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ABSTRACT:

Unit Commitment is one of the most complex and difficult optimization problem in power
systems. The objective of the optimal commitment is to determine the on/off states of the
units in the system to meet the load demand and spinning rescrve requirements at each time
pertod, such that the overall cost of gencration is minimized, while satisfying the various
operational constraints. This paper presents the application of an improved genetic algorithm
(GA) with crossover, mutation, and advanced operators such as repair and swap mutation to
determine the commitment order of the thermal units in power generation. The proposed GA
has been successfully applied to 10 and 26 generaling-unit systems. Robustness of the
proposed GA is demonstrated by comparison to the dynamic programming algorithm. The
comparison results show the etfectiveness of the proposed GA in solving the unit
commitment problem with sufficient accuracy and low computational time.
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1. INTRODUCTION

The short-term thermial Unit Commitment
Problem (UCP) is to find a units to be
committed in every subperiod (typically 1
hour) of a given planning period (typically
I day or 1 week} so that the customer
demand is supplied at minimum cost while
satisfying a set of operational constraints.
The production cost includes fuel, startup,
shutdown, and no-load costs. Consiraints
include capacity limits, spinnming reserve,
minimum up/down time, and ramp rates of
generating uniis.

The UCP of thermal generating units is
large-scale, combinatorial, mixed-integer,
and nonlinear programming problem, Many
techniques [1] have been used to solve the
UCP such as integer programming, branch
and bound, Bender's decomposition,
Lagrangian relaxation, and dynamic
programming [2].The main limitations of
the numerical techniques are the problem of
dimensions, large computation time, and
complexity in programming. Expert system
models [3] were employed to reduce the
solution time, as they avoid the use of
complex mathematical calculations. A
fuzzy dynamic programming approach [4]
was introduced to reduce the errors in the
forecasted hourly loads, but this approach is
not free from mathematical complexity.
The modified Hopfield neural network [5]
has also been used for solving the UCP. In
[6], a unit decommitment method was
developed as a post-processing tool to
improve the solution quality of the existing
UCP. Recently,  modern heuristic
approaches [7] have been used Lo solve the
UCP such as simulated annealing, tabu
search, and genctic algoiithms (GAs).
Several sequential GAs applicd ta the UCP
can be found in the technical literature
[8-11].

The UCP is a complex combinatoral
optimization problem. GAs have been
recently applied to solve various power
system problems due 1o their capability in

determining global or near global solution
with low computational burden. The main
objective of this paper is to ulilize an
improved GA (o determine the optimal
schedule of thermal generating units to
meet the load demand while satisfying
operational  constraints  with  minimum
operational cost. The paper is organized as
follows.  Section 2 contains  the
mathematical formulation of the UCP,
Section 3 includes a description of the
proposed GA and the solution procedure,
Section 4 shows the results of case studies,
and finally Section 5 provides conclusions.

2. UNIT COMMITMENT PROBLEM
FORMULATION

The objective of the UCP is to minimize the
sum of two cost terms. The first term is the
cost of power produced by the generating
units, which depends on the amount of fuel
consumed. The second term is the start-up
cost of the generating units, which for
thermal units, depends on the prevailing
temperature of the boilers.

2.1 Fuel Cost

The fuel cost F (P) of producing P unils
of power by generating unit i is given by:

F(P)=a +bP+c,P’ (1)

where a,, & and ¢, are the cost coefTicients
of unit /.

2.2 Start —up Cost

The start-up costs relate to turning a unit
on. If thermal unit has been off for a long
period, a cold start-up cost will be incurred.
If the unit has been recently turmed off, a
hot start-up cost is applied. Two functions
are commonly used to model start-up costs
as a function of the temperature, two-step
and exponential functions [12]. In this
paper we use the two-step function method
to model the start-up cost to be able to
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compare the obtained results with those
obtained from dynamic programming
technigue. This cost can be calculated as:

S(,’ if - X (1< fos
MOE (2)

S, ~otherwise

where S, and §,, are the start-up costs for

a cold and hot start of unit {, respectively,
¢t is the number of hours that it takes for

oK

the boiler to cool down; and x,(¢) is the

Lime that unit / has been up (+) or down (-)
at time t. For instance, x,(10) equal to -5
that at hour 10 unit 2 has been down for 5
hours. Start-up costs SC,(#) are considered

only when a transition from state off to on
occurs, which can be expressed as follows:

SC)=85(U,(0.(1-Ur-1) (3)
where U,(f) 1s a status of unit i at time ¢
(on=1, off=0).

2.3 Objective Function

The objective function of the UCP for N

generating units and 7 hours can be written
as fotlows:

min 3 Y IEROHUN+SCO] @)

=] i=l

where P(f)is the power output of unit J at
time 1.

2.4 System Constraints

The constraints that have been taken into
consideration are as follows:

2.4.1 Load demand

STU,().P{1)=D(1) (5)

where D(t) is the system power demand at
time /.

2.4.2 Capacity limits

U!(r)"P:.min SR({) SU:(’)'R.mnx (6)

and P are the minimum and

1, Max

where P

f, 0

maximum capacity limits of unit {.

2.4.3 Minimum up/down time

The mintmum uptime constraints arise from
physical considerations associated with
thermal stress on the units and are designed
to prevent equipment failure. On the other
hand, the minimum downtime constraints,
are based on cconomic consideration to
prevent excessive maintenance and repair
costs due to frequent unit cycling [12]. The
minimum up/down time constraints state
that a unit that is running must be up for at
lcast /_, hours and a unit that is down must

il

stay down for at least 7, hours. The

minimum up/down time constraints can be
written as:

=1

on.i Hpt

(7
i 2ty
where ¢ ., /,, are unit ;i minimum
up/down time, and T, ,, T, are time

pcriods during which unit 7 is continuously
on/ofT.

2.4.4 Spinning reserve

The total amount of power available at
each hour must be greater than the load
demand. The reserve power available R(¢),

is used when a unit fails or an increase in
load occurs. The spinning reserve constraint
can then be written as:

ST UL 2 DU +R() ®)
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2.4.5 Ramp rates of generating units

The ramp constraints are accounted for the
fact that units can not change their output
too rapidly. The ramp constraints can be
written as:

PINSP{-N+A

roim

(9)
Pz Pr-1—A,

i, dee

where A, .. and A, are the maximum

e
ramp rates (MW/h) for increasing and
decreasing power output from unit i,
respectively.

3. GENETIC BASED ALGORITHM
FOR UNIT COMMITMENT

3.1 Genetic Algorithm

A genetic algorithm is a random search
procedure, which is based on the survival of
the fitness theory [[3]. Their basic principle
is the maintenance of a population of size
p of solutions to a problem in the form of

encoded individuals that evalve in time.
GAs manipulate strings of binary digits
(1 and Q) called chromosomes, which
represent multiple points in the search
space. Each bit in a string is calied an allele.
They carry out simulated evolution on
populations of chromosomes. Like nature,
(GAs solve the problem of finding good
chromosomes by manipulating the material
in the chromosomes blindly without any
knowledge about the type of problem that
they are solving. The only information they
are given is an evaluation of each
chromosome they produce, This evaluation
is used ta bias the sclection of
chromosomes so that those with the best
evaluations tend to reproduce more often
than those with bad evaluations. A QA,
which yields good resuits in many practical
problems, is composed of three operators:

a- Selection: In the first stage, the selection
operator is applied as many times as

there arc individuals in the population.
In this stage each individual is
replicated with a probability
proportional to 11s relative fitness in the
population.

b- Crossover: The main operator working
on the parents is crossover, the
crossover aperatar 1s applied with a
probability £ independent of the

individuals to which it is applied. Two
individuals (parents} are chosen and
combined to produce two new
individuals (offspring).

c- Mutation: Although first two operators
produce many new strings, they do not
introduce any new mformation into the
population at the bit level. As a source
of new bits, mutation operator is
introduced and 1s applied with a low
probability 2.

These three operators are applied repeatedly
until the offsprings take over the entire
population. When new solutions of strings
are produced, they are considered as a new
generation and they totally replace the
parents in order for the evolution to
proceed. It is necessary to provide many
generations for the population converging
to the near optimal or an optimum
solutions, the number increasing according
to the problem complexity. The algorithm
terminates after a fixed number of iterations
and the best individual generated during the
run is taken as the final solution.

3.2 Impiementation of GA to Unit
Commitment Problem

3.2.1 Encoding

For the UCP, every solution is determined
by a 0/1 matrix ({/ (1)) of the units at each

time f and the power F(f) generated by
each unit every time {. The matrix U,(f)

consists from many columns as the number
of planning period and as many rows as the
number of available thermal units. f
element (i,7) is 1, unit / is committed in
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period (U (#)=1), otherwisc il is not
(U (1)=0). The U,(t)are
generated by GA, while the optimum values
of P(f)are calculated through an economic

values of

dispatch algorithm. The 0/1 matrix of the
units is stored as an integer-matrix U and
the power generated as a real-power matrix
P with dimension Nx7T. Figure |
illustrates an example of encoding an 0/]
U matrix.

Hour
12345 ... T
] FOTO .. 0
2 CLIO0 .. 1
Units
N [ I O O |

Figure!l Encoding on/off schedule
matrix U .

3.2.2 Fitness function and constraints
treatment

The fitness of a solution U/ is evaluated as
the total production cost plus a penalty of
those constraints that are violated:

Fit(U=Total Cost(U/}

+ Total Startup Cost(U)+ Penalty(U) (19
To evaluate the total fuel cost of a given
solution U, the optimal value of P needs
to be determined by solving 7 economic
dispatch sub-problems (one at each hour)
taking into account the constraints of load
and ramp rates of each generating unit. The
economic dispatch sub-problem consists of
dispatching those units whose entries in {/
are equal to 1. The Lambda-iteration

method [14] is uscd to solve this sub-
problem. Once the optimal values of £(f)

are found, the total fuel cost is computed by
adding the fuel cost of all generating units
over the time peried 7. The total start-up
cost is calculated by adding the start-up
costs of those units that change their states
from '0' to 'lI'. The fitness function also
includes penalty values for violated
constraints. The highest penalty is assigned
to schedules that do not meet the load
demand. The penalty due to unmet load
demand is computed by penalizing the
unmet load and power reserve requirements
with a factor of high value. Other penalties
apply to schedules that do not satisfy
minimum up/down time constraints. The
penalty due to unmet minimum up/down
time constraints is a dynamic penalty that is
minimum at early stages of evolution and
grows with each generation. This allows
solutions that satis{ly the load requirements
and do not meet the minimum up/down
time constraints to evolve into feasible
solutions. This penalty term is calculated as
follows [11]:

Min up!down time penalty = n.,\/? (11)

where n, is the total number of minimum
up/down time constraints violated and K is
the number of GA generations. The best
fitness i1s therefore assigned to solutions
with lowest value of cost and penalties.

3.2.3 Crossover operator

At first we use the standard two-point
crassover to obtain deficient results and
then a window crossover operator was
devised to obtain offspring from two
parents.

3.2.4 Mutation

According to a prespecefied mutation
probability, an individual in each
generation is randomly selected. A random
element from 0/1 U matrix is flipped from
0to 1 or vice versa,



E.6 M. E. El-Said
3.3 Improving the Response of GA

3.3.1 Repair operator

To improve the response of GA to solve the
UCP, a repair operator [10] is added. This
operator repairs solutions that are infeasible
regarding  the  minimum  up/down
constraints. The process of fixing a solution
is done by evaluating the state of each unit,
x,(1). The state of a unit is evaluated

starting from hour 0. If at a given hour
fthe minimum up or down time constraint
is violated, the state (on/off) of the unit at
that hour is reversed and x,{¢) is updated.

The process continues until the last hour
has been rcached.

3.3.2 Swap mutation opcerator

Another operator called a swap operator is
used to commit the generating units in a
predetermined order. The swap operator
uses the full load average cost (FLC) of the
generating units to perform a swap of unit
states. The FLC of a unit is defined as the
cost per unit of power ($/MW) when the
generating unit is at its full capacity. When
the fuel cost is given by (1), FLC can be
defined by {12]:

FLC=—"_tb+c.P (12)

max
"MK

The gencrating units are ranked by their
FLC in ascending order. Units with lower
FLC should have higher priority to be
dispatched. At a given hour, the operator
probability swaps the states of two units
iand j only if the unit /is ranked better
than unit j (i <) and the state of the units

are 'off and 'on', respectively.

3.4 Proposed Solution Algorithm

The major steps of proposed GA to solve
the short-term thermal UCP are as follows:

Step 1. Set the population size p, the
probability of crossover P, the

mutation P

!

probability  of
probability of repair operator P

r
probability of swap operator P,
and the maximum number of
generations K

max -
Step 2. Randomly generate a population of
p chromosomes, each consisting

of N strings of length T of bits '0'
and 'I' (integer matrix /), and
then compute the real matrix P
using the economic dispatch.

Step 3. Compute the objective function and
constraints and then compute the
fitness value (objective function
+weighted penalty constraints) of
each individual. Set K= 0.

Step 4. Set K=K+1

Step 5. Generate p, from p by applying
the selection operator.

Step 6. Transforim p, to p, using
crossover operator.

Step 7. Transform p, to p, by applying
the mutation eperator

Step 8. Transform p, to p, and p, to p,
by applying the repair and swap
operators.

Step 9. Set p=p, and evaluate the filhess

value of each individual
Step 10. If K< K, gotostep4.

Step 11. Designate the best solution
generated as the final solution and
stop.

4. CASE STUDIES

In order to test the proposed GA to solve
the UCP, two systems from literature,
solved by dynamic programming are
considered. The first system [8] consists of
10 units and a time horizon of 24 hours.
The data ol this system is given in Tables
(-3 respectively. The function used lo
compule the start-up costs of the units is the
two-slep lunction method.
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Table | System data | for 10-unit system

E.7

Unit > P. » y S, S, 1, Initial state
Bl ovwe | "MW | e | e | (9) D) 'hr' x(0)
1 455 150 8 8 4500 9000 5 8
2 455 150 8 8 5000 10000 5 8
3 130 20 4 4 550 1100 4 -5
4 130 20 4 4 560 1120 4 5|
5 162 25 6 6 900 1800 4 -6
6 80 20 3 3 170 340 2 -3
7 85 25 3 3 260 520 2 -3
8 55 10 I ] 30 60 0 -1
9 55 10 [ | 30 60 0 -1
| 10 55 10 I i 30 60 0 -1
Table 2 System data 2 for 10-unit system
Unit a b ¢ A, A
# '$' 'SIMW' SIMW? MWAE | MW/
1 1000 16.19 0.00048 80 80
2 970 17.26 0.00031 80 80
3 700 16.60 0.00200 20 20
4 6380 16.50 0.00211 20 20
5 450 19.70 0.00398 25 25
6 370 22.26 0.00712 IS LS
7 480 27.74 0.00079 20 20
8 660 25.92 0.00413 10 10
9 665 27.27 0.00222 10 10
10 670 27.79 0.00173 10 10
Table 3 Load pattern and spinning reserve for 10-unit sysiem
Hour 1 2 3 4 5 6 7 8
Load (MW) 700 750 850 950 1000 [ 1100 | 1150 | 1200
Reserve (MW) | 70 75 85 95 100 110 115 120
Hour 9 10 11 12 13 14 15 16
Load (MW) 1300 1400 (450 1500 1400 1300 1200 1050
Reserve (MW) | 130 140 145 150 140 130 120 105
Hour 17 18 19 20 21 22 23 24
Load (MW) 1000 | 1100 | 1200 1400 | 1300 | 1100 | 900 800
Reserve (MW) | 100 110 120 | 140 130 110 90 80
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The tuning parameters of GA for the two
test systems are as follows:
Population size: p=50

Probability of crossover: P2 =0.8
Probability of mutation: P, =0.05
Probability of repair operator: £, =0.7
Probability of swap operator: P.=0.3
Maximum no. of generations: K =400

Table 4 gives the generation schedule of the
units at each hour and the total production
cost during the time duration. Also, the
proposed GA was successfully applied to
a second system consists from 26 units. The
system load pattern and the spinning

reserve at each hour are given in table 5,
while the remaining system data is found in
[11]. The generation schedule at each hour
and the total production cost are given in
table 6. Table 7 presents a comparison of

- production cost and the solution time using

the proposed GA against dynamic
programming (DP) for 10 and 26-unit
systems. The results obtained from the
proposed GA are very encouraging,
because the production cost error obtained
is much less than of classical optimization
techniques, and the solution time is also
reduced. [t is expected that for larger unit-
systems, the computation time will be
significantly much reduced.

Table 4 Unit commitment schedule generated for 10-unit system

Unit Hour Production cost
# 123456789%91011121314151617 181920212223 24 ($/day)
1 000001t11 1 11 t 1 111 1 111000
2 | 00 0 0 0 T R T A ES OO O O U O O O
3 (o011t t 11100
4 IR N S N R e T T e
5 (1t b b L 565863.58
6 0 T T 1 T (T S S TS AR T S A O B IO OO
7 rtrrrr1rrirt ot B LE LT ]

8 (000111111 T 1t 1 11 100G OO0O0O0T1 1 i

9 |00000G0O0C0O1 1 T 1 I 11 00 OO0O0OQ 1 11

10 |[0000000001 t 1 1 0000 OO0O0O01 10
Table 5 Load pattern and spinning reserve for 26-unit system

Hour 1 2 3 4 5 6 7 8

Load (MW) 1820 1800 1720 1700 1750 1910 2050 | 2400

Reserve (MW) | 185 180 170 170 175 190 200 240

Hour 9 10 11 12 13 14 15 16

Load (MW) 2600 | 2600 2620 | 2580 [2590 | 2570 2500 | 2350

Reserve (MW) | 260 260 260 260 260 260 250 235

Hour 17 I8 19 20 21 22 23 24

Load (MW) 2390 2480 2580 2620 | 2600 [2480 | 2150 1900

Reserve (MW) | 240 250 260 260 260 250 215 190
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Table 6 Unit commitment schedule generation for 26-unit system

Commitment schedule

Hour

Unit aumber

12345678910111213141516171819 20212

[ ¥ ]

23242526

1 000000011001 1 0001 1T 11000111
2 (000000011001 1T 0001 11T 1000111
3 |00000001100 01 1 0001 7 11 000TT1]1]
4 (000000011001 L OOOI 1T 1 1TOO0OO 1 11
5 (000000011001 1T OO0OO1 T 1L LTI 1T ¥ 11
6 |0000O0OO0CII T 1T T 1T OOO! 1T 1T LT T T 1 11
7 (0000000111 1T 1 10001 1 1 1 11 ¢ 1 11
§ [000000O01TO 1 1 I 1 L 1T 1T v 1L i1 1 1 11
9 (00000001 FO T 1 1 1 L 101 1 1 1LV 1 11 11
10 (0000O0OOCITO 1T T 1T L1 11 1T 1 b1 11 1
11 (0000000110 1 1 1 L 1 L1 v 1L 1L 1 1 1 111
12 (0000000110 1 1 L b1 b1 1111 01 1 1
13 (00000001 FEO 1 I 1 1 1 11 L 11 L1 1 1 11
14 j0000000C11 0 1 1 1 1 1 1v 1 11 3 b1 1 11
15 (0000000110 1 1 1 ¢t 1 11 1 1 1 1 1 1L 1 11
16 |000000011 0 0 1 1 1 T v v 1 L1 1 1 1T 11
17 (0000000t71 0 0O 1 1 T vV 11V T LT 1 1 1 111
18 |000000COTT O 1T 1 1T 1T v+ 11 1T 11 1 1 1 1 11
19 (0000000110 1 1 v 1 1 01 11 B L1 1§k 11
20 |(00000GOOITO T 1T 1T T 1 Y1r b1 v b1 i 111
21 |0000000)1 O 1 1 1 1 11 v 1 1v L v [ 111
22 (000000011 0O 1 1T T T 111 11 b1 L1 11
23 (000000011 1 1 1T 10001 1 1 1 b1 L1 11
24 |[000000OI1 1T 1 1L 1T OOO1 11 1 1 1 1 1 11

Total Production cost (3/day) = 666554,

(73]

4

Table 7 Comparison results of the proposed GA against DP

Production cost Solution time
System (p.u) (Seconds)

DP GA DP GA
10-unit 1.0 1.0032 192 34
26-unit 1.0 1.0078 1830 72

5. CONCLUSION

algorithm-based approach to solve the
short-term  thermal  generating  unit

The genetic algorithm is general ~ commitment problem. Problem formulation
optimization technique suitable [(or solving and solution procedure considering the
multi-constraints, and combinatorial minimization of the total production cost
optimization problems. Since, the UCP is and system operating constraints are
a complex decision making process due to provided. The production cost includes fuel
multiple constraints, therefore GA s cost of operating units and the start-up cost,
suitable to model and handle the complex while the operational constraints include
mathematics of this problem  more capacity limits, spinning reserve, minimum

efficiently. This paper presents a genetic up/down time, and the ramp rates of each
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generating unit. The response of proposed
GA is improved by adding a repair and
swap mutation operators. The algorithm has
been successfully applied to 10 and 26
generating-unit systems to find the optimal
schedule of the wunits to meet the
requirements of system load demand during
a time duration of 24 hours. Also, the
obtained results are compared with those
obtained from dynamic programming
algorithm.  The  results show  the
effectiveness of the proposed GA to obtain
the optimal schedule with a sufficient
accuracy and low computation time. It is
expected that for larger unit- systems, the
computation  time will be  much
significantly reduced. The work in progress
is to obfain the optimal unit commitment
schedule by considering transmission
constraints and system losses.
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