEE 1547 method (V3=1.02 

pu and V4=1.08 pu) because it has shown a good 

performance under different operating conditions [8, 9]. 

The inverter setting as derived in [15] is shown in Table V. 

This setting is the outcome of solving a multi-objective 

optimization problem [15]. Note that the per-unit reactive 

power limit is referred to the PV-rated power, not the 

inverter-rated apparent power. As is clear, the PV system 

connected at bus 1 is not sharing in the reactive power 

control. The voltage upper limit used in [15], which is 1.1 

pu according to the EN 50160 [42], has been used in this 

comparison. 

 
Table V  

TABLE V 

PV INVERTER SETTING FOR THE METHOD IN [15] 

PV Bus 1 2 3 4 5 

V3 (pu) 1.023 1.054 1.073 1.087 1.094 

V4 (pu) 1.026 1.056 1.078 1.093 1.1 

|Q4| (pu) 0 0.207 0.484 0.484 0.484 

 

The total PV generation has been increased from 50 kW 

to 150kW. The generated power flowed to the main grid 

leading to voltage rise along the lateral as shown in Fig. 

14. The voltage at bus 4 and bus 5 exceeded the upper limit 

(1.1pu) above a certain generation level when the PV 

inverters were operating at a unity power factor. Three 

control methods were applied to solve the problem, 

namely, the proposed method (Proposed), the method in 

[15] (Samadi), and the IEEE Std 1547 method 

(IEEE 1547). The voltage at the final bus (bus-5) is 

depicted in Fig. 15 for the three control methods. All the 

methods successfully solved the overvoltage problem that 

existed for the original unity power factor case. The IEEE 

1547 method reduced the voltage level even for the low PV 

penetration levels where there was no voltage violation 

problem. This will be reflected in the utilized amount of 

reactive power during the control operation. The total 

reactive power absorbed by all the PV systems is shown in 

Fig. 16, where the negative sign refers to reactive power 

absorption. The proposed method shows the lowest 

reactive power utilization to overcome the overvoltage 

problem, followed by the optimized method by Samadi et 

al [15]. Note that reactive power flow to bring the voltage 

down to the limit increases the active power loss. The 

increase in the active power loss due to reactive power as 

a percentage of the no reactive power flow cases is 

estimated and presented in Fig. 17. Because the proposed 

method requires the lowest reactive power, it results in the 

lowest increase in the active power loss compared to the 

other methods. The IEEE 1547 shows the highest power 

loss as it starts reactive power injection even for the no 

voltage violation conditions. The increase in loss for the 

IEEE 1547 method decreases at the high PV generation 

because the absolute increase in power loss is almost fixed, 

and when referred to the power loss at unity power factor, 

which is increasing, it shows a decreasing percentage. It is 

worth noting that as the active power generation increases 

to 150kW, it becomes necessary for different PV systems 

to absorb reactive power close to their limits. For that 

reason, the proposed method and the method proposed by 

Samadi come closer at higher PV generation levels. 

Nevertheless, the proposed method is still providing the 

lowest reactive power requirement. For the aim of 

illustrating the activation of the PV inverter's control one 

by one when using the proposed method, Fig. 18 shows the 

reactive power for two PV systems. It is clear that the PV 

inverter at bus 4 is activated only when the downstream 

inverter reaches its reactive power limit (14.5 kVAR in this 

study).  

 

 
Fig. 14  

FIGURE 14. Voltage profile at unity power factor for different PV 

generation. 
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Fig. 15  

FIGURE 15. Voltage at the end bus when applying different control 
methods. 

 
Fig. 16  

FIGURE 16. Reactive power utilization when applying different control 
methods. 

 
Fig. 17  

FIGURE 17. Increase in active power loss when applying different 
control methods. 
 

 
Fig. 18  

FIGURE 18. Reactive power for two PV systems when applying the 
proposed control method. 

C. EVALUATION ON THE MODIFIED IEEE SYSTEM 

The modified IEEE 13-bus feeder shown in Fig. 8 was used 

as an unbalanced system. A high PV penetration level of 

96% of the total load capacity was used by installing PVs 

at different nodes along the low voltage laterals. This level 

of PV penetration remains within the limits of both the 

feeder capacity and the substation transformer capacity. 

The voltage profiles for the system without PV generation, 

i.e., the loads fed from the main substation, are shown in 

Fig. 19. The distance is measured from the main substation 

at bus 650. The medium voltage (MV) feeder sections and 

the low voltage (LV) laterals are represented by continuous 

and dashed lines, respectively. The voltage profile reflects 

the unbalanced nature of the system. As previously 

mentioned, the substation regulator is maintained at a fixed 

tap position (that provides 1.03 pu in this study), and the 

capacitor banks are removed to check the influence of the 

smart PV inverters on the system performance. In this part 

of the simulation study, the voltage upper and lower limits 

for the LV laterals are 1.05 pu and 0.95 pu, respectively, in 

accordance with the ANSI C84.1 specifications [22]. 

Many low voltage nodes fall below the lower voltage 

limit‒particularly for phase A (black) and phase C (blue). 

The incorporation of PV systems enhanced the voltage 

profile, as shown in Fig. 20. The choice of voltage level at 

the substation should be noted as arbitrary, but a value of 

1.03 pu was selected due to its ability to maintain voltage 

within acceptable limits at all nodes when considering PV 

active power generation. 
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Fig. 19  

FIGURE 19. Voltage profile for the modified IEEE 13-bus feeder without 
PV generation (black=phase A, red=phase B, blue=phase C, 
continuous =MV, and dashed=LV). 

 
Fig. 20  

FIGURE 20. Voltage profile for the modified IEEE 13-bus feeder with PV 
generation (black=phase A, red=phase B, blue=phase C, 
continuous=MV, and dashed=LV). 

 

Daily time series simulation was performed. Previous 

studies often assumed the same irradiance level and/or load 

profiles for the whole system [20]. In this study, three 

different irradiance profiles, which are shown in Fig. 21, 

were generated by the tool developed in [43]. Therefore, 

different PV systems were subjected to different irradiance 

levels. Also, different load profiles reported for the 

European low voltage test feeder in [39] were used. A 

sample of the load profiles is shown in Fig. 21. In this 

study, the dispatch interval used is 2min. The operation of 

the real-time volt/var control is then illustrated by an 

example. 

Firstly, simulation results while the PV inverters were 

operating at unity power factor are presented, then when 

employing the proposed reactive power controller. The 

total daily active power loss (1440 minutes) along all the 

laterals and the individual daily energy loss for different 

laterals are shown in Fig. 22 at the unity power factor. The 

first five laterals show higher energy loss because they are 

three-phase laterals (higher loading). The voltage profiles 

across the laterals are shown in Fig. 23 to Fig. 29. The 

voltages at the start and end buses of each lateral are 

presented. For three-phase laterals, the voltage of different 

phases is shown. It can be noticed from the profiles that: 

• There are some periods of overvoltages along all 

the laterals due to high PV generation and reverse 

power flow. This is clear as the voltage at the end 

bus exceeds the upper voltage limit (1.05 pu). 

• There are some periods of undervoltage along a few 

laterals‒particularly phase A and/or phase C (e.g., 

laterals 2 and 3) due to high loading conditions 

while there is limited/no PV generation. Noting that 

the inverters are not sharing any reactive power yet. 

 
Fig. 21  

FIGURE 21. Three irradiance profiles and two load profiles. 

 
Fig. 22  

FIGURE 22. Power and energy loss when the PV inverters operate at 
unity power factor. 
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Fig. 23  

FIGURE 23. Voltage profile along lateral 1 when the PV inverters 

operate at unity power factor. 

 

 
Fig. 24  

FIGURE 24. Voltage profile along lateral 2 when the PV inverters 
operate at unity power factor. 

 
Fig. 25  

FIGURE 25. Voltage profile along lateral 3 when the PV inverters 
operate at unity power factor. 

 
Fig. 26  

FIGURE 26. Voltage profile along lateral 4 when the PV inverters 

operate at unity power factor. 
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Fig. 27  

FIGURE 27. Voltage profile along lateral 5 when the PV inverters 
operate at unity power factor. 

 

 
Fig. 28  

FIGURE 28. Voltage profile along laterals 6, 7, and 8 when the PV 
inverters operate at unity power factor. 

 
Fig. 29  

FIGURE 29. Voltage profile along laterals 9, 10, and 11 when the PV 

inverters operate at unity power factor. 

 

When the proposed reactive power controller was 

employed, the inverters injected/absorbed reactive power 

following the controller commands. The active power and 

the energy losses are compared to the unity power factor 

cases as depicted in Fig. 30 and Fig. 31, respectively. The 

percentage decrease in a loss estimated by (17) and shown 

in Fig. 30 shows three trends: 

1- Zero values (no decrease in losses) following the 

characteristic in Fig. 3, during the periods when the 

PV generation was below 5% of the rated power. 

During these periods, there was no reactive power-

sharing by the PV inverters. 

2- Positive values (decrease in losses) where the PV 

inverters were injecting reactive power into the 

system leading to a reduction in the imported 

reactive power from the main grid to feed the loads.  

3- Negative values (increase in losses) where the PV 

inverters were under-excited and absorbing reactive 

power from the system when the system voltage 

was violating the upper voltage limit (overvoltage 

conditions). The additional reactive power flow 

increased the active power loss. 

Nevertheless, there was net energy saving over the entire 

simulation period, as illustrated in Fig. 31. Comparing the 

total energy loss (kWh) in both cases, applying the 

proposed controller resulted in a daily reduction in energy 

loss by 13.7% under the used test conditions. 

The voltage at the end bus of each lateral, which suffers 

from overvoltage or undervoltage at unity power factor as 

presented in Fig. 23 to Fig. 29, has been recorded and 

displayed in Fig. 32 to Fig. 38 when applying the proposed 
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control method. From the voltage profiles, it can be derived 

that: 

1- The reactive power controller overcame all the 

overvoltage problems along the laterals. 

2- The controller also solved the undervoltage 

problem for different situations. 

3- There are still periods of undervoltage where the 

PV systems were not generating any reactive power 

(e.g., lateral 3). For such times of the day, operation 

of other voltage regulation devices such as 

transformer online tap changer would be needed. 

 
Fig. 30  

FIGURE 30. Active power loss with and without control. 

  
Fig. 31  

FIGURE 31. Energy loss with and without control. 

 

 
Fig. 32  

FIGURE 32. Voltage profile at end bus of lateral 1 with and without 
control. 

 
Fig. 33  

FIGURE 33. Voltage profile at end bus of lateral 2 with and without 
control. 
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Fig. 34  

FIGURE 34. Voltage profile at end bus of lateral 3 with and without 

control. 

 
Fig. 35  

FIGURE 35. Voltage profile at end bus of lateral 4 with and without 
control. 

 
Fig. 36  

FIGURE 36. Voltage profile at end bus of lateral 5 with and without 
control. 

 
Fig. 37  

FIGURE 37. Voltage profile at end bus of laterals 6, 7, and 8 with and 
without control. 
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Fig. 38  

FIGURE 38. Voltage profile at end bus of laterals 9, 10, and 11 with and 

without control. 

 

As explained earlier, the proposed real-time volt/var 

control operates within the dispatch interval to solve any 

voltage violation issue that may arise. Otherwise, the 

inverters would continue with the same dispatched reactive 

power until the next dispatch interval starts. To illustrate 

this process, one dispatch interval (2 minutes) has been 

expanded in 5 second increments. The resolution can be 

less than 5s, but this is for illustrative purposes only. 

Accordingly, the dispatch interval has been divided into 24 

sub-intervals in which the real-time volt/var control 

operates. A dispatch interval during the midday was used 

(around 12 pm). The irradiance values at the beginning of 

the dispatch interval (first sub-interval) follow the values 

used for the optimal dispatch process. Then, hypothetical 

values were used for the other sub-intervals, as shown in 

Fig. 39. For simplicity, the load was assumed to be 

constant during the whole 2-minute period.  

Higher irradiance at the same loading level results in 

voltage rise in the system if not considered. The voltage 

along a few laterals increased, exceeding the upper voltage 

limit (1.05pu) when exposed to the irradiance profiles in 

Fig. 39. Employing the proposed real-time volt/var control 

can handle this problem. For instance, the voltage at the 

end bus of lateral 7 and lateral 8 with and without real-time 

volt/var control are shown in Fig. 40. The volt/var 

controller modified the reactive power commands to the 

PV systems starting from the initial values dispatched by 

the optimal reactive power dispatch problem. Examples of 

the modification of the reactive power for two PV systems 

on each lateral are shown in Fig. 41 and Fig. 42. The real-

time volt/var controller changed the reactive power for 

only one PV unit on lateral 7 to solve the overvoltage 

problem. On the other hand, it required the participation of 

two PV systems on lateral 8. It is clear that the PV system 

changed the mode of operation from over-excited 

(injection) to under-excited (absorption). This result 

emphasizes the role of the proposed real-time volt/var 

controller in conjunction with the periodical dispatch of 

reactive power. 

The simulation study presented in the previous two 

subsections proves the validity of the proposed concept 

and shows its technical advantages. To illustrate the 

advantage of the proposed controller in reducing the 

computational burden, an example is presented using the 

modified IEEE 13-bus system shown in Fig. 8. The 

computational demands, including CPU load and memory 

requirements, directly depend on the size of the 

optimization problem. The problem size is determined by 

the number of control variables involved. In the system, 

there are a total of 11 laterals, and each lateral is simulated 

to consist of 4 PV systems, which translates to 4 control 

variables. Consequently, a central controller would need to 

solve an optimization problem involving 44 control 

variables. In contrast, the proposed controllers at the lateral 

level only deal with 4 control variables each. This 

substantial difference in the size of the optimization 

problem results in a significant reduction in computational 

load. 

 
Fig. 39  

FIGURE 39. Irradiance variation during one dispatch interval at midday. 
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Fig. 40  

FIGURE 40. Voltage profile with and without real-time volt/var control. 

 
Fig. 41  

FIGURE 41. Variation in reactive power for two PV systems on lateral 7. 

 
Fig. 42  

FIGURE 42. Variation in reactive power for two PV systems on lateral 8. 

VI. CONCLUSION 

Current standards for distributed energy resources 

interconnecting consider their participation in voltage 

regulation. This paper has proposed a reactive power 

controller that uses the capabilities of the spreading PV 

inverters to improve the performance of the distribution 

network. The controller was responsible for two tasks: 

periodic dispatch of reactive power to reduce active power 

loss in the system and real-time volt/var control to 

overcome overvoltage circumstances. The proposed 

controller operates at the lateral level, which reduces the 

computing load, dispatch interval, and communication 

requirements. The real-time volt/var control recursively 

and progressively updates the reactive setpoint of the PV 

inverters to solve the overvoltage problem while keeping 

the incurred associated power loss as low as possible. 

Unlike the droop control methods, the proposed controller 

does not require predefined setting parameters or operating 

characteristics. Also, it can be replicated across many 

laterals to accommodate future system expansion. 

A simulation study was conducted on two tests systems. 

A simple balanced test system was used to prove the 

concept and compare its performance with of the other 

methods. The proposed volt/var controller outperformed 

the IEEE Std 1547 volt/var control method and an 

optimally designed volt/var control method in terms of 

reactive power need and active power loss associated with 

handling the overvoltage problem. A modified version of 

the unbalanced IEEE 13-bus feeder was employed for 

extended testing. Daily simulation has been performed. 

The results demonstrated the efficiency of the proposed 

controller in reducing the system loss and overcoming the 

voltage violations (both undervoltage and overvoltage). 

The controller cannot solve the undervoltage during 

periods of no/limited PV generation (e.g., at night), 

because there is no reactive power source. During these 

times, other voltage control devices, such as an online tap 

changer, can be utilized to regulate the voltage. 
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