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ABSTRACT

The major problem of wind turbines is the great variability of wind power production. The dynamic change of the
wind speed returns the quantity of the power injected to networks. Therefore, wind—thermal generation scheduling
problem plays a key role to implement clean power producers in a competitive environment. In deregulated power
systems, the scheduling problem has various objectives than in a traditional system which should be considered in
economic scheduling. In this paper, a Multi-Objective Economic Load Dispatch (MOELD) model is developed for the
system consisting of both thermal generators and wind turbines. Using two optimization methods, Sequential
Quadratic Programming (SOP) and Particle Swarm Optimization (PSO), the system is optimally scheduled. The
objective functions are total emission and total profit of units. The probability of stochastic wind power is included in
the model as a constraint. This strategy, referred to as the Here-and-Now (HN) approach, avoids the probabilistic
infeasibility appearing in conventional models. Based on the utilized model, the effect of stochastic wind speed on the
objective functions can be readily assessed. Also a Total Index (TI) is presented to evaluate the simulation results.
Also, the results show preference of PSO method to combine with HN approach.

KEYWORDS: Economicsload digpatch, PSO and SQP dgorithm, Wind turbine.

1. INTRODUCTION planning of eectrical power sysems. Wind power

In recent years, a growing interest in renewable intermittency, load mismatch, and negative impacts
energy resources has been observed. In paticular, on grid voltage dability are some key problems
wind and solar energy are non-depletable, Site- which should be solved [3]. One of the mgor
dependent, non-polluting, and conditute potentia chdlenges associated with the generation scheduling
sources of dternative energy options. Due to the is the way tha it accommodates large amount of
impeding demand of mitigating the greenhouse wind power generation. Hence, the Wind-Therma
effect, the share of Wind Power Generation (WPG) Generation Scheduling (WTGS) problem plays an
in the total utility is daily on the increase [1]. Some essentia role to implement clean power producersin
European countries like Denmark and Germany are such compditive environment [4, 5]. In the
making very ambitious plans to increase the share of literature, various gpproaches have been proposed to
WPG up to 50% of the nationa dectricity demand decribe the impact of random parameters on
in the near future [2]. Electric power, generated by dectricd power sysems. Numerous solutions have
wind turbines, is highly errétic; therefore, the wind been proposad to solve the optima programming
energy peneration in dectrica power systems can problems [6,7], such as Priority Ligt (PL), Dynamic
lead to problems rdaed to system operation and the Progranming (DP), Lagrangian Rdaxaion (LR),
Genetic  Algorithm  (GA), Mixed Integer
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(PO). In [8], Muller method was introduced to
solve Economic load Digpatch (ELD) problem and
Information Pre-Prepared Power Demand (IPPD)
table was introduced to solve combinatorid sub
problem for deregulated environment. In nodd ant
colony optimization [9], to mantan the good
exploitation and exploration search capabilities, the
movements of the ants are represented with a search
space condsting of optima combination of binary
nodes for unit on/off datus. In [10], Dedarue
achieved the difference between the obtained profits
when using perfect price forecast and without using
perfect price forecast. From the literature survey, it is
observed that most of the exiging dgorithms have
some limitetions to provide the quditative solution.
The firg work in the minimization of emisson
digoatch has been done by Gent and Lamont [11].
Also, ref. [12] presented a PBUC formulaion usng
GA which congders the softer demand congraints
and dlocates fixed and trangtiond cods to the
scheduled hours. A new formulation to the Unit
Commitment (UC) problems suitable for an dectric
power producer in deregulated markets was
proposed in [13]. In addition, a hybrid LR-EP
method was explored in [14] that helps Generation
Companies (GENCOs) to make a decision on how
much power and reserve should be sold in markets,
and how to schedule generators in order to receive
maximum profit by incorporating both power and
reserve generation a the same time. The same
problem is presented in [15] in addition to the line
flow condrants to minimize the emisson.
Reference [16] employed an auxiliary hybrid model
to solve the PBUC problem with evolutionary
programming used to update the Lagrangian
multiplier. The gpplication of PSO technique to
maximize the GENCOs profit is illugtrated in [17].
The common ELD problem can be aso presented
by SQPtechnique by assigning weighting factors for
generation and emisson cogt functions, the above
method was proposed by [18]. Conventiond ELD
modes need to be enhanced to characterize the
stochadtic behavior of wind power. In this paper,
MOELD modd that takes the Probability Densty
Function (PDF) of wind as one of the congraintsis
presented. One of the basic gpproaches to estimate
the PDF has been based on Monte Carlo smulation.
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The convolution method was another common
gpproach to esimate the PDF of solutions [19]. All
of these approaches tried to find probabiligic
characterigtics of solutions of the problem under
investigation. This kind of approach is caled the
Wait-and-See (WS) drategy in the context of
Stochagtic Programming (SP) [20]. In contradt, the
Hereand-Now (HN) drategy introduces the
probabilistic characteridics to the problem modd
itsdf, which introduces the CDF of parameters to
condrants. Both WS and HN draegies ae
representative gpproaches in the discipline of SP
This paper is in line with HN gpproach. In the
context of optima power flow with wind power
generdiion, there are a0 severd representative
works. The modd presented in [21] is an ELD
mode with the objective function of the totd
generdtion cogt of traditional units. The planning
horizon of smulations was divided into five stages,
and each gage was 30 minutes. Later thismodd and
power flow andyss were extended in [22], where
the cods of expected surplus WP and expected
deficit WP were added to the objective function. A
recent comprehensive review can be found in [23],
where the authors described the representative
models of ELD with WPG and aso discussed risk
management drategiesin the power market. For the
convenience of presentation, throughout this paper,
WP means the red eectric power generated by
WPG units rather than the input wind power. The
rest of this paper is organized as follows. In Sec. 2,
an ELD modd with WPis introduced. In sec. 3, we
use the probability digribution of WP to the
congrant. Then, Sec. 4 describes the two modes of
HN approach. Smulation results for a ten-generator
system are reported in Sec. 5. Findly, remarks and
concdlusonsareincluded in Sec. 6.

2. ELD MODEL WITH WP
In dectricd power sysems, the generic ELD
problem takesthe following form [2]:

Y=Z(ai+bip,+c,pi2) (D]
i=1

Pmin,i S Pl < Pmin,i (l = 1’2’3"“’ n) (2)

D P =P +P, ©)

i=1
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Theunit of P is megaweatts (MW), then the units

of a b, and c are, respectivedy, $h, ¥MWh, and
F¥MW2h. Consequently, the unit of Y is $h. In
numerica andysis, usudly per unit (PU.) systemis
employed, in which the base is 100 MVA. In the
present work, we introduce a new MOELD mode
to minimize the fud cog and emisson and
maximize profit, taking the gtochagtic WP as a
congdraint. The proposed modd will add a st of
condrants
0<W;<w;  (j=123..m) (%)

where, Wj and wijr are the red power and rated
power generated by WPG unit jth, respectively.
Also, equation (3) can be replaced with (5).

n
ZZIPI-HU(W):Pd + Py

()
where, w(w) is a function of random varisble
RVW .

3. PROBABILITY OF WIND POWER
Thewind speed V (nVs) isan RV. A comprehensve
review for probability distributions of wind speed
can be found in [24], where the authors cited more
than two hundred publications and described more
than ten wdl-known distributions. They indicated
that the two-parameter Weibull distribution had
become the most widdly accepted modd and had
been included in regulatory works as well as saverd
popular computer modding packages. The CDF of
Weibull digtributionis:

Fy ()= 1-exp H” (v20) ©

C
where,c >0 andk >0 ae referred to as the
scde factor and shape factor, respectively. Note that
there are two specid cases. The casss of £ =1 and
k =2 lead to the exponentid digtribution and the
Rayleigh digtribution, respectively. In the literature,
most studies adopted & = 2. Corresponding to its
CDF, the PDF of V is

ot e (2]

()
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0 V<v,or Vzv,)
W=<w, v, <V<v,,) (8)
MW}* (Vin < V < Vr)
Yy = Vin

The relaion between the input wind power and
the output dectric power system relies on severd
factors, such as the efficiencies of generator, wind
rotor, gearbox, and inverter, depending on whét type
of power generation unit is investigated. For a
generic WPG unit, some researchers [25] used a
amplified modd to chaacterize the rdation
between the WP and wind speed (8). We will adopt
the above modd in our ELD modd. According to
the probability theory for function of RVs [26], in
theinterva v, <V <v, ,thePDFof Wis

k-1
K [1 + h—w]vin
. _ Wi Wr
s e
k 9)

Where, h=(v,/v,)-1. The CDF of W,
however, mugt take into account the piecewise linear
properties shown in (8). The probability of event W
=0and W=w, ae
Pr(w =0)=Pr(V <v, )+ Pr(v2v,,, )=

k k
]—exp{—(vi_”j }-exp{_[vt)?tj } (10)
Pr(W=wr)=Pr(vrSV<vout)=
k k
()| | [ Your. (11)
oo {2 oo (2]
For the continuous part, theintegration of (9) is
k
[1+fijvin
oy (w)=1 - exp—| >—"— (12)
Furthermore:
Pr(W >w,)=0 (13)
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Fig. 1. Examples of cdf of WP.

According to (10-13), the CDF of W isshownin
(14.1-14.3). The reeder is reminded that the
derivation of (14.1-14.3) hes followed severd
axioms in the probability theory [26], including the
continuity from the right. Three examples of the
CDFof W aeillusraed in Fig. 1, where the vaues
of factork are specified. Since the CDF notion
includes both continuous and discrete probabilities,
the overdl height of CDF is dffected by the
probability of (14.1-14.3):

Fyy (w)=Pr(w <w)=0 (w<0) (14.1

(14.2)

(0<w<w,)

F, (w) = Pr(W < w) =1 (w > W,) (143)
4. TWO MODELS OF HN APPROACH

In this section, we describe and solve two ELD
models congrained by the probabiligtic metric. The
firg modd, ELD-EQ, has a closed-form solution,
which is hdpful to gain some fundamenta insghts.
The second modd, ELD-INEQ, includes more
congraints and has no closed-form solution [2].

4.1. ELD model with equality constraints

In this subsection, we condgder the modd, referred to
as ELD-EQ, which conggts of (1) and the following
congraint:

Pr{W+Zn:PI.SPd+PSJ:Pa (15)
i=1

where, W represents dl WP to be dispatched, and
P, is asecified threshold representing the tolerance

that the totd demand P, plus power losses cannot be
satidfied. For example, if P,=0.15, then up to 15% of
the chance of insufficient supply could be tolerated.
Therefore, alarger P, implies more tolerance toward
inaufficient supply, and vice versa To avoid
degengrated results, Pa is chosen such that
P =0)<P, <1. Snce the tod WP s
characterized by asngle RV here, it implies that all
wind turbines are located in a coherent geographic
areq, represented by a smal wind farm or a cluster
of turbines in a large wind farm. Accordingly,
condraint (15) can berewritten asfollows.

n
by n-Ga)

w\F
=Pr(W <P+ P fipl.) (16)
=P,

Subdgtituting (14) into (16), for 0O<w<w,
equations 17 and 18 ae obtaned. The above
inequality can be easly converted into expression
(18), where 4, , is the penetration factor of WP and
defined by (19).

k
n
ool 2]
i=1 c

—exp

, Lok (17)
_chk{vmwr +(Vr ~Vin )[Pd +pg _E/P’H

=Pa

n
v, W w.c
ZP[:Pd+PS+ in"r 7

i=1 Vr - Vin Vr - Vin

. Ik
{— lnl:l +exp [— V"Z’J - pa} }
c

A 18
gt e (18)
Vr _Vin Vr _vin
Ik
W
ln{] +exp [— "Z’J—pa:l
c
=P+ P —-wh,
¢ vh "
hp = ln|:1+exp[—"z’J—pa:|
V., = Vi c (19)
_ Vin
v, =V
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In (19), note that
(20)

k
I+exp{—v0Z’J—pa<l
¢

k k
p,2Pr(W=0)=1-exp [— V"I’(’ J+exp (— v"Zt J (21)
c C
As a reault, condraint (15) in modd ELD-EQ
becomes.

> P =P +P-wh, (22)
i=1

Finaly, thesolution of ELD_EQ isasfollows|[2]:
2P, + P, —w,.hp )+ Z [b]

_ i=1 i

Pn/)tm, Jj n Ji
2c; z (CJ

b/ -

—ch, (j=123..n)
For a system consigting of ten thermd generators

and one wind farm, C=15, V, =5, Vo =45, V=15,

w, =1(p.u), Ps= 0.5 (P.u) are chosen.

(23)

4.2. ELD model with inequality constrains

In this subsection, we condder the moded, referred to

as ELD_INEQ, which congdts of (1), (2), and the

following congtraints[2]:
Pr(W—i—i:P, <P, +PSJSpa

i=1

(24)
Similar to Modd ELD_EQ, condraint (24) can be
converted into the following expression:

ZIJiZPdJrP\‘_thP

i=1

(25)

Where /1, was defined in (19). Note that mode

ELD INEQ involves two sits of inequdlity
congraints. Therefore, the classic lagrange multiplier
method cannot be directly applied [2]. Therefore, a
numerical optimization procedure is needed. Thus,
we have developed a computer program to solve
Modd ELD INEQ and implemented it in
MATLAB. The minimum and maximum vaue of
produced active power for unitsare 0.03 p.u. and 1.5

p.u., repectively.

4.2.1. Minimization of total emission (stage 1)
Minimization of emisson is one important issue
with regard to economic and optima operation of
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eectricd power system. Consequently, usng the
probability of wind turbine output, the cost function
of sage 1 isconddered as minimization of emisson.
Itisexpressed in thefollowing formula

Min EC, =a; + B,(P, ) +7,(P, )’ (26)

Wherea, , 5 and y, are the emisson co-efficient

of ith unit. The objective function is subjected to the
following congtraints. Where P, is the output power

of i unit at hour z.

4.2.2. Maximization of total profit (stage 2)

Maximization of profit is very important issue with
regard to ELD and optimal operation of dectricd
power sysems. As ELD modd plays key role in
dectricd power sysems in tems of cost and
revenue, its effects should be consdered in many
eectricd power sysem scheduling. Therefore, the
cog function of stage 2 is conddered as the
maximization of tota profit. It is expressed in the
following formulawith equations (27) to (30) [3].

Max PF =(RV -TC) (27)
r N
RV =>>"P,.SP (28)
i1 i1
r N
re=¥3 Fo ) 29)
)
FCi(Et)za[+bi(})ir)+ci(1)ir)2 (30)

4.2.3.Multi-objective optimization problem
(stage 3)

In the third dage, the optimization agorithm
minimizes multi-objective cogt function (MCF)
using the results of two previous stages. In [27, 28]
presented a  multi-objective  mathematica
programming to find the best reactive power control
drategy in a microgrid with uncertainty of wind
farms. Based on the concept of thisagorithm, inthis
paper an MCF is proposed to minimize totd
emission and maximize thetota profit, which can be
written by (31).

MinMCF\/ a[ En?iséon*jz +ﬁ(Pr°ﬁ,t*]2
Emission Profit
In gage 1, the totd emission is minimized with

sttinge =1, 8 = 0; andin the sage 2, thetota profit

(31)
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ismaximized wheng =0, 8 =1; Then, acompromise
programming is employed in the third stage with
a =1 =1; which isdesigned to minimize emission
and maximize profit. Emisson* and profit* are the
minimum and maximum amount of emission and
profit respectively. Fig. 2 shows the flowchart of
SQP based optimization agorithm.

PSO is an evalutionary computationa adgorithm
derived from a natural system. On a given iteration,
aset of particles or solutions move around the seerch
space in consecutive iterations. The movement rules
of paticles are expressed in [29]. Because of
abilities of PSO dgorithm, in this method, the three
sages are combined and solved smultaneoudy
which may result in abetter globa optimum.

To gpply the PSO dgorithm in ELD, the following
steps should be taken:

/ Read system data /

Stage 1 Stage 2
& \ 4 A 4 &

Minimize emission
for set of units

Maximize profit
for set of units

Stage 3

Minimize MCF for set of
units with previous results

v
Find optimal resultsfor ELD model

Fig. 2. The flowchart of the proposed SQP based
optimization agorithm.

Step 1: Theinput data should be specified.

Step 2: Theinitid population and initid velocity for
each particle should randomly be produced.

Step 3: The objective functions should be ca culated
for eechindividud.

Step 4: The vdue of objective functions should be
normaized in accordance with reaed fuzzy
membership function.

Step 5: The Minimum vadue of normaized
Objective Functions (MOF) should be chosen for
esch individud asith row of MOF maitrix.

Step 6: The individud that has the maximum vaue
of MOF should be sdected as globd postion
(Ghest).

Step 7: Thei" individual is selected.

Step 8: The best locd podtion (Pbest) for the ith
individud isthe individua with the minimum vaue
for theith row of MOF matrix.

Step 9: The modified velocity and postion for each
individua should be calculated based on expressed
movement rulesin [29].

Step 10: If dl individuas are chosen, go to next sep,
otherwisei =i+1 and goto the Step 7.

Step 11: If the current iteration is the maximum
iteration number, PSO is stopped, otherwise go to
Step 3.

The last Gbest is sdlected as optima solution. The
proposed PSO dgorithm optimizes the generated
active power of units. Findly, a Totd Index (TI1) is
computed in accordance with (32) to find the better
solution. This index is defined to distinguish
between two methods of ELD. As there should be
low emission and high profit (low cost) in a power
gydem, the smdlest value for Tl expresses that
optimal dtuation isdominated inthe grid.

Emission ? Cost ’
n _\/ [Emissionminj J{CostminJ (32)

5. SIMULATION RESULTS
In order to demondrate the accuracy and
effectiveness of the used dgorithm, it is gpplied to
|EEE 39-bustest sysem [3].

The PSO and SQP formulation and solution
methodology has been implemented using
MATLAB 7.10 and executed on a core5 (2.53
GHz) persond computer with 4 GB RAM, and
average computing time is around 4 minutes. The
control parameters of PSO dgorithm are smply
adjusted asfollowing:
c;=c;=2, w=0.9-((0.5)/iter.,) *iter

Thiswork analyzed the impact of wind power on
generation scheduling problem with the test system
congdts of ten therma units and one wind farm to
solveamulti objective problem. If thereis N number
of unitsin the system, some of them have high fuel
cog and other generating units have low fud cog.
Therefore, the GENCOs decide to save production




Journal of Operation and Automation in Power Engineering, Vol. 2, No. 1, Winter & Spring 2014

cost by garting up the units with low fud cost over a
period of scheduling.

Before economic load dispatch, the GENCOs
want to get an accurate hourly demand and price
forecast for the period of scheduling horizon.

Developing the forecasted data is an important
metter, but it is beyond the scope of this paper. For
the results existing in this section, the forecasted load
and price are taken as shown in Figs 3 and 4,
respectively. The amount of base |oad and pesk |oad
of the sygem is 700MW at 01:00 am and 1300MW
a 11:00 am, respectivdy. In addition to the
forecaged hourly price and demand, which are
shown in table 1 and the generator parameters listed
in table 2, ELD program needs the parameters of
each generating unit.

1000 — —

|

|

| |

| |

e EEE A EEREEEEE R EE E

|

B BB E R EEE R EEEEEE R
=

° |

IS EES S EEEN S EENSEEEE N EEES N E B
3

|

N R R E R A EE S EEE R EEE

|

20-800-FF1 8RR R R R R RRE R DR

|

|

% 5 25

10 15 20
Hours

Fig. 3. Base load and peak load unit operating cycles[3].

1300 — — — — —

g 100 — = — — —
=

|
3 |
S0 — — — — — & — — — — — 44ere---——-—----
3 ] | |
S |
00-=—-0-B-8 8 8- EEE B EE e s -
|
oo A-B-0-0 40K EEEdE B EEEEEEHE -
|
|

EOOO 5 10 15

20 25

8

Hours.

Fig. 4. Forecasted prices for 10 generator units[3].

Table 1. Forecasted demand and prices (10 units) [3].

Emissons co-efficent of cod-fired, petroleum
and naturd gas power plants are quite different. It is
assumed that conventiond thermd units are cod-
fired because of low operating cost. The operating
datafor 10- unit caseisshownin Tables2 and 3.

Table 2. Operating parameters of units[3].

Units | P(Max) | P(Min) | @, b, c
U1 | 455 150 | 1000 | 16.19 | 0.00048
U2 | 455 150 970 | 17.26 | 0.00031
U-3 130 20 700 | 16.60 | 0.00200
U-4 130 20 680 | 1650 | 0.00211
U5 162 25 450 | 19.70 | 0.00398
U-6 80 20 370 | 2226 | 0.00712
U-7 85 25 480 | 27.74 | 0.00079
U-8 55 10 660 | 25.92 | 0.00413
U-9 55 10 665 | 27.27 | 0.00222
U-10 | 55 10 670 | 27.79 | 0.00173

Table 3. Generator emission coefficients [3].

Hour | Load Price Hour | Load Price
h MW | Rs| MWh h MW | Rs| MWh
1 700 996.75 13 1240 1107.00
2 750 990.00 14 1220 1102.50
3 850 1039.50 15 | 1200 1012.50
4 950 1019.25 16 1050 100.35
5 1000 1046.25 17 1000 1001.25
6 1100 1032.75 18 | 1100 992.25
7 1150 1012.50 19 1200 999.00
8 1200 996.75 20 1240 1019.25
9 1250 1026.00 21 | 1200 1039.50
10 1280 1320.75 22 1100 1032.75
11 1300 1424.25 23 900 1023.75
12 1290 1356.75 24 800 1014.75

Units | ¢, (tonl h) B.(ton] MWh) 7i(ton| MW *h)
U-1 10.33908 -0.024444 0.00312
u-2 10.33908 -0.024444 0.00312
u-3 30.03910 -0.406950 0.00509
u-4 30.03910 -0.406950 0.00509
U-5 32.00006 -0.381320 0.00344
u-6 32.00006 -0.381320 0.00344
u-7 33.00056 -0.390230 0.00465
U-8 33.00056 -0.390230 0.00465
u-9 33.00056 -0.395240 0.00465

U-10 36.00012 -0.398640 0.00470

oo [ T . mmsor mmPso,
32— ——— - [ | - F - — - - — — — — 4

I
T
|
|
|
|
|
I
L
|

»
T
|
|
|
|
L
|

Cost (Rs)
N
N

~
>

0I||||5 | ”10,, i 20|
Fig. 5. Comparison of fuel cost by PSO and SQP
algorithms over 24 h for 10 units with wind turbine.

~

N

Having cdculdtion of the cost of such a
scheduling, the dgorithm ensures that the profit is
based on avalid scheduling by considering reserved
units. Figures 5 and 6 show the totd cost and
emisson of 10-unit sysem, for each hour of
optimization. Although the vaue of emissonin PSO
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dgorithm is a little, more than SQP one, Tl shows
thet profit will outweigh the emission.

1500 — — — — —
WO — = — - - - - —— - -~

oW - — - — = - — — ] HI- 1

Fig. 6. Comparison of Emission by PSO and SQP
agorithms over 24 h for 10 units with wind turbine.
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[
|

Sl — -~ -}
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. ||
oLl
0

10 20
Hours

=)
8

| {
Fig. 7. Comparison of Total Index (T1) over 24 h for 10
units with wind turbine.

Figure 7 shows Tl that is computed in accordance
with (32). It is obviousthat there has to be atrade-off
between maximization of totd profit and
minimization of total emisson over 24-hour for 10
units.

Tl isimproved by 3.68 % when PSO dgorithmiis
used. According to (27), the produced totd active
power is congant for dl units therefore for
increasing total profit the fud cost should be
decreased. Therefore, the totdl index is defined based
on emission and cogt. Tables 4 and 5 indicate the
optimal generated active power of units based on
per-unit system and the value of objective functions
over 24-houre period of time Fig.8 shows the
convergence process of PSO adgorithm for the best
solution. The vaue of the objective functions settles
a the minimum vadue ater 500 iterations, and
would be congtant after thet.

The two-dimensiond Pareto front with its surface
which contains optima and non-optima  solutions
for the objective functions is shown in Fig. 9. The
best solution for objectives Emisson and Cogt are
6920969 (ton) and 28442 (Rs) over 24-hour period
of imewhichisshownin Fig. 9 with cursor.

56

o o o o
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5. CONCLUSIONS

In this paper, Here-and-Now approach is used for
solving the generation scheduling problem by
consdering therma and wind energy systems. In
this paper, the probability of stochastic wind power
is included in the condraints set. This gpproach
avaids the probabiligtic infeadibility caused by using
the average of RVs In paticular, we used a
threshold parameter Pa into the condraints to
characterize the tolerance that the tota |oad demand
cannot be satidfied. In addition, it has proposed a
multi objective problem for optimizing profit and
Emission over 24-hour period of time based on the
dgorithms for ten units in the presence of WPG
units.

PSO dgorithm with HN gpproach decreases TI
about 3.68% than SQP dgorithm. Furthermore, it
provides better solution particularly for sysems
containing larger number of generating units. PSO
dgorithm with HN gpproach can provide a fast
solution and the GENCOs can maximize their profit
and minimize their emisson.
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Table 4. The objective functions values for PSO based algorithm.

Hour U-1 U-2 U-3 U-4 U-5 U-6 U-7 U-8 U-9 U-10 | Emission Cost Profit
1 150 | 150 | 150 | 150 | 150 | 0.75 | 0.75 | 0.75 | 0.75 0.75 911.388 | 20050.54 | 717584.3
2 148 | 148 | 1.05 | 1.10 | 1.06 | 080 | 021 | 021 | 021 | 021 | 872730 | 21554.55 | 755585.6
3 148 | 148 | 119 | 1.29 | 1.30 | 0.82 | 0.30 | 0.30 | 0.30 0.30 977.778 | 23656.55 | 891103.5
4 176 | 164 | 094 | 082 | 1.06 | 1.09 | 0.63 | 0.67 | 0.59 0.53 | 1023.864 | 26582.11 | 967176.5
5 146 | 146 | 146 | 146 | 146 | 059 | 060 | 060 | 059 | 0.59 | 1146.266 | 27265.70 | 1047756
6 150 | 150 | 150 | 150 | 150 | 0.75 | 0.75 | 0.75 | 0.75 0.75 | 1255.853 | 29789.12 | 1135669
7 141 | 141 | 141 | 141 | 141 | 116 | 0.74 | 0.74 | 0.74 0.74 | 1227.064 | 29820.29 | 1104159
8 150 | 150 | 150 | 1.25 | 144 | 111 | 081 | 0.81 | 0.81 | 0.83 | 1269.930 | 30797.60 | 1125412
9 150 | 1.50 | 149 | 150 | 145 | 1.34 | 0.80 | 0.80 | 0.80 | 0.80 | 1333.193 | 31571.42 | 1199618
10 150 | 150 | 138 | 1.29 | 150 | 141 | 095 | 098 | 0.94 0.91 | 1363.286 | 32948.75 | 1604768
11 150 | 150 | 1.34 | 1.37 | 147 | 144 | 097 | 1.02 | 0.97 1.00 | 1393.817 | 33520.45 | 1763897
12 150 | 150 | 1.34 | 136 | 1.50 | 1.38 | 1.00 | 1.00 | 0.95 0.95 | 1377.215 | 33208.42 | 1662716
13 150 | 150 | 124 | 145 | 1.37 | 1.26 | 092 | 0.92 | 0.92 0.92 | 1318.940 | 32101.86 | 1301833
14 150 | 150 | 121 | 144 | 150 | 1.20 | 0.87 | 0.91 | 0.87 0.85 | 1297.559 | 31614.34 | 1278211
15 150 | 150 | 1.36 | 1.27 | 146 | 1.23 | 086 | 0.86 | 0.86 | 0.86 | 1285.412 | 31423.05 | 1163327
16 150 | 150 | 127 | 1.26 | 1.30 | 1.06 | 0.65 | 0.65 | 0.65 0.65 | 1130.608 | 28128.68 | 1025556
17 150 | 150 | 1.33 | 107 | 1.12 | 113 | 065 | 060 | 0.60 | 0.59 | 1081.431 | 27259.37 | 984013.1
18 149 | 149 | 130 | 122 | 149 | 1.09 | 0.70 | 0.71 | 0.70 0.70 | 1182.468 | 29238.83 | 1057275
19 150 | 150 | 124 | 1.35 | 150 | 142 | 0.84 | 0.87 | 0.84 0.90 | 1310.222 | 31923.13 | 1166877
20 149 | 149 | 125 | 149 | 144 | 1.23 | 087 | 0.87 | 0.87 | 0.87 | 1304.520 | 31617.58 | 1181331
21 146 | 146 | 1.34 | 140 | 146 | 1.32 | 0.84 | 0.85 | 0.87 0.84 | 1304.601 | 31612.45 | 1205372
22 150 | 150 | 1.33 | 1.30 | 1.38 | 1.20 | 068 | O0.71 | 0.68 0.70 | 1192.861 | 29292.81 | 1106763
23 150 | 150 | 1.17 | 118 | 1.31 | 0.79 | 043 | 043 | 043 | 043 | 997.792 | 24837.51 | 917022.7
24 149 | 149 | 1.04 | 096 | 1.18 | 0.77 | 027 | 030 | 0.29 | 0.26 | 883.275 | 22281.82 | 799655.5
Table 5. The objective functions values for SQP based algorithm.
Hour | U-1 | U-2 U-3 U-4 U-5 U-6 U-7 U-8 U-9 U-10 | Emission Cost Profit

1 147 | 141 | 071 | 072 | 091 | 074 | 0.33 | 040 | 034 | 0.32 | 784.190 | 21263.75 | 716331.2
2 150 | 147 | 0.76 | 0.76 | 096 | 0.79 | 0.37 | 044 | 039 | 0.36 | 827.356 | 22253.75 | 754906.2
3 150 | 150 | 0.88 | 088 | 1.10 | 093 | 048 | 054 0.49 0.46 921.751 | 24433.12 | 890316.5
4 150 | 150 | 098 | 099 | 1.24 | 107 | 060 | 0.66 | 0.60 | 0.57 | 1023.943 | 26670.96 | 967097.8
5 150 | 150 | 150 | 150 | 1.50 | 150 | 003 | 1.18 | 0.03 | 0.03 | 1084.926 | 27904.56 | 1047117
6 150 | 150 | 1.15 | 1.16 | 147 130 | 0.78 | 0.84 0.79 0.75 | 1210.193 | 30296.02 | 1135162
7 150 | 150 | 1.14 | 1.15 | 1.46 128 | 0.77 | 0.83 0.78 0.74 | 1199.198 | 30095.47 | 1103915
8 150 | 150 | 119 | 120 | 150 | 133 | 083 | 0.88 | 0.83 | 0.80 | 1251.051 | 31057.95 | 1125172
9 150 | 150 | 124 | 1.25 | 150 141 | 088 | 0.94 0.89 0.85 | 1333.193 | 31571.42 | 1199618
10 150 | 150 | 1.30 | 130 | 150 | 147 | 094 | 099 | 094 | 091 | 1360.756 | 32993.73 | 1604736
11 150 | 150 | 1.32 | 133 | 150 | 150 | 098 | 1.03 | 098 | 0.95 | 1391.688 | 33545.34 | 1763872
12 150 | 150 | 1.31 | 1.32 | 150 149 | 096 | 1.01 0.96 0.92 | 1375.150 | 33233.86 | 1662704
13 150 | 150 | 1.25 | 1.25 | 150 142 | 0.89 | 0.94 0.89 0.86 | 1311.638 | 32148.57 | 1301797
14 150 | 150 | 1.23 | 1.23 | 150 139 | 0.87 | 0.92 0.87 0.84 | 1288.337 | 31738.13 | 1278032
15 150 | 150 | 121 | 1.22 | 150 138 | 0.86 | 0.91 0.86 0.83 | 1277.512 | 31545.67 | 1163214
16 150 | 150 | 1.07 | 1.07 | 1.35 118 | 069 | 0.75 0.69 0.66 | 1111.947 | 28434.78 | 1025240
17 150 | 150 | 1.02 | 1.03 | 1.29 112 | 064 | 0.70 0.64 0.61 | 1064.253 | 27493.81 | 983779

18 150 | 150 | 112 | 112 | 142 125 | 0.74 | 0.80 0.75 0.71 | 1167.590 | 29497.89 | 1057016
19 150 | 150 | 124 | 1.25 | 150 141 | 0.88 | 0.94 0.89 0.85 | 1304.747 | 32027.97 | 1166782
20 150 | 150 | 1.23 | 1.23 | 150 140 | 0.87 | 0.92 0.87 0.84 | 1291.056 | 31786.40 | 1181121
21 150 | 150 | 1.23 | 1.23 | 150 140 | 0.87 | 0.92 0.87 0.84 | 1291.069 | 31786.67 | 1205229
22 150 | 150 | 1.13 | 1.13 | 143 125 | 0.75 | 0.80 0.75 0.72 | 1173.920 | 29615.88 | 1106409
23 150 | 150 | 092 | 092 | 1.17 | 099 | 053 | 059 | 054 | 051 | 963.175 | 25383.96 | 916466

24 150 | 150 | 0.78 | 0.79 | 1.00 | 0.82 | 040 | 047 0.41 0.38 851.272 | 22825.38 | 799122.1
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