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ABSTRACT

This paper presents an application of elitist non-dominated sorting genetic algorithm (NSGA-I1) for solving
a multi-objective reactive power market clearing (MO-RPMC) model. In this MO-RPMC model, two
objective functions such as total payment function (TPF) for reactive power support from
generators/synchronous condensers and voltage stability enhancement index (VSEI) are optimized
simultaneously while satisfying various system equality and inequality constraints in competitive electricity
markets which forms a complex mixed integer nonlinear optimization problem with binary variables. The
proposed NSGA-II based MO-RPMC model is tested on standard |EEE 24 bus reliability test system. The
results obtained in NSGA-Il based MO- RPMC model are also compared with the results obtained in real
coded genetic algorithm (RCGA) based single-objective RPMC models.
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1. INTRODUCTION

Almost al rea world optimization problems involve optimizing (i.e. whether minimization or
maximization or combinations of both) the multiple objective functions simultaneoudly. In fact,
these objective functions are non-commensurable and often conflicting objectives. Multi-
objective optimization with such conflicting objective functions gives rise to a set of optimal
solutions, instead of one optimal solution [1]. In general, a common multi-objective optimization
problem may be formulated [1] asfollows:

Minimize f(x) 0O =1,.... i\ (1)
. g.(X)=0 j=1,..... M ,0O

subject to: [ 7’ 2
: Fh (<0 k=LK, 2

Where f.(x) isthe i"™ objective function, x is a decision vector that represents a solution, and Nobj
is the number of objective functions, M and N are number of system equality and inequality
constraints respectively. For a multi-objective optimization problem, any two solutions x; and x,
can have one of two possibilities- one dominates the other or none dominates the other. In a
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minimization problem, without loss of generality, a solution x; dominates x, if and only if, the
following two conditions are satisfied:

O ={L e Ny - £,06) < £ (%) ?3)

0 ={Le N } 1 1, (%) < £ (%) (4)

If any of the above conditions is violated, the solution x; does not dominate the solution x,. If x;
dominates the solution x,, then X, is called the non-dominated solution within the set {x;, X} . The
solutions that are non-dominated within the entire search space are denoted as Pareto-optimal and
congtitute the Pareto-optimal set or Pareto-optimal front [1]. In recent years, several evolutionary
multi-objective solution techniques such as Strength Pareto Evolutionary Algorithm (SPEA) [2],
fuzzy adaptive particle swarm optimization (FAPSO) [3], a seekers optimization algorithm
(SOA) [4], a modified non-dominated sorting genetic algorithm (MNSGA-II) [5] are applied to
reactive power optimization problems such as optima reactive power dispatch ORPD [2-5],
congestion management [6] and RPMC [7].

In competitive electricity markets engineers view the reactive power management problem from
two angles - technica and as well as economica [8-9]. A market model process to manage
reactive services by independent transmission operators are presented in [10] and uses a piece-
wise linear representation of the capability curve of each generator for computing reactive power
cost curves. Zhong et al. [11-12] developed a competitive market for reactive power and raised
many important issues of reactive power management. In [11], a two-step approach for reactive
power procurement is proposed. This work is extended in [12], where a uniform price auction
model was proposed to competitively determine the prices for different components of reactive
power services namely: availability, operation and opportunity. Market clearing was achieved by
simultaneoudy considering minimization of payment, total system losses, and deviations from
contracted transactions using compromise programming approach, which is based on single
objective optimization framework.

In present paper, the multi-objective reactive power market clearing (MO-RPMC) problem is
formulated as a mixed integer nonlinear multi-objective optimization problem with binary
variables which includes two objectives such as total payment function (TPF) for rective power
support from generators/syncronus condensers [12] and voltage stability enhancement index
(VSEI) [13-14]. A non-dominated sorting genetic agorithm (NSGA-II) as developed in reference
[15] is applied for solving the MO-RPMC problem and tested on |IEEE 24 bus reliability test
system. The result obtained in proposed NSGA-Il based MO-RPMC model is compared with a
result obtained in single-objective (SO-RPMC) model using real coded genetic agorithm
(RCGA) [18].

2. PROPOSED M O-RPM C M ODEL : PROBLEM FORMULATION

The proposed MO-RPMC mode involves a complex, highly constraints multi-objective
optimization problem described as follows:

2.1. Objective Functions

The first objective function is to minimize the total payment function (TPF) for reactive power
support services provided by generators and synchronous condensers in order to settle the reactive
power market. The principle of highest priced offer selected determining the market price is
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applied with additional system constraints. As in reference [12], The TPF for reactive supports
may be formulated as follows:

1
F, =TPF = jz BO oWo,i — LWL Qg + 0, W Qo + 0, Wa; Qo + 2p3 Qeau E ©)

Reactive power output from i" provider is classified into three componentsQ.,, , Qs,, O Qs that

represent the regions(Quyn:0) s (Queeer» Qi) A0 (Qqn; Qe ) » respectively. Accordingly, only
one of the binary variablesw,, W, andW, can be selected. In (1), p,is the uniform availability
price and p,and p, are the uniform cost of loss prices, whereas p, is the uniform opportunity
price. If a provider is selected, W,will be one, and it will receive the availability price,
irrespective of its reactive power outpuit.

The second objective is to minimize a voltage stability enhancement index (V SEI) aso known as
L-index [13] in order to incorporate the voltage stability improvement in RPMC scheme. It is a
static voltage stability measure of power system, computed based on hormal load flow solution as
presented in [14] solution. Its value may be defined as follows:

g

F, =VSEl =L -index = max%_ ZFJ, ‘jDNPQD (6)

All the terms within the sigma of (6) are complex quantities. The values F; are obtained from the
Y -bus matrix as below in (7).

Os0 Vo YGL[U/[ 7
g5 C )
LU LG Ll

Where[l],[1.]and[V;],[V,] represents the complex currents and bus voltages respectively;
whereas Y], [Ya ]+ [Y.e] and [Y, ] are corresponding portions of network Y -bus matrix.
Rearranging (7), we obtain

v o Z, FR.0O0.0

ol FRe Yoo B ©

WhereF , = - [YLL] [Ye] 9

The value of L-index lies between 0 and 1 [14]. An L-index value less than 1 (voltage collapse
point) and close to 0 (no load point) indicates a system state i.e. system voltage stability margin.
For a given network, as the load/generation increases, the voltage magnitude and angles change,

and for near maximum power transfer condition, the voltage stability index L, values for load
buses tends close to 1, indicating that the system is close to voltage collapse.

2.2. System Oper ating Constr aints

The following system operating equality and inequality constraints are satisfied:
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2.2.1. Load flow equality constraints

R, —Py, -V ; V, (G, cosg, +B,sing, ) =0, i0N, (10)
JUN;

Qs ~Qp, —V, % Vi (G” sing; +B; cosd); ) =0, i10Ng (11)
JUN;

where Ng is the number of buses, P and Qg are the generator real and reactive power,
respectively; V, is the voltage magnitude at i™ bus; P, and Qp are the load real and reactive

power, respectively; G;; and Bj; are the transfer conductance and susceptance between bus i and
busj, respectively.

2.2.2. Reactive power relational constraintsand limits

The reactive power offer regions as explained in section 2, a set of governing algebraic relations
isrequired to ensure appropriate allocation as given in (12)-(16).

Qs = Qoyi + Qaz * Qs (12)
Wi Qarini < Qori = Wi Qapases (13)
W Qepeses < Qazi S Wo Qan, (14)
W Qs < Qg < Ws; Qes (15
W, +W,, +W,, <1 (16)

2.2.3. Constraintsdetermining the market prices

The market prices (po, o1, P, and p3) are determined separately for each component of

reactive power. The constraints as mentioned in (17)-(20) ensure that the market price, for agiven
set of offers, isthe highest priced offer accepted:

W, =W, +W,; +W,;, OiON,, a7
Wy, .8y, < P (18
Wi my; < py (19)
(Wz,i +W, ).mzi <p, (20)
W,,.my; < p, (21

2.24. Reactive power provision limits

QGmin,i < QG,i < QGmax,i; I D NP\/ (22)

QCmin,i s QC,i < QCmax,i ’ I D NC (23)
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Where Qg, Qgmin ad Qgrex are reactive power output of generator, its minimum and maximum
limits respectively. Similarly, Qc, Qcmin ad Qcmax are reactive power from capacitor/inductor
banks, its minimum and maximum limits respectively. Npy and N¢ are total number of generator
buses and capacitor/inductor banks respectively.

2.2.5. Reactive power capability limits of generators

limit
Q oi = O D‘/t,i Eaf,i lj 2 Vtzl ; (24)
ﬁX—SIE - PG,i - X_, if Pe,i ES PGR,i

2.2.6. Busvoltagelimits

V™SV V™ 050 Neg (25)

V.| = Constant; i ON,, (26)

Where V,,V™" and V™ are bus voltages, minimum and maximum bus voltage limits

respectively. N, isthetotal number of load buses.

2.2.7. Security constraints
S <S™; ION, (27)
PGmin,Sack < PG,Sack < PGmax,Sack (28)

Where Sis line loadings and §™ maximum permissible loading limit of I"™ transmission line.
N_ is the tota number of transmission lines. R, . q. @ndP; . q. @€ the minimum and
maximum limits of real power output of slack bus.

2.2.8. Transformer taps setting constraints

T <T, <T™; KON, (29)
Where N; istotal number of transformers.

2.3. Generalized augmented objective function

In this paper, a static penalty function approach is used to handle the inequality constraint
violations. Infeasible solutions are penalized, by applying a constant penalty to those solutions,
which violate feasibility in any way. Thus, the penaty functions corresponding to voltage
violations a all load busses, reactive power violations at al generator busses, real power
violations a dack bus and power flow violaions a al transmission lines

(ﬂw,i 1A+ Aec.sax AN Ag) ) areincluded in objective function as follows:
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Faug.n = Fn +igm ﬂVL,i (Vl _Vi“m )2 + j;s ﬂQG,j (QG,j _an} )2 + kurgsack j’PG.Se\ck (PG.k - P(l:”l? )2 (30)
+5 g (S-9"); On=1:N
IE; S| obj

Where F, are the n™ objective function values and the dependent variable’s limiting values may
be considered as:

A VEVAS

vim = B4 - i =1:N 30
i imm; if Vi<vimm PQ ( )
. Gt Qg »
Q) = Formci? 1 Qe >Qommi, g, Ney (31)
%gGmin,j; |f QG,j <(gcsmin,j
gr=f 1T S>5", Ol =1:N, (32)
ﬁmm; If S<Sm|n
. ;i Py, >R
Rex = Forest 1 FouFom, Ok =1: Ng gay (33)

BF mink: if Pk <R l

Gmin,k

3. NSGA-|I| FOR sOLVING M O-RPM C M ODEL

An elitist non-dominated sorting genetic agorithm (NSGA-II) is implemented for solving
complex multi-objective problems like MO-RPMC model. The detail flowchart of proposed
agorithmic is shown in Figure 1. Some of its significant features are discussed as bel ow:

Initialization: This requires input of power system data (i.e. bus data, generator data and
transmission line data in as specific format) and various parameters of NSGA-II such as
population size (popsize), maximum numbers of generations (maxgen), number of control
variables, system constraints limits, initial crossover probability (Pc), initial mutation probability
(Pw) €tc.

Generation of Initial population: Each individua in initial population is a randomly generating
string of rea vaued numbers corresponding to al control variable within their respective
minimum and maximum ranges and its vaidity is checked by running load flow anaysis to
satisfied both the equality constraints as given in (10)-(11).

Non-Domination Sorting: The generated initial population is sorted on the basis on non-
domination sorting algorithm proposed in reference [1] and [15].

For producing the new population for next generation, three evolutionary operators such as
tournament selection, SBX crossover and polynomia mutation [15] are applied to parent
population.
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Input Power System Data
(Bus data, Generator data, Line data) and initialize NSGA-II Parameters

(popsize, maxgen, no. of control variables, constraints limits, Pe, Pm)

Generate Random Initial Population and
evaluate fitness value for each individual

Non Domination Sorting of
initial population
Tournament Selection for
obtaining parent population

4

| | SBX Crossover | |

L2

| | Polynomial Mutation | |

Run power flow analysis and evaluate
fitness values of offspring population

Combine the parent and offspring populations
to obtain the intermediate population

v

Non Domination Sorting of
intermediate population

Check termination condition
current generation no.= = maxgen)

Select the best compromise
solution using fuzzy set theory

Figure 1. Flowchart of proposed NSGA-I11 for solving MO-RPMC model

Criterion to prepare population for next generation: After the execution of above evolutionary
operators, offspring population is checked to prepare new population for next generation by going
through following procedura steps, till the termination condition is not satisfied:

Step 1: Run the Newton-Raphson based load flow analysis on each individua in offspring
population;

Step 2: Combine parent and offspring populations to obtai n intermediate popul ation;

Step 3: Perform the non-domination sorting algorithm on intermediate popul ation;

Step 4: Remove the worse individual s to maintain the new popul ation size constant. Here the new
population for next generation is prepared;

Step 5: Check the termination condition of NSGA-II. i.e. if the current generation number is
equal to maxgen, terminate the generation process otherwise go to next generation.

Step 8: Select the Best compromise solution.

Best compromise solution: Upon having the Pareto-optimal set of non-dominated solutions using

NSGA-II, an approach proposed in [17] selects one solution to the decision maker as the best

compromise solution as used in [2]. This approach suggests that due to imprecise nature of the
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decision maker’s judgment, the i"™ objective function F. isrepresented by a membership function
4 defined asin [2]:

|:| 1 F| < Fimin
E FE™ -F

H = DDF.':"‘“ ~ F_ni]in F™"<F <F™ (34)
H o F >F™

Where F™and F,™ are the minimum and maximum values of the i"" objective function among
al non-dominated solutions, respectively. For each j™ non-dominated solution, the normalized
membership function z'iscalculated as:

Nog /J.j
T (35)

Neom

2 24
171 1=

WhereN.is the number of non-dominated solutions. The best compromise solution is that
having the maximum value of 4’ .

4. SSMULATION RESULTS

The effectiveness of the proposed NSGA-II based MO-RPMC model is demonstrated on the
IEEE 24 bus Rdiability Test System (IEEE 24 RTS) [18]. The single line diagram of |EEE 24
RTSisshown in Fig. 1. The power system consists of 32 synchronous generators, 1 synchronous
condenser (located at bus 14), and 17 constant-power type loads. The system total active and
reactive loads are 2850 MW and 580 MV Ar, respectively. All the smulations are carried out in
MATLAB 7.0 programming environment on Pentium 1V, 2.26 GHz, 2.0 GB RAM computer
system.

18 ()

Figure 2. Single line diagram of 1EEE 24 bus Reliability Test System
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In this smulation for IEEE 24 RTS, the various system control variables are such as eleven
generator bus voltage magnitudes, five transformer tap settings, and one bus shunt admittances.
Therefore, the search space has 17 dimensions. The lower and upper limits of all bus voltages are
0.95 p.u. and 1.05 p.u., respectively. The lower and upper limits of all transformer tap settings are
0.9 p.u. and 1.1 p.u, respectively. In order to carry out the RPMC simulations in competitive
electricity market environment, the 1SO needs the following information from the reactive power
providers:

Offer prices: The ISO is supposed to receive four components of the reactive power offer prices
(a," ,m*, m¥and mi*), directly from the participants of the reactive power market. In this

examination, a uniform random number generator is used to simulate the offer prices of
generators as given in reference [19]. It can be observed that the synchronous condenser, is

participated in the reactive power market with its opportunity cost (m;") equal to zero.

Generator’s reactive power capability data: Each participant of the reactive power market (i.e.
each generating units) is also required to submit the information regarding its reactive power

capability diagrami.e. Qg,,Q, and Q,. In present case study, the assumptions are followed as
in references [12] and [19] i.e Qg = 0.10xQ, ., Q,is limited either by the field or the
armature heating limit, as per operating condition, and Q, =1.5xQ, .

Table 1. Case summary of the RPMC simulations

CaseNo. | Optimization FrameWork | Objective Function | Solving Algorithm
Casel Single Objective TPF RCGA [16]
Case 2 Single Objective V SEI RCGA [16]
Case3 Multi Objective TPF & VSEI NSGA-II

Table 2. Specifications of optimization algorithms
Algorithm Parameters RCGA NSGA-II
length of variables 17 17
Population size (Popsize) 200 200
Sel ection operator Roul ette wheel Tournament
Crossover operator BLX-a crossover | SBX crossover
Mutation Operator PCA mutation Polynomial
Crossover probability (Pc) 0.95 0.95
Mutation probability (Py) 0.015 0.015
Maximum generation (maxgen) | 500 500

In order to maintain the consistency and relevance for comparison, the whole RPMC simulationis
divided into three different cases such as case 1, 2 and 3. The summary of all three test cases are
givenin Table 1. In first two cases, the RPMC problem is treated as single objective optimization
problemi.e. only TPF in case 1 and VSEI in case 2 are considered as single objectives for RPMC
optimization. In single objective framework, the real coded genetic agorithm (RCGA) as
developed by the authors in reference [16] is used to optimize an appropriate objective function
while satisfying al the equality (10-11) and inequality constraints (12)-(29). The case 3 is
considered as purely a multi-objective model, namely MO-RPMC model, both the objective
functions i.e. TPF and VSEI are optimized simultaneously using NAGA-Il. For dl the three
cases, the similar parameters for both the optimization algorithms are taken as: the number of
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maximum iterations (max_iterations = 500), population size (popsize = 200) and pendlty factors
(A =100, Zog =50, Apeg. = 50and Aq = 50). The detailed specifications of RCGA and NSGA-

Il are summarized in Table 2.

Table 3. Comparison of output results from the RPMC simulations

Test Case Casel | Case2 | Case3
TPF 385.99 | 554.96 | 506.37
V SEI 0.1842 | 0.1601 | 0.1658
Uniform Market Clearing Prices (UM CPs)
Po 0.96 0.96 0.96
P1 0 0 0
P2 0.86 0.86 0.86
P3 0 0.46 0.35

The optimization results obtained in al three test cases are summarized in Table 3. The bold
values in Table 3, represents the optimized objective function values obtained from the RPMC
simulations. In single objective RPMC optimization framework, the optimized solutions are such
that (385.99 $ and 0.1842) when only TPF is minimized in case 1, and (554.96 $ and 0.1601)
when only VSEI is minimized in case 2 (see Table 3). In cases 3 of multi-objective optimization
RPMC framework, the best compromised solutions is selected as (506.37 $ and 0.1724) after
optimization using NSGA-Il. The uniform  maket clearing prices i.e

UMCPS( Por P1r P, @NA p3)for reactive power market obtained after execution of RMPC

program in all four cases are aso mentioned in Table 3. The best pareto-optimal front and best
compromised solution obtained from proposed MO-RPMC modd using NSGA-II is shown in
Figure 3.

1000 T T T T T

900} * A

e

800} .

700} .

600} .

500} m -
X: 0.1658
Y: 506.4

Objective 1 : Total Payment Function (TPF) ($)

400} -

300 r L L L L
0.155 0.16 0.165 0.17 0.175 0.18 0.185

Objective 2 : Voltage Stability Enhancement Index (VSEI)

Figure 3. Best pareto-optimal front obtained from multi-objective RPMC model using NSGA-I|
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Table 4. Output contral variables obtained from the RPMC simulations

Generator busvoltages (p.u.)
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Figure 4. Generators reactive power schedule obtained from NSGA-I1 based MO-RPMC model
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RPMC simulations

Table 4. Output reactive power generation schedules and their payments for all generators obtained from

Bus | Unit Casel Case?2 Case3
No. No. Qe Payment Qc Payment Qc Payment
(MVAI) () (MVAr) () (MVAr) (%)
1 4,99 5.25 7.39 19.26 6.64 6.67
1 2 4,99 5.25 7.39 19.26 6.64 6.67
3 242 0.00 15.66 14.43 11.51 10.86
4 2.42 0.00 15.66 14.43 11.51 10.86
1 5.06 5.32 7.90 21.06 8.18 18.39
5 2 5.06 5.32 7.90 21.06 8.18 18.39
3 2.85 0.00 18.48 16.85 19.97 18.13
4 2.85 0.00 18.48 16.85 19.97 18.13
1 21.20 19.20 21.20 19.19 22.58 20.38
7 2 21.20 19.20 21.20 19.19 22.58 20.38
3 21.20 19.20 21.20 19.19 22.58 20.38
1 41.16 36.36 41.79 36.90 42.27 37.31
13 2 41.16 36.36 41.79 36.90 42.27 37.31
3 41.16 36.36 41.79 36.90 42.27 37.31
142 1 75.92 66.25 96.81 84.21 68.44 59.81
1 2.65 3.23 3.86 4.28 2.63 3.22
2 2.65 3.23 3.86 4.28 2.63 3.22
15 3 2.65 3.23 3.86 4.28 2.63 3.22
4 2.65 3.23 3.86 4.28 2.63 3.22
5 2.65 3.23 3.86 4.28 2.63 3.22
6 7.31 0.00 33.57 29.83 7.02 0.00
16 1 7.21 0.00 28.20 25.21 15.00 13.86
18 1 80.32 70.03 8.99 0.00 102.15 88.81
21 1 19.00 0.00 48.96 43.06 19.18 0.00
1 157 0.00 0.04 0.00 1.54 0.00
2 157 0.00 0.04 0.00 1.54 0.00
29 3 157 0.00 0.04 0.00 1.54 0.00
4 157 0.00 0.04 0.00 1.54 0.00
5 157 0.00 0.04 0.00 1.54 0.00
6 157 0.00 0.04 0.00 1.54 0.00
1 7.26 0.00 2.10 0.00 7.98 0.00
23 2 7.26 0.00 2.10 0.00 7.98 0.00
3 52.08 45,75 45,14 39.78 53.05 46.59
Total 496.77 385.99 573.24 554.96 590.35 506.37

& Synchronous condenser (SC)

The system output control variables such as generator bus voltages, transformer tap settings and
shunt inductor obtained after optimization in all three cases are given in Table 4. The generators
reactive power output schedules and their respective payments obtained from all three test cases
are compared in Table 5. It is observed that the total payment for reactive power support services
from generators and synchronous condensers is achieved of extreme valuesi.e. maximum in case
2 and minimum in case 1, which are the cases of single objective optimization framework (see
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Table 5). The TPF for reactive power supports is of moderate val ue obtained from proposed MO-
RPMC model asin cases 3.

Bus Voltage (p.u.)

Minimum permissible bus voltage limit

0.9

I I I I I I I I I I I I I I I I I I I I I I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Bus Number

Figure 5. Comparison of bus voltage profiles obtained after optimization for RPMC models

The reactive power generation output schedule obtained from proposed NSGA-II based MO-
RPMC model (best compromised solution) is graphically shown as in Figure 4. It is clear that
there is no violation in generators reactive power outputs. In other words, al the generators
reactive power output values are within their corresponding ranges of minimum and maximum
permissible limits in case 4. The bus voltage profiles obtained from all three cases are aso
compared as shown in Figure 5.

3. CONCLUSION

In this work, the reactive power market clearing problem is formulated as complex multi-
objective optimization problem, in which two objective functions such as TPF and VSEI are
optimized simultaneously while satisfying different system equality and inequality constraints
using NSGA-II based multi-objective optimization technique. The MO-RPMC modd is tested on
standard IEEE-24 bus RTS and its optimization results are compared with single-objective
optimization results. It is concluded that the NSGA-I1 based RPMC provides superior results as
compared to the same obtained from RCGA based single-objective RPMC models and helps to
take better market clearing decisions by 1SO in competitive environment.
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