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A B S T R A C T   

Over-voltage in low voltage feeders due to the increasing penetration level of photovoltaic (PV) is a crucial issue 
to be addressed. There is a need to use more advanced voltage control methods to satisfy the response time of the 
control system. In this paper, a two-level voltage control strategy is presented. In the first level, based on day- 
ahead PV production scenario, Both the on-load tap changer (OLTC) and the battery energy storage systems 
(ESSs) are applied to deal with over-voltage in the peak of PV generation and as well the voltage drop in the peak 
of demand. In this level, the batteries and the tap position of the feeder transformer are optimally set in order to 
improve the voltage profile for the entire planning horizon (next day) taking into account the uncertainties in the 
PV production. In the second level, based on the partitioning of the distribution network, reactive power 
compensation capability of PV inverters is employed to fine-tune the voltage profile for the next operating hour. 
To model the uncertainty pertaining to the output power of PV units, the parameters of beta distribution function 
are estimated for each hour time interval, and then Monte Carlo simulation method is used to generate daily 
scenarios. In order to reduce the complexities and computational burden, the linearized model of power flow 
equations and PV inverters have been implemented. A real and practical, 10 kV, 37-bus system is used to test the 
performance of the proposed method.   

1. Introduction 

In recent years, awareness about the environmental impacts of fossil 
fuel-based power generation and decrease in photovoltaic (PV) panel 
prices, promotes the consumers to prosumers with decentralised gen-
eration into the distribution grids [1,2]. Moreover, technical advance-
ments and socially acceptable cost of the PV systems stimulate rapid 
growth in installed residential solar generating capacity around the 
world [3]. By increasing the penetration level of renewable energy 
sources and connecting new PV systems to the grid, new challenges will 
arise in the distribution networks [4]. These challenges are related to 
power quality aspects [5] such as voltage regulation [6], voltage rise 
[7], voltage unbalancing [8] and transmission lines overloading [9]. 

Voltage increases during peak solar generation times due to higher 
amounts of reverse power flow. This over-voltage is one of the critical 
factors, which limits the amount of PV systems installed in the grid [10]. 
Applying appropriate voltage control methods creates incentives to find 

opportunities for installing new PV systems to the grid. Therefore, 
advanced voltage control methods are required to ensure reliable 
operation of the distribution grids. 

Conventionally, the distribution system operator (DSO) applies 
different voltage control devices such as on-load tap-changing trans-
formers [7], static var compensators (SVC) [11], step voltage regulator 
(SVR) [12] and shunt capacitor (SC) [13] to control the voltage profile. 
By employing the real and reactive power control capabilities of the PV 
inverters, active power compensation(APC) [14] and reactive power 
compensation (RPC) [14,15], are two different methods to solve the 
over-voltage issue. Generally, to ensure that the voltage magnitude does 
not exceed the predefined limitations, a combination of these methods is 
used in a distribution grid [7]. 

To solve the over-voltage issue in the RPC method, the unoccupied 
capacity of the PV inverter is applied for reactive power compensation. 
This capability of the inverters makes the PV units similar to a 
controllable source. A centralized/decentralized approach is considered 
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in [2]. In this approach, the DSO finds the appropriate amounts of 
active/reactive power by dispatching and sends the obtained values to 
the local controllers through telecommunication links. In [16], a cen-
tralised control method is applied for voltage regulation at DSO level. 
The applied method consists of two layers. In the first layer, each grid- 
interfaced inverter is set locally based on a P(V) droop control strat-
egy. Furthermore, the control voltage is performed in order to minimise 
the active power curtailment in the second layer, as a complement to the 
first layer. 

A two-level volt/var control scheme for PV aggregators is presented 
in [17]. At the lower level, the rooftop PV inverters are aggregated 
through the consensus algorithm, and the droop controllers set the 
reactive power output of each PV inverter. At the higher level, to 
minimize the power loss, the reactive power of the PV inverters is dis-
patched. The distributed structure of this approach increases the system 
resilience. In [18], a similar three-level approach is introduced by the 
same research team and validated by applying the power hardware-in- 
the-loop (PHIL) experiment. 

In [19], control and coordination of OLTC and RPC capabilities for 
voltage regulation in the distribution systems are proposed. In this 
approach, the authors used mode estimation of OLTC control, as well as 
capacity, location and power factor limits of inverters to mitigate an 
over-voltage at a remote bus on the same feeder. 

Another solution to an over-voltage problem is to use ESSs, e.g., 
battery storage systems, in order to store the energy instead of curtailing 
PV units [20,21]. These systems can have a vital role in maintaining the 
voltage profile within the acceptable range. To deal with the over- 
voltage problem, the battery charges in high PV generation periods 
and discharges in the other time-periods of the day. Different local 
voltage control strategies based on the coordinated use of PV and battery 
storage systems is presented in [22]. In this article, a droop-based con-
trol for batteries is considered in each house. Furthermore, the reactive 
power absorption capability of inverters is utilized to overcome over- 
voltage issues in some residential feeders. In order to regulate voltage 
profile, a real-time framework to coordinate PV inverters and batteries is 
provided in [23]. The proposed model is implemented in a weak dis-
tribution network with a high PV penetration. This method has a posi-
tive impact on the grid utility by decreasing line losses and supporting 
the peak load. Based on the cooperation of ESSs, a distributed voltage 
regulation approach is developed in [24] for high PV penetrated dis-
tribution networks. In this approach, each ESS is deemed as an indi-
vidual agent who communicates with its nearby agents to make its own 
control decisions and at the same time improves the operational con-
dition of the system. 

A coordinated operation of ESSs and OLTC has been applied to 
voltage regulation of the distribution networks in recent literature. In 
[25], a coordinated strategy for optimal operation of ESSs and OLTC is 
applied. In this approach, ESS units play an active role in voltage 
regulation in addition to OLTCs to ensure the voltage quality. Moreover, 
in [26], a two-stage robust optimisation model is proposed for OLTC 
coordination with RPC and charge/discharge rates of ESSs. 

The coordination of RPC methods and scheduling of the batteries is 
demonstrated as a suitable strategy to achieve an enhanced voltage 
profile [27]. However, the approaches, which consider the distribution 
grids are generally computationally heavy and applying these methods 
to the large systems is a difficult task. Therefore, because of the 
distributed nature of PV systems in the grid, using decentralized voltage 
control methods is a convenient alternative way to manage the voltage 
profile of the distribution network. A decentralized method for voltage 
regulation, and at the same time, reactive power dispatch is proposed in 
[28]. In this strategy, the control capability of fast response PV inverters 
is used to deal with voltage fluctuations. 

Network partitioning methods with different objectives and charac-
teristics have been introduced in [29–33]. In [34] a modularity index is 
introduced to apply for a partition detection algorithm. The especial 
advantage of this algorithm is that there is no need to initialize the 

number of partitions. In other words, the algorithm finds the optimal 
number of partitions by itself. In [30], an improved modularity index is 
introduced based on community detection algorithm to obtain the 
optimal network partitions. Accordingly, a complex problem is decom-
posed into several sub-problems, which can be solved using decentral-
ized methods. Also, a two-step procedure for the optimal partitioning of 
smart distribution systems is demonstrated in [31]. In this approach, at 
first the optimal place of DG units is determined and then by applying a 
placement strategy to find the optimal situation of reclosers and batte-
ries, the maximum supply adequacy in each partition is guaranteed. A 
robust voltage/var control approach for active distribution networks is 
presented in [35]. This method coordinates OLTC, capacitor banks and 
inverters with the aim of minimizing the power loss. To improve the 
quality of the algorithm, a clustering method is employed to reduce the 
amount of data exchanged between the adjacent partitions. 

Although previously mentioned voltage control strategies are 
commonly used in the power system, applying some of these strategies 
in local areas and low-voltage grids are hard to be achieved. Moreover, 
the local over-voltage problems are observed in the distribution systems 
with high penetration of distributed solar generation and prosumers, e. 
g., in the German system [36,37]. In this article, a coordinated voltage 
control strategy to solve the local over-voltage problems with local 
control devices such as OLTC, batteries and RPC capability of the PV 
inverters is proposed. 

A stochastic two-level control approach is presented for regulating 
the voltage profile in distribution networks with high PV penetration. In 
the first level, the Monte Carlo simulation is applied to model the un-
certainty of PV production. Based on the generated scenarios, the 
optimal decisions on the tap position of the transformer in the reference 
bus and the operation of batteries for the next 24 time-periods, are 
made. In this level, the batteries are scheduled to mitigate the effects of 
PV generations on the voltage rise of the grid. Next, in the second level, 
the voltage profile is restored to the acceptable range by using RPC 
capability of PV inverters during the time-periods, which there is an 
over-voltage because of high PV penetration. It should be mentioned 
that this is implemented in the distribution grid that is divided into 
multiple smaller partitions. Thus, by selecting the most critical parti-
tions in the grid, only the inverters in these partitions take a role in RPC 
process. Moreover, in peak load periods by consuming more active 
power, there will be a drop in voltage magnitude. In this case, inverters 
are able to help the grid to avoid voltage drop by injecting reactive 
power. 

The main contributions of this article fall under the following items:  

1. A stochastic two-level voltage control strategy is proposed based on 
taking advantages of battery energy storage systems as well as RPC 
capability of inverters to regulate the voltage magnitude in addition 
to the optimal decisions on the tap position of OLTC. The uncertainty 
of PV production is taken into account in the first level of the pro-
posed voltage control strategy, while the operational condition of the 
grid is considered using the AC optimal power flow. 

2. A network partition-based zonal voltage control scheme is consid-
ered in the second level of the proposed voltage control strategy.  

3. Linear formulations are considered for both power flow and the AC 
inverter. Therefore, the voltage control strategy addressed in this 
paper is formulated as a linear optimisation problem at each level. 
Consequently, CPLEX, as a high-performance solver, is adopted for 
modelling and solving these models. 

In Table 1, the proposed method is compared with the approaches 
recently presented in the literature. In the first column of this table, the 
voltage control methods are divided into two categories: centralized and 
decentralized. In the centralized method, the voltage regulation is done 
through a central coordinator using system communication devices such 
as OLTC and voltage regulator. However, in decentralized methods, 
voltage control is done locally through an active manner with less 
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number of communication devices. In light-load mode, the battery 
works as an auxiliary service, with less emphasis on active power in-
jection into the network. So, as it shown in Fig. 2 (b) the power exchange 
between DGs and the grid is limited in a predefined range. The lines l5 to 
l10 in this figure describe the operational constraints for the inverter in 
light-load conditions. 

2. Model description 

The proposed voltage control method in this article consists of two- 
levels. In the first level, the OLTC in the reference bus and the batteries, 
which are considered in PV buses are scheduled for the 24 h of the 
planning period. Then, in the second level, the voltage is restored to the 
acceptable range using hourly reactive power control capability of in-
verters. Note that, the objective functions of both optimisation problems 
are to minimize the deviation of the voltages from 1 p.u. However, in the 
first level, the decision variables are the tap position of the OLTC and the 
charge and discharge power of the batteries. The optimal values of these 
decision variables will be considered as inputs to the second level of the 
proposed voltage control strategy. Moreover, in the second level the 
decision variables are the injected amount of reactive power taken from 
the inverter of each PV bus. 

The subsequent section describes the modelling of different compo-
nents in the proposed voltage control strategy. 

2.1. Bus considerations 

The interface between the distribution feeder and the three-phase 
inverter is depicted in Fig. 1. As illustrated in this figure, battery, PV, 
and local load have been considered as potential components connected, 
at a typical bus. Moreover, it can be seen that in different situations, the 
active and reactive power can flow alternatively in both directions. 
Because of feeder impedance, there is a voltage drop in the direction of 
power flow. For each bus i, scenario ω and time-period t, the voltage 
difference between the point of common coupling (PCC) voltage and the 
bus voltage (ΔVi,ω,t) can be written as [38]: 

ΔVi,ω,t ≈
RiPi,ω,t + XiQi,ω,t

V*
i,ω,t

∀i, ∀ω,∀t (1)  

where Ri +jXi represent the impedance of the line which connects the 
bus i to the grid. Pi,ω,t and Qi,ω,t are net active and reactive power at the 

bus i, scenario ω and the time-period t, respectively. Also, Vi,ω can be 
considered as the reference voltage: 

ΔVi,ω,t ≈ RiPi,ω,t +XiQi,ω,t ∀i, ∀ω,∀t (2)  

Here, Pi,ω,t and Qi,ω,t are achieved by 

Pi,ω,t = Pgi,ω,t − Pli,t ∀i,∀ω, ∀t (3)  

Qi,ω,t = ±Qgi,ωt − Qli,t ∀i, ∀ω, ∀t (4)  

where Pgi,ω,t and Qgi,ω,t are active and reactive generated power at the bus 
i, scenario ω and the time-period t, respectively; Pli,t and Qli,t are active 
and reactive load at the bus i and at the time-period t, respectively. 
Consequently, active and reactive power can be used to control voltage. 
Also, different scenarios of injected power can impact the voltage pro-
file. For instance, during the day time when DGs produce active power 
the voltage in different buses rises. Note that, the most important pur-
pose for solar power plant owners is to maximize their active power 
injection. Whereas, in this study, the main objective is to improve the 
voltage profile in distribution grids in light of maximizing injected 
power by DGs to maintain the voltage within safe operating range. 

Table 1 
Taxonomy of the recent works in the area.  

Ref. Coordination scheme Levelized 
Optimization 

Utilizing Network 
Partitioning 

Power 
Flow 

Time 
Scale 

Objective    

APC RPC ESS     

[14] Decentralized No No Yes No No – Sec Local voltage regulation 
[17] Centralized Two level No Yes No No AC Sec Utilize PV inverters for voltage regulation 
[25] Decentralized No No No Yes Yes – Hour Enhance the impact of ESS on voltage 

regulation 
[26] Decentralized Two stage Yes Yes Yes No Branch 

flow 
Hour Minimization of the cost in the main grid 

[35] Centralized Two stage Yes No No Yes AC – Minimization of power loss 
[20] Decentralized No No Yes Yes No – Hour Voltage regulation in low voltage networks 
[22] Decentralized No Yes Yes Yes No – Minute Voltage control through self-consumption 

strategies 
[18] Decentralized/ 

Centralized 
Three level No Yes No No AC Sec Voltage regulation through inverter 

capabilities 
[21] Decentralized/ 

Centralized 
No No No Yes No AC Hour Voltage regulation through ESS coordination 

[23] Decentralized No No No Yes No – Sec/ 
Hour 

Coordination of PV inverters and ESSs for 
voltage regulation 

[24] Decentralized/ 
Centralized 

No No No Yes No – Minute Voltage regulation through cooperative 
manner of ESSs 

Pro.*] Decentralized/ 
Centralized 

Two level No Yes Yes Yes Linear Hour Over-voltage control through ESS scheduling 
and RPC 

* Proposed method. 

Fig. 1. A typical bus with PV and battery.  
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2.2. Objective function equation 

The objective function in the first and second levels of the proposed 
voltage control strategy is the same and considered as follows, leading to 
minimize the voltage deviation around one per unit: 

Objective function : min(
∑NI

i=1

∑NΩ

ω=1

∑NT

t=1
πω.

⃒
⃒Vi,ω,t − 1

⃒
⃒
)

(5)  

where πω is the probability of occurrence for each scenario, Vi,ω,t is the 
magnitude of the voltage for the bus i (in per unit), scenario ω and at the 
time-period t. NI,Nω and NT are the number of PQ buses, number of 
scenarios and the time horizon, respectively. Eq. (5) is nonlinear due to 
the presence of the absolute value function. Thus, by applying an 
auxiliary variable yi,ω,t , this equation can be transformed into a linear 
equation: 

min
∑NI

i=1

∑NΩ

ω=1

∑NT

t=1
πω.yi,ω,t (6)  

Subject to 

yi,ω,t⩾Vi,ω,t − 1 ∀i, ∀ω, ∀t (7)  

yi,ω,t⩾1 − Vi,ω,t ∀i, ∀ω, ∀t (8)  

yi,ω,t⩾0 ∀i, ∀ω, ∀t (9)  

2.3. Bus voltage constraints 

The voltage of buses should be considered within a permitted range: 

Vmin⩽Vi,ω,t⩽Vmax ∀i, ∀ω, ∀t (10)  

In this relation, Vmin and Vmax are minimum and maximum allowed 
values of voltage in each bus, respectively. 

2.4. OLTC constraints 

The voltage magnitude at the reference bus is considered as a func-
tion of OLTC tap position: 

Vref,t = 1+
(

tpt ×
Vmax − Vmin

tpmax − tpmin

)

∀t (11)  

tpmin⩽tpt⩽tpmax ∀t (12)  

where tpt is an integer variable denoting the tap position, tpmin and tpmax 

are minimum and maximum values for tap position, respectively. Note 
that, tpmin and tpmax are considered to be − 8 and +8, respectively. 

2.5. Power flow equations 

Eqs. (13) and (14) characterize the constraints of the load flow 
(active and reactive power balance at each bus) in the distribution grid, 
as: 

Pi,ω,t =
∑NI

j=1

j∕=i

Vi,ω,tVj,ω,tYijcos(δi,ω,t − δj,ω,t − θij)

∀i, ∀ω, ∀t

(13)  

Qi,ω,t =
∑NI

j=1

j∕=i

Vi,ω,tVj,ω,tYijsin(δi,ω,t − δj,ω,t − θij)

∀i, ∀ω, ∀t

(14)  

where, δi,ω,t and δj,ω,t are angles of voltage at buses i and j and scenario ω 
and time t, respectively; Yij and θij are the magnitudes in per unit and 
angle of the admittance of branch between bus i and j, respectively. 
These load flow equations are nonlinear. Nonlinearity increases 
computational complexity and may cause convergence problems. Here, 
to avoid this problem, a linearized version of load flow is considered. In 
a per unit system, the magnitudes and angles of the bus voltages are 
around 1 and 0, respectively. Consequently, the load flow equations are 
linearized around this point using Eqs. (15) and (16), respectively [39]. 

Pi,ω,t = Yij

∑NI

j=1,j∕=i

[cosθij + cosθij*(Vi,ω,t − 1) + cosθij*(Vj,ω,t − 1)

− sinθij*(δj,ω,t) + sinθij*(δi,ω,t)] ∀i, ∀ω, ∀t
(15)  

Qi,ω,t = Yij

∑NI

j=1,j∕=i

[cosθij(δi,ω,t) − cosθij*(δj,ω,t) − sinθij

− sinθij*(Vi,ω,t − 1) − sinθij*(Vj,ω,t − 1)] ∀i, ∀ω, ∀t
(16)  

2.6. Battery equations 

Management of charging and discharging of the batteries is strongly 
required to be considered. Thus, Eqs. (17) and (18) are applied to 
manage and control the operation of the batteries. The below equations 
show the relation between the state of charge (SoC) of the battery and its 
previous value with respect to the charge and discharge power at time t: 

SoCi,t = SoCi,t− 1 +Pch
i,t *ηc −

Pdch
i,t

ηd
∀i, ∀t (17)  

Pbat
i,t = Pdch

i,t − Pch
i,t ∀i, ∀t (18)  

where SoCi,t denotes the state of charge of the battery in the bus i at the 
time-period t,Pbat

i,t ,P
ch
i,t and Pdch

i,t are the net injected, input and output 
power of the battery in the bus i at the time-period t. The parameters ηc 
and ηd are the charge and discharge efficiency of the battery, respec-
tively. The charge and discharge rates of the battery in the bus i are 
limited as follows: 

0⩽Pch
i,t ⩽xi,tPch,max

i ∀i, ∀t (19)  

0⩽Pdch
i,t ⩽(1 − xi,t)Pdch,max

i ∀i, ∀t (20)  

where the binary variable xi,t represents the charge or discharge state of 
the battery at the time-period t. If the battery is charged xi,t = 1 and 
xi,t = 0 if the battery is discharged. Pch,max

i and Pdch,max
i are the maximum 

allowed values of charge and discharge, respectively. Moreover, aiming 
at preventing damages to the battery, Eq. (21) limits the SoC of the 
battery. Therefore, the SoC of the battery is controlled in a way that it 
doesn’t exceed the predefined limitations: 

SoCmin⩽SoCi,t⩽SoCmax ∀i, ∀t (21)  

where SoCmin and SoCmax are minimum and maximum amounts of 
allowed state of charge, respectively. 

In this article, we consider battery in all PV buses. Therefore, the 
active power generation value in these buses is obtained through Eq. 
(22). 

Pgi,ω,t = PPV
i,ω,t +Pbat

i,t ∀ω,∀i, ∀t (22)  

where Pgi,ω,t is the amount of active power generation in the bus i at the 
time-period t and scenario ω. Furthermore, PPV

i,ω,t is the active power 
generation of PV installed in bus i, scenario ω and at the time-period t. 
The value of Pbat

i,t is positive when the battery is discharging and its 
negative when the battery is charging. 
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Finally, the state of charge of the battery must be equal at the start 
and the end of the day [31,40]: 

SoCi,ω,t = SoCInit ∀i, ∀ω, t = T (23)  

where SoCInit is a parameter, which shows the initial state of charge of 
the battery. 

The optimized level of active power exchange between the battery 
and the grid is achieved by considering these constraints. 

2.7. Inverter equations 

As it is illustrated in Fig. 1 the photovoltaic panels and the battery are 
connected to the grid by a three-phase inverter. The inverter can control 
the amount of injected or absorbed active and reactive power. Conse-
quently, the inverter has a capability curve similar to synchronous 
generators to control terminal voltage by regulating the amount of 
reactive power compensation. The capability power curve is introduced 
to limit the active and reactive power: 

Sinvi,ω,t =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

P2
gi,ω,t

+ Q2
gi,ω,t

√

∀i, ∀ω, ∀t (24)  

where Sinvi,ω,t ,Pgi,ω,t and Qgi,ω,t are the apparent, active and reactive power 
generation of the inverter, respectively. Thus, the reactive power is 
limited by the active power that it is supposed to deliver. Since Eq. (24) 
is nonlinear, it can be linearized using the following procedure. As it’s 
displayed in Fig. 2, based on the hourly loading within the day, the time- 
periods are categorized into two parts: heavy and light load periods. 

In heavy load hours, active power is injected from the DG side to the 
network. Therefore, the power factor of the inverter is limited to a lead- 

lag range which is close to 1. This limitation is considered based on 
common standards and local regulations. More detailed information 
about these equations is described in the appendix. In this way, as shown 
in Fig. 2(a), the following constraints are expressed for heavy load 
conditions: 

lm(PV, tHeavy)⩽0 ∀m ∈ {1, 2, 3, 4} (25)  

wherein this equation lm indicates line number m, PV and tHeavy specifies 
the nodes with PV installation and the time-periods with a heavy load, 
respectively. 

In the light load mode, the reactive power generation of the inverter 
helps to improve the voltage profile of the grid. In light load hours, the 
inverter is allowed to operate with lower values of power factor. As 
shown in Fig. 2(b), in this case the following constraints can be 
considered for the light load mode: 

lm(PV, tLight)⩽0 ∀m ∈ {5, 7, 9} (26)  

lm(PV, tLight)⩾0 ∀m ∈ {6, 8, 10} (27)  

where tLight indicates light load time-periods. 
In addition, changes of reactive power amount in PV nodes are 

controlled by Eqs. (28) and (29). 

− Qabsorb
i ⩽ΔQi,ω,t⩽Qabsorb

i i ∈ PV, ∀ω, ∀t
(28)  

− cos− 1(0.9)⩽φi,ω,t⩽cos− 1(0.9) i ∈ PV, ∀ω, ∀t
(29)  

ΔQi,ω,t is the amount of changes in reactive power in each PV node; 
Qabsorb

i is the maximum amount of reactive power absorption capacity in 
node i. φi,ω,t is the power factor angle of inverter for bus i, scenario ω and 
the time-period t. 

3. The proposed voltage control strategy 

This section describes the proposed two-level voltage control strat-
egy. In the first level of the proposed strategy, the best tap position for 
the OLTC in the reference bus and the day-ahead schedule of batteries 
are obtained by considering the uncertainty of PV production. Accord-
ingly, by implementing the generated PV production scenarios, the 
optimal charge and discharge rates of the batteries for each hour of the 
next day will be characterized. Moreover, in the second level, based on 
the previous settings for the batteries and OLTC, the hourly amount of 
reactive power compensation for most critical partitions are determined. 
In the following subsections, we explain details of each level in the 
proposed voltage control strategy. 

3.1. First level: OLTC adjustment and daily scheduling of batteries 

One of the most important advantages of battery is its ability to 
control the rate of active power injection to the grid. In other words, 
storing the energy in the battery and injection of it at the right time leads 
to a more stable voltage profile for the grid. 

In a typical sunny day, due to extensive production of PVs combined 
with a light load, the voltage value increases. In this condition, if the 
voltage exceeds its allowed range, even if there is a lot of PV production, 
some parts or all of production needs to be curtailed. Therefore, utilizing 
batteries and ESSs efficiently helps to improve the voltage profile. In 
other words, the battery can act as a buffer to charge and discharge 
during the time-periods of solar peak generation and during the night, 
respectively. 

In the first level of the proposed voltage control strategy, the tap 
position of OLTC in the reference bus and the optimal operation of 
batteries during the next 24 time perids are scheduled. In this way, the 
charge and discharge rates for each battery at each period is specified to Fig. 2. Linear inverter capability curve: (a) heavy load, (b) light load mode.  
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improve the voltage profile. The objective function of this problem is 
considered as Eq. (5). Therefore, batteries are scheduled in a manner 
that the voltage profile maintains close to 1 p.u value. Here, the decision 
variables include: an integer variable, which determines the tap position 
in the reference bus at each time interval, a binary variable, which 
specifies the charging or discharging of the battery for each PV bus at 
each time interval, and the amount of active power exchange between 
the battery and the grid. 

The optimisation problem in this level can be expressed as the 
following model: 

Daily scheduling of batteries: Objecting function:(6). 
Subject to: Eqs. (3), (4), (7)–(9), (11), (12), (15)–(23). 
In ordinary conditions, the OLTC in the reference bus helps to 

maintain the voltage profile within its allowed range. However, in the 
peak PV generation of some scenarios, the OLTC alone is not capable of 
keeping the voltage in its allowed range. In this condition, optimal 
scheduling of the existing batteries helps the grid to experience an 
improved voltage profile. Yet, still in some hours of the day due to high 
excess amount of PV production, this level is not sufficient and the 
voltage value exceeds the acceptable range. 

Characterization of PV production uncertainty: The amount of 
PV production is a stochastic parameter, which is mostly related to 
weather condition. By considering the uncertainty for PV production, 
the results of the proposed method get closer to real situations. In this 
paper, the Monte Carlo simulation method [41] is applied to generate 
PV production scenarios. For this propose, in the first level of the pro-
posed method, the parameters for the Beta distribution function are 
estimated using the historical solar generation data. The PV production 
scenarios are produced by employing the estimated beta distribution 
functions. In the next step, the number of scenarios is reduced to a 
specific number, to decrease the computational burden of the proposed 
model while providing a good approximation of the PV units. Here, a 
fast-forward scenario reduction method [42] is used to reduce the 
number of scenarios. Therefore, the first level of the proposed method 
determines the daily charge and discharge rates of the batteries based on 
the final set of scenarios and their corresponding probability of 
occurrence. 

3.2. Second level: reactive power compensation 

In the second level, based on the partitioning of the distribution 
network, reactive power compensation capability of PV inverters is 
employed to fine-tune the voltage profile for the next hour. 

According to the IEEE Std 1547.4, large distribution systems can be 
partitioned into a number of microgrids to facilitate powerful control 
and operational infrastructure in the future distribution systems [43]. It 
is due to the existing complexity of the system hosting large capacity of 
renewable energy resources. 

Network partitioning 
The operation of the distribution networks becomes more compli-

cated by adding distributed PVs to these systems. In a large network, the 
control of all PVs using a centralized method is quite difficult. Therefore, 
for voltage control issues, it is reasonable to cluster buses with common 
features in the same partition. Here, the objective of the network par-
titioning is to control the zonal voltage in a shorter time using the 
minimum amount of reactive power. Moreover, by applying the network 
partitioning, the number of optimisation variables and control dimen-
sion is significantly reduced. The proposed network partitioning is 
conducted based on the topology of the network. 

In our algorithm, we allocate the inverters with similar reactive 
power control capabilities in the same partition. Consequently, buses, 
which are existing in the same partition, are more coupled with each 
other compared with the buses in the other partitions. In [34], by 
introducing a modularity index (ρ), a community detection algorithm 
for partitioning complex networks is presented. We use the similar 
approach in the proposed voltage control strategy to find the optimum 

adjacent partition provided that the reactive power capability of in-
verters within a given partition is not enough to bring the voltage back 
to the permissible variation range. The Eq. (30) determines the value of 
the modularity index [30,34]: 

ρ =
1

2M
∑

i

∑

j

[

Aij −
kikj

2M

]

ψij (30)  

where A is the adjacency matrix, which denotes the weighted value of 
the edges between nodes i and j. If two nodes are linked together Aij = 1, 
otherwise Aij = 0. The variable e is determined by M = 1

2
∑

i
∑

jAij, which 
is total edge weight. ki =

∑
jAij is the sum of all weighted values of 

adjacency matrix connected to the bus i; and the value of ψ ij = 1 if nodes 
i and j are selected to be in the same partition, otherwise ψ ij = 0. The 
pseudo-code for the applied network partitioning method is shown in 
Algorithm 1. 

By applying zonal based reactive power control capability of the 
inverters in each hour, the optimal value of necessary reactive power in 
most critical partitions is determined to experience the optimized 
voltage profile. 

Algorithm 1. Network partitioning  
1: Initialize: N//number of buses, A//initial adjacency matrix, P// number of final 

partitions 
2: while N > P  
3: Calculate matrices e,k,δ  
4: Calculate ρ matrix using Eq. (30)  
5: for each bus i do 
6: Find the most adjacent node to node i (node k) 
7: Consider node i and k as one new node 
8: N←N − 1  
9: if The node j is not selected before then 
10: Consider the node i as a separate partition 
11: Create new adjacency matrix Anew  

12: A←Anew   

Second level process 

After applying the mentioned network partitioning method, a dis-
tribution network can be divided into N separated partitions. In this 
case, the overall distribution network is presented by a set of parti-
tions{P1, P2, …, Pk, …, PN }. Here, since the different partitions are 
separated in an optimal way, the proposed process of voltage control can 
be applied to each partition separately. In general, two types of buses in 
each partition are considered: PV buses and normal buses, which don’t 
have voltage control capability. 

As mentioned before, the amount of absorption or injection of 
reactive power in PV buses is regulated by the inverter capability. In the 
second level of the proposed voltage control strategy, the optimal values 
of these variables are determined by solving the following optimisation 
problem. 

Zonal voltage control by reactive power absorption: 
Objective function: (6). 
Subject to: Eqs. (3), (4), (7)–(10), (15)–(29). 
After considering and scheduling the batteries in the first level of the 

proposed voltage control strategy, as shown in Fig. 3, in the second level, 
at first, the load flow analysis will be performed. If an over-voltage is 
observed at each bus, the amounts of active and reactive power in each 
node and therefore the power factor of the connected inverter to the 
given bus will be obtained. In the second step, the most critical partition, 
which has the bus with a maximum over-voltage will be identified. In 
the third step, the zonal voltage control strategy is carried out. The 
optimisation in this level is performed in GAMS software. The data will 
be transformed in a way that, only buses of the most critical partition 
have the ability to absorb reactive power. Afterwards, the overall load 
flow will be executed one more time, if still an over-voltage exists in the 
system, the mentioned procedure will be used again to absorb more 
reactive power from next critical partitions. This process is repeated 
again and again till there is no over-voltage in the system or we have 
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used all capability of reactive power absorption in all partitions of the 
grid. It is worth to be mentioned that the proposed methodology in the 
second level can be implemented for online voltage control in distri-
bution networks. 

4. Simulation results 

The 10 kV radial 37-bus feeder in [30] has been used for imple-
menting and evaluation of the proposed two-level voltage control 
strategy. Fig. 4 indicates the structure of this feeder. The reference 
values for voltage and power is considered as 10 kV and 1 MVA, 
respectively. The permissible voltage variation range is assumed to be 
between 0.95 and 1.05 p.u. Bus number 1 is the reference bus with a 
transformer equipped with OLTC. This feeder does not experience over- 
voltage in its current condition. However, it is assumed that there is a 
plan for installing totally 18.315 MW PV to this system. The current 
installed values and its future values for each bus is shown in Fig. 5. 
Detailed information about the load, PV installation capacity and line 
data is available in [30]. 

In this article, we assumed that there is a battery in all PV buses. The 
capacity of the existing battery in each PV bus is considered as 20 
percent of installed PV in that bus. The initial SoC of each battery is 
considered 45 percent. Moreover, the maximum charge and discharge 
rates of the battery is considered as 20 percent of the battery capacity. In 
order to make sure that there is enough reactive power support from 
inverters, generally, the capacity of inverters are considered sufficiently 
large enough to perform the simulations. The linear model for the 
inverter is implemented. Here, the capacity of inverters in each PV bus is 
considered 10 percent more than installed PV at the same bus. The 
operational power factor for all inverters is considered in the range of 
(− 0.9 to 0.9). 

Fig. 4 shows the results of applying the network partitioning method 
in Section 3 to the test system. According to Algorithm 1, at first, the 
algorithm considers each bus as a separate partition. Then the modu-
larity index between every two nodes is calculated. Therefore, the buses 
with a higher amount of modularity index are selected to be inside one 
partition. Next, each new partition is assumed as one node and again, 
the algorithm calculates the modularity index for every two new nodes. 
After four consecutive repetitions, the partitions are formed as depicted 
in Fig. 4. In this figure, the border between partitions {P1, P2,⋯,P6} are 
represented by a dashed line. 

In order to generate scenarios for the output power of PV units, 
historical data of solar radiation is used. The solar radiation time series 
from the Reanalysis global weather model [44], are implemented for 
constructing synthetic solar time series. Reanalysis solar radiation data 
from the year 2005 to 2015 is provided for Spain with an hourly time 
resolution. The preparation of the solar radiation is based on the RDP- 
mapping (Reanalysis Data Points) at 2.5◦ × 2.5◦ resolution. The 
annual data is applied to generate daily PV production scenarios. 

The reduced set of scenarios, along with the expected PV generation 
and also the real PV generation for a specific day are depicted in Fig. 6. 
This real day is chosen in such a way that the maximum overvoltage is 

Fig. 3. Flowchart of the proposed two-level voltage control strategy.  

Fig. 4. The structure of 37-bus real distribution feeder under study.  
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experienced at the peak of the solar generation. In other words, here, an 
attempt has been made to extend the results of the simulation to the 
worst-case scenario. As well, the considered per-unit load for the case 
study is illustrated in Fig. 7. 

Fig. 8 depicts the voltage profile for the final set of scenarios in the 
first level of the proposed method. As can be seen in this figure, due to 
the diversity in the final set of PV production scenarios, the voltage 
profile has a wide range of variations. The voltage in the reference bus is 
set to 0.975 p.u. It should be mentioned that, in the first level of the 
proposed voltage control strategy, the tap position is set considering all 
possible scenarios. Furthermore, the expected voltage in the first level of 
the proposed strategy is illustrated by a red dashed line. This value is 
calculated, considering the probability of each PV production scenario. 

The charge and discharge rates and also SoC of the battery in bus 35 
is depicted in Fig. 9. As it is specified in this figure, using the first level of 
the proposed model (Section 3.1), the battery is scheduled in a way that 
it charges (negative values) in peak solar generation times and dis-
charges (positive values) during the night hours. In other words, the SoC 
has it’s minimum and maximum values at times 6 and 18 o’clock, 

respectively. This observation demonstrates that the batteries are 
organised in a way that they charge fully in PV production period. The 
reason why the battery is discharging in the last hours of the day is the 
constraint represented by Eq. (36), which forces the battery to have the 
same amount of SoC at points of start and the end of the day. 

The obtained results of the first level, determine the tap position and 
the schedule of the batteries based on the expected PV production of the 
next day. Here, real data of PV production for a specific day in summer is 
selected to examine the performance of the second level. In other words, 
according to the obtained results of the first level, the amount of reactive 
power absorption for each partition will be specified. 

As depicted in Fig. 6, for the selected day, the peak of PV generation 
occurs at hour 13. For this time-period, the performance of the second 
level of the proposed voltage control method is summarized as follows: 
Fig. 10 illustrates that by applying the first level of the proposed voltage 
control strategy, the voltage profile improves but it will not be kept 
within the permissible range. Since, bus 25 experiences the maximum 
amount of over-voltage, partition P5 is selected for absorbing reactive 
power according to the first step in Fig. 3. The inverters of buses 23, 24 

Fig. 5. Current and future PV installation capacity (kWp).  

Fig. 6. Generated scenarios, Expected values and real PV production.  
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and 25, according to the explained model in Section 3, start to absorb 
reactive power. Taking into account the new condition, an overall load 
flow is executed (second step in Fig. 3). The improved voltage profile 
after performing each iteration is shown in Fig. 10. Since the absorbed 
power capability of the inverters within partition P5 are not enough, the 
voltage profile is still outside of the allowed range. For this reason, ac-
cording to the algorithm presented in Fig. 3, steps 2 and 3 will be 
repeated again. In this level, since partition P4 experiences the worst 
voltage magnitude, this partition will be selected to absorb reactive 
power. In the next steps, in this case, one additional partition will be 
involved at each time in the process of voltage control. This process will 
be continued until the voltage of any node in the grid does not exceed 
the allowed range. 

Fig. 11 shows the amount of absorbed reactive power in each 
partition after finishing the process of voltage control. It should be noted 
that the explained procedure is for the highest PV generation time- 
period (hour 13). In hours with less PV production, there is a need for 
less number of partitions to participate in the process of reactive power 
voltage control. In this way, other inverters can continue their operation 
with power factor 1. Furthermore, in hours without PV production only 
level one of the proposed voltage control method is able to improve the 

voltage profile of the system. 
The amount of improvement in the voltage profile of the network 

after adding each partition to the second level of the proposed voltage 
control strategy is depicted in Fig. 10. At first, partition P5 and then 
partitions P4 are considered respectively, to improve the voltage profile 
of the system in the second level of the proposed voltage control 
strategy. 

Voltage profiles of buses for different cases, including the base case, 
installing PV units in candidate buses, voltage control using only the first 
level and the proposed two-level voltage control strategy is shown in 
Fig. 12. Moreover, in Fig. 13, bus 25 is selected as the most critical node 
in the system. Here, the results for the next 24 time-periods is depicted. 
As shown in these figures, the proposed voltage control strategy using 
OLTC and appropriate scheduling of the batteries in the first level and 
absorbing reactive power in the second level can keep the voltage within 
the permissible range. 

In order to show the performance of the proposed voltage control 
method, the buses from different partitions of the system are selected. 
Table 2 illustrates the obtained results for these buses. In this table, the 
impact of batteries in the first level and RPC in the second level of the 
proposed methodology is presented. The represented data in this table is 

Fig. 7. The considered electricity load profile.  

Fig. 8. Voltage profiles of the final set of scenarios in the first level of the proposed voltage control strategy.  
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for the hour with the maximum amount of solar penetration (hour 13). 
In this time-period, the tap position of OLTC is located on level − 4 and 
the voltage in the reference bus is 0.975. For instance, as can be seen in 
this table, in bus 25, the voltage magnitude before applying the pro-
posed strategy is 1.083, which exceeds the bus voltage limitation. To this 
end the first level of the proposed method is implemented, which im-
proves the voltage magnitude of this bus to 1.071. However, the ob-
tained value is still not within the permissible range of voltage 
magnitude. Therefore the second level of the proposed method is 
applied, which decreases the voltage magnitude to 1.05 by absorption 
429 kVar. Therefore, in the times with high PV production, using the 
proposed two-level voltage control is essential to keep the voltage within 
the permissible range. 

For the sake of comparison, in Table 3, the simulation results for a 
different number of scenarios are expressed. For this purpose, the total 
amount of absorbed reactive power for the real day, as well as the time 

of the simulation are demonstrated. According to this table, by 
increasing the number of scenarios, the amount of absorbed reactive 
power slightly changes, whereas the simulation time increases 
significantly. 

We compared the simulation results with the model presented in 
[30], which we believe is the closest to the proposed model. Although 
there are some differences, we managed to compare the specific hour in 
the model, where the PV production is similar to our case study. In [30], 
the simulation results for 1140th hour in the year, in which, the PV 
production is 0.8295 p.u. is presented. The results show that for regu-
lating voltages within the acceptable range, total amounts of 1302.48 
kVar reactive power absorption and 2161.35 kW active power curtail-
ment is needed. However, in our study for hour 13 with a 0.95 p.u. PV 
production the amount of absorbed reactive power is 1818.3 kVar, and 
no active power curtailment is needed. 

All simulations in this article are executed using MATLAB-GAMS 

Fig. 9. Charge (negative values)/ discharge (positive values) rates of the battery and PV production in bus 35.  

Fig. 10. Voltage profile after involving different partitions in level two in the time-period with the highest solar penetration (hour 13).  
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interface. The network partitioning part is coded in MATLAB environ-
ment. Also, the applied optimisation models for the first and second 
levels of the proposed two-level voltage control strategy are modelled in 
the GAMS optimisation environment and solved by CPLEX solver on a 
laptop computer with i5 intel(R) core, 2.30 GHz CPU and 4 GB RAM. 

The computational time for the proposed voltage control strategy is 
273 and 10 s for the first and the second level, respectively. This running 
time is compatible for the day ahead optimisation. 

5. Conclusion & future work 

The over-voltage issue in low voltage distribution networks with 
high penetration of PVs is one of the most important challenges in the 
development of renewable resources in distribution grids. In this paper, 
a two-level voltage control methodology is proposed to deal with the 
over-voltage problem. In the first level, a stochastic optimisation model 
is proposed to set the OLTC tap position and schedule the operation of 
batteries in a way that the voltage profile improves. Based on generated 
scenarios for PV production, the optimal charging and discharging 

schedule of the batteries for the next 24 time-periods will be done in a 
way that, the bus voltages are kept as close as possible to the rated 
values. In the second level, based on the partitioning of the distribution 
grid, an optimisation model is proposed to use RPC capability of PV 
inverters. By applying the proposed strategy, the capability of inverters 
located in the most critical partitions will be optimally used for reactive 
power consumption. The proposed voltage control strategy benefits 
from OLTC, battery scheduling and RPC capability of inverters for the 
horizons of one-day and one-hour ahead, respectively; and it has the 
advantages of all mentioned methods at the same time. Compared with 
other RPC strategies, due to selecting the most critical partitions, the 
number of control buses are less, and the amount of absorbed reactive 
power is well optimized among them. 

The future works of this study can be directed to assessment of the 
capability of the proposed method under different conditions consid-
ering stochastic behaviours of solar generation, wind generation [45] 
and demand of consumers. Also, in the current model, the single-phase 
balanced equivalent model is considered to simulate the distribution 
network. The unbalanced network will be considered in future work. 

Fig. 11. The amount of absorbed reactive power in different partitions at hour 13.  

Fig. 12. Voltage profile for different modes in the time-period with the highest solar penetration.  
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Appendix A 

As illustrated in Fig. 2. Linearisation of inverter capability curve is performed by dividing its operation range into two different modes: heavy load 
and light load. Operation mode in heavy load times is depicted in Fig. 2 (a). Due to the high consumption, the battery and PV sets primarily produce 
active power and then in the next level the reactive power control capability is applied. In this case, lines l1 and l2 limit the inverter to remain in the 
heavy load operating range. Also, the constraints about reactive power are applied by lines l3 and l4. 

l1 = Pg −

(
Sinv − P(Qmax)

− Qmax

)

× Qg − Sinv (31) 

Fig. 13. Voltage profile of the bus 25 for the next 24 time-periods.  

Table 2 
Characteristics of different buses before and after applying the first and second level of the proposed strategy.  

Bus number Characteristics before applying voltage control Characteristics after applying the first level Characteristics after applying the second level  

P 
(kW) 

Q 
(kVar) 

PV  
(kW) 

V  
(p.u.) 

Battery charging 
(kW) 

V  
(p.u.) 

Q absorption 
(kVar) 

V  
(p.u.) 

2 377 81 1000 0.981 40 0.978 0 0.0978 
8 491 156 250 1.021 10 1.013 0 1.006 
20 80 32 500 1.072 20 1.060 165 1.043 
25 2 2 1300 1.083 52 1.071 429 1.050 
32 357 119 2000 1.016 78 1.008 0 1.005 
37 110 65 1500 1.073 38 1.061 0 1.048  

Table 3 
Total amount of RPC and simulation time for a different number of scenarios.  

Number of Scenarios Q absorption (kVar) Time (Sec) 

5 4836.9 24 
25 4684.4 134 
50 3840.1 283 
100 3444.5 751 
200 3444.5 1502  
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l2 = Pg −

(
Sinv − P(− Qmax)

Qmax

)

× Qg − Sinv (32)  

l3 = Q+Qmax (33)  

l4 = Q − Qmax (34) 

In light-load mode, the battery works as an auxiliary service, with less emphasis on active power injection into the network. So, as it shown in Fig. 2 
(b) the power exchange between DGs and the grid is limited in a predefined range. The lines l5 to l10 in this figure describe the operational constraints 
for the inverter in light-load conditions. 

l5 = Pg −

(
Pmax

Sinv − Q(Pmax)

)

× Qg −

(
Pmax

Sinv − Q(Pmax)

)

× Sinv (35)  

l6 = Pg +

(
Pmax

Sinv − Q(Pmax)

)

× Qg +

(
Pmax

Sinv − Q(Pmax)

)

× Sinv (36)  

l7 = Pg +

(
Pmax

Sinv − Q(Pmax)

)

× Qg −

(
Pmax

Sinv − Q(Pmax)

)

× Sinv (37)  

l8 = Pg −

(
Pmax

Sinv − Q(Pmax)

)

× Qg +

(
Pmax

Sinv − Q(Pmax)

)

× Sinv (38)  

l9 = Pg − Pmax (39)  

l10 = Pg +Pmax (40)  

Appendix B. Supplementary material 

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.ijepes.2021.106763. 
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