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Abstract— In this paper Lagrangian Relaxation (LR) has been applied to unit commitment (UC) problem ioorporating optimal
power flow (OPF) by particle swarm optimization (P$). The proposed method is a blend of LR and PSO.HE UC problem is
handled by LR, while PSO solves the OPF problem. Bblem formulation takes into consideration the minmum up and down time
constraints, start up cost, spinning reserve, genation limits, ramp rate constraints and power flow constraints. Problem
formulation, representation and the simulation resits for a 24 bus, 10 generator system are presented
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I. INTRODUCTION
UNIT commitment (UC) is used to schedule the geivega
units for minimizing the overall cost of the povggrneration
over the scheduled time horizon while satisfyinged of
system constraints. UC problem is a nonlinear, doatbrial
optimization problem. The global optimal solutioancbhe
obtained by complete enumeration, which is not iapple
to large power systems due to its excessive coripng
time requirements [1]. Up to now, many methods Haeen
developed for solving the UC problem such as psidist
method [2],[3], integer programming [4],[5], dynami
programming (DP) [6]-[8], branch-and bound methd@ls
mixed-integer programming [10] and Lagrangian Rafin
(LR) [11]-[23]. Among these methods, the prioritistl
method is simple and fast technique for solving ffGblem
but the quality of solution is low. Dynamic prognaiing
method, which is based on priority list method fléxible
and has ability to maintain solution feasibilityutB this
method has dimensional problem with a large powstesn
because the problem size increases rapidly witmtimeber
of generating units to be committed, which resiftsan
unacceptable solution time [14]. The shortcomingrainch-
and-bound is the exponential growth in the executime
with the size of UC problem. The integer and mixgeéger
methods adopt linear programming technique to sale
check for an integer solution. These methods hale lreen

applied to small UC problems and have required majo

assumptions which limit the solution space [1
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Lagrange relaxation for UC problem was superior t

Furthermore, solution quality of LR depends on tinethod
to initialize and update Lagrange multipliers [17].

This paper proposes a new method for solving UC
problem incorporating optimal power flow. The prepd
method is developed in such way that LagrangiamaReion
(LR) is used to obtain the unit commitment scheduhel
particle swarm optimization (PSO) technique is useéind
optimal power generations of the units and systessds.
The LR method uses single-unit dynamic programnaing
uses an improved procedure to initialize Lagrange
multipliers and to update them. The PSO is appiedbtain
optimal generations and losses incorporating pofi@r
constraints and voltage stability. In the UC salng so far
published mainly economic dispatch was done without
considering transmission losses. That is UC wasiodd
only at one bus. In this paper UC for entire nelwor
consisting of many generator and load buses wasidened.
So, considering transmission losses, which genetaises
are to be switched on or off is obtained. So, mdt®f
generating units’ on / off status at a bus genegasgtations’
on / off status in a system is obtained. The UQtsmh gives
optimal scheduling of the generator buses of aapdsrd
system containing generator and load buses. Tstriite the
effectiveness of the proposed method, it is testedl0-

generator, 24-bus system and simulation results are
presented.

II. NOMENCLATURE
SZSQ Cold startup cost of unit i.

dynamic programming due to its faster computatidi|aé. DC'  Value of the on / off decision criterion of uniai
However, it suffers from numerical convergence soldition hour t
quality problems in the presence of identical units_ "~ - ) )
F Generator fuel cost in quadratic form.
F'=a +bP' +c (P")? (inunits/).
'K.Vaisakh is with Andhra University, Visakhapatn&®0003, A.P., FLAPM, Full load average production cost of unit i
India. He can be reachedwatisakh_k@yahoo.cin. )
2 R.Srinivas is with S.R.K.R. Engineering CollegBhimavaram- at  hour t, F(PI max)/Pimax (in
534204, A.P., India. He can be reachemsnka@rediffmail.com . ' '
_ units/mwh).
G® Relative duality gap at iteration k.
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HSG  Hot startup cost of unit . Sj max :Mmaximum apparent power flow allowable through
J® Total economic dispatch production cost at the f Ii.ne
iteration k. j - angle difference between the voltage phasoosisi
k ALR iteration counter.
N Total number of generator units. IIl. PROBLEMFORMULATION
P... Minimum real power generation of unit i (in The objective_of unit commitment problem is to
' minimize the production cost over the scheduledetim
megf’iwatts). ) ~horizon (e.g., 24h) under the generator operaticarad
imax Maximum real power generation of unit i (inspinning reserve constraints. The objective fumctio be
megawatts) minimized is [1]
t
P Real power generation of unit i at hour t (”'F(P‘ U”) ZZ[F(p)+STt(1 U.t 1)]U 1)
megawatts). t=1i=1
Pt Optimal generation output of unit i at hour subject to the following constraints
' . (a) power balance constraint
(in megawatts). N
P Load demand at hour t (in megawatts). z P'U it = P +P; 2)
t . i=1
P Power loss at hour t (in megawatts). (b) spinning reserve constraint
R Spinning reserve at hour t (in megawatts). ZN: P U >P 4R @)
ST Startup cost of unit i at hour t. i hmax it = D
T Total number of hours. (c) generator limit constraints
Ticq  Cold start hours of unit i (in hours). Pl <P <P U, 4)
T, down  Minimum down time of unit i (in hours). (d) minimum up and down time constraints
T o Continuously off time of unit i (in hours). L If Tion <T, up?
T on Continuously on time of unit i (in hours). Ui =10, I T o <Tiown )
L Minimum up time of unit i (in hours). Oorl, otherwise
U Status of unit i at hour t ( 1, off = 0) (¢) startup cost
- atus of uniti at hour t (on =1, off = 0).
UI,I R limit of unit i ST HSC it T down—T <Tcold+Tdown ©6)
! amp-up rate limit of unit i
RI i . o ! CSC If |0f'f> |co|d+T|d0wn
DR Ramp-down rate limit of unit i
) (f) ramp rate constraints
€ Duality gap tolerance. For each unit, output is limited by ramp up/ dowater
AO 11 nitial Lagrangian multipliers at hour t at each hour as follows:
(in units / mwh, units / mw). Plin <P <P ©)
A0 ,,ut(k) Lagrangian multipliers at hour t at iteration k where
(in units / mwh, units / mw). P in max(P - DR, P‘mm)
P.: real power generation at bus i
Y p X . . Pitmax_mln( it 1+UR' I:)it )
Qqi: reactive power generation at bus i ' .
g) power flow equality constraints
n
|V, |: voltage magnitude at bus i R :Zl]vi IV, (G, co +B;sing) (8)
j=
V. :  voltage magnitude at bus j n
Vi ge mag J Q =DMV, (G, sing, -, coss;)
G, ,B; : realireactive part of the ij element of the bus R . _
) ) h) power flow inequality constraints
admittance matrix min
I - : P. <P <p™
Pgimin, Pgimax : Minimum/maximum real power generation at =g =y
generation bus i min max
Qgimin, Qgimax: Minimum/maximum reactive power Q - Qg' Q ©)
generation at generatios b |V |m|n—|V |<|V |max
[V Tin o Vi T : miniml.Jm/maximum voltage magnitude at Pij2 +Qij < Sj -
bus i
P, Q; : real /reactive power flow through transmissiome |

ij
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IV. IMPLENETATION OFTHE PROPOSEMMETHOD U =1

The LR procedure solves the UC problem by I
relaxing or temporarily ignoring the coupling caastts and S ST
solving the problem as if they did not exist. Tlisdone y -—>6—0--------

through the dual optimization procedure attemptimgeach ‘

the constrained optimum by maximizing the Lagrangia t=0 t=1 t=2 t=T-t=T
L(PU, 4, 1) = F(Pt n)+zﬂt (Pt Zpt |t) Fig. 1: Two-state dynamic programming.
= (10) To find the dual power, the term rr[lﬁi (PH-2 Pi‘]
will be minimized by the optimality condition
+Zu (R+R Z maldis) q
—_[F(ry-2P=0. (15)
with respect to nonnegativé' and ,u whereas minimizing R _ _ o
it with respect to the other control variables!ie problem, The solution to this equation is
that is dE (Pt dual)
. ————=7 (16)
q (4, 4) =Maxa(4, x) (11) dP'
M
where The dual power is obtained
q(2, ) = Min L(P,U, 2, 1) (12) paa _ A =D an
PLU, i -
[N 20
Equations (2) and (3) are the coupling constraaetess the ' ot
units. In particular, what is done to one unit effethe other There are three cases to chdgk ™™ against its limits
units. The Lagrangian function is rewritten as 1 If Pt dual _ P. . then P P| .
2) If P, <P <P thenP'=pP""
L=>S[F()+STa-U, )JU, ~4PU, 4P, U+ ) P = s
Ha 3) If B"™ >R o then R =R ).
Z(/lt pt +’ut(Pt LR ) (13) Dynamic programming is used to determine the optima
D D

schedule of each unit over the scheduled time geiore
specifically, for each state in each hour, the off Hecision
The termB[F(P)+ST(l l)]u /ﬂju /j } making is needed to select the lower cost by coimgdhe

Ul Lmax-it combination of the startup cost and accumulatedsdosm
can be minimized separately for each generating whien WO historical routes. The dual power calculatedb4) and
the coupling constraints are temporarily ignoretied, the Within the limit, will be substituted in the new onoff
minimum of the Lagrangian function is solved forciea d€CiSion criterion

t=1

generating unit over the time horizon, that is [Fi (R)+ST,A-U, ) - AP -4 F’Imax] (18)
MIn P, .40 - Zm i[F(Ptt)thSTi(l—Un1)]Um— (14)  To minimize the above term in (18) at each hqur, if
TG ARU, iR [F.(P)+ST, -V, ) -4 - u'P,,]<0, s
subject to unit will be committed if it does not violate theimmum
Ui Bmin P <U B o for t=1, .., T and the downtime constraintly, , =1). Otherwise, this unit will not
constraints in (5). be committed if it does not violate the minimum iopet

constraint J,, =0).
On/Off decision criterion: Uht 0)

In the Lagrangian relaxation method, the dual smiuts ~Initialization of Lagrangian Multipliers :
obtained by using dynamic programming for each unit o ) o
separately. This can be visualized in Fig.1 shovirgonly ~ The initial values of Lagrangian multipliers arerye

two possible states for uniti (i.dJ. , = 0or 1): important in LR method since they may prevent LBnfr
T ' reaching the optimal solution or require a longer

At the Ui,t =0 state, the value of the function to beomputational time to reach one [17]. Differentialivalues
may also lead LR to different solutions.

The initialization procedure is taken such thatualidy
asible solution is obtained in the first iteratifl8]. The
generating units are sorted in the ascending atifedl load

average production cosELAPM, . For each of the 24 h,

minimized is trivial (i.e., it equals zero), at tktate where
U,, =1, the function to be minimized is the startup cogf,

and the term u' P nac@re dropped here since th
minimization is with respect t&") min[Fi (P)- AP ] o _ _

the units with the leasELAPM, will be committed one by
one until power balance constraint is satisfiechsgguently,
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economic dispatch in each hour is carried out tiakthe
hourly equal lambda which is initially set to Laggian
multipliers '@,
spinning reserves, more units are needed to be dtedno

give the initial feasible solution. This is obtained by

committing units with leasELAPM;, one by one until the
spinning reserve is satisfied.

For each of the 24 h, each non-negatiyqt(o)
determined as follows:

L {E(F?)

is

CST

1) _

4" =ma

2®P} 0. @9
i,max L,up
The initial ,ut( is determined by the hlgheﬂt(o among
the committed units as

11O = max[yl”o) L (20)
where Mis the unit with the highesELAPM, giving the
sufficient spinning reserve at t.

......

Updating of the Lagrangian Multipliers:

In general, adjusting Lagrangian multiplier by statient
method is not efficient in the presence of the sipig
reserve constraint [19]. The Lagrangian relaxagotution
quality is dependent on the method used to update
multipliers. In this paper, the Lagrangian mul@pliupdate
rule is designed such that the step size is lafg¢he
beginning of iterations and smaller as the iteratigrow [4].

The values ofa and £ are determined heuristically [20].

Each non-negativelt and ,ut are adaptively updated by,

20— max A<D 4 pdif o ey
(a+ BxK)xnorngpdif)
where
N
pdif = B, _ZPiIUi,t (22)
i=1
norm( pdif ) = (pdif*)? + (pdif )% +....... )
+(pdif 7)?
dif*
t(k) =ma t(k-1) " q | 0 y
i %ﬂ (a+ fxK)xnorgrdif) } @)
where
N
rdif ! = Pdt IR _Z R’maxuu 25
i=1
norm(rdif ) = (rdif %) + (rdif ) +........ o6
+ (rdif )2

Case 2) pdif‘< 0 andrdif ‘< 0: updating bothd and

t . — _ .
in each hour. For the hours with insufficientt/ by usinge =0.6 and 5 =0.4;

Case 3) pdif'< 0 and rdif > 0: updating onlyz' by

using & =0.02 andf =0.05;

Excess spinning reserve is undesirable due to aserén
generation cost and it should be eliminated. Evenyr it is
checked that if the spinning reserve is more thhe t
maximum generation of the unit with highest fullatb
average production cost, then that unit is decotarhit
without violating the uptime constraint. This preses done
for all hours until excess reserve is eliminatedhwait
sacrificing uptime constraint.

OPF by PSO

With the switched on generators for each hour agitim
power flow is performed to obtain optimal real powe
generations, power loss and other optimal contdbbles.
Here, optimal power flow is done instead of ecoromi
dispatch. The reason to do this is as follows: éwerators
with different fuel characteristics may be locatedifferent
places of the network. It may not be realisticgodre the
real power losses. The optimal generations mayiffereht
if losses are included.

For this purpose, the 24-bus system data are reddidi
Fncorporate the 10-generator unit commitment daéz.ond
bus is taken as the slack bus for the optimal pdlver.

The real and reactive loads at the individual Ibages are
adjusted proportionately as per the UC 24 hour Idath
using multiplication factor (MF) given by

Load Demandfor t™ hour

Maximumload of 24bussystem

The control variables for optimal power flow aeak
power generations, taps for the regulating tramséus,
generator voltages and shunt capacitors. Shuntitapaare
placed at two buses viz."Tand 23 rd buses.

In the tackling of ramp rate constraints, in anyhi the
increase of real power generation of any unit isentban the
ramp up rate, then peak units with least full leaerage
production cost are to be switched on one by otié power
balance constraint is satisfied. If the ramp doate lis not
satisfied when a generator is to switched off, thetputs of
that unit in the previous hours are to be reducethat ramp
down rate would be satisfied at the time of stogpifi any
unit . To compensate the reduction in power gei@rapeak
units are to be switched on.

It is necessary to point out that peaking unittheathan
the more economical units which have longer ramping
up/down times, are used in compensating for thecidety
or surplus caused by the unit ramping charactesisf\s we
would require a short period of compensation, umitth
lower operating costs and longer ramping up/ dameg are

MF = (27)

a and f§ are divided into three cases depending on thet efficient and may not be regarded as econorficehis

signs of pdif ' and rdif * as follows:
case 1) pdif' > 0 and rdif ' > o: updating both A

and 4" by usinge =0.02 and 3 =0.05;

purpose [21].
PARTICLE SWARM OPTIMIZATION (PSO)

PSO was introduced by Kennedy and Eberhart in 1995
[22] as an alternative to GAs. The PSO techniquee enaer
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since turned out to be a competitor in the fieldhoimerical
optimization. Similar to GA, a PSO consists of glation
refining its knowledge of the given search spac8ORs
inspired by particles moving around in the seapdcs. The
individuals in a PSO thus have their own positiarsl
velocities. These individuals are denoted as pastic
Traditionally, PSO has no crossover between

individuals,
substituted by other individuals during the rurstéad, the
PSO refines its search by attracting the partitdgsositions
with good solutions. Each particle remembers it dest
position found so far in the exploration. This piosi is
called personal best and is denoted by ‘pbest’ 28).(
Additionally, among these, there is only one p&tibat has
the best fitness, called the global best and isoweh by
‘gbest’ in (28). The velocity of th&'idimension is defined as

V, =wV, +¢, rand() (gbest- X,) +
c, rand() (pbest- X,)

where is known as the inertia weight. The best doposition
for the given particle is denoted by pbest, whegaesst is

the best position known for all particles. The pagtersC,

(28)

and C, are set at 2, whereasand() is a randomly

generated value between 0 and 1. As mentioned,
subscript i denotes the i th dimension of a paticThe
position of each particle is updated on every fiera This is
done by adding the velocity vector to the positewtor, as
described in

X, =X, +V, (29)

The constraints are incorporated into the fithess
function as quadratic penalty terms as follows:

>k, (X"’
Where
K, is the penalty factor anq””‘
iable X given as

(30)

is the limit value of the var

has no mutation, and particles are enev

less than the specified tolerance or the iterationnter
exceeds the maximum allowable number of iterations.

The flowchart for the proposed method is showRim 2
below.

Initialize Lagrange multipliers,
control variables and velocities for
control variable

»
»

A 4

For each unit i

v

Minimize Lagrangian function using two-
state dynamic programming and solve for
Pland U

Last unit done

the

Solve dual problem

v

Using U' solve optimal power flow by
particle swarm optimization for each hour
and obtain optimal values of
control variables and power loss.

v

Calculate relative
duality gap

Update Lagrange]
multipliers,
control variables

No Terminating

Criteria Satisfied?

i Xi max; Xi > Xi max
Xi = { min min } (31)
XX <X
The fitness function is given by
T Z[F (R)+ST, A-U, IV, +
=21 (32)
t=1 k Z (X Xllm)z
Stopping criterion:
The relative duality gap is
Ju® )= L(pP® U(k),/l(k), (k)
‘= ([ I’tl_](z,(k) (U 200,00y #7) (33)
where
« T N
PD=-2Y R EwW+sT a-u,w]u,
t=1 i=1
andL(P®,U® 2% ,®Y is calculated from (13).

The relative duality gap is used to measure thatisol
quality, by checking against the stopping criteridrhe
iteration process stops when either the relativaigugap is

Fig. 2. Flowchart of the proposed method

V. RESULTSAND DISCUSSIONS

All simulations have been run on MATLAB environment
with Pentium-1V, 2.66 GHz computer with 512 MB RAM.
Base ten-unit characteristics are taken from [17d are
given in Table I. The ramp rates taken for the gatoes are
given in Table Il. The one line diagram for the EEE4-bus
system is given in Fig. 3. The spinning reservaiiregqnent
is considered to 10% of the load demand; coldwgtazbst is
double that of hot startup cost and total schedufieriod is
24 hours. The simulations are performed on 24-lis,
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generator system with and without considering ramaie

constraints. Maximum generations taken are 100. The
the velocity are chosen as.7

¢, =20andc, = 20, as this method performed best |

weights for updating

with these settings. The maximum velocity is taksn10%
of maximum generation of each generator. Populaipe is

taken as 10 for OPF parameters. Out powers of the Fitngss

generators, power loss, fuel cost, startup costtatad cost
of the best solution without and with ramp rate stoaints
are shown in Table Il and Table IV respectivelheTfitness
and total cost characteristics are shown in figdres, 6 and
7

' 1.1
All the papers to solve the UC problem considered
commitment of units without considering transmissio
losses. In this paper, UC problem is consideredh wit

transmission losses for IEEE 24-bus system. Alsmprrate
limits are considered for the generator output.

gus ;7 TTT-BUS 18
BUS 2| T gus 22
— BUS 23
-0
il
BUS 16 BUS 19 ¥ BUS 20
#
BUS 15 BUS K Synch.
@T f Cond.
2
__,_.-——'—"1_’
BUS I
BUS 24 -1 1— BUS 12
ﬁ. el ’11"\
4 BUS 10
Hous 3 TTTeus 9 cable ,BUS 6
BUS 4
138KV BUS 5 BUS 8
-
cable
BUS 7
BUS | BUS 2 ©

Fig. 3: Single line diagram of IEEE 30-bus testiasys

-6
x 10

15

1.3

1.2

70 80 90

! 20 30 40 50 60
no of. iterations

100

Fig. 4. Fitness without ramp rate constraints

x10

5.9

5.8
Genergtion + Startup Cost

80

5.7(6

40 50 60 70 90 100
no of. generations

10 20 30

Fig. 5. Total cost without ramp rate constraints

-
X

1.7

1.6 1
1571 b

Fitnesg
1.57 1

1.4

13 1 1

¥ 2 3 4 5 60 7 8 o9

no of. iterations

100

Fig. 6. Fitness with ramp rate constraints
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59 T T T T T T T T T

5.9 1

5.9
Generation + Startup Cost

60 7 80 9

58 0 10 2 3 4 5

no of. generations

10

Total cost with ramp rate constraints

VI. CONCLUSION

In this paper, the proposed method
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TABLE |
UNIT DATA FOR THE TEN-UNIT SYSTEM
Unit 1 Unit 2 Unit 3 Unit 4 Unit 5
P...(MW) 455 455 130 130 162
P.in (MW) 150 150 20 20 25
a (units/ h) 1000 970 700 680 450
b (units/ MWh) 16.19 17.26 16.60 16.50 19.70
¢ (units/ MW? — h) 0.00048 0.00031 0.002 0.00211 0.00398
min up (h) 8 8 5 5 6
min down(h) 8 8 5 5 6
hot start cost (units) 4500 5000 550 560 900
cold start cost (units) 9000 10000 1100 1120 a80
cold start hours (h) 5 5 4 4 4
initial status (h) 8 8 -5 -5 -6
Unit 6 Unit 7 Unit 8 Unit 9 Unit 10
P (MW) 80 85 55 55 55
P...(MW) 20 25 10 10 10
a (units/ h) 370 480 660 665 670
b (units/ MWh) 22.26 27.74 25.92 27.27 27.79
¢ (units/ MW? — h) 0.00712 0.00079 0.00413 0.00222 0.00173
min up (h) 3 3 1 1 1
min down(h) 3 3 1 1 1
hot start cost (units) 170 260 30 30 30
cold start cost (units) 340 520 60 60 60
cold start hours (h) 2 0 0 0 0
initial status (h) -3 -3 -1 -1 -1
TABLE Il Generating units Ramp Rate Limits
Unit 1 2 3 4 5 6 7 8 9 10
UR (MW/h) | 91.00| 91.00| 32.50 3250 40.50 26.6]7 28.33  27.50 5027.27.50
DR (Mw/h) | 91.00| 91.00f 3250 32.50 40.50 26.67 28.33  27.50 5027.27.50

The ramp rates selected are for 1 and 2 unitsfIPsnax; for 3,4 and 5 units 1/4 of Pmax; for 6 &nhits 1/3 of Pmax and

8,9and 10 units 1/2 of Pmax.
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TABLE lll — Solution of UC with OPF without ramp rate coasits
Ho | Load uc Generation Sched. PL%vggr Fuel Cost Stgl;t:tp Total Cost
ur | (MW) 1 2 3 4 5 6 7 8 9 10 (MW) ($) $) ($)
1 70C 110000000 | 455 | 257.8¢ 0 0 0 0 0 0 0 0 12.8¢ | 13907.475 0 13907.47
2 75C 110000000 | 45E | 310.9: 0 0 0 0 0 0 0 0 15.92 | 14832.182 0 14832.18:
3 85C 110010000 | 45E | 391.7( 0 0 25 0 0 0 0 0 21.7C | 17189.131 90C 18089.13
4 95C 110010000 | 455 | 454.9¢ 0 0 66.1¢ 0 0 0 0 0 26.17 | 19124.319 0 19124.31!
5 100C | 110110000 | 455 | 411.0] 0 13C 25 0 0 0 0 0 21.01 | 20387.941 56C 20947.94
6 110C | 111110000| 455 | 389.3:¢ 13C 13C 25 0 0 0 0 0 29.3% | 22900.007: 110C 24000.00
7 115C | 111110000 | 45F | 436.6¢ 13C 13C 32.21 0 0 0 0 0 33.8f | 23872.408 0 23872.40:
8 120C | 111110000 | 455 | 454.9¢ 13C 13C 65.4¢ 0 0 0 0 0 35.44 | 24861.960 0 24861.96!
9 130C | 111111100 | 455 | 454.9¢ 13C 129.9¢ | 117.5¢ 20 25.0C 0 0 0 32.47 | 27917.093 86C 28777.09:
10 140C | 111111110| 455 | 454.9¢ 13C 13C 149.77 | 77.3¢ | 25.0C | 10.0C 0 0 32.0¢ | 30823.035 60 30883.03
11 145C | 111111111 45& 45E 13C 13C 161.8¢ | 79.3¢ | 25.0¢ | 30.3¢ | 14.7¢- 0 31.3¢ | 32723.652 60 32783.65.
12 150C | 111111111 | 45EF 454.9¢ 13C 13C 162 55.5¢ | 37.5¢ | 51.41 | 37.7C | 16.4¢ | 30.72z | 34831.941 60 34891.94
13 140C | 111111110| 455 | 454.9¢ 13C 13C 149.77 | 77.3¢ | 25.0C | 10.0C 0 0 32.0¢ | 30823.035 0 30823.03
14 130C | 111111100 | 455 | 454.9¢ 13C 129.9¢ | 117.5¢ 20 25.0C 0 0 0 32.47 | 27917.093 0 27917.09:
15 120C | 111110000 | 455 | 454.9¢ 13C 13C 65.4¢ 0 0 0 0 0 35.44 | 24861.960 0 24861.96!
16 105C | 111110000| 455 | 334.2( 13C 13C 25 0 0 0 0 0 24.2( | 21936.178 0 21936.17
17 100C | 111110000 | 45F | 281.11 | 129.8¢ 13C 25 0 0 0 0 0 20.9¢ | 2100¢€.937: 0 21006.93
18 110C | 111110000 | 455 | 389.3: 13C 13C 25 0 0 0 0 0 29.3¢ | 22900.007 0 22900.00
18 120(C | 111110000 | 455 | 454.9¢ 13C 13C 65.4¢€ 0 0 0 0 0 35.44 | 24861.960 0 24861.96!
20 140C | 111111011 | 45¢ 45E 13C 129.97 | 161.9¢ | 71.2¢ 0 10.257 | 10.01 | 10.C2 | 33.5( | 31656.892 35C 32006.89.
21 130C | 111111010 | 45F | 454.8i 13C 13C 124.8(C | 29.9( 0 10.0z 0 0 34.5¢ | 28036.127 0 28036.12
22 110C | 110111000 | 45¢& 45E 0 13C 64.0Z 20 0 0 0 0 24.0z | 22759.478 0 22759.47
23 90C 110010000 | 455 | 446.11 0 0 25 0 0 0 0 0 26.11 | 18142.335 0 18142.33!
24 80C 110000000 | 45t | 364.6% 0 0 0 0 0 0 0 0 19.6% | 15770.871 0 15770.87
Total 574044.03 395(C 577994.0:
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TABLE IV — Solution of UC with OPF with ramp rate consttsin

Hour Load Unit Number PL(())vg/:r Fuel Cost Séaortsttjp Total Cost
(MW) 1 2 3 4 5 6 7 9 10 (MW) %) $) (%)

1 700 455 257.88 0 0 0 0 0 0 0 0 12.88 13907.4755 D 13907.4755
2 750 455 310.92 0 0 0 0 0 0 0 0 15.92 14832.1825 D 14832.1825
3 850 455 374.27 0 0 40.50 0 0 0 0 0 19.)77 1B7E. 900 18190.8739
4 950 455 455 0 0 66.24 0 0 0 0 0 26.25 1912%.893 0 19125.8934
5 1000 455 454.80 0 32.5( 83.23 q 0 0 ¢ a 25/5320685.5330 560 21245.5330
6 1100 455 45491 32.5( 65 119.32 ¢ 0 0 [0 [0 26.723211.8912 1100 24311.8912
7 1150 455 454.27 65 97.45 108.28 ¢ 0 0 [0 [0 30.024065.7326 0 24065.7326
8 120C | 45t 394.2¢ 97.5( | 129.9% | 148.7¢ 0 0 0 0 25.51 24955.655 0 24955.655
9 1300 | 455 | 454.44 | 129.99 129.97 118.32| 20 25 0 0 32.70| 27923.5560| 860 28783.5560
10 1400 455 454.78| 128.99 130 158,04 4435 46.56 .0016 O 0 33.62 30966.08643 60 31026.0863
11 1450 455 454 .98 130 130 162 6569 52/80 1558 .401f O 33.45 32866.1017 60 32926.10(12
12 1500 455 45491 129.35 130 162 79|63 45|51 29.918.47 | 27.50 32.29 34814.8328 60 34874.83128
13 1400 455 454 .97 130 130 161.63 53|32 37(41 10.000 0 32.33 30858.9494 0 30858.9494
14 1300 455 444.12 130 130 121.13 26|65 25 D 0 D .9031 27951.8961 0 27951.896(
15 1200 455 437.60 130 130 80.63 g 0 0 [0 ( 33(224864.9866 0 24864.9866
16 1050 455 350.18 97.50 130 40.13 ( Q q D 272.821963.0860 0 21963.086
17 1000 455 284.91 65 130 80.63 [0 0 0 ¢ g 15|54 109Q2.9329 0 21090.9329
18 1100 455 315.81 97.50 130 12113 0 g ¢ D D 19.423010.4172 0 23010.4172
19 1200 455 383.35 97.50 130 161.63 ] g ¢ D D 27.4825034.2567 0 25034.2567
20 1400 455 455 97.50 130 162 2665 25,02 26,605.69 | 26.20 | 29.66 32558.9920 610 33168.9920
21 1300 455 455 65 97.50 121.50 5328 50J09 27.41 0 0 24.79 29173.2848 0 29173.2848
22 1100 455 438.83 32.50 65 81 26.61 25 a D D 23.924286.0129 0 24286.0129
23 900 455 392.65 0 32.5Q 40.% 0 0 0 q 0 20(65 733%$885 0 18733.6885
24 800 455 364.65 0 0 0 0 0 0 0 0 19.65 15770.8718 0 15770.8718

Total 579943.1885 4210 584153.1885
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