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While wind power generation is growing rapidly around the globe; its stochastic nature affects the
system operation in many different aspects. In this paper, the impact of wind power volatility on the
reactive power market is taken into account. The paper presents a novel stochastic method for optimal
reactive power market clearing considering voltage security and volatile nature of the wind. The
proposed optimization algorithm uses a multiobjective nonlinear programming technique to minimize
market payment and simultaneously maximize voltage security margin. Considering a set of probable
wind speeds, in the first stage, the proposed algorithm seeks to minimize expected system payment
which is summation of reactive power payment and transmission loss cost. The object of the second
stage is maximization of expected voltage security margin to increase the system loadability and security.
Finally, in the last stage, a multiobjective function is presented to schedule the stochastic reactive power
market using results of two previous stages. The proposed algorithm is applied to IEEE 14-bus test
system. As a benchmark, Monte Carlo Simulation method is utilized to simulate the actual market of
given period of time to evaluate results of the proposed algorithm, and satisfactory results are achieved.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Many electric power systems around the world are restructured
over the past few decades. This process leads to unbundling various
services previously supplied by electric utilities [1,2]. However,
energy trading is the main issue in competitive electricity markets,
in order to have a secure and reliable network, ancillary services are
vital and should be provided in a suitable manner. In most
deregulated power systems, ancillary services are prepared by the
system operator through commercial contracts with market
participants [1].

Among six different ancillary services defined in FERC Order 888
[3], reactive power provision is one important service in secure
market operation, and should be regarded in many aspects of
market scheduling and operation [1]. While the main concern in
electricity markets is financial matters, because of the important
role of reactive power in system security, technical issues should be
thought out as well as economic issues in market clearing. So far,
different objective functions such as minimization of reactive
power cost [4e6], minimization of transmission loss [7], maximi-
zation of the system loadability [8,9], minimization of deviation
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from contracted transactions [10] and etc have been proposed for
reactive power market settlement.

Reactive power has an essential role in power system voltage
security [11,12]. The lack of reactive power in the systemmay cause
undesirable voltage drop in some buses. If the system does not
overcome this deficiency, it may results in voltage instability.
Inadequate reactive power has been known to be one of the main
reasons of some major blackouts in the world [12]. Thus, system
voltage security is an important issue which should be regarded in
reactive power scheduling.

In recent decades, due to some global challenges such as envi-
ronmental issues, energy crisis and economic recession, renewable
sources have attracted more attention for electricity generation
[13,14]. Among different kinds of renewable sources, wind energy is
one of the most progressive types and has become popular
throughout the world. With increasing penetration of the wind
power generation to grids, many new issues should be studied,
restudied or premeditated in power system operation and planning
[15,16].

Besides many advantages of wind power, this sustainable
energy resource suffers seriously from a large amount of uncer-
tainty. So, probabilistic nature of wind speed has been the subject of
many researches in recent years, and some different aspects of this
phenomenon as well as its impacts on the operation and control of
power systems have been studied [17].
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However, there are several techniques to forecast the wind
speed, but its volatile nature imposes some errors in the forecasting
[18e20]. If the system operator does not consider wind speed
volatility in power system programming, it may result in vulnera-
bility of the power system. For example, if the operator settles
reactive power market ignoring this feature of wind farms, varia-
tions in wind power generation may cause system voltage insta-
bility or reduce security margin. Therefore, wind power generation
volatility should be considered in many programming issues,
Q e ¼
h
XmXl2S

2ðXm þ Xl2Þ þ Xl1S
2ðXm þ Xl2Þ2þR22ðXm þ Xl1Þ
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(1)
especially in deregulated environments with private participants
[21,22].

In this paper a new algorithm is presented for optimal reactive
power provision in a forward ancillary services market which takes
into account the impact of wind power generation volatility. A full
AC constrained OPF problem is presented to find the best schedule
of reactive power produced by all synchronous generators,
condensers and capacitors. The algorithm minimizes Expected
System Payment (ESP) which is summation of expected reactive
power provision payment and transmission loss cost. Also, an
Expected Voltage Security Margin (EVSM) is introduced with
respect to wind speed fluctuation and then the algorithm seeks to
maximize it to increase the system loadability. To solve the
proposed algorithm and clear the stochastic reactive powermarket,
a three-stage Stochastic Multiobjective Mathematical Program-
ming (SMMP) method is used which tries to minimize ESP and
simultaneously maximize EVSM. As the numerical studies, the
proposed algorithm has been applied on an ancillary services
market based on IEEE 14-bus test system. Then, to evaluate the
results, market of the given period of time is simulated by Monte
Carlo Simulation method. Comparing the results prove the capa-
bilities of the proposed algorithm.

The rest of this paper is organized as follows: Section 2 discusses
the wind power generation and its uncertainty. In Section 3, cost of
reactive power provided by synchronous generators, condensers
and capacitors is described. System voltage security margin in
presence of wind power is explained in Section 4. Section 5 pres-
ents the proposed stochastic algorithm and the solution method-
ology. Sections 6 and 7 include numerical results and conclusion,
respectively.
2. Probabilistic model for fixed-speed wind turbines in power
flow studies

Due to the increasing penetration of wind generators in elec-
tricity networks, many new issues should be well thought out in
power system programming and planning. Two main problems
with wind generators are the intermittency of wind and random-
ness of its speed. Therefore, the predicted wind power for the
future suffers from a large amount of uncertainty [23].

This uncertainty affects both active and reactive power flow
through the system. Based on the predicted wind speed, the active
power generation of each wind turbine can be easily calculated
using power curve of the turbine which is defined by the manu-
facturer. The reactive power consumed or generated by awind farm
is calculable based on its produced active power and bus voltage. In
Fixed-Speed Wind Turbine (FSWT), which has been installed
widely around the world, the generator is induction type and
consumes reactive power to generate active power. Therefore, this
kind of wind generators cannot control the bus voltage, and buses
with FSWTare modeled as P-Q buses in the load flow study. Here in
this paper, just the influence of FSWTs are studied.

Ref. [24] presents Eq. (1) for calculating consumed reactive
power by FSWT. Knowing active power output of generator (Pe),
terminal voltage (V) and all other parameters of the induction
machine, the consumed reactive power of that machine can be
computed as follow:
Where the slip is:

S ¼ min

������b�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p

2a

����� (2)

and:

a ¼ PeR21ðXl2 þ XmÞ2þPeðXmXl2 þ Xl1ðXl2 þ XmÞÞ2

� jV j2R1ðXl2 þ XmÞ2 ð3Þ

b ¼ 2PeR1R2X
2
m � jV j2R2X2

m (4)

c ¼ PeR22ðXl1 þ XmÞ2þPeðR1R2Þ2�jV j2R1R22 (5)

Like any other P-Q buses, both the bus voltage and consumed reac-
tive power in (1) may be unknown and iterative power flow algo-
rithms canbe used tofind the voltage and consumed reactive power.

3. Voltage security assessment

Voltage security is considered as an important subject in power
systems and should be taken into account in many programming
and planning problems [25,26]. To ensure reliable operation of the
power system, it is necessary to maintain adequate voltage security
margin in both normal condition and under contingency cases.
Therefore, in this paper, maximization of voltage security margin is
defined as an important goal of reactive power market settlement.

3.1. Deterministic voltage security indices

There are several approaches to estimate voltage security
margin in a typical power system. Using different voltage security
indices is a useful and conventional method for voltage security
margin assessment [27e29]. Various indices are proposed for
determining distance between operating point and voltage collapse
or instability point. Active power margin based on PeV curves,
reactive power margin based on QeV curves and line power flow
margin based on line stability index are some good examples of
these indices [28,29].

Ref. [28] presents Lmn-index based on the solution of power flow
equations. The Lmn-index is a quantitative measure to estimate
distance between operating state of the system and the stability
limit. It varies from 0 (no load condition) to 1 (voltage collapse). The
Lmn-index is very simple, accurate and fast to be analyzed. In this
paper, Lmn-index is considered as the index for voltage security
margin assessment.

Fig. 1 shows one-line diagram of a transmission line. The Lmn-
index of line between bus m (sending end) and n (receiving end) is
expressed as follows [28]:
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Fig. 1. Typical one-line diagram of a transmission line.
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Lmn ¼ 4XQr

½Vmsinðq� dm þ dnÞ�2
(6)

Where Vm is voltage magnitudes of mth bus, dm and dn are voltage
phase angles ofmth and nth bus, q is line impedance angle, X is line
reactance and Qr is reactive power at the receiving end. The Lmn-
index should be calculated for all transmission lines. The more the
index is far from 1 the better voltage security margin is achieved.
3.2. Expected voltage security margin

As previously discussed, the system voltage security margin
depends on power flow results. Since the active and reactive power
output of a wind farm depend on wind speed, in a power system
which contains the wind farm, the voltage security margin may
vary with wind speed fluctuation. Therefore, based on the concepts
of line stability index and wind speed probability, this paper
proposes a new expected line stability index (ELmn). To calculate the
ELmn index, Probability Density Function (PDF) is quantized to some
Probable Wind Speeds (PWSs), and the active and reactive power
outputs of wind farm are determined and the power flow is studied
for each PWS. Then, based on load flow results, the expected line
stability index can be calculated for all transmission lines by (7):

ELmn ¼
XNpws

i¼1

PðPWSiÞ$Lmn;i (7)

Where, NPWS is number of quantized levels of PWS. Lmn,i is the line
stability index of line between busm (sending end) and n (receiving
end) at ith PWS. Also, PðPWSiÞ is the probability of ith PWS.
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4. Cost of reactive power provided by market participants

In almost all deregulated electricitymarkets, the systemoperator
should compensate market participants for providing reactive
power. According to NERC (North American Electric Reliability
Council) Operation Policy 10, only reactive power produced by
synchronous generators has been considered as ancillary service
and is eligible for financial compensation [30]. Some references
deem it is necessary to pay charge to other reactive power providers
such as capacitor banks, synchronous condensers and FACTSdevices
[31]. In this paper, reactive power provided by synchronous gener-
ators, condensers and capacitor banks are assumed as ancillary
service which should be compensated by the system operator. The
following three subsections describe the cost curve of market
participants to provide reactive power for the system.

4.1. Cost of generator’s reactive power

Different reactive power payment structures can be used for
synchronous generators [4,7,32]. In Ref. [32] a quadratic reactive
power cost curve has been proposed for a typical synchronous
generator. This cost curve models the investment cost, operational
cost and also lost opportunity cost of a synchronous generator
accurately. It has been defined as follows:

Cost
�
Qgt
� ¼ aq;tQ2

gi þ bq;iQgi þ cq;i (8)

Where Qgi is reactive power output of ith generator; and aq, bq and
cq are constant coefficients. As it is described in Ref. [32], knowing
active power cost curve of a generator, its capability curve and
maximum amount of active and reactive power of that generator,
these constant coefficients can be estimated accurately using
a suitable interpolation technique. This equation can provide
accurate results in reactive power market while it is very simple for
implementation.

4.2. Cost of condenser’s reactive power

Synchronous condenser is a synchronous machine without any
prime mover which can provide only reactive power. The reactive
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power cost curve of a condenser consists of the investment and
operating costs. The operating cost contains the cost of energy
consumed to overcome the mechanical friction and electrical loss,
and the maintenance cost. Consequently, reactive power cost curve
of a synchronous condenser can be formulated by (9):

CostðQciÞ ¼ ðbci þ sciÞQci (9)

Where Qci is reactive power output of condenser, s ($/Mvar-h) is
operating cost of condenser and bci ($/Mvar-h) which is formulated
by (10) models the investment cost [33].

bci ¼
capital investmentcost

8760� lifespan�averageusagerate
ð$=Mvar�hÞ (10)
4.3. Cost of capacitor’s reactive power

Cost of using capacitors is similar to synchronous condensers
and can be expressed by (9). Capacitors have little operating cost
and their reactive power production costs have been considered to
be calculated based on their capital investment costs [33]. There-
fore, the parameter s in (9) should be set zero for capacitors.
5. The proposed stochastic multiobjective market model

In this paper, a new three-stage Stochastic Multiobjective
Mathematical Programming (SMMP) is proposed for stochastic
forward reactive power market which takes into account the
volatility of wind power generation. The object of the first stage is
to minimize Expected System Payment (ESP) which is summation
of reactive power payment and transmission energy loss. Due to the
significant impact of reactive power on system voltage stability, in
the second stage, the algorithm tries to maximize Expected Voltage
Security Margin (EVSM) to increase system security. Finally, in the
third stage, results of two previous stages are utilized to formulate
SMMP for stochastic reactive power market settlement. The
proposed SMMP seeks to minimize ESP and maximize EVSM
simultaneously, considering the probabilistic nature of wind. The
mentioned stages are explained in three next subsections, and
Fig. 2 depicts flowchart of the proposed method.
5.1. Expected system payment minimization (stage 1)

In almost all power markets, minimizing reactive power
payment is one important objective function. If the operator just
minimizes the reactive power payment, it may contract with
providers which have offered the best prices ignoring their effect
on the system energy loss. Therefore, it may result in increasing
transmission loss and consequently total system payment. Hence,
the proposed objective function in this paper comprises the cost of
both reactive power provision and transmission energy loss.

In this stage of the algorithm, first, parameters of the cost curves
are defined for all reactive power providers using the method
described in Section 4. Then, considering wind power volatility,
minimization of ESP is formulated by (11) as the objective function
of algorithm for a set of PWSs.

Min:ESP¼
XNpws

i¼1

PðPWSiÞ$
 X

k

CostðQkÞþl$Ploss;i

!
ck (11)

Subject to the following constraints which should be satisfied
for all PWSs:
PGi;pws � PDi ¼
Xn

Vi;pwsVj;pwsYijcos
�
qij þ dj;pws � di;pws

�
ci;
j¼1

cpws ¼ 1;.;Npws ð12Þ

QGi;pws þ QCi;pws � QDi ¼ �
Xn
j¼1

Vi;pwsVj;pwsYijsin

�
qij þ dj;pws � di;pws

�
ci; cpws ¼ 1;.Npws ð13Þ

QGmin;i�QGi;pws�QGmax;i ci˛SM;cpws¼ 1;.;Npws (14)
QCmin;i � QCi;pws � QCmax;i ci˛SC; cpws ¼ 1;.;Npws (15)

Vmin
i � Vi;pws � Vmax

i ci; cpws ¼ 1;.;Npws (16)

���Sij;pwsðV ; dÞ � Smax
ij

��� cij; cpws ¼ 1;.;Npws (17)

Lmn;ij;pws � n cij;cpws ¼ 1;.;Npws (18)

Where:
n: Number of buses;
l: Market energy price;
SM: Set of synchronous machines;
SC: Set of capacitors;
PGi: Active power generated at ith bus;
QGi: Reactive power generated at ith bus;
PDi: Active power demand at ith bus;
QDi: Reactive power demand at ith bus;
QCi: Capacitors generated reactive power at ith bus;
Vi: Voltage magnitude of bus i;
di: Voltage angle of bus i;
Yij:qij: The ijth element of admittance matrix;
Sij: MVA of line between bus i and j;
Lmn,ij: The line stability index of line between bus i and j.
In the above OPF formulation, k is the set of synchronous

generators, condensers and capacitors. Eqs. (12) and (13) are nodal
active and reactive power flow equations. The constraints of
reactive power provided by generators, condensers and existing
capacitors are formulated by (14) and (15), respectively. Limits of
all bus voltages and transmission line power flows are imposed by
(16) and (17). In addition, the voltage security margin is regarded
by (18). The parameter n should be sufficiently less than the unity
but lessening it more than necessity will increase the operating
cost.

It is noticeable that, for example, Vi,pws is the voltage of bus i in
pwsth PWS. Also, it is assumed that during any wind speed varia-
tion, generator of slack bus is responsible to balance active power
demand of the system.

5.2. Expected voltage security maximization (stage 2)

Voltage instability is one of the worst challenges in power
system operation. Therefore, the system operators try to operate
the system with a good voltage security margin. In the second
stage, the algorithm seeks to find the best accessible EVSM of the
power system considering wind speed fluctuation. In conformity
with maximizing the ESVM, the objective function which is
formulated by (19) is minimization of the worst ELmn index, WELmn,
of network which is the largest Lmn-index among the network.



Table 1
Reactive power providers’ parameters (Sbase¼ 100MVA).

Provider Related
bus

Pmin

(pu)
Pmax

(pu)
Qmin

(pu)
Qmax

(pu)
ap

a bp
a cp

a

G1 1 0 3.00 �0.50 1.00 0.037 6.9 160
G2 3 0 1.00 �0.30 0.65 0.040 7.3 180
G3 8 0 1.00 �0.30 0.65 0.039 7.5 150
Condenser 2 0 0 �0.50 1.10 0 0 0
Capacitor 5 0 0 0 0.30 0 0 0

a CostðPgiÞ ¼ ap;iP2gi þ bp;iPgi þ cp;i .
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Min: WELmn (19)

Constraints of this optimization are expressed by (12)e(17).

5.3. Proposed stochastic multiobjective mathematical programming
(stage 3)

Finally, based on results of two previous stages, an SMMP is
formulated to settle the stochastic reactive power market. In [34]
an MMP has been presented which can find the best compromise
among two different objects. Based on the MMP proposed in [34],
a Multiobjective Cost Function (MCF) is developed here for reactive
power market clearing which is formulated by (20):

Min: MCF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ESP

ESP*

	2

þg

 
WELmn

WEL*mn

!2
vuut (20)

Where ESP* and WELmn
* are minimum accessible values for ESP

and WELmn which are calculated in previous stages. Constraints of
this optimization are similar to stage one and are presented by
(12)e(18).

The system operator can select suitable weighting factors for
WELmn regarding market conditions. For example, if minimization
of ESP is privileged to voltage security margin, the system operator
can set a smaller weighting factor for WELmn.

It is clear that in the light load condition, the operating point is
far enough from voltage collapse. Therefore, to reduce the market
payment, it seems to be better to set a smaller weighting factor for
WELmn.

A suitable value for g can be defined by (21):

g ¼ �
WELmn;1

�s (21)

Where WELmn,1 is the worst ELmn index which is obtained in the
first stage. When the system operating point is far enough from the
voltage collapse, the amount of g is very small and so the effect of
WELmn in MCF is much less than ESP. With increasing the system
load, the operating point moves toward the voltage instability point
and the coefficient g will increase. Consequently, the impact of
EVSM or WELmn in MCF will increase. Choosing a suitable value for
parameter s, the effect of voltage stability margin on g and MCF is
controlled. However, based on many simulations under different
loading conditions, it has been deduced that a suitable value for s is
2. Hence, in all simulations in numerical examples of the paper, the
parameter s is set equal to 2.

The proposed algorithm related to each PWS, is a multiobjective
nonlinear programming and can be solved by conventional
nonlinear programming optimization techniques. In this paper,
Table 2
Fixed-speed wind turbine parameters.

Rating (MW) Generator’s rated voltage (KV) R1 (pu) X

0.66 0.69 0.005986 0
sequential quadratic programming is implemented in Matlab to
solve the proposed optimization problem.

6. Case study

IEEE 14-bus test system is utilized to test the proposed algo-
rithm. The system consists of three synchronous generators, one
synchronous condenser, one capacitor bank and eleven load points
[35]. Parameters of synchronous generators, condenser and
capacitor banks are given in Table 1.

Also, the cost of reactive power provided by synchronous
condenser and capacitor is equal to 1 and 0.3 ($/MVAr), respectively.

A wind farm which includes 175 FSWT is located at bus 5. All
FSWTs are similar and their parameters are shown in Table 2. Power
curve of the turbines which is defined by manufacturer is depicted
in Fig. 3.

Two different cases are studied to show accuracy and profi-
ciency of the proposed stochastic reactive power market algorithm
under different system loading conditions.

� Case 1: The load is light; hence transmission lines are not
heavily loaded. The market energy price (l) is considered to be
15 $/MWh.

� Case 2: The load is near the peak load, so the system and some
transmission lines are highly loaded. The market energy price
(l) is considered to be 25 $/MWh.

To show the advantage of stochastic programming of reactive
power market versus different deterministic manners, four
different strategies are studied for each case. In the first strategy,
the market is settled considering the minimum probable wind
power generation for thewind farm. The next possible strategy is to
assume the maximum probable wind power for the wind farm.
Because the wind farm is FSWT, the wind farm consumes more
reactive power and this is the worst case with respect to reactive
power flow. In the third strategy, the market is settled with the
forecasted wind power which is the expected power of wind farm.
While these three strategies settle the market with deterministic
methods, in the forth strategy, the proposed stochastic algorithm is
used for reactive power market management considering all
probable wind speeds.

Table 3 shows the electrical load and active power generation of
all buses which are results of energy market clearing. These values
are used here as the input of reactive power market settlement.
Because of the stochastic nature of wind speed, the scheduled value
for wind farm (bus 5) is the expected wind power generation.

Here, for simplicity, the normal probabilitymodel is assumed for
wind speed. However, more complex models such as Rayleigh
probability can also be used easily. The PDF parameters including
mean value (m) and standard deviation (s) are equal to 12 (m/s) and
1.8 (m/s), respectively. The PDF is quantized to 13 PWSs which are
shown in Table 4.

6.1. Light load condition (case 1)

In this case the system load is light, so transmission lines are not
heavily loaded. The reactive power market is settled with four
different strategies indicated by cases 2e1 to 2e4, and results are
l1 (pu) R2 (pu) Xl2 (pu) Xm (pu) Xc (pu)

.09212 0.01690 0.127225 2.5561 2.5561
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Fig. 3. Power curve of fixed-speed wind turbine.

Table 4
The set of probable wind speeds (PWSs).

Wind speed (m/s) Probability

7.5 0.006
8.25 0.0124
9 0.0291
9.75 0.0578
10.5 0.0965
11.25 0.1359
12 0.3226
12.75 0.1359
13.5 0.0965
14.25 0.0578
15 0.0291
15.75 0.0124
16.5 0.006

Table 5
Results of reactive power market clearing for light load condition (case 1).

Providers Deterministic methods Stochastic method

Case 1e1 Case 1e2 Case 1e3 Case 1e4

G1 0.242 0.137 0.191 0.193
G2 0.165 0.224 0.202 0.196
G3 0.228 0.196 0.215 0.210
Condenser �0.054 0.190 0.026 0.038
Capacitor 0.268 0.272 0.270 0.286
SP ($) 147.40 121.11 135.38 127.77a

WLmn 0.200 0.136 0.170 0.162b

a ESP.
b WELmn.
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shown inTable 5.Moreover, to compare the results, SystemPayment
(SP) and theworst line stability index (WLmn) are also demonstrated
in the table. It is noticeable that in case of the forth strategy (case
1e4) these indices are expected values (ESP and WELmn).

The results indicate that in all cases 1e1 to 1e4 the system has
adequate voltage stability margin and is far enough from voltage
instability. In addition, theminimumsystempayment is achievedby
case 1e2where themaximumprobablewind power is assumed and
consequently the loss cost and total system payment is reduced.
Expected system payment of case 1e4 is also less than the other
cases. But, it is not enough to assess the effectiveness of each
strategy.

To evaluate the results, market of the given period of time is
simulated using Monte Carlo Simulation (MCS) method with
previously defined PDF for wind speed. Using the proposed three-
stage multiobjective market algorithm, the optimal operating point
is calculated for each simulation and finally, Average Deviation (AD)
of different indices is calculated for different strategies. The AD
means the average distance between scheduled value and calcu-
lated values of all MCS. For example, Eq. (22) shows the AD index of
reactive power generation of each provider.

ADQ ;i ¼
PNS

S¼1
�
Qsch;i � Qsop;i;s

�
NS

ci˛SM; SC (22)

Where NS is the number of simulations of MCS; Qsch,i is scheduled
reactive power of ith provider which is defined for each case
separately; Qsop,i,s is optimal reactive power of ith provider in sth
simulation.

The smaller index means that the scheduled reactive power is
closer to simulated optimal values. Two other indices, ADcost and
ADvsm, are defined for system payment and voltage security in
Table 3
Power demand and active power generation for all buses (case 1 and 2).

Bus No. Case 1 Case 2

PdL (pu) QdL (pu) PgL (pu) PdH (pu) QdH (pu) PgH (pu)

1 0 0 0.836 0 0 2.257
2 0.167 0.098 0 0.407 0.238 0
3 0.725 0.146 0.30 1.480 0.303 0.60
4 0.368 �0.030 0 0.750 �0.060 0
5 0.058 0.016 0.80 0.300 0.065 0.80
6 0.086 0.058 0 0.160 0.107 0
7 0 0 0 0 0 0
8 0 0 0.30 0 0 0.60
9 0.227 0.128 0 0.360 0.203 0
10 0.069 0.045 0 0.160 0.103 0
11 0.270 0.014 0 0.075 0.039 0
12 0.047 0.013 0 0.101 0.027 0
13 0.104 0.044 0 0.255 0.110 0
14 0.115 0.038 0 0.209 0.070 0
a similar manner. The problem is solved with different mentioned
strategies for case 1, and indices ADQ, ADcost and ADvsm are shown in
Table 6.

Comparing the results shows that minimum ADQ index for all
reactive power providers is achieved with the forth strategy which
is based on the proposed algorithm. Also, ADcost and ADvsm indices
have the most desirable values in case of this strategy. Therefore,
based on results of Tables 5 and 6, it is evident that the proposed
algorithm which has minimum system payment, minimum ADQ,
ADcost and ADvsm indices; and also sufficient voltage security
margin is the best reactive power market clearing algorithm. It is
also noticeable that the worst indices belong to cases 1e1 and 1e2.
6.2. High load condition (case 2)

Contrary to case 1, in the second case, the load is at the peak
value; and the power system and some transmission lines are
heavily loaded.When the system is highly loaded, the probability of
voltage collapse increases and the system operator should paymore
attention to system voltage stability margin, especially in the stage
of reactive powermarket clearing. Similar to the case 1, the system is
studied in four different strategies indicated by cases 2e1 to 2e4.
Table 6
AD indices for four different strategies while the load is light.

Deterministic methods Stochastic
method

Case 1e1 Case 1e2 Case 1e3 Case 1e4

ADQ (pu) G1 0.2420 0.2970 0.1823 0.1428
G2 0.0186 0.0405 0.0161 0.0102
G3 0.0387 0.0332 0.0286 0.0211
Condenser 0.3069 0.3074 0.2537 0.1903
Capacitor 0.0217 0.0177 0.0137 0.0041

ADcost 20.3230 19.5538 5.7318 2.5388
ADvsm 0.0740 0.0873 0.0733 0.0413



Table 7
Results of reactive power market clearing for high load condition (case 2).

Providers Deterministic market Stochastic market

Case 2e1 Case 2e2 Case 2e3 Case 2e4

G1 0.596 0.520 0.483 0.487
G2 0.565 0.578 0.617 0.595
G3 0.576 0.559 0.570 0.565
Condenser 0.245 0.499 0.356 0.374
Capacitor 0.255 0.255 0.253 0.254
SP ($) 525.32 451.99 479.16 465.03a

WLmn 0.603 0.552 0.585 0.571b

a ESP.
b WELmn.

Table 8
AD indices for four different strategies while the load is high.

Deterministic methods Stochastic method

Case 1e1 Case 1e2 Case 1e3 Case 1e4

ADQ (pu) G1 0.0683 0.0780 0.0588 0.0361
G2 0.0324 0.0399 0.0412 0.0205
G3 0.0084 0.0111 0.0063 0.0023
Condenser 0.1256 0.1649 0.0811 0.0578
Capacitor 0.0013 0.0013 0.0015 0.0008

ADcost 46.0755 28.1944 17.8348 12.4173
ADvsm 0.0335 0.0227 0.0177 0.0100
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The scheduled reactive power, system payment and the worst
line stability index for all strategies are shown in Table 7.

As it is shown in Table 7, line stability indices are larger than case
1 and are nearer to the unity, so the voltage security margin is
reduced. The minimum system payment and maximum voltage
security margin are achieved in cases 2e2 and 2e4. But, it is not
enough to evaluate the effectiveness of each strategy and similar to
case 1 the system should be appraised by the MCS method.

The ADQ, ADcost and ADvsm indices for all cases 2e1 to 2e4 are
calculated and shown in Table 8.

However, cases 2e2 and 2e4 have the minimum system
payment and maximum voltage security margin, but Monte Carlo
Simulation shows that the worst ADQ, ADcost and ADvsm indices
belong to cases 2e1 and 2e2. Also, Table 8 indicates that the best
ADQ, ADcost and ADvsm indices are achieved when the system is
scheduled with proposed algorithm in case 2e4. Consequently,
from the results of Tables 7 and 8, it is clear that the proposed
algorithm is the best approach to settle reactive power market
when the power system includes uncertainwind power generation.
7. Conclusion

Using wind energy for producing electricity is growing rapidly
around the world. The amount of power generated by a typical
wind turbine is not controllable and depends on wind speed.
Therefore, owing to irregular and volatile nature of the wind, the
existence of wind farms in the network increases system uncer-
tainty which may impact power system performance and security.

A novel stochastic forward reactive power market algorithm is
proposed in this paper which takes into account the volatility of
wind power generation. The proposed algorithm tries to compro-
mise between minimizing expected system payment and maxi-
mizing expected system voltage security margin. A three-stage
stochasticmultiobjectivemathematical programming is formulated
tomodel and solve the algorithm. The proposed algorithm is applied
to IEEE 14-bus test system to schedule reactive power market. To
evaluate results of the algorithm, the market is simulated for the
given period of time using Monte Carlo Simulation method. Simu-
lation results show the effectiveness of the proposed algorithm.
References

[1] Shahidehpour M, Yamin H, Li Z. Market operations in electric power systems.
New York: Wiley; 2002.

[2] Foley AM, ÓGallachóir BP, Hur J, Baldick R, McKeogh EJ. A strategic review of
electricity systems models. Energy 2010;35:4522e30.

[3] FERC Order No.888. “Promotion of wholesale competition through open access
non-discriminatory transmission services by public utilities and recovery of
stranded costs by public utilities and transmitting utilities.” Issued April 1996.

[4] Hao S. A reactive power management proposal for transmission operators.
IEEE Trans Power Syst 2003;18:1374e81.

[5] Lamont JW, Fu J. Cost analysis of reactive power support. IEEE Trans Power
Syst 1999;14:890e8.

[6] Amjady N, Rabiee A, Shayanfar HA. A stochastic framework for clearing of
reactive power market. Energy 2010;35:239e45.

[7] Bhattacharya K, Zhong J. Reactive power as an ancillary service. IEEE Trans
Power Syst 2001;16:294e300.

[8] Venkatesh B, Sadasivam G, Khan MA. A new optimal reactive power sched-
uling method for loss minimization and voltage stability margin maximization
using successive multi-objective fuzzy LP technique. IEEE Trans Power Syst
2000;15:844e51.

[9] Su CT, Lin CT. Fuzzy-based voltage/reactive power scheduling for voltage
security improvement and loss reduction. IEEE Trans Power Del 2001;16:
319e23.

[10] Zhong J, Bhattacharya K. Toward a competitive market for reactive power.
IEEE Trans Power Syst 2002;17:1206e15.

[11] Echavarren FM, Lobato E, Rouco L. Steady-state analysis of the effect of reactive
generation limits in voltage stability. Elect Power Syst Res; 2009:791292e9.

[12] Kundur P. Power system stability and control. New York: McGraw-Hill; 1994.
[13] Lund H. Renewable energy strategies for sustainable development. Energy

2007;32:912e9.
[14] Lior N. Sustainable energy development: the present (2009) situation and

possible paths to the future. Energy 2010;35:3976e94.
[15] Coughlan Y, Smith P, Mullane A, O’Malley M. Wind turbine modeling for

power system stability analysisda system operator perspective. IEEE Trans
Power Syst 2007;22:929e36.

[16] Stiebler M. Wind energy systems for electric power generation. Springer;
2008.

[17] Alabdi MH, El-Saadany EF. Overview of wind power intermittency impacts on
power systems. Elect Power Syst Res 2010;80:627e32.

[18] Hong YY, Chang HL, Chiu CS. Hour-ahead wind power and speed forecasting
using simultaneous perturbation stochastic approximation (SPSA) algorithm
and neural network with fuzzy inputs. Energy 2010;35:3870e6.

[19] Sideratos G, Hatziargyriou ND. An advanced statistical method for wind
power forecasting. IEEE Trans Power Syst 2007;22:258e65.

[20] Kariniotakis G, Waldl IHP, Marti I, Giebel G, Nielsen TS, Tambke J et al. Next
generation forecasting tools for the optimalmanagement ofwindgeneration. In
Proc. Int. Conf. Probabilistic Methods Applied to Power Systems 2006; 11e15.

[21] Wang J, Shahidehpour M, Li Z. Security-constrained unit commitment with
volatile wind power generation. IEEE Trans Power Syst 2008;23:1319e27.

[22] Siahkali H, Vakilian M. Stochastic unit commitment of wind farms integrated
in power system. Elect Power Syst Res 2010;80:1006e17.

[23] Beyer HG, Luther J, Steinbergerwillms R. Power fluctuations in spatially
dispersed wind turbine systems. Sol Energy 1993;64:297e305.

[24] Divya KC, Nagendra Rao PS. Models for wind turbine generating systems and
their application in load flow studies. Elect Power Syst Res 2006;76:844e56.

[25] El-Samahy I, Bhattacharya K, Canizares C, Anjos MF, Pan J. A procurement
market model for reactive power services considering system security. IEEE
Trans Power Syst 2008;23:137e49.

[26] Esmaili M, Shayanfar HA, Amjady N. Multi-objective congestion management
incorporating voltage and transient stabilities. Energy 2009;34:1401e12.

[27] Lof PA, Smed T, Andersson G, Hill DJ. Fast calculation of a voltage stability
index. IEEE Trans Power Syst 1992;7:54e64.

[28] Moghavvemi M, Omar FM. Technique for contingency monitoring and voltage
collapse prediction. IEE Proc Gener Trans Distrib 1998;145:634e40.

[29] Canizares CA. Voltage stability assessment: concepts, practices and tools. IEEE/
PES Power System Stability Subcommittee, Tech. Rep. SP101PSS 2002.

[30] North Amer. Elect. Reliability Council, NERC Operating Policy-10 on Inter-
connected Operation Services 2000.

[31] Parida SK, Singh SN, Srivastava SC. Reactive power cost allocation by using
a value-based approach. IEE Proc Gener Transm Distrib 2009;9:872e84.

[32] Hasanpour S,Ghazi R, JavidiMH.Anewapproach for cost allocationand reactive
power pricing in a deregulated environment. Electr Eng 2009;19:27e34.

[33] Chung CY, Chung TS, Yu CW, Lin XJ. Cost-based reactive power pricing with
voltage security consideration in restructured power systems. Elect Power
Syst Res 2004;70:85e91.

[34] Zelny M. Multiple criteria decision making. New York: McGraw- Hill; 1992.
[35] Power system test archive-UWEE (University of Washington) available online,

http://www.ee.washington.edu/research/pstca.

http://www.ee.washington.edu/research/pstca

	Stochastic reactive power market with volatility of wind power considering voltage security
	Introduction
	Probabilistic model for fixed-speed wind turbines in power flow studies
	Voltage security assessment
	Deterministic voltage security indices
	Expected voltage security margin

	Cost of reactive power provided by market participants
	Cost of generator’s reactive power
	Cost of condenser’s reactive power
	Cost of capacitor’s reactive power

	The proposed stochastic multiobjective market model
	Expected system payment minimization (stage 1)
	Expected voltage security maximization (stage 2)
	Proposed stochastic multiobjective mathematical programming (stage 3)

	Case study
	Light load condition (case 1)
	High load condition (case 2)

	Conclusion
	References


