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Abstract--To meet the requirement from new visions within 

“smart grid” and to provide solutions for many challenges that 
DSOs (Distribution System Operators) are facing today, we need 
to develop advanced DMS (Distribution Management System) 
applications.  A centralized Volt/Var Control (VVC) is one of the 
most desirable and important functions within Distribution 
Automation systems and DMSs. 

The overall Volt/Var control function is concerned with 
maintaining system voltage profile within a desired range and 
minimizing system losses by controlling the reactive power flow.  

The main objective of this paper is to review and evaluate the 
existing and recent techniques and algorithms for advanced VVC 
applications and identify the requirements for integrated 
Volt/Var control and optimization function in distribution 
management systems within the smart grid concepts. 
 

Index Terms--Distribution systems, integrated volt/var control 
(IVVC), VVC, Volt/Var Optimization (VVO), Optimization 
methods. 

I.  INTRODUCTION 
ISTRIBUTION networks used to be operated as passive 
systems (with almost no local generation or dispatchable 

generation). But the operating scenarios are going to be very 
different for DSOs (Distribution System Operator), due to 
number of reasons. Now there are considerable amount of 
generations from renewable resources which are connected to 
the network mainly at medium or distribution level. This 
means that distribution management systems must be ready 
for new paradigms in operation and control.  

To provide solutions for many challenges that DSOs are 
facing today, it is needed to develop advanced DMS 
(Distribution Management System) applications, especially 
with new visions within “smart grid” frame. One major drive 
for smart Grid is the ability to reduce system losses and 
improve grid efficiency. Achieving this goal is possible with 
reducing the ohmic loss (which is major part of system loss). 
As a well-known problem, the ohmic loss is the result of 
current flow through the conductors and is proportional to the 
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conductor resistance and the square of the current magnitude. 
Conductor resistance is a characteristic parameter and itself 
proportional to the size of conductor and resistivity of the 
material. So there is not much possibility for the distribution 
system operator to improve the conductor resistance to 
alleviate the ohmic loss. In return, it is possible to work on 
current flow as a key parameter. The current has an active 
component (in phase with the terminal voltage) and a reactive 
component (orthogonal in phase to the terminal voltage phasor 
angle). To reduce the ohmic loss, it is needed to alleviate the 
reactive component which occupies the energy delivery 
capacity of the conductors. A lower reactive power component 
of the current flowing into the conductor, means a reduction of 
the reactive power flowing throughout the distribution 
network and consequently a reduction of the ohmic loss. In 
conclusion, for optimizing the movement of electric energy, it 
is necessary to minimize the reactive power flows, which is 
done locally by reactive power compensation equipments such 
as capacitor banks. 

 By developments in automation and communications and 
ICT, it is possible to implement centralized, coordinated 
voltage control systems. The main challenge is that the so 
called Volt/Var Optimization application has comparatively 
high computing requirements. For providing useful solutions 
in near real time scale, it is necessary to develop new 
methodologies. The advanced VVO application will be 
utilizing two-way communication infrastructure and remote 
control capability for capacitor banks and voltage regulating 
transformers, to optimize the energy delivery efficiency at 
distribution level. 

In this paper we review and evaluate the existing and recent 
techniques and algorithms for advanced VVO applications and 
identify the requirement for integrated Volt/Var Control and 
Optimization function for Distribution Management Systems 
within smart grid concept. In section 2 the physical problem is 
discussed and some background is given to the problem. 
Different available approaches to Volt /Var Control and also 
different optimization methods are reviewed and discussed in 
section 3 and 4 respectively. Finally the future requirements 
and the perspectives to the Volt/Var control and optimization 
concept are discussed in section 5. 

II.  PROBLEM DESCRIPTION AND BACKGROUND 
The basic function of voltage regulation in the distribution 
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system is to provide a stable steady state voltage level within 
an acceptable range with all loading conditions. Due to the 
nature of power system, there are different levels of voltage 
drop between generators and end user loads.  Since the voltage 
drop is proportional to the magnitude of demand current and 
the entire impedance between the source and the customer, 
there is larger voltage drop for the customer with large power 
demand or the one which receives its power through larger 
impedance [1]. A typical voltage profile along a feeder 
supplying residential loads is shown in Figure 1 [2]. 

 

 
Fig. 1.  A typical voltage profile along a feeder in radial distribution network 
[2] 

  
Maintaining the desired voltage at any point along the 

feeder is possible either by direct control of the voltage or by 
controlling the reactive power flow that in turn affects the 
voltage drop.  In fact the reactive power flow creates voltage 
drop on inductive element of wires. So in order to keep the 
voltage always within certain limits, the reactive power flow 
and voltage control must be considered together, as we call it 
Volt/VAr control. For the voltage and reactive power control, 
these equipments are used: on-load tap-changer (OLTC) 
transformers, switched shunt capacitors and steps voltage 
regulators [3]. 

Voltage and reactive power control in general means the 
implementation of a proper coordination strategy among the 
available voltage and reactive power control equipments. 
Many Distribution Network Operators (DNOs) use the loss 
minimization objective to operate these equipments locally by 
using conventional controllers.  The problem of voltage and 
reactive power control in distribution systems has been 
changed especially under smart grid concepts. The focus is 
more on automated distribution system, more on real time 
control and less on off-line setting control. The real time 
control aims to manage the capacitor and OLTC based on real 
time measurements and experiences versus the traditional 
offline setting control i.e to find a dispatch schedule for 
capacitor switching and OLTC changes based on a one day to 
several hours ahead load forecast [4]. 

Usually several voltage regulation and Var compensation 
devices are available on each feeder. Imagine that locally 
available measurements (voltage or current) are used for 
voltage and var control. The problem is that each device is 
controlled independently, so each control action might affect 

the performance of other devices. The consequence is that 
global actions yield inconsistent control actions and/or sub-
optimal results. This means that a coordinated approach is 
needed for optimal result.  The coordination must be done 
centrally using a substation automation system or a DMS 
system.  For such a coordinated Volt/Var optimal control we 
need: 1) two-way communication infrastructure, and 2) robust 
voltage and var optimization algorithm for handling large and 
complex distribution network [5]. 

III.  APPROACHES TO VOLT /VAR CONTROL 
It has been motivated in previous chapters that the main 

purpose of VVC is to maintain acceptable voltage level at all 
points along the distribution feeder under all loading 
conditions [6]. 

As minimum requirement for voltage control is the 
possibility for the operator to maintain the voltage on the 
feeder at an acceptable range by changing the position of 
moveable tap changer on a voltage regulator or tap changing 
transformer.  

The acceptable ranges are based on international voltage 
regulation standards which are used by distribution utilities 
around the world.  In the North America, most of distribution 
utilities follow the ANSI American National Standards 
Institute voltage standards (ANSI C84.1-1995) [7]-[9]. The 
acceptable operational range of voltage is specified by ANSI 
at two locations on power systems: 

• Service voltage: the interconnection point between the 
electrical systems of the supplier and the user, usually at the 
meter (where the utility is responsible). 

• Utilization voltage:  line terminal voltage of the 
equipment (which is the characteristics of the equipment). 

 
In practice, the distribution utilities try to have delivery 

voltage in upper portion of the acceptable range. Since ANSI 
standards have some flexibility in the allowable delivery 
voltage, many utilities take that advantage and introduce the 
concept of Conservation Voltage Reduction (CVR).   

The idea of implementing CVR is to reduce electrical 
demand by maintaining the delivered voltage to the customer 
in the lower portion of the acceptable range. This will result in 
reduction of energy consumption over time [10]. 

CVR concept works quite well for many types of loads. 
Practical implementation shows that CVR concept works best 
with resistive load (lighting and resistive heating) because 
power drawn proportionally decreases with the voltage 
squared [11]. 

Other investigations showed that many electrical devices 
operate more efficiently (using less power with reduced 
voltage). For example Motors can be considered as “constant 
power” devices and their efficiency improves for a small 
reduced voltage [12]. 

Though it must be mentioned that CVR concept does not 
work properly on some emerging load characteristics, for 
example the loss increase for inverter based loads (which have 
constant power behavior).  This means that CVR concept must 
be applied with clear understanding of different types of loads 
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available in distribution network [6]. 
Key characteristics of distribution VVC can be summarized 

as following [10]: 
• Acceptable voltage level and voltage profile must be 

maintained at all points along the distribution feeder within all 
loading conditions. 

• Acceptable power factor for each feeder must be 
maintained within all loading conditions. 

• Operator override must be allowed and proper alarm/alert 
system must be available for failure of control devices. 

• Feeder Reconfiguration must be properly handled  
• Optimal coordinated control of all available Volt VAR 

devices must be provided, including selectable operating 
objectives. 

• Reactive power control from connected distributed energy 
resources must be handled. 

 
It is worth noting that above mentioned characteristics are 

ideal and target requirements for the distribution utilities. 
Available practical VVC function used by different utilities 
usually have some or most of above mentioned characteristics 
[13]. Here in this paper we review the most common 
approaches to VVC and provide an insight to the advantage 
and disadvantage of each approach. 

According to literature, there are three main approaches to 
Volt VAR Control [14]: 

• Standalone Voltage regulator and LTC control 
(Traditional VVC). 

• SCADA VVO (or rule based VVO). 
• Integrated Volt/Var control (DMS model based VVO). 
 

A.  Standalone Voltage regulator and LTC controls 
(Traditional VVC) 

Figure 2 shows a general schematic of Standalone Voltage 
regulator and LTC control approach [6]. Traditional Volt/Var 
control is managed by controlling all available individual and 
independent regulating devices as following: 

– Substation transformer load tap changers (LTCs) with 
voltage regulators. 

– Line voltage regulators. 
– Fixed and switched capacitor banks. 
 
Control parameters are Power Factor, Load Current, 

Voltage and Var Flow. Based on the local conditions (such as 
voltage, load, reactive power), the single capacitor bank is 
switch on and off.  

This approach satisfies the basic requirement of VVC 
objectives, but still has many limitations and disadvantages. In 
general the local operation of controlling equipments will not 
provide a global optimal operational output. System is not 
monitored, and operator cannot override the control actions 
whenever needed, since all control actions are based on local 
measurement. Switched capacitors banks can simply be out of 
service because of blown fuses, and due to lack of monitoring 
they will not participate in the Volt/Var control. Also this 
approach has no solution for handling the reconfiguration of 
the feeders. [14]. 

 
 

 
Fig. 2.  Schematic of Standalone Voltage regulator and LTC control approach 
[6]. 

 
The main disadvantage of traditional VVC is the weakness 

of standalone controllers when distributed generators are 
present and the power flow direction is not necessarily from 
substation towards loads. 
 

B.  SCADA (Rule based Controlled) Volt-VAR 
Figure 3 and 4 show the general schematic of SCADA 

controlled (so called Rule Based VVC) where the system 
components are: 

• Substation Remote Terminal Unit 
• VVO/CVR processor 
• Switched Cap banks & local measurement facilities 
• Voltage regulators (LTCs), local measurement facilities 
• Communication facilities 
• End of line voltage feedback 
 
This approach is the most common approach used for 

automation of VVC and many of distribution control center 
are equipped with DMS bases VVO function over the past 10 
years. Substation RTUs  are for monitoring and control and 
the VVO/CVR processor is programmed with some  “rules” 
for volt and VAR control. These predetermined rules are set 
based on operational experiences; for example switch the 
capacitor bank ON, if power factor is less than 0.95. 

As it can be seen in figure 3 and 4, the SCADA controlled 
VVC is typically treated as two separate (independent) 
problem:   

– VAR Dispatch (or power factor correction): for 
controlling the capacitor banks to improve power factor and 
reduce electrical losses (both in substations and on the feeders) 

– Voltage Control: for controlling LTCs and/or voltage 
regulators for CVR purpose (to reduce demand and energy 
consumption) 

 
In VAR Control (Power Factor Correction) part, the 

“candidate” capacitor banks for switching will be identified. 
The method is first to compare the rating of cap banks and 
choose the “candidate” cap bank which has lowest measured 
local voltage. Then switch ON the chosen cap bank to improve 
power factor and reduce the total electrical loss. 

One Numerical example from [14] is presented in figure 3 
to show the stages of power factor control in this approach. 
Starting from the point with lowest voltage profile (blue line) 
first the capacitor N is candidate to be switched ON. First row 
in the Table 1 represents the power flow and the power factor 
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when no capacitor is in service. Then next capacitor switched 
to ON and the process continues to reach the best PF and 
lowest loss. 

 

 
Fig. 3.  SCADA controlled VVC, first part: VAR Dispatch (or power factor 
correction) [14]. 

 
TABLE I 

NUMERICAL RESULTS OF VAR DISPATCH SCADA [14] 

 
 
In Voltage control part, if the voltage at head end of the 

feeder exceeds from LTC Set-point, then the voltage must be 
decreased.  Starting from the operating point where all 3 
capacitors are in service (scenario 4 of figure 3) and by 
adjusting the tap changer positions, it is possible to improve 
the voltage profile as it is shown in figure 4. By CVR strategy, 
the total amount of reduction in active power will be equal to  
-41 kW (1.05%) and for reactive power will be -809 kVAR 
(61%). So in total the power factor will improve around +.045 
and total loss will decrease around 8% [14]. The result of 
voltage profile improvement is shown in figure 4 i.e. before 
and after tap changer adjustment. 

 

 
Fig. 4.  SCADA controlled VVC, second part: Voltage Control [14] 

 
This approach improves the efficiency comparing to the 

standalone controllers. SCADA provides proper self 
monitoring and in case of failure of controlled equipment, the 
operator will receive notice. In this approach remote 
measurements are included in the “rules”, so smaller margin 
of safety is needed compared to standalone controller. 

In return SCADA VVC is more complicated and requires 
extensive communication facilities. The main disadvantage of 
this approach is that it cannot handle the changing feeder 
configuration because the defined rules are fixed in advance. 
Though the overall efficiency is improved versus traditional 
approach, but it is still not necessarily the optimal under all 
conditions. This approach also cannot adapt very well to when 
larger DG are integrated into distribution network [14]. 

 

C.  Distribution Model based (integrated Volt-VAR Control 
and Optimization) 

This approach is the most advanced VVO approach which 
develops and executes a coordinated “optimal” switching plan 
for all voltage control devices in the system. The major 
objective functions which are achieved by this approach are 
minimization of loss and minimization of energy consumption 
or combination of both of them.  

Since the number of switching of capacitor bank and tap 
changer movements are directly effecting efficient lifetime of 
these equipment, it is desired to bias the results to minimize 
tap changer movement and capacitor bank switching [15]. 

Figure 5 shows the IVVC components and sequence of 
control devices [16]. 

 

 
Fig. 5.  DMS model based VVC (details of IVVC control components [16] 
 

IVVC uses available real time measurements and 
distribution system model and by a proper on-line power flow 
calculation function, it is possible to calculate the electrical 
conditions and total loss and other parameters over the whole 
network. An “optimizing engine” is needed to calculate the 
optimal set of control actions for all control equipment. These 
control actions will be sent to controllers via SCADA.  

DMS-Based Volt VAR optimization is a fully coordinated 
control and potentially can provide the optimal solution. It is 
able to handle complex feeder arrangements during feeder 
reconfiguration. Some of available DMS base VVO function 
can model the integration and effects of distributed generation 
and other emerging grid elements.  
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In return, it is very expensive to implement and operate and 
is not very scalable to be used for one single station or feeder.  

IV.  OPTIMIZATION METHOD SELECTION 
One major challenge in Volt/Var optimization problem is to 

select the optimization method and algorithm. The correct 
selection optimization method depends on two factors:  

a) The nature of the objective functions and constraints,  
b) the nature and number internal treatment of the control 

variables. 
From a mathematical point of view the Volt/Var Control 

optimization problem is a minimization problem with 
inequality constraints.  By solving power flow, we can 
calculate the objective function with given settings of the 
control variables while satisfying the constraints and limits. 
Three main types of objective function may be formulated as 
follows: 

• Distribution subsystem active power loss - sum of the 
losses in lines, transformers and capacitors. 

• Distribution subsystem power demand - sum of the 
power losses and customer demand. 

• Minimum number of control actions. 
  

While the main constraints are: 
- Voltage at each distribution transformer primary bus  
- Voltage at each distribution transformer secondary bus 
- Current flow in each line or transformer 
- Power factor at the distribution substation bus and feeder 
- Reactive power at the distribution substation bus. 
  
It is possible in many cases that all available control 

resources are not sufficient to satisfy all above mentioned 
constraints, so a compromise solution must be made. Since all 
the constraints are not necessarily rigid (hard) at all times, it 
will be practical to relax some of the constraints in order to 
satisfy the more critical other constraints, leading to a "sub-
optimal" solution for objective function [13]. 

Distribution system controls actions (the capacitor and tap 
control) are discrete, but the mathematical optimization 
procedures can consider controls as either continuous or 
discrete variables. So a common approach for selecting the 
method for optimization is to establish the Volt/Var control 
optimization problem as a discrete (integer) programming 
problem with nonlinear objective function and soft inequality 
constraints [13]. 

References [19]-[25] explain the analytical techniques to 
solve the VVO problem, where they have considered  radial 
distribution system for simplicity and the impact of the 
detailed system component models on the solution is not taken 
into account. 

In the last 10 years, some other techniques have been 
introduced to solve the problem, including the rule based 
techniques [26]-[31] and Meta-heuristic techniques [32]-[35] 
including genetic algorithms, simulated annealing, particle 
swarming, etc). It must be noted that all these approaches 
avoid the modeling complexity and are limited in solving 
small scale problems and mostly for off-line applications [5]. 

The main challenge for solving the optimization problem is 
the extremely large number of search space for optimized 
solution. All the above mentioned different methods are trying 
to propose an efficient and at the same time robust enough 
algorithm to handle the large search space. 

If the number of shunt capacitor is SC and number of 
controlling tap changer is TP, the total search space for the 
optimal device settings that minimize the cost of the objective 
function is (2^SC ×33^TP)^TD for every time domain. In fact 
2 is status of capacitor (On/Off)  and 33 is the number of 
available tap positions (from -16 to 16) for each LTC  and TD 
stands for the number of time domain in one 24-hour 
optimization time. This is the reason that a robust optimization 
algorithm is needed for handling such large number of search 
space for the global optimum [15]. As a numeric example if 
we have SC = 20, TP =10, and TD = 288 (the number of 5 
minute time domain in 24-hours) then the number of 
combinations of control device settings is ”Infinite”. Or even 
if we reduce the number of devices to CB = 10, TP = 4 (only 4 
tap instead of 33 tap position) and TD = 7, the resulting search 
space is greater than 1.6455E+63 [17]. 

V.   FUTURE OF VOLT/VAR CONTROL/OPTIMIZATION 
Current implementation of Volt/VAR control/optimization 

used by distribution utilities show that VVO have great proven 
value and is one of the fundamental requirements of DMS 
functionality. Also recent technology advancement in ICT and 
communications and also integration of smart meters can 
accelerate the implementation of VVO even beyond the scope 
of Volt/VAR control [18]. 

Figure 6 shows a summary of future Volt/VAR 
control/optimization trends [6]. 

To summarize the future trends in evolution of VVC/VVO 
we can mention the following items: 

• Integration of emerging technologies and controls 
• Integration of distributed energy resources, solar PV, etc 
• Integration of distributed Energy storage systems 
• Integration of Electric Vehicles, various charging. 
 
The main challenge is to consider the effect of above 

mentioned technologies and scenarios into control objectives 
and trying to solve the optimization problem with larger 
dimensions of objective and constraints. 

VI.  CONCLUSION 
A centralized Volt/Var Control and optimization is one of 

the most desirable and important functions within Distribution 
Automation systems and DMSs. In this review paper, we have 
reviewed the existing and recent techniques and algorithms for 
advanced VVO applications and have identified the most 
important requirements for integrated Volt/Var control and 
optimization function for distribution management systems 
within smart grid concept. The main challenge for this 
problem is to consider the evolution in power system elements 
when we have many different forms of distributed energy 
resources and emerging technologies and controls. The other 
important issue in VVO problem is the capability of 
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computation algorithms for real time implementation in today 
distribution control centers. There are several successful of 
VVO function but this field is still subject to new paradigms 
and challenges. 

 
 

 
Fig. 6.  Summary of future trend in Volt/VAR control/optimization trends [6] 
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