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Abstract: - This paper presents a multi-objective optimal dispatch model based on optimal power flow with the
Thyristor Controlled Series Capacitor (TCSC) and load static voltage characteristic. The minimize of the pool
purchase cost, pollution emission and active power losses are solved individually in order to define the
membership function of objective, then, the multi-objective problem is reformulated into a new standard
nonlinear problem by the fuzzy sets theory and max-min operator, finally, it is solved by interior point method
and the results that match with multiobjective problem is gained. The effect of TCSC on the optimal dispatch is
also investigated in this paper. The test results show that the proposed model more match with the power system
operation and can ensure the multi-factor impartiality of Generation Company. The test results also show that
incorporation of TCSC can not only utilize the existing lines, but also change the results of optimal dispatch of
power system.
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1 Introduction specified time instance subject to static equations and
As open access market principles are applied to inequalities. In addition, the increasing public

power system, power system has changed from the awareness of the envi_ronment protection and the
cost based operations to bid based operations. It ~ Passage of the Clear Air Act Amendments of 1990
created competition and trading mechanisms for ~ have forced the utilities to modify their design or
market participants. There exist four types of operations  strategies to reduce pollution and
participants in the market. They are Independent atmospheric emissions of the thermal power plants.
System Operator  (ISO), Generation Company In [3] gnwronmental/economlc dispatch (EED)
(GenCo), Distribution Company (DisCo) and problem Is solved by fuzzy sets theory. In [4]_ EED
Transmission Company (TransCo). Under the probl_em is solved by a strength pareto evolutionary
deregulation environment, market participants in  @lgorithm. In [5], EED problem is solve by fuzzy
pursuit of maximal profit for themselves. With past ~ Satisfaction-maximizing approach. However, this
and current difficulties in building new transmission ~ @pproach are not based on OPF, so, system security is
lines and the significant increase in power transaction ~ Not take into consideration. In [6], the authors
associated with competitive electricity markets, ~ Proposed an multiobjective transaction model
maintaining system security is more than before. An m_co_rp(_)rated the load static voltage characterlstlc_ to
operation point of a power system not only is a stable ~ Minimize for the pool purchase cost and pollution
equilibrium of differential and algebraic equations ~ €mission, However, it not investigates the effects of
(DAE), but also must satisfy all the of static TCSC and not considers the active power losses.

constraints at the equilibrium, such as upper and The Electrlc-Power Research Institute (E!DRI) in
lower bunds of generators, voltage of all bus and the U.S._ fo_rmallzed the broad concept of Flexible AC
transfer capability of all transmission lines. This ~ Transmission System (FACTS) [7] in the late 1980s.
operation point in power system is solved by Optimal ~ The acronym FACTS identifies alternating current
Power Flow (OPF) problem that considering security ~ transmission  systems incorporating  power
constraints [1-2]. In other words, OPF is to minimize ~ €lectronics-based controllers to enhance the
operating costs of power system, transmission losses controllability and increase power transfer capability.
or other appropriate objective functions at the Section Il presents the multiobjective optimal
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dispatch model based OPF considering the TCSC and
load voltage characteristic, this section also describes
the steady operation model of TCSCs. In section I,
multiobjectibe optimisation algorithm based fuzzy
theory for solving the proposed model is introduced.
Section IV presents the results of applying the
proposed approach to the test power system. Section
V is conclusions.

2 Formualtion of multiobjective OPF
incorporating TCSC and load voltage
chacteristic

2.1  The Model of TCSC for Power
Flow Control

TCSC is a series compensation component. With
the firing control of the thyristors, it can change its
apparent reactance smoothly and rapidly. There are
many papers on the models of TCSC, including the
steady state model [7] and the dynamic one [8].

The steady state model we used in this paper is

shown in Fig.1.

Fig.l. Steady State Model of TCSC

Where, i and j are the terminal buses of the
transmission line ij, X is the reactance of the line ij, R
is the resistance of the line. In the model, we treat
TCSC as a capacitor/inductor whose reactance can
vary between -0.5 and 0.5 times the nominal
reactance of the branch.

Assume the TCSC is installed the line ij and
nearby , the corresponding active and reactive power
injection as (1) ,(2):

VAV
P; = ——=—sin g,

X1ese (D)
\'A
Q; =——(V,-V,cos6)
XTCSC
VvV V
P, = —L——sin g,
! TCsC ! (2)
Q, = vy (V,-V,cos6;)

X

TCSC

Where V, is node voltage of bus i, V, is node
voltage of bus j , X, is the reactance of TCSC,
0; =6, —0; is the phase angle difference of bus i
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and bus j.
The active and reactive power balance equations of
the corresponding node as (3) ,(4):

j=n
AR =P~ - V; G cosj +Bysing) =0 (3)
j=1

j=n
AQ=Q,-Q -V D V;(G;sing, ~B; 0s4)=0 (4)
=
2.2 Objective Function

2.2.1Minimization of Pool Purchase Cost
the total pool purchase cost can be expressed as

(5):
Min  F =) (f(P,)P,) (5)
i=1

Where, f(Pgyi) =3aiPyi +bj is the bidding function of
generating unit i, py, is the output of generator unit
i , m is the number of total generating unit,
respectively.
2.2.2Minimization of Pollution Emission

the atmospheric pollutants such as sulpher oxides
SOy and nitrogen oxides NO, caused by fossil-fueled

thermal units can be model separately. However total
ton emission ton can be expressed as (6)

m
Min Fp :Z(ai szi + G Poi +7i) (6)
i=1
Where y,, B, «; are emission characteristics
coefficients of generating unit i.

2.2.3 Minimization of Active Power Losses
the total active power losses can be expressed as

(7):
Min F,=> P, -
i=1 |

Vi, V. :

Where PLiZPLiN(ij(V_I) +p2i(\/_l)+p3i)’ Piy is the
iN iN

active power demand of bus i, v, is the rating

voltage of bus i; p,., p,,, p, is the coefficients of

polynomial or ZIP load model by load modelling
Measurement-based or Statistic-based,

Py + Py + Py =1
2.3 Constrains

" P, (7)

2.3.1Generation Real Power Limits:

For short-term operation, unit commitment and
hydrothermal planning are given to the operating
condition. Consequently, any no load and
out-out-merit cost considerations that influence the
unit commitment are out the scope of this paper.



Therefore the real power output limits of generator i
are formulated as:

Pgimin < Pgi < Pgimax (8)

Where Pyimin. Pgimax IS the limits of generating unit

l.
2.3.2Voltage Control and Reactive Support

Voltage limits refer to the requirement for the
system bus voltage to remain within a narrow range
of levels, buses feeding load through ULTC
transformers that hold the load side voltage within a
very band-with, however, buses feeding load through
fixed tap transformer is affected by load models.
Voltage is affected by reactive power flows. The
voltage limits and reactive power output limits can be
expressed as (8) and (9), we assumed the power
factor of load bus is constant, so reactive power
compensation is considered in this paper.

Qgimin<Qgi <Qgimax 9)

V. <Vi<V. (10)

imin — i max

Where Qgi.Qgimin.Qgimax @re stand for reactive
output, maximal and minimal reactive limit of
generating unit i respectively. v viminVvi . are stand

for node voltage, minimal and maximal limits of
voltage respectively.

2.3.3 Security Control

Transmission congestion may forced the system
operator to buy more expensive generation and
pollution instead of cheaper and cleaner alternatives.
Kirchoffi’s law require that real power and reactive
power flows balances at each bus i through the
system, in addition, TCSC and ZIP load model is
incorporated to the power flow equation, therefore,
the aggregate load model of distribution system is
considered in OPF.

Real power balance:

. 4 j=n

Roi-ALP )7+ Pa )+ pa) - 3 ;G cos +Bising) -0 (11)
iN iN j=1

Reactive power balance:

j=n

Qi QNE G ) ) Vi Gjsind; -Bcoy-0 (12)
IN IN j=1

Where py.Quin IS the real reactive power demand

of bus i respectively, Qun =Rintgan ; Viy IS the
rating voltage of bus i; pi, P2, P3i,%i 02,05 IS the
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coefficients of ZIP load model by load modeling
Measurement-based and Statistic-based,

Pij + Poj + P =105 +0pj +05 =1.

The node bus active and reactive power balance
equations of the corresponding TCSC as (3) ,(4)

Transmission constraints:

P <P <P

limin = " li — 7 limax

(13)

Where
Pli =ViZGij _ViVj (Gij Cos ‘9ij + Bij sin Hij)’ Plimin’ Plimax are
stand for the real power of transmission line1, limits
of transfer capacity of transmission lines 1.that is,

network congestion are modeled by this constraint.

XTCSC min S XTCSC S XTCSC max (14)

Where Xicscmins Xreacmax 1S the control limits of
TCSC.
3 Algorithm of Multiobjective OPF
Incorporating TCSC and Load
Voltage Chacteristic

3.1Fuzzy Sets Theory for Multiobjective
Optimization Problem

By optimizing the above-formulated objective
functions, we will obtain not a single optimal solution,
but a set of Pareto optimal solutionswe introduce the
membership functions that represent the goals of
each objective function as follows:

1 F <c,

u(F)= M Coi <F <Cyi+0y (15)

0i

0 F >c, + 0y
Where F, is the objective function, C,;, oy, is the

objective function of single-objective optimal and the
acceptable objective function value , respectively.

3.2The proposed approach for solving the
multiobjective OPF problem

In this section, we introduces an approach that
combined the fuzzy sets theory and the interior pint
method to solve the multi-objective problem of
(5)-(14).

Stepl: Solve each single-objective problem using
interior point method , respectively. The process can
be introduced as follows: solve single-objective for
pool purchase cost, that is, the problem is formulated
by (5) and (8)-(14), the pool purchase cost ¢y, and

bidding results are gained, thus, the emission value



co IS also can been computation based on (6); the
active power losses C_, is also gained based on (7),

we solve smultiobjective OPF model for
minimization of emission, the problem can be model
by (6) and (8)-(14), the emission cy, and bidding
results are also get, thus, the pool purchase cost
objective value cg, , the active power lossess ¢, are

gained. In the same way, we solve smultiobjective
OPF model for minimization of active power lossess,
the problem can be model by (7) and (8)-(14), the
active power lossesc , and bidding results are also

get, thus, the pool purchase cost objective value c
the pollution emission ¢ ', are gained.

Step-2: Define membership function for each
objective. Because of pool purchase cost , emission
and active power losses are all cost type index, that is,
the smaller of objective value, the better of results of
operation planning. therefore, we let R (pg) < coq + o1

represents an imprecise upper bound on the
maximum permissible pool purchase cost. &, is the
“tolerance” parameter that is a measure of fuzziness
in this constraints, it is very important to
multi-objective optimal
results, 5,, < max{C,,,C;}— C,, -S0 We can use the

following mathematical formulation for this
membership function:

03 !

1 F, <cy
Cyy + 04, — F (16)
u(F) = % Cor < Fy <Cpy+ 6y,
01
0 Fi>cCo + 3y,

in the same way, we let R (pg) <cop +3p, represents

an imprecise upper bound on the maximum
permissible emission. &, is the “tolerance”

parameter that is a measure of fuzziness in this
constraints, §,, < max{C,,,C,,}-C,, -SO we can

define a linear membership function as follows:

1 F, <cy, ( )
Copy + 0, — F 17
u(F,) = % Coy < F, <Cgp + 6,
02
0 F, = ¢y, + 6,

we let F, <cy,+0, represents an imprecise

upper bound on the maximum permissible emission.
0y Is the “tolerance” parameter that is a measure of

fuzziness in this constraints,
8y, < max{C,,,C,,}—C,,-S0 we can define a linear

membership function as follows:
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1 F;, <cy,
Co3 + 04 — F. 18
u(F,) = % Cos < Fy <Cps + 43 (18)
03
0 F; 2 Cys + 03

STEP3: Build a fuzzy multiobjective optimization
operation planning model based on the fuzzy set
theory and max-min operator, this problem can be
formulated as follows:

Objective function: min - 4 (19)

Subjective to:
> ((Py)Pyy) + Soypt < max{Cy,,Cii} (20)

i=1
D%+ BiPy 7Py + St < Max{Cy, Cy:}(21)
i1

(3P, ~ 3 PL)+ Sop < max{CyCL}  (22)

i=1
0<u<1 (23)
(3).(4).(8)-(15)

Step4: Use the interior point method to solve the
new single-objective model for maximize
membership degree is built by step3, thus, the
bidding results that match with the three objectives
are gained.

4 Example Analysis

In this paper, a 5-bus 2-generator test system is
used to simulation. The single-line diagram of power
system and parameters are given in [6], TCSC is
installed line between node 4 , 5 and nearby the node
4, the parameters of TCSC are given in [8].The value
of bidding price and emission coefficients are given
in Table 1 The parameters of load demand and ZIP
load model coefficients are given in Table2.

Tablel Generator bidding price and emission confficients

G1 G2
Cost a 0.00212 0.00135
b 1.8015 1.1285
Emission a 4.285 4.0961
B -5.0940 -5.5540
14 3.380 6.4960
Table 2 Paramters of load demand and coefficents of ZIP
load modelL

Bus I:)LiN QLiN H.i PZi P3i Qli Q2i Q3i

050 020 063 017 020 080 0.12 0.08
050 032 074 015 011 037 020 0.43
045 020 083 011 0.06 041 030 0.29
040 021 020 050 030 030 0.23 0.47

aprownNn

In the simulation results, Table3 shows the
comparison of objective function values by single
/multi objective optimization with or without TCSC;



Table 3 Comparsion of objective values by single/multi

objective optimization with/without TCSC
Active Pool Pollution

power purchase emission
losses cost
Minimize of ~ With 0.0368  2.4832 11.6022
active TCSC
power Without 0.0348 2.4849 11.6203
losses TCSC
Minimize of ~ With 0.0534  2.4569 11.3124
pool TCSC
purchase Without 0.0588  2.4571 11.3117
cost TCSC
Minimize of ~ With 0.0632  2.9363 6.3257
pollution TCSC
emission Without 0.0652 2.9402 6.3361
TCSC
Multi-objec ~ With 0.0453  2.6121 8.7095
tive TCSC
optimizatio ~ Without 0.0464  2.6407 8.4353
n TCSC

Table 4 Comparsion of bidding of bidding results by
single/multi objective optimization with/without TCSC

P1 P2 Q1 Q2

Minimize  With 05 1.3995 0.4356  0.8622
of active TCSC

power Without 0.5 1.4009 0.2863 0.7514
losses TCSC

Minimize ~ With 0.5 13763 14 -0.1143
of pool TCSC

purchase Without 0.5 13762 14 -0.3261
cost TCSC

Minimize  With 12096 06678 14 -0.0967
of TCSC

pollution Without 1.2907 0.6710 1.2213  -0.1297
emission TCSC

Multi With 0.7234  1.1572  1.0285 0.2526

-objective  TCSC
optimalout TCSC69 80 74 24

From Table 3 and Table 4, Results of objective
values and bidding results are difference between
with and without TCSC in multi-objective optimal
power flow dispatch model.

5 Conclusions

This paper presents a multi-objective optimal
dispatch model with the Thyristor Controlled Series
Capacitor (TCSC) and load static voltage
characteristic. The proposed model is formulated as
multi-objective optimal power flow (MOPF)
problem with competing pool purchase cost,
pollution emission and active power losses impact
objectives. The minimize of the pool purchase cost,
pollution emission and active power losses are solved
individually in order to define the membership
function of objective, then, the multi-objective
problem is reformulated into a new standard
nonlinear problem by the fuzzy sets theory and
max-min operator, finally, it is solved by interior
point method and the results that match with
multi-objective problem is gained. The effect of
TCSC on the optimal dispatch is also investigated in
this paper. The test results show that the proposed
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model more match with the power system operation.

The test results also show that incorporation of TCSC

can not only utilize the existing lines, but also change

the results of optimal dispatch of power system.

In conclusion, the proposal model in this paper can
make environmental, economic and active power
losses are multi-objective optimization. Moreover,
the proposed model base fuzzy set theory in this
paper takes the economic, environmental network
site characteristic of Generation Company into
account, therefore , the proposed model can ensure
the multi-factors impartiality of Generation
Company.

References:

[1]S. Tamurn, S. Iwamoto, and Y. Tamurn. Optimal
dispatching of reactive power in power system
planning and operation. Trans. inst. Electr.
Eng .Jpn.,vol.104-B,no.3,1984.

[2]Y C.M.Huang, H.T.Yang, and C.L.Huang.
Bi-objective power dispatching using fuzzy
satisfaction-maximizing decision approach. IEEE
Trans. Power System, vol.12, pp. 1715-1721,1997.

[3]Abido,M.A Enviromental/economic  power
dispatch using multi-objective evolutionary
algorithms. IEEE Trans. on Power

System..vol.18,n0.4,pp:1529-1537,2003..

[4]Ma Rui. A novel bi-Objective fuzzy optimal
short-term trade planning model considering
environment proection and economy profit in
deregulated power system. Proceeding of the
CSEE,v02.2 no.4,pp.104-108,2002.

[5]Ma Rui, He Renmu, et al. Multiobjective
optimisation tranaction model incorporating load
static voltage characteristics. Proceeding of the
CSEE,v02.2 n0.9,pp.1-5,2002.

[6]G M Huang, N C Nair, “Voltage stability
constrained load curtailment procedure to evaluate
power system reliability —measures”, Proc.
IEEE/PES Winter Meeting Jan 2002, NewY ork

[7]1G Huang, P Yan “The impacts of TCSC and SVC
on Power System Load Curtailments”, Proc.
IEEE/PES Summer Meeting, July 2001,Canada.

[8]L A. S. Pilotto, W. W. Ping, A. R. Carvalho, A.
Wey, W. F. Long, F. L. Alvarado, A. Edris,
“Determination of needed FACTS controllers that
increase asset utilization of power systems,” IEEE
Trans. Power Delivery, vol. 12, no. 1, Jan. 1997,
pp.364-371



