
Volt-var Optimization (VVO) in Utility Distribution Systems 

1. Introduction 

Voltage regulation in distribution systems means maintaining acceptable voltages at all customer load 
points within ANSI limits (0.95 pu to 1.05 pu). Reactive power management aims to improve the power 
factor to reduce the active power losses in the circuit. Conservative voltage reduction (CVR) refers to 
lowering of voltages while keeping them within permissible limits for improved energy savings, enhanced 
life span of equipment and reduced peak demand. Volt-var optimization aims to achieve these objectives 
by controlling the voltage regulation equipment (capacitors and regulators) in an optimal way.  

The influence of voltage regulation equipment on the feeder voltage profile is depicted in Fig. 1(a). Both 
capacitors and regulators are useful for boosting or lowering feeder voltages. By properly controlling the 
capacitor reactive power output, the level of voltage boost can be controlled. Fig. 1(b) illustrates the concept 
of CVR. When CVR is enabled in the control algorithm, the voltages along the feeder are lowered (close 
to 0.95 pu limit). 

 
(a) Influence of capacitor and voltage regulator on voltage profile. 

 
(b) Conservation voltage reduction (CVR). 

Fig 1. Influence of voltage regulation equipment on voltage profile, CVR. 

2. Python-OpenDSS interfacing 

OpenDSS is an open source distribution system solver used widely for distribution system studies. One of 
the popular ways of using this software is to connect it to Python using COM interface. In this method, the 
distribution circuit is modeled in OpenDSS. Python calls the OpenDSS engine to solve the circuit. The 
results (bus voltages, line currents, powers etc.) are then extracted in Python for further analysis. 

Fig. 2(a) shows the Python-OpenDSS interfacing used in this work. The 5 bus system is modeled in 
OpenDSS. The circuit is solved in OpenDSS at each time step, the results are given as input to the interior 
point method algorithm (IPM) coded in Python to determine the capacitor outputs for the next time step. 
The circuit is then solved with the updated capacitor outputs in the next time step and this process continues 
till the last time step. 

 
(a) Python-OpenDSS interfacing used in this work. 

 
(b) Illustration of time steps. 

Fig 2. Test system and 24-hour load shape. 
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2. Volt-var optimization problem 

The objective of this problem is to minimize the power loss transferred from the substation system and 
the power consumed by customers by applying Conservation Voltage Reduction (CVR). The test system 
is 5-bus IEEE standard system, as shown in Fig. 3 together with the 24-hour load shape at its buses. 
Capacitors are located at bus 0, 2, and 3. 

 
(c) IEEE 5-bus test system. 

 
(d) 24-hour load shape at all buses. 

Fig 3. Test system and 24-hour load shape. 

The volt-var optimization problem is described as follows: 

 

This problem is non-linear and non-convex optimization problem since the objective and constraint 
equations are non-linear and non-convex. This optimization problem is solved by implementing Primal-
Dual Interior Point method (PD-IPM) in Python. The basic idea of PD-IPM is first to convert a constrained 
problem to unconstrained problem by adding slack variables, logarithm function, and Lagrangian 
multipliers. Then, the unconstrained problem is solved by using Karush-Kuhn-Tucker (KKT) first order 
necessary condition and Newton-Raphson method. The solution of the optimization problem is given in fig. 
4, which is corresponding to the load profile at 8 pm. 

 
(e) Variable changes toward convergence. 

 
(f) Objective changes toward convergence. 

Fig 4. Convergence of the method at a particular point of time during a day. 

 

The solution converges after 9 iterations with very strict convergence criteria. From the result, it can be 
seen that the capacitor at three locations are all energized but with different output. 

The above result is corresponding to only a particular point of time. The next step is to conduct the same 
process during a day since the loads keep changing and the voltages can go below the lower bound of the 
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require range anytime. In this work, the loads are updated every one hours through Open DSS, which 
represents exactly the operating duty of Advanced Meter Infrastructure (AMI) in real world. The total 
running time is 6 seconds, which is greatly fast compared to the practical requirement. The result 
corresponding to 1-day load profile is given in the following figures: 

 

Fig 5. Objective function value during a day. 

 
(a) CVR off. 

 
(b) CVR on. 

Fig 6. Reactive power output of capacitor banks during a day. 

 
(a) CVR off. 

 
(b) CVR on. 

Fig. 7. Reactive power output of capacitor banks during a day. 
 

The result is completely as expected. With CVR is off, the objective is only to minimize the transmission 
power losses from the substation. Therefore, all the capacitor are energized at three buses, and the 
voltages are higher than the lower bound, which is good but not necessary. With CVR is on, only one 
capacitor bank is energized, and the voltages is right above the lower bound, which helps us to save 
consumed energy. 

Our future work is to apply this method to a larger distribution system such as the IEEE 34-bus system. 
Also, it is crucial for us to deal with the discrete nature of the output of the capacitors. Another potential 
work is to figure out the optimal location to locate capacitors to reduce the number of capacitors. 


