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Abstract— This paper proposes a fuzzy multi-objective optimal real power flow (FMOPF) with transmission line limit
and transformer loading constraints. In the proposed FMOPF algorithm, the total system operating cost, total system
0,, NO,, and CO, emissions fuzzy minimization objectives are solved simultaneously considering fuzzy line flow
congtraints, using fuzzy linear programming (FLP). The proposed FMOPF is tested with the IEEE 30 bus system. The
simulation results shown that the proposed FMOPF can efficiently and effectively trade off among total system
operating cost and total system SO,, NO,, and CO, emissions.

Keywords— Optimal power flow, emission power dispatch, fuzg linear programming.

not be directly applied, since it may lead to
1. INTRODUCTION unsatisfactory of other aspects such as systenrigecu
fuel security, environmental concern. In addition,
constraints in conventional OPF are usually giviead
values that have to be met which may lead to over-
conservative solutions. When the solution violaties
inequality constraints, it is difficult to decide high
constraint should be relaxed and the extent okatian.

In power system operation, optimal power flow (OR¥F)
an extended problem of economic dispatch (ED) to
include several parameters such as; generatorgeglta
transformer tap change, SVC, and include consfaint
such as; transmission line and transformer loaliinigs,

bus voltage limit, stability margin limit. The olgjives Therefore, in the system operator view point, ¢erta

may be; minimum ~generation COSt, MINIMUM o046 off among several objectives and constraintsid

trar:ls?llssmn_ .IOSS' mlntlmlumh ﬂdetzwatlllon Irom target o gesirable rather than a single rigid minimum or
schedule, minimum control shift to alleviate viddat, maximum solution.

minimum emission. Current interest in the OPF asnte Techniques for treating emission in optimal power

around its ability to solve for large scale powgstem  yishaich have formed of two major research direstio

optimal solution that takes account of more obyex] Many techniques treated the emission as constrfints

parameter, and constraints of the system. 4]. However, due to the conflicting and non-
The main purpose of optimal power dispatch is tos commensurable nature of operating cost and emission

minimize - the opetr)atllng cost of the power SySter:nthe earlier techniques formulated the problem toltioe
safisfying power balance constraints. However, thegnisgions minimization in to the total operatingstco

operating_ cost minimization objecFive may not inimization problem [3, 5, 7]. In [5] and [7], the
necessarily be the best in term of environmenteB8V o nission minimization objectives were combined into
alternatives for achieving emission reductions udel o (otal cost minimization objective by weighting
add'”g gas cleaner, sv_wtchlng fuel to low sulfuelftand methods. Nevertheless, in the absence of sufficient
adoptlng_ new power dlspa_tch. Among these me'Fhit_xés, t information, defining the weighting factors or ecplent
power dispatch approach is preferred becausesttsily gt of emission is incredibly difficult. In [3[he bi-
implemented and requires minimum additional co$ls [ gpiactive power dispatch using fuzzy satisfaction-
Therefore, the unit dispatch considering emissieside maximizing  decision approach was proposed
cost minimization has received widespread attenfiton 5 netheless, the problem included only minimum,NO
effective sh.ort-terr.n option with smaller gaplta_tlay [1- emission and total operating cost objectives wthib t
6]. The major environmental concerns in optimal poW  |iqaqr fuzzy membership function.
dispatch include emission of 3@-2, 4-6], NQ [2-6], This paper proposes the fuzzy multi-objective optim
and CQ [5]: ) ) real power flow (FMOPF) for selecting a final
In practical power system operation, the single o5moromise solution for operating cost and emission
objective such as total operating cost minimizatioay minimization problems. In the proposed FMOPF
algorithm, the total system operating cost, togatesm
SO, NOQ, and CQ emissions fuzzy minimization
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addresses the FMOPF problem formulation. The FltP fo constraints,

FMOPF problem is given in Section 3. Numerical tessu
on the IEEE 30 bus test system are illustratedeictiSn
4. Lastly, the conclusion is given.

2. MOPF PROBLEM FORMULATION

Consider the fact that real power injected at a damss

not change significantly for a small change in the

magnitude of bus voltage and the reactive powectef
at a bus does not change for a small change iplthse
angle of bus voltage. Therefore,
magnitudes and transformer tap changes are natded!
in the total operating cost and emissions multieotye
fuzzy minimization subproblem. Similarly, the real

the bus voltage

\fl\g fm, forl=1, ...,NL, @)
and fuzzy generator ramprate constraint,
P —-R® [Min< P, < P2 -RX™ Min,i =1,...,NR, (8)

and the generator minimum and maximum operating
limit constraints,
i0BG. ©

min max
P =PsisFRg

power generations are not included in the total rea 2.2 Real power loss fuzzy minimization subproblem

power loss fuzzy minimization subproblem.

2.1 Total operating cost and emissions multi-objective
fuzzy minimization subproblem

The operating cost of the generating unit is exggdsas
the sum of polynomial function of the real power
generation of the unit. Therefore, objective is to
minimize total system operating cost,

FC=Y F(Py) (1)

i0BG

The environment aspect cover a myriad of air gyalit
concerns including control of power plant emissiofis
constituents of acid rain specifically sulfur didei(SQ)
and oxide of nitrogen (N. The carbon dioxide (C{
emission is also taken into account since it iss@Bred
as a global warming gas.

The emission functions for the umitan be expressed
as polynomial function of real power generationtlod
unit. Therefore, the addition objective functionse a
minimize total NQ emission,

C o, = ZENOX(PGi)’ (2)
i0BG
and minimize total S@emission,
ECo, = D Es, (Py) 3)
i0BG
and minimize total C@emission,
ECeo, = Y Eco, (Ps) @
i0BG
subject to the power balance constraints,
NB .
Py = Poi = 2V |Vi|vi| cos@, -, ).i=1,...NB, (5)
=1
-Qp = Z\V\W y;|sin@, - ..NB, (6)
and the line flow Ilimit and transformer loading

To minimize the total real power loss, the totahlre
power loss minimization subproblem is solved ity
with the total fuel cost fuzzy minimization subplein.
The objective is formulated as,

dPIOSS] A|V|
dT ’

subject to the fuzzy bus voltage limits constraints

d Ioss

Minimize AR =[—=° d|V|

10

ANV S AN S AN |, fori =1, NV, (11)
where

AN = -, =1,...,\V, (12)

A|vimax =|vmax -V | fori=1,..,NV,  (13)

and the transformer tap-change limits constraints,

AT™ < AT, <AT™, fori =1,...,NT, (14)
where

AT,™ =T™ —-T,, fori=1,...,NT, (15)

AT™ =T™ —T  fori=1,...,NT, (16)

QYN < Qg < Q& i0BG. (17)

Vi, iOBG, andT,, i = 1,...NT, are the unknown control
variables obtained from the total real power laszzy
minimization subproblem.

Ps, where i0BG, is the output of the FMOPF

algorithm. The method is intended to line flow and
transformer loading limits constrained economigéish

in power system. The bus voltages and reactive powe
optimal controls are not included in the paper.
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3. FUZZY LINEAR PROGRAMMING complexity in computation, many literatures set the
ALGORITHM FOR FMOPF PROBLEM parameters by heuristics based on operators’ iotuitn
this paper, the parameters were set by the worst ca

principle, which is based on the concept that nofnéne
objective functions can be reduced any further by
increasing other objective functions. This caneeiflthe
ptimal trade off among the objectives.

To solve the FMOPF problem, the goal of decision-
maker can be expressed as a fuzzy set and theosolut
space is defined by constraints that can be modsjed
fuzzy set [8]. The multi-objective fuzzy minimizati
subproblem of the proposed FMOPF can be formulatedp
as,

Maximizemin { iy (X), i1, (), 1 (%), 15 (0} . (9)

subject to B[P <d (10)

and power balance constraints in (2) and (3),psris
inequality line flow limit and transformer loading
constraints in (7), and low and high limitsR; in (8).

P, is the column matrix representing the set of real g

power generation of the generator connected ta.lulis
the vector representing of fuzzy objective funcsion
Eqgs. (1)-(4). Each row oB in (10) is represented by a
fuzzy set with the membership functions @{x) . x, (x)

can be interpreted as the degree to whigtsatisfies the 7 2-?-1-1- -r|-f-°

fuzzy objective function. Herey(x) is the degree of

satisfaction ofPg; for the objective function, whereas Fig. 2. IEEE 30 bus test system network diagram.

() 10 1, (x) are the degrees of satisfactionsPef for

the, total system NQ SQ, and CQ emissions, Therefore, to obtain the membership function of

respectively. In this paper, the hyperbolic funatizs ~ objective function,q, is the minimum total operating
used to represent the nonlinear, S-shaped, menipershcost solved by the LP without consideration of

function [9]. The function can be expressed as, emissions. On the other hang, is the maximum total
fuel cost among the solution of minimization of @th

1400 :1Danr[[Bi Py, - a, +'8ijEyiJ+l' (11) fuzzy objective functions.y, is obtained bya,/p .

2 2 2 Similarly, a,, a,, and @, are the minimum SE NGO,

and CQ emissions solved by the LP without
whereq;, B, and y; are the parameters representing the consideration of total fuel cost and each otherzyuz

shape ofz, (X) depending on the decision maker ad objective functions.g,, gB,, and B, are the maximum

is the rowi of B. NO,, SO, and CQ emissions among the solution of
minimization of the total fuel cost and each otherzy
objective functions.

1 4 aple 1. e generator uel cost function
IUl Total fuel cost Table 1. Th fuel f i
05k | Gen Min | Max F(Ps)=a [P5 +b, [P +c [Py +d,
bus| (vMw) | (Mw) [ b c 3
as} ] 1] 50 | 200 | 0.0010 | 0092 | 145 | -136
2| 20 | 80 | 0.0004| 0025 | 22 3.5
04} a,=110 | 5| 15 | 50 | 0.0006 | 0.075 23 -81
4,=100 8| 10 | 50 | 0.0002| 01 135 | -145
0zl ] 11| 10 | 50 | 00013 | 012 | 115 | -9.75
n=-11 13| 12 | 40 | 0.0004 | 0084 | 125 | 756
DBU 9‘5 160 1EI|‘5 110 1158 120

With the defined membership functions of objective
function and fuzzy constraints, the fuzzy optimiaat
problem can be reformulated as,

B a;

Fig. 1. Membership function for total operating cet.
) ) Maximize U', (12)
The fuzzy linear programming approach translates th
multiple objectives into additional constraints by subject to U< (X)), fori=1,..., 4, (13)
assigning membership function to each objectivee Bu
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Table 2. The SQ, NO,, and CO, emissions functions

EQ(%J:awgE§+bwgué+cwguﬁ+dwg
Eno, (Psi) = anoy P + Pro,i P + Cro, [Pei *+ Ao,
Eco, (Pei) = aco; RS +Dbeo, (P +Ceo [Py +dcg,
Gen SO, NO, CO,
bus Ay, Py, | Ceo, de,i Ao, Pro,; | Cnos | oy Aco,i Peo,i | Ceo, | Geo,
1 | 0.0005| 0.150| 17.0 | -90.0 | 0.0012| 0.052| 18.5 | -26.0 | 0.0015| 0.092| 14.0 | -16.0
2 | 0.0014| 0.055| 12.0 | -30.5 | 0.0004| 0.045| 12.0 | -35.0 | 0.0014| 0.025| 12.5| -93.5
5 | 0.0010| 0.035| 10.0 | -80.0 | 0.0016| 0.050| 13.0 | -15.0 | 0.0016| 0.055| 13.5 | -85.0
8 | 0.0020| 0.070| 23.5| -34.5 | 0.0012| 0.070| 17.5| -74.0 | 0.0012| 0.010| 13.5| -24.5
11 | 0.0013| 0.120| 21.5| -19.75| 0.0003| 0.040| 8.5 | -89.0 | 0.0023| 0.040| 21.0 | -59.0
13 | 0.0021| 0.080| 22.5| 25.6 | 0.0014| 0.024| 155 | -75.0 | 0.0014| 0.080| 22.0 | -70.0
and0< u'<1, (14) operating cost, SOemission, N@Q emission, and C{

and power balance constraints in (2) and (3),psris
inequality line flow limit and transformer loading
constraints in (7), and low and high limitsR; in (8).

The FLP computational procedure is as follow,

Step 1: Solve the linear programming for individual
objective function in Eqgs. (1)-(4)

Step 2: Compute individual objective value of each
case.

Step 3. Obtaing,andg from the minimum and

maximum of all objective values computed in
step 2.

Step 4: Solve the fuzzy linear programming of multi-
objective problem usingy,andg from step

3.

4. SIMULATION RESULTS

The IEEE 30 bus system is used as the test data.
network diagram is shown in Fig.2. The generatal fu

emission, respectively. Table 7 shows the dispatch
results of the FMOPF result. The results show that
sigle objective approaches result in the inferesults in

the others objective and less degree of satisfactio

Table 4. Dispatch results of minimum S@emission
condition

BUS P_GEN Cost I nc- Cost
(MmN ($/h) ('$/ MAh)

1 50. 00 944. 00013 21. 60000
2 68. 00 1733. 87267 25. 54960
5 50. 00 1331. 49953 28. 25000
8 36. 68 625. 17418 17. 43752
11 42.00 781. 24482 18. 83320
13 40.00 735. 59969 16. 50000

Total Cost = 6151.39102 $/h

Total SO = 6709.76760 ton/h

Total NOX = 5009.04237 ton/h

Total CO2 = 5976.29335 ton/h

It Table 5. Dispatch results of minimum NQ emission

condition

cost, and SO2, NOx, and CO2 emissions functions are

given in Tables 1 and 2. The generator fuel costl a
S02, NOx, and CO2 emissions functions are linedrize
in to 5 piece-wise linear functions.

Table 3. Dispatch results of minimum total operatig cost

condition
** ** (Generation Cost ** **
BUS P_GEN Cost I nc- Cost
(MY ($/h) ($/ MAh)
1 50. 00 944. 00015 21. 60000
2 68. 00 1733. 87260 25. 54960
5 36. 00 872. 19306 26. 47760
8 50. 00 935. 49803 18. 99999
11 43. 07 812. 15973 19. 08103
13 40. 00 735. 59962 16. 50000
Total Cost = 6033.32319 $/h
Total SO2 = 7035.94301 ton/h
Total NOX = 5060.62788 ton/h
Total CO2 = 5917.43863 ton/h

Tables 3-6 address the dispatch results

*k Kk

BUS P_GEN Cost I nc- Cost
(my ($/h) ($/ M)
1 50. 00 944. 00000 21. 60000
2 69. 86 1791. 70996 25. 69841
5 43. 00 1094. 37920 27. 33440
8 34.00 567. 96080 17. 13120
11 50. 00 1027. 75000 20. 75000
13 40. 00 735. 60000 16. 50000
Total Cost = 6161.39996 $/h
Total S2 = 6874.94078 ton/h
Total NOX = 4897.48710 ton/h
Total CO2 = 6104.20084 ton/h

The comparison on the results with total cost
minimization, SO2 minimization, NOx Minimization,
CO2 minimization, and the proposed FMOPF is shown
in Fig.3.

In this test case, the minimum operating cost gmiut
results in the highest SO2 emission of 7035.94hton/
Meanwhile, the minimum NOXx emission results in the

of minimurT‘highest total operating cost and CO2 emissions, of
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6161.4 $/h and 6104.2 ton/h, respectively and thecompromise solution and can potentially be apptied
minimum CO2 solution results in the highest NOX overcome the difficulties of obtaining the weight o

emission of 5187.67 ton/h. equivalent cost of emission.
In contrast, the proposed FMOPF is effectively ¢ésad
off all objectives in the fuzzy reasoning sensdlileg to ACKNOWLEDGMENT

the most compromise solution. Note the FMOPF result

; ; : This work was supported by Sripatum University.
in the degree of satisfaction{) of 0.881.

NOMENCLATURE
Table 6. Dispatch results of minimum CQ emission ]
condition Known Variables
R e T ECyo,+ ECy, » and EC,, : the total system NQ, SQ,
BUS P GEN Cost | nc- Cost and CQ emissions, respectively (ton/h),
(v ($/h) ($/ Mah) Evo, (Fs)) + Eso, (Ry)» @Nd Eq, (Ry) - the NQ, SQ;, and
% Zg: 88 i?gé?ggggg gé ggggg CGo, em_issions of the generator connected toipus
5 50. 00 1331. 50050 28. 25000 respectively (ton/h),
8 50. 00 935. 50167 19. 00001 F(R;): the operating cost of the generator connected to
11 34.00 571. 06491 17. 08280 .
13 34. 68 626. 79931 15. 89414 busi ($/h), _
Total Cost = 6142.73928 $/h BG : set of buses connected with generators
R: 2: ﬁg;( - gzgg: é;%i :gﬂ;ﬂ f;™® : MVA flow limit of line or transformer (MVA)
Total CO2 = 5805.99644 ton/h NB :total number of buses
] NT : total number of on load tap-changing
Table 7. Dispatch results of the proposed FMOPF transformers

........................... P, :total real power demand at biugvW)

--------------------------- PG“?jaX : real power generation of the linearized cost

BUS P_CGEN Cost I nc- Cost i . .
(MY ($/ h) ($/ MAh) function segmeritof generator at bus(MW)
% gg' gg lggg' gjgé? gé igjgg P - maximum real power generation of the linearized
5 44.74 1151. 97467 27. 55687 cost function segmeipiof generator at bus(MW)
8 45.35 822. 01699 18. 44621 max ) . .
11 43. 82 833. 92697 19. 25416 Ps®" : maximum real power generation at bi§s1\W)
13 39.56 726. 39639 16. 44944 i . . .
Total Cost = 6068.14412 $/h P& minimum real power generation at Bu$wW)
Total S = 6822.92570 ton/h Qp : reactive power demand at GUMVAR)
Total NOX = 5018.07405 ton/h
Total CO2 = 5889.96324 ton/h Qg maximum reactive power generation at bus
8000 @ Total Cost . (MW) . . |
0502 4" : minimum reactive power generation at bus
D (Mw)
T 7 7z i v " ramping rate limit of generatowhen increasing
- HEEN Eaeai real power generation (MW/min)
ST 7/f5f N * %c - ramping rate limit of generatowhen decreasing
COTRAY KT A *ﬁ real power generation (MW/min)
2000 ({5 1] B ] B Min :time interval in minute (min)
oo {7 ] EA—A T R — §; !linearized incremental cost segmgnt
0 ‘ ‘ ‘ ‘ generator at bus($/MWh)
Total Cost SO2 Minimization ~ Nox Minimization ~ CO2 Minimization FMOPD . . i
Minimizaton T . maximum tap setting of transformeiMwW)

Fig. 3. The comparison on the results with differen  T.™ : minimum tap setting of transformieMW)

objective functions. max . . .
‘Vi ‘ : maximum voltage magnitude at biu&V)

5. CONCLUSIONS

In this paper, a fuzzy multi-objective optimal reawer )

flow (FMOPF) with transmission line limit and |¥5| :magnitude of they; element ofpy(mho)
transformer loading constraints is successfullyditrg

off between the total system operating cost,, SO i
emission, NQ emission, and COemission, satisfying
transmission line limits and transformer loading
constraints. The proposed FMOPF results in aPp; :the real power generation of the generator

‘\/I min

: minimum voltage magnitude at bugV)

:angle of they;; element ofY,,s (radian)

Unknown Control Variables
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connected to bus(MW),
T, : tap setting of transformé(MW)

V| : generator voltage magnitude at busT BG
(kv)
State and Output Variables

FC :total system fuel cost ($/h)
f| : MVA flow of line or transformet (MVA)

NC : total number of line flow and transformer
loading constraints

NR : total number of generator ramprate constraints

NV : total number of bus voltage magnitude
constraints

P : injection real power at bugMW)

R : total system real power loss (MW)

Qg : reactive power generation at BUMVAR)

V|  :voltage magnitude at load bys 0BG (kV)

0

o voltage angle difference between basdj

(radian)
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