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Abstract Voltage control and system stability rely heavily on reactive power. In electric power systems, various
Volt/VAR techniques are used to keep the voltage profile within a defined acceptable range, providing reliability, stability,
and economic benefits. Reactive power has traditionally been generated by large-scale synchronous generators or distributed
capacitor banks to provide proper transmission and distribution level system management; however, reactive power can also
be used to reduce total system operation costs. The operating cost of a power system, often referred to as fuel cost, represents
the expenses incurred in purchasing and using fuel to generate electricity in power plants. These costs can vary depending on
the type of fuel used (e.g., coal, natural gas, oil, or renewable sources) and the efficiency of the power generation process.
This reduction in operation cost will be accomplished by adjusting nodal reactive power, which will have an impact on
network power flow. The main purpose of this paper is to determine the optimum bus in pwer ssyem where the opartion cost
mostly reduced by adjustable reactive power. The proposed model's applicability and performance are validated using IEEE

30-bus.
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1. Introduction

THE importance of power system opration cost is
increasing with growing demand for electrical power by
many domestic and industrial utilities in the power system
network depending on reactive power management. It is
required to generate energy in a more efficient, reliable, and
cost-effective way. Effective way of delivering electrical
energy utilizes technologies such as flexible AC transmission
system (FACTS) and static voltage compensation (SVC) to
maintain voltage stability, high power factor, and less
transmission losses. Reactive power plays crucial role in the
power system network [1].

Reactive power is considered as the essential part of the
ancillary service that supports the power transmission from
its generation site to the customer. Services may include load
regulation, spinning reserve, non-spinning  reserve,
replacement reserve, and voltage support. Reactive power
has a profound effect on real energy transfers and on security
of power system as it affects the voltage profile throughout
the system, makes the power system more reliable, and
guarantees power flow in the system. It is not desirable to
transport reactive power over the network [1]. As a
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consequence, ancillary services (e.g., regulation and
operating reserves, power frequency control, power balance,
voltage control, and restoration of supply), which are
generally procured through short-term competitive market
mechanisms, are gaining more and more importance in the
process of supporting renewables integration in the grid.
Reactive power cost is divided into reactive power capacity
cost and reactive electricity quantity cost [2]. Maximum
profit of reactive power can be obtained when the marginal
revenue equals marginal cost [3].

A. System or Device Description

The previous studies on reactive power mostly focused on
its management and pricing. The study in [4] suggests a
model to evaluate economical price of reactive power. The
reactive power is made as a supporter for an electrical
network where its pricing gives the support for system in
both economical and operational sides. This was illustrated
in [5]. Reactive power pricing has been proposed to
incorporate the operation cost of generator for the reactive
power production cost as ancillary service. New full Newton
methodology to represent the reactive power generation
limits in the power flow problem is proposed by using a set
of sigmoid switches that incorporates new equations into the
problem formulation [6]. A simple method to optimize the
power delivery of photovoltaic system to utility grid is
suggested in [7]. Three kinds of models are presented to
solve the optimal reactive power flow in wind generation


http://article.sapub.org/10.5923.j.eee.20201002.01.html#Aff1
http://article.sapub.org/10.5923.j.eee.20201002.01.html#Aff2
http://article.sapub.org/10.5923.j.eee.20201002.01.html#Aff3
http://article.sapub.org/10.5923.j.eee.20201002.01.html#Aff1
http://article.sapub.org/10.5923.j.eee.20201002.01.html#Aff2

20 Sarhan Hasan et al.:

integrated system. The models are carried out in a modified
IEEE 14-bus system. According to simulation results, the
features of models are analyzed and compared [8]. The
overview of the possibilities, limits, pros and cons of the
reactive power control of wind turbines are explained in [9].
The authors in [10] present a methodology to remunerate the
ancillary services of generation reserve and reactive power
support as a function of the benefit provided by generators to
the power system. The comparison between the provision of
reactive power support ancillary service in distribution
networks and conventional equipment such as capacitor
banks and distribution generation units based on renewable
resources is illustrated in [11]. A method of equivalent
reactive power compensation is improved to measure the
difference among reactive power resource value in [12]. The
problem of pricing reactive ancillary services is addressed
and formulated as a joint cost allocation problem in [13]. The
investigation of the extent of forecasting electricity prices of

ancillary services over a 24-hour horizon is illustrated in [14].

The description of the developed methods of definition of a
payment for voltage and reactive power control by power
stations is discussed in [15]. The control of active and
reactive power between inverter and utility grid using the d-q
theory has been proposed in [16]. Reactive power shortage
and the associated voltage violations due to the failures of
reactive power sources are considered in [17].

A detailed model is presented for the incorporation of the
distributed generation (DG) units' reactive power limits in
the power flow formulation in [18]. A control strategy for
reactive power compensation is presented in [19]. Reactive
power shortage and the associated voltage violations due to
the failures of reactive power sources are considered in [20]
where new reliability indices are proposed to represent the
effect of reactive power shortage on system reliability. A
novel correction method is proposed in [21] to achieve rapid
reactive power control on synchronous generators. In [22],
particle swarm optimization and its variants are applied to
calculate the optimal real and reactive power to manage
power congestion in the system. A method to calculate the
optimum real and reactive power that maximizes social
benefit and minimizes the operation cost of power system is
presented in [23]. A mathematical model for reactive power
pricing structure based on various cost components is
developed in [24]. The design of a competitive market for
reactive power ancillary services is discussed in [25] using a
compromise programming approach based on a modified
optimal power-flow model. A reactive power economical
dispatching method is proposed using power flow simulator
in [26]. A model to find optimum real and reactive in embedded
wind generation and battery energy storage system is proposed
in [27]. A framework for reactive power management to
protect voltage stability at maximum marginal while keeping
active and reactive power at economical dispatch is presented
in [28]. A novel solution for optimal reactive power dispatch
problem is handled by a new mathematical approach for
voltage magnitudes in [29]. In [30], reactive power cost is
analyzed using theory of marginal cost at various loads. It is
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discussed in this study that power factor penalty of load and
addition of reactive power cost to real power cost are two
methods to recover reactive power cost. Moreover, it is
discussed that reactive power generation leads to decrease
the real power generation. As a result, an opportunity cost
of reactive power is introduced to recover real power
production. Moreover, capacitive reactive power cost and its
allocation are evaluated to get minimum cost using linear
programming techniques. Reactive power could be provided
by renewable sources to distribution grids which would
reduce the transmission system operation cost, improve
system security, and reduce ancillary services cost [31].
Reactive power control and distribution system face many
challenges specifically in the presence of wind and
photovoltaic sources as these sources operate at maximum
tracking power point which is affected by weather condition.

The interfacing and interconnection of DG units in
microgrid to general grid is offered usually by power
electronic devices to get operation control in flexible mode.
However, there are quality problems caused by these devices,
and reactive power compensation represents one of them in
supporting load and voltage. Reactive power/ voltage and
active power/ frequency are main ways to control power in
microgrid besides droop control [32]. The reactive power
droop control was presented in [33] where voltage reduction
is used by integration of the reactive power. In this control
method, microgrids operate as active power filter to get
harmonic compensation of reactive power. All these control
techniques are applied in microgrid to achieve reactive
power compensation.
B. Model Outline and Formulation of Optimum Reactive

Power Calculation In Power System

The objective of this paper is to determine the optimum
reactive power of all buses in the system that results in the
lowest cost system operation. In other words, the nodal
reactive powers are adjusted in a way that the cost of real
power generation in the system is minimized. Synchronous
generator’s capability curves are provided by manufacturers
in standard condition. They are used for loading the
synchronous generators in different operating loads without
exceeding the designed limits. Generally, hominal capacity
of a synchronous machine can be indicated by MVA in a
specific voltage and power factor (usually 85-90% of lead) in
which the synchronous machine is able to work continuously
without abnormal temperature increment. Real output power
of the synchronous machine depends on turbine ability and
nominal MVA machine limits. A synchronous generator can
produce real power only if there is enough reactive power to
support it. Otherwise, the generator is no longer able to
generate real power due to policy of security system [30].
Generators have maximum and minimum of real and
reactive power capabilities. The maximum reactive power
capability is associated with operating with lagging power
factor. The minimum reactive power capability corresponds
to the maximum reactive power the generator may absorb
when operating with leading power factor. In some electrical
generators such as DFIG, the operation at maximum reactive
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power limit leads the electric system to operate near the
steady state stability limit, which is undesirable [30].

2. Theory of Proposed Idea

The proposed model's goal is to find the optimal bus that
guarantee the lowest total system operation cost when In
other words, the nodal reactive powers are adjusted so that
the system's cost of real power generation is minimized.
The objective function is defined as the sum of individual
unit costs, each presented as a second order function of its
real power generation. Pi represents the unit i's real power
generation, and a, b, and c are the constant cost coefficients.
This goal is constrained by operational constraints (2).

min Zi(aiPiz + biPi + Ci) (1)
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Figure 1.

Case 30 IEEE Standred system

The basic operation cost os $567.79.Then the reactive
power is changed in variable manner at each bus individually,
and the lowest operation cost with corresponding reactive
power is calculated and listed in Table 1.

Table 2. Optimum bus

s | mavaronr | s e | FSECTIVE
(MVAR) (MVAR)
3 1.2 -0.02 576.79
4 1.6 -5.28 576.65
5 0 -0.98 576.89
6 0 -12.67 576.73
7 10.9 -0.077 576.89
8 30 -1.53 573.84
9 0 28.02 576.64
10 2 -0.41 576.20
11 0 -16.2 576.66
12 7.5 2.62 576.89
14 1.6 0.06 576.87
15 25 0.32 576.82
16 1.8 0.06 576.77
17 5.8 0.05 576.50
18 0.9 0.11 576.72
19 34 0.04 576.64
20 0.7 0.16 576.63
21 11.2 0.04 576.68
24 6.7 0.07 576.80
25 0 -0.75 576.86
26 0 0.04 576.81
28 0 0 574.40
29 0 0.20 576.79
30 0 0.33 576.88

3. Simulation or Experimental Results

The proposed model is formulated in MATPOWER and
applied to IEEE 30-bus standard test system as shown in Fig. 2.
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Figure 2. Objective Function vs Buses

4. Conclusions

Minimizing the power system operation cost objection
function is critical for economic power system operation by
reducing system losses where reactive power is an important
factor in reducing system losses. The primary goal of this
paper was to determine the optimum Bus in a power system
in order to minimize the total system operation cost. To that
end, a nodal reactive power variable was introduced into the
optimal power flow problem, and the optimal buses with the
greatest impact on lowering system operation costs were
identified. The proposed model was tested on IEEE 30 bus
standard systems and the bus number 8 was determined as
optimal operation cost location.



22

Sarhan Hasan et al.:

REFERENCES

(1]

[2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Q. Liu, M. Cao, D. Wang, “The analyses of the reactive power
Ancillary services of Regional Grid”, IEEE transaction pp2332.

W. Zheng-Feng, “Review on reactive pricing in power system
market”. Anhui Electric Power, vol.24, No. 4, PP.65-68, 2007.

J. Wang, R. G. Yang, F. S. Wen, “On the Procurement and
Pricing of Reactive Power Service in the Electricity Market
Environment”, IEEE Power Engineering Society General
Meeting, Vol. 1, pp. 1120-1124, June 2004.

M. Ippolito, F. Massaro, G. Pecoraro, E. Sanseverino,
“Economical evaluations of reactive power supply as an
ancillary service offered by Distributors,” Proceeding of
IEEE PES General Meeting, 18-22 June 2006, Montreal, Canada.

K. Umamaheswari, P. L. Somasundaram, “Pricing framework
for reactive power as ancillary service,” 2014 International
Conference on Electronics and Communication Systems
(ICECS), 2014.

R. Pontes, J. Filho, and P. La Gatta, “A full Newton approach
to consider reactive power generation limits in power flow
problem using sigmoid switches,” 2018 Simposio Brasileiro
de Sistemas Eletricos (SBSE), 2018.

R. Nazir, K. Kanada, and P. Coveria. “Optimization active
and reactive power flow for PV connected to grid system
using Newton Raphson method,” Energy Procedia 68, pp. 77-86,
2015.

J. Qiao, Y. Min, and Z. Lu, “Optimal reactive power flow in wind
generation integrated power system,” In 2006 International
Conference on Power System Technology, pp. 1-5, 2006.

M. Hunyar and K. Veszprémi, “Reactive power control of
wind turbines,” In 16th International Power Electronics and
Motion Control Conference and Exposition, pp. 348-352,
2014,

P. Ribeiro, L. Marzano, J. Soto, R. Prada, and A.Melo,
“Methodology to remunerate the generation reserve and the
reactive power support as ancillary services based on the
benefit proportioned to the power system,” In IEEE Russia
Power Tech, pp. 1-7, 2005.”

F. Alsokhiry and K. Lo, “Provision of reactive power support
ancillary services from distributed generation based on
renewable energy,” In International Conference on Renewable
Energy Research and Applications (ICRERA), pp. 1018-1023,
2013.

Z. Junfang, M. Qinguo, and D. Xinzhou, “Real-time pricing
of reactive power considering value of reactive power
resources,” In China International Conference on Electricity
Distribution, pp. 1-6, 2008.

X. Lin, C. Yu, and C. Chung, “Pricing of reactive support ancillary
services,” IEE Proceedings-Generation, Transmission and
Distribution 152, no. 5, pp. 616-622, 2005.

F. Moscetti, S. Paoletti, and A. Vicino. “Analysis and models
of electricity prices in the Italian ancillary services market,”
In IEEE PES Innovative Smart Grid Technologies, Europe,
pp- 1-6, 2014.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Power System Operation Cost Optimal Location

B. Igor, and P. Evgen, “Approach of reactive power pricing
for ancillary service of voltage control in Ukraine,” In 2014
IEEE International Conference on Intelligent Energy and
Power Systems (IEPS), pp. 145-148, 2014.

V. Tejwani, B. Suthar, and D. Prajapati, “Integration of

microgrid with utility grid for sharing real and reactive power,”
In 2015 International Conference on Computer, Communication

and Control (IC4), pp. 1-5, 2015.

W. Qin, P. Wang, X. Han, and X. Du, “Reactive power
aspects in reliability assessment of power systems,” IEEE
Transactions on Power Systems, pp. 85-92, 2011.

M. Abdelaziz, “Effect of detailed reactive power limit
modeling on islanded microgrid power flow analysis,” IEEE
Transactions on Power Systems, no. 2, pp. 1665-1666, 2016.

M. Omar and G. Scarcella, “Unbalanced and reactive power
compensation for grid friendly microgrids,” 3rd Renewable
Power Generation Conference, Naples, Italy, 2014.

W. Qin, P. Wang, X. Han, and X. Du. “Reactive power
aspects in reliability assessment of power systems,” IEEE
Transactions on Power Systems, no. 1, pp. 85-92, 2011.

Y. Liu, Y. Wang, M. Li, N. Xu, W..Wang, N. Wang, H. Wang,
and J. Wu, “Improvement of reactive power dynamic
response for virtual synchronous generator,” In 2016 IEEE
8th International Power Electronics and Motion Control
Conference (IPEMC-ECCE Asia), pp. 2010-2014, 2016.

M. Mahala, and Y. Kumar, “Active & reactive power
rescheduling for congestion management using new PSO
strategy,” In 2016 IEEE Students' Conference on Electrical,
Electronics and Computer Science (SCEECS), pp. 1-4., 2016.

J. Choi S. Rim, and J. Park, “Optimal real time pricing of real
and reactive powers,” IEEE Transactions on Power Systems,
no. 4, pp. 1226-1231, 1998.

G. Vaidya, N. Gopalakrishnan, and Y. Nerkar. “Cost based
reactive power pricing structure in restructured environment,”
In 2008 Joint International Conference on Power System
Technology, pp. 1-8, 2008.

J. Zhong, and K. Bhattacharya, “Toward a competitive
market for reactive power,” IEEE Transactions on Power
Systems, no. 4 pp. 1206-1215, 2002.

H. Moreno,S. Plumel, and P. Bastard, “Assessing the value of
reactive power service using OPF of reactive power,” In 2005
IEEE Russia Power Tech, pp. 1-6, 2005.

A. Gabash, and P. Li, “Active-reactive optimal power flow in
distribution networks with embedded generation and battery
storage,” IEEE Transactions on Power Systems, no. 4, pp.
2026-2035, 2012.

A. Rabiee and M. Parniani, “Optimal reactive power dispatch
using the concept of dynamic VAR source value,” In 2009
IEEE Power & Energy Society General Meeting, pp. 1-5,
2009.

Z. Machado, G. Taranto, and D. Falcao, “An optimal power
flow formulation including detailed modeling of generators,”
In IEEE PES Power Systems Conference and Exposition, pp.
960-965, 2004.

A. Rabiee, H. Ali, and N. Amjady, “Reactive power pricing
problems and a proposal for a competitive market,” IEEE



Electrical and Electronic Engineering 2023, 13(2): 19-23 23

Power and Energy Magazine, January and February 2009. [32] A. Engler and N. Soultanis, “Droop control in LV-grids,”

) . 2005 International Conference on Future Power Systems, 2005.
[31] A. Ellis, R. Nelson, E. Engeln, R. Walling, J. MacDowell,

L. Casey, and E. Seymour, “Reactive power performance [33] S.Mohanty, S. Sen, N. Kishor, P. Ray, and V. Singh, “Harmonic

requirements for wind and solar plants,” In 2012 IEEE Power compensation in distributed generation based micro-grid

and Energy Society General Meeting, pp. 1-8, 2012. using droop control technique,” In 2011 5th International
Power Engineering and Optimization Conference.

Copyright © 2023 The Author(s). Published by Scientific & Academic Publishing
This work is licensed under the Creative Commons Attribution International License (CC BY). http://creativecommons.org/licenses/by/4.0/



