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Using SVC for Reactive Power Provision in Restructured Reactive Power Market
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Abstract: In recent years many researches have been carried out on optimal provision and pricing of
reactive power. Also there are recent recommendations for considering reactive power provision from
capacitors and FACTS controllers and to recognize them as ancillary services that are eligible for
financial compensation. In this paper SVC has considered as additional control parameters in the
optimal reactive power dispatch. Minimizing the Total Payment Function (TPF) of generators is the
main advantage of using SVC as a reactive power provision participant in power market. Furthermore
SVC is able to improve security aspects in the clearing of the reactive power market. Reactive power
cost and security indices analysis are integrated using an optimal power flow formulation, which is
solved using nsga-II program to choose the best compromise solution according to the specific
preference among various non-dominated (pareto optimal) solutions. The proposed methodology is
tested on the IEEE 30bus test system. Simulation results show that the security indices and TPF is
improved with optimally placing SVC
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INTRODUCTION

In the past, transmission systems were owned by regulated, vertically integrated utility companies. So that
conditions in closeness to security boundaries are not frequently encountered. But, in the new open access
environment, operating conditions tend to be much closer to security boundaries. However, poor understanding
and mismanagement of the new electricity market could reduce the reliability and efficiency of the electricity
services. Therefore the security indices and reactive power provision plays an important role in supporting real
power transfers and maintaining proper voltage profiles. Reactive power is tightly related to bus voltages
throughout a power network, and hence it has a significant effect on system security (Rabiee, 2009). Several
network blackouts have been related to voltage collapse. This phenomenon tends to occur from lack of reactive
power supports in heavily stressed conditions, which are usually triggered by system faults. Therefore, the
voltage collapse problem is closely related to a reactive power planning problem (Baldick, 2004; Wang, 2004;
Zhong, 2002; Yorino, 2003). 

Many papers have been published on optimal provision and pricing of reactive power. In (Hao, 2003;
Lamont, 1999; Horacio, 2005; Lin, 2006) four methods are proposed for provision of reactive power and
minimization of its cost. In (Zhong, 2006) a pricing mechanism has been proposed for the other compensators
of reactive power in the competitive market. In the proposed market, the owners of network devices (e.g. shunt
capacitors, SVCs), like generators, bid the price for supplying or absorbing reactive power. However besides
the minimization of reactive power cost, different objective functions can be used by the ISO, such as
transmission losses minimization (Venkatesh, 2000; Su, 2001) Maximization of the system load ability to
minimize the risk of voltage collapse (Venkatesh, 2000; Su, 2001; Ajjarapu, 1994), considering voltage security
in the reactive power pricing (Ajjarapu, 1994). In (GAO., 1996; Venkatesh, 1999; Lin, 2003; Grudinin, 1998)
used three different methods to solve optimal reactive power planning problems. The objective of reactive
power support in these papers is to maximize the voltage stability margin. In (Grudinin, 1998) a method
proposed to support reactive power with the objective of minimizing the transmission power losses. In (Rabiee,
2009) a day-ahead reactive power market which is cleared in the form of multiobjective context is presented.
Total payment function (TPF) of generators, representing the payment paid to the generators for their reactive
power compensation, is considered as the main objective function of reactive power market. Besides that,
voltage security margin, overload index, and also voltage drop index are the other objective functions of the
optimal power flow (OPF) problem to clear the reactive power market. In (Preecha Preedavichit, 1998) the
setting of flexible AC transmission system (FACTS) devices has considered as additional control parameters
in the optimal reactive power dispatch formulation and studied the impact on system loss minimization.
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According to FERC Order 888 (FERC Order, 888, 1996) and NERC White Paper on Proposed Standards
for Interconnection Services (NERC, 1999), only reactive power support from generation sources is considered
as an ancillary service and is eligible for financial compensation. However, there are recent recommendations
for considering reactive power provision from capacitors and FACTS controllers and to recognize them as
ancillary services that are eligible for financial compensation (FERC, 2005). 

Reactive facilities in transmission system are usually under the operator’s direct control and their costs
are generally recovered through an access charge. In some cases, the reactive power income received by
synchronous condensers, SVC, and STATCOM, may not be enough to pay for losses. As the FACTS
controllers are very costly devices, the location of FACTS devices plays a major role in the fulfillment of
different objectives and reactive power price. In this paper an optimal allocation of these devices and a multi-
objective OPF-based method is proposed to determine how participants of market contribute in provision of
reactive control ancillary services. Contribution of this work can be summarized as follows:
a. A day-ahead reactive power market is proposed, which incorporates system security aspects in the clearing

of reactive power market. The clearing process of the proposed reactive power market is formulated in
the form of a multiobjective optimization problem.

b.  In addition of generators, SVC is considered as a reactive power supporter that is eligible for financial
compensation.

c. The multiobjective optimization problem of the reactive power market clearing is solved by the
multiobjective optimization using Nondominated Sorting in Genetic Algorithms (nsga-II) (Srinivas, 1994)
method to efficiently select the best compromise solution among the pareto optimal solutions based on the
ISO preference.

I. Proposed Objective Functions:
In the proposed method four objective functions are used for clearing the reactive power market. The detail

description of these objective functions can be found in (Rabiee, 2009). The objective functions are as follow.

I.1. Minimization of Total Payment for Reactive Power (F1):
In this study generators and FACTS devices contribute to support power system reactive power. So the

total payment for reactive power provision is composed from two parts. The structure of every component is
described as follow.

1. Structure of Reactive Power Offers from Generators:
In this section, we briefly describe the four component offer structure from generators used in this paper.

A detailed discussion of this offer price structure can be found in (Zhong, 2002).
The reactive power market structure is built on the providers’ Expected Payment Function (EPF) for their

services. The reactive power capability curve of a generator is shown in Fig. 1. Qbase is the reactive power
required by the generator for its auxiliary equipment. If the operating point lies inside the limiting curves, say
at (PA, Qbase), then the unit can increase its reactive generation from Qbase up to QA without requiring
readjustment of PA. This will, however, result in increased losses in the windings and, hence, increase the cost
of loss. If the generator operates on the limiting curve, any increase in Q will require a decrease in P to adhere
to the winding heating limits. Consider the operating point “A” on the curve defined by (PA, QA). If more
reactive power is required from the unit, say QB, the operating point requires shifting back along the curve to
point B(PB, QB). This signifies that the unit has to reduce its real power output to adhere to field heating limits
when higher reactive power is demanded. The loss in revenue to the generator due to the reduced production
of real power is termed lost opportunity cost and is a significant issue. Based on the information presented
before, we define three operating regions for a generator on the reactive power coordinate as follows:

Region-I: 0 to Qbase: 
Reactive power produced in this region provides to the generator’s requirements to maintain its auxiliary

equipment. Therefore, reactive power output in this region should not qualify as an ancillary service, nor is
the generator entitled to payments.

Region-II: (Qbase to QA) and (0 to Qmin): 
When the generator is injecting or absorbing reactive power within this region, it would incur cost of loss

and, hence, can expect to be paid for its services. Its EPF would consist of two components in this region,
an availability component and cost of loss component.

EPF = Availability+Cost of Loss component   (1)

997



Aust. J. Basic & Appl. Sci., 5(6): 996-1010, 2011

Fig. 1: Synchronous generator capability curve.

Region-III: QA to QB: 
When the generator provides reactive power in this region, it is entitled to receive a payment

commensurate with its opportunity cost of reduced real power production, along with the other components.
The EPF can then be expressed as

EPF = Availability + Cost of Loss + Opportunity Cost   (2)

The generalized EPF vis-à-vis the offer parameters, discussed before, are shown in Fig. 2. Based on the
classification of reactive power production costs, a generalized EPF and, hence, an offer structure can be
formulated mathematically as follow:

  (3)
min

0 0 1 1 2 2 3 3
BA

Abase

o Q Q

i i i i ii i i i i i i iQ Q Q
TPF w a w m dQ w m dQ w m Q dQ    

Fig. 2: Structure of reactive offers from providers.

The coefficients (a0, m1, m2, m3) in (3) represent the various components of reactive power cost incurred
by the ith provider connected to ith bus needed to be offered in the reactive power market where a0i is
availability price offer in dollars, m1i is cost of loss price offer for operating in under excited mode (Qmin to
0) in $/MVAr-h, m2i is cost of loss price offer for operating in region (Qbase to QA) in $/MVAr-h, and m3i is
opportunity price offer for operating in region (QA to QB) in $/MVAr-h/MVAr-h (Fig. 2). In the proposed
multiobjective clearing of reactive power market, the minimization of total payment to the participants of
reactive power market is considered as the main objective function (F1). w0i, w1i, w2i and w3i are binary
variables, showing the compensation region of the unit. w0i will be equal to one and it will receive the
availability price, regardless of its reactive power output. However, only one of the binary variables w1i, w2i

and w3i can be selected. In other words w1i+ w2i+ w3i=1.
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2. Structure of Reactive Power Offers from SVC:
The investment cost of FACTS includes the capital cost and installation cost. The installation cost per

MVA is fixed but the capital cost of FACTS may vary due to economies of scale. Quadratic cost functions
used to estimate the overall costs are given as:

  (4)2
2 1 0j j jj j jTPF c Q c Q c  

As the cost of reactive dispatch are included in $/hr therefore, cost function for FACTS device have been
taken in $/hr. This has been calculated by taking an overall period of recovering investment in FACTS as ten
years. According to (Zhong, 2002) the cost function for SVC is developed as follows:

  (5)20.0003 0.305 127.38 ( $ / )j j jTPF Q Q US kVar  

With respect to the cost functions of these devices, the influence of SVCs on reactive power prices with
their optimal placement has been studied in this paper. The static models of these devices have been
incorporated in an OPF formulation with the objective of reactive power cost along with the cost of these
devices. So the total payment function for reactive power defines as follow:

F1 = TPF= TPFi + TPFj   (6)

I.2. Loading Margin Maximization (F2)
Voltage stability index used in the proposed method is based on the Continuation Power Flow (CPF)

technique as shown in Fig. 3. By increasing the load level from PDi in the base case, voltage of buses changes
along the continuation curve. As a well known voltage stability criterion, VSM is defined as the loading
distance between the base case and voltage collapse (IEEE/CIGRE, 2004). The security loading point refers
to the maximum allowable load increment at which overload and voltage drop constraints are satisfied. The
voltage security margin λ is the distance between the current operating point and security loading point as seen
in Fig. 3. 

Fig. 3: PV continuation power flow.

In the proposed multi-objective method, λ as the voltage security index is defined as an objective function
that should be maximized. This causes that the system tolerates a reasonable load increment without violating
voltage security limits and ensures an enough VSM.

F2 = λ   (7)

Voltage Deviation Minimization (F3):
In order to maintain power system security, it is further required that all bus voltages be in the allowable

ranges So, to consider this concern in the market clearing procedure, one alternative is including voltage drop
as the extra objective functions in the multiobjective optimization problem as follows:
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  (8)
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Lower value of F3 leads to less voltage deviation and more secure power system.

Overload Minimization (F4):
Also, In order to maintain power system security, it is required that any of the system lines should not

be overloaded. So, overload of lines defines as the extra objective functions in the multiobjective optimization
problem as follows:

  (9)
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II. SVC Steady State Modeling:
SVC can provide voltage and reactive power control by varying its shunt reactance. Two popular

configurations of SVC are the combination of fixed capacitor and Thyristor Controlled Reactor (TCR) and the
combination of Thyristor Switched Capacitor (TSC) and TCR. A SVC consisting of a fixed capacitor and a
TCR is shown in Fig. 4.

Fig. 4: Structure of SVC.

In power flow analysis, the total susceptance of the SVC may be taken as a variable and additional voltage
or reactive power control equation should be included. In contrast to the SVC models used in power flow
analysis, the SVC will be implemented in the way as for a STATCOM. So at first the SVC should be
converted into an equivalent STATCOM in the point of view of power flow analysis. The equivalent

representation of the SVC is illustrated by Fig. 5. In Fig. 5, Zsh is given by:   min max( ) / 2sh TCR TCRZ j X X 

where         and          are the lower and upper limits of the variable reactance of the TCR branch in Fig.
min
TCRX max

TCRX
5. 

Now the variable reactance of the TCR branch in this figure can be equivalently represented by impedance
Zsh in series with a variable voltage source Vsh which can only inject reactive power into bus i. The equivalent
of the branch is identical to that of STATCOM.
Power flow constraints of SVC is

(10)

2

2

( cos( ) sin( ))

( sin( ) cos( ))

sh i sh i sh sh i sh sh i sh

sh i sh i sh sh i sh sh i sh

P V g VV g b

Q V b VV g b
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Fig. 5: The equivalent representation of the SVC.

(11)

* 2Re( )

( cos( ) sin( )) 0
sh sh sh sh

i sh sh i sh sh i sh

PE V I V g

VV g b   
 

    

(12)
min max
TCR TCR TCRX X X 

where XTCR is given by:

(13)| . /( ) |TCR sh sh i shX V Z V V 

III. OPF Formulation:
The OPF problem can be formulated as a nonlinear constrained optimization problem with nonlinear

constraints as follows:

III.1. Objective Function:
The objective function of the OPF problem is as equation (14).

(14)min ( )x nC

Cn is the operating cost in the normal operating condition as equation (15). 

(15)( , )n Gi Gi
i NG

C fi P Q


 

III.2. Constraints:
Equality constraints are as follows:

(16)1 1
0

N NB B

Gi Li Loss
i i

P P P
 

   

(17)1 1
0

N NB B

Gi Li Loss
i i

Q Q Q
 

   

Inequality constraints are as equations (18) to (24).
Control variables constraints could be shown in the form of equation (18) generally.
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(18)min maxX X X 
 

Control variables include generators active power generation, the generator bus voltages, the tap ratios of
transformer and the reactive power generations of VAR sources. Constraints on these variables are as follows:

(19),min ,maxGi Gi Gi GP P P i N  

(20),min ,maxi i i GV V V i N  

(21),min ,maxi i i Tt V V i N  

Also state variables constraints are as equations (22) to (24).

(22),min ,maxGi Gi Gi GQ Q Q i N  

(23),min ,max ( )i i iV V V i Load buses  

(24),min ,maxij ij ijS S S 

Where

i Bus index
X Control variables.
PGi Active power generation of generator in bus i
PGi,max High limit of active power generation in generator bus i.
QGi Reactive power generation of generator in bus i.
QGi,min Low limit of reactive power generation in generator bus i.
QGi,max High limit of reactive power generation in generator bus i.
Qij Reactive power flow of line between buses i and j.
Pij Active power flow of line between buses i and j.
Qij,min Low limit of Reactive flow of line between buses i and j.
Pij,min Low limit of active power flow of line between buses i and j.
Qij,max High limit of Reactive power flow of line between buses i and j.
Pij,max High limit of active power flow of transmission line between buses i and j.
Vi θi Voltage of bus i.
Vi,min Low limit of voltage magnitude in bus i.
Vi,max High limit of voltage magnitude in bus i.
fi (Pgi) Cost of active power generation in generator bus i.
NG Set of generator buses.
NB Number of buses in network.
NT Number of transformers.

IV. Multi-objective Genetic Algorithms NSGA-II:
IV.1. Multi-Objective Optimization Problem:

The multi-objective optimization problem consists of a number of objective functions, which are to be
optimized simultaneously. In the multi-objective optimization problem, no solution can achieve global optimum
for all objectives. If the value of any objective function cannot be improved without degrading at least one
of the other objective functions, the solutions is referred to Pareto-optimal or nondominated ones. Since Pareto-
optimal solutions can not be compared with each other. The solutions that are Pareto-optimal within the entire
search space constitute the Pareto-optimal set or Pareto-optimal front.

IV.2. Description of NSGA-II:
The NSGA was implemented by Srinivas and Deb as the method for solving the multi-objective problem.

But the high computational complexity of nondominated sorting and lack of elitism and sharing parameter have
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been criticized for years. Deb (Zhong, 2002) presented NSGA-II as an improvement of NSGA by introducing
a fast nondominated sorting procedure with less computational complexity, an elitist-preserving mechanism and
a parameterless niching operator for diversity preservation. NSGA-II also performs well for solving the
constrained multi-objective optimization problems. The main steps of NSGA-II are described as follows.

Step 1: 
Generate a parent population P0 of size N at random.

Step 2: 
Sort the population based on the nondomination.

Step 3: 
Evaluate each individual of population P0 and put a rank value based on its nondomination level.

Step 4: 
Form child population Q0 on the basis of population P0 by performing binary tournament, crossover and

mutation operations.

Step 5: 
At the tth generation, produce population Rt of size N by integrating parent population Pt with child

population Qt.

Step 6: 
Sort Rt on the basis of nondomination and assign corresponding rank.

Step 7: 
Create new parent population Pt +1 by filling the highest ranked front set until the size of the population

size exceeds N:

Step 8: 
Create child population Qt+1 according to population Pt +1 by utilizing binary tournament, crossover and

mutation operations.

Step 9: 
Jump to Step 5 until the preset generation count is reached.

The main flowchart of nsga-II is shown in Fig. 6.

Fig. 6: NSGA-II algorithm.
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V. Numerical Results:
The proposed multiobjective reactive power clearing with contributing SVC as a reactive power supporter

has been tested on IEEE-30 bus test system which has 6 generator buses, 21 load buses and 41 lines as
represented in Fig. 7.Fig.7. IEEE 30-bus systemIt is considered that every generator bids at its marginal costs.
This simple bidding criterion is used for simplicity, because it does not affect the comparison process. The
numerical study is performed in two different scenarios for multi objective reactive power support. First the
multi objective reactive support performed without considering SVC, then in second scenario SVC is
considered as a participant of reactive power provision. The effect of using SVC on reactive power cost and
other security indices (F2, F3 and F4) is studied in detail. In each scenario, firstly the effect of each security
index on reactive power price is studied and then a multi objective reactive power support with all of
mentioned indices is performed. In Table 1 and Table 2 the generator’s active and reactive economic
characteristic coefficients are listed respectively. Table 3 shows the customer characteristics. In this study, like
(Rabiee, 2009), it is assumed that QB = 1.6QA, and Qbase = 0.10 Qmax, and QB = Qmax. As mentioned before,
QA is restricted either by the field or the armature heating limit, with respect to operating condition. In this
paper the lower and upper bound of voltage are taken 0.95 pu and 1.05 pu, respectively. The flows of lines
are limited to their continuous MVA rating.Each optimization problem of reactive power market clearing is
modeled in Nondominated Sorting in Genetic Algorithms (nsga-II).

Fig. 7: IEEE 30-bus system.

Table I: Generator Active Power Characteristics.
Bus number ai2 ai1 ai0 Pi,min Pi,max

1 0.02 2 0 0 150
2 0.0175 1.75 0 0 80
13 0.0625 1 0 0 40
22 0.0083 3.25 0 0 50
23 0.025 3 0 0 30
27 0.025 3 0 0 55

Table II: Generator Reactive Power Characteristics.
Bus number ai0 m1 m2 m3 Qi,min Qi,max

1 0.96 0.86 0.86 0.46 -20 150
2 0.5 0.54 0.54 0.28 -20 65
13 0.75 0.61 0.61 0.43 -15 47.5
22 0.68 0.5 0.5 0.31 -15 62.5
23 0.94 0.81 0.81 0.48 -10 40
27 0.65 0.6 0.6 0.3 -15 47.5

1004



Aust. J. Basic & Appl. Sci., 5(6): 996-1010, 2011

Table III: Customer Characteristics in Two Different Scenarios.
Bus number Initial  Active Power demand Initial Reactive Power demand
2 21.7 12.7
3 2.4 1.2
4 7.6 1.6
7 22.8 10.9
8 30 30
10 5.8 2
12 11.2 7.5
14 6.2 1.6
15 8.2 2.5
16 3.5 1.8
17 9 5.8
18 3.2 0.9
19 9.5 3.4
20 2.2 0.7
21 17.5 11.2
23 3.2 1.6
24 8.7 6.7
26 3.5 2.3
29 2.4 0.9
30 10.6 1.9

The simulation results are performed in four cases as follow:The optimal location of SVC is selected by
optimization program. The bus numbers that SVC placed are 1, 4, 8, 21 and 24.

V.1. Optiimization F1 and F4:
For the above conditions with population size of 200 and after 500 iterations, 196 nondominated solutions

were found by the proposed algorithm. Fig. 8 and 9 show these nondominated solutions. These figures show
a fairly supportive relation between maximizing voltage security index and reactive power cost. It can be
observed that the reactive power cost is improved by using SVC but voltage security index is not improved
further by using SVC. Another observation is that the amount of voltage security index is not increased more
(is not sensitive) than about 1.

Fig. 8: Relationship between reactive power cost and voltage security index without using SVC.

V.2.Optimization of F1 and F3:
With population size of 150 and after 300 iterations, 150 nondominated solutions were found by the

proposed algorithm. Fig. 10 and 11 show these nondominated solutions. These figures shows a conflicting
relationship between reactive power cost and voltage deviation index objectives, It can be observed that the
voltage deviation and reactive power cost is improved by using SVC. Another observation is that the amount
of voltage deviation index is not reduced any more (is not sensitive) when reactive power cost more than about 
80 $.

V.3. Optimization of F1, F2, F3 and F4:
With population size of 150 and after 300 iterations, 146 nondominated solutions were found by the

proposed  algorithm.  Fig. 12 and 13 show these nondominated solutions. These figures shows a conflicting
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Fig. 9: Relationship between reactive power cost and voltage security index by using SVC.

Fig. 10: Relationship between reactive power cost and voltage deviation index without using SVC.

Fig. 11: Relationship between reactive power cost and voltage deviation index by using SVC.

relationship between reactive power cost and voltage deviation index objectives, It can be seen that by using
SVC both overloading and reactive power cost is improved. Without using SVC the amount of overloading
index is not reduced any more (is not sensitive) when reactive power cost more than about 40 $. But by using
SVC, both the overloading index and reactive power cost considerably are reduced.

V.4. Optimization of F1,F2,F3 and F4:
With population size of 200 and after 1000 iterations, 85 nondominated solutions were found by the

proposed  algorithm.  Due  to  imposibility of displaying a nondominated set in four-dimensional space and 
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Fig. 12: Relationship between reactive power cost and overloading index without using SVC.

Fig. 13: Relationship between reactive power cost and overloading index by using SVC.

difficulty of effectively displaying a nondominated set in three-dimensional space, 6 trade-off graphs were used.
Fig. 14 (a) and (b) shows the voltage security index versus reactive power cost with and without incorporating
SVC. Also Fig. 15 and 16 show the voltage deviation index and overloading index versus cost of reactive
power respectively. Fig. 17 and 18 shows the voltage security and voltage deviation index versus overloading
index, respectively. Also Fig. 19 shows the voltage security against voltage deviation index.

Fig. 14: Voltage security index vs. reactive power cost (a) without using SVC (b) by using SVC.
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Fig. 15: Voltage deviation index vs. reactive power cost (a) without using SVC (b) by using SVC.

Fig. 16: Overloading index vs. reactive power cost (a) without using SVC (b) by using SVC.

Fig. 17: Voltage deviation index vs. voltage security index (a) without using SVC (b) by using SVC.

Conclusion:
Requirements of the new deregulated environment make it necessary to revise classic approaches of the

reactive power provision problem. In this paper, security aspects of power system as one of main
responsibilities of ISOs are incorporated in the clearing of reactive power market based on the multiobjective
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Fig. 18: Overloading index vs. voltage security index vs. (a) without using SVC (b) by using SVC.

Fig. 19: Overloading index vs. voltage deviation index (a) without using SVC (b) by using SVC.

optimization model using nondominated sorting in genetic algorithms (nsga-II). The main advantages of the
proposed algorithm are: it allows the ISO to use a cost-benefit approach instead of the least cost operation
procedure. Also, this method produces a set of optimal solutions, in contrast to single objective methods, which
yields more flexibility in operation and planning process. The effect of using SVC as a market participant in
reactive power support is studied. The results show that using SVC not only decreases the reactive power cost
but also improved security indices of power system.
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