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Abstract— The profit based unit commitment problem
involves determining the time intervals at which a particular
generating unit should be online and available for generation,
and the associated generation or dispatch, the aim being to
maximize its total profits based on a given price profile. This
problem can be attacked by various techniques like single unit
dynamic programming, lagrangian relaxation, genetic
algorithm; particle swarm optimization etc. this paper
describes how a dynamic programming optimization method
is used to solve this complex optimization problem. All the
usual unit constraints like minimum up time, minimum down
time, and ramp up, ramp down limits are considered, after
which results for the chosen 26 generating units are presented,
and discussed.

Index Terms— unit commitment, deregulation, dynamic
programming, mat lab.

I. INTRODUCTION

Since most systems supplying services to the human
population experience cyclical in nature like transportation
systems, communication systems etc. Generally the total load
is higher during day time and early evening when most of the
industrial loads are high, lights are on, and lower during late
evening and early morning when most of the population is
asleep. In addition, the use of electric power has a weekly
cycle, the load being lower over weekend than weekdays.
Why is this problem in the operation of an electric power
system? Why not just simply commit enough units to cover
the maximum system loads and leave them running? Note that
to "commit" a generating unit is to "turn it on", i.e. to bring the
unit up to speed synchronize it to the system, and connect it so
that it can deliver power to the network. The problem with
"commit enough units and leave them on line" is one of
economics. It is quite expensive to run too many generating
units. Turning units off when they are not needed can save a
great deal of money. Hence, electricity generating companies
and power systems has the problem of deciding how best to
meet the Varying demand for electricity.
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Il. UNIT COMMITMENT PROBLEM

The unit commitment problem is to schedule available
generators (on or off) to meet the required loads at a minimum
cost subject to system constraints which are.

1. The total output of all the generating units must be equal to
the forecast value of the system demand at each time-point.

2. The total spinning reserve from all the generating units
must be greater than or equal to the spinning-reserve
requirement of the system. This can be either a fixed
requirement in MW or a specified percentage of the largest
output of any generating unit. (The purpose of the
spinning-reserve requirement is to ensure that there is
enough spare capacity from the units on-load or 'spinning'
at any time to cover the accidental loss of any individual
generating unit, or to meet higher than expected demands.)

3. Minimum up time: Once the unit is running, it should not
be turned off immediately.

4. Minimum down time: Once the unit is decommitted (off),
there is @ minimum time before it can be recommitted.

5. The output power of the generating units must be greater
or equal to the minimum power of the generating units.

6. The output power of the generating units must be smaller
or equal to the Maximum power of the generating units.

I11. COST CALCULATION

Mainly, the total power production can be separated into two
parts that is start-up cost and operating cost.

1) Start-up cost is warmth-dependent, corresponding to the
hot, warm or cold condition of each generating unit, as
determined by the time that the unit has been off-loaded. Its
value depends on the shutdown time; alpha, beta and t which
can be obtained from Unit

Data. SU; = ¢, + B (1—exp(—X g ; / 7;)) Where SU |
Start-up cost of unit i at time interval t. «; : Combined crew
start-up
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Costs and the equipment maintenance costs of unit i, /;:

Cold Start-up cost of unit i, 7;: Cooling time constant of unit

X;ﬁ ; - Continuous offline time of unit i at time interval t

2) Each generating unit has a 'no-load’ or fixed operating cost
and a number of incremental operating costs, which can define
a non-linear profile of operating costs.

IV. UCP UNDER DEREGULATION

The unit commitment problem can be analyzed in two
situations. The first one is the unit commitment before the
restructuring of electric power systems, while the second one
is based on the system after deregulation. Before the
restructuring of electric power systems it is the point of
generation part of utility and after deregulation it is the Point
of Generation Company wishing to optimize their operation,
which is minimum production cost for the first case and
maximize profit for the second case. The restructuring and
deregulation of electric power systems have resulted in
market-based competition by creating an open market
environment. A restructured system allows the power supply
to function competitively, as well as allowing consumers to
choose suppliers of electric energy. In a regulated framework,
an electric utility serves the customers of a certain region
under tariffs calculated to guarantee the recovery of its costs.
In this situation, a power generating utility solves the UCP to
obtain an optimal production schedule of its units to meet
customer demand. The optimal schedule is found by
minimizing the production cost over a given time interval
while satisfying the demand and the set of operating
constraints. The minimization of the production costs assures
maximum profits because the power generating utility has no
option but to reliably supply the prevailing demand. The price
of electricity over this period is predetermined. Therefore; the
decisions on the operation of individual units have no effect
on the firms’ revenues. Under deregulation the price of
electricity is however no longer predetermined. The unit
commitment decisions in this situation are based on the
expected market price of electricity rather than on the demand
although these variables are usually correlated. in a
deregulated power systems there will be mainly three
components exists .one is power producer and second is power
consumers and last one is independent system operator which
acts as a mediator between power producers and power
consumers, usually the independent system operator will
forecast the load demand at each and every instant of our and
accepts the bids and prices from producers and consumers to
meet this load demand.
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V. PROBLEM FORMULATION

The unit commitment problem under deregulation can be
stated as follows:

“For an electric utility or a power producer with M generating
units, and given a certain market price profile it is required to
determine the start-up/shut-down times and the power output
levels of all the generating units at each time interval t over a
specified scheduling period T. so that the generator’s total
profit is maximized, subject to the unit constraints.”

The cost function will be given by the formula as below:-

toff toff
Fri =[(inc * D PH+SU™ + > nlfU|
ton ton
inc : Incremental cost of segment k of unit i

[$/MWh], k=1,2and 3;

nlik : No-load cost of segment k of unit i [$/h],
k=1,2and 3;

P™™, P,"®: The lower and upper generation limits of unit i
respectively in - [MW];

eil,eizz The first and second elbow points of the
piece-wise linear cost Function of unit i, respectively [MW].

Production Cost [$/h]

Cutput power, P/ [MW]

Fig.1 piece wise linear cost function
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The UCP under deregulation can be formulated by first
defining the following:

Let U/ =0 ifunitiis offline during time interval t;
U/ =1 ifunitiis online during time interval t;
X = Cumulative up time during time interval t if X | >0;

X it = Cumulative down time during time interval t if X it <0;

Thermal units are subject to a variety of constraints. The unit
constraints that must be satisfied during the maximization
process are:

1. Unit limits-units can only generate between given limits:

U P™ < P'< U/ P™ Fori=I,2,3..Nand t=1, 2, 3...
T

2. Unit minimum up time constraint:

(XT-T®)U-UY) = 0 for i=1, 2, 3..N and =1, 2,

3...T, Where T;"" is the minimum up time constraint [h].
3. Unit minimum down time constraint:

(= X-TO")U-U ™) > 0 for i=1, 2, 3..N and t=1, 2,

3...T Where T, is the minimum down time constraint [h]

4. Unit ramp-up constraint- the amount a unit’s generation can
increase in an Hour. P'-P"™ <R™ For i=12...N and

t=1,2... T, Where R, is the ramp-up constraint [MW/h].

5. Unit ramp-down constraint-the amount a unit’s generation

can decrease in an Hour. P'"- P' < R®" For i=1,2...N

and t=1,2...T Where R

[MW/h].

is the ramp down constraint

The limit at start-up is given by
P' <Max (R, P™)fori=1,2..Nand t=12...T

The limit at shut down is given by:
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P! <Max (R*",P™") fori=1,2.. Nand =1,2...T
6. Unit status restrictions-certain units may be required to be
online at certain time intervals (must run), or may become
unavailable due to planned maintenance or forced outage
(must not run), due to operating constraints, reliability
requirements, or economic reasons.

7. The initial conditions of the units at the start of the
scheduling period must be considered. Plant crew constraints
were not considered (thermal plants may have limits on the
number of units that can be committed or decommitted in a
given time interval due to manpower limits). Also, units may
be derated (i.e. have their generating limits reduced), or
required to operate at pre-specified generation levels. These
restrictions were also ignored. The start-up cost in any given
time interval t depends on the number of hours a unit has been
off prior to start-up. This can be modeled by an exponential
function of the form:

SU; =a; + S (1—exp(-X o /7))

Where ;. Combined crew start-up costs and equipment
maintenance costs [$];

B Cold start-up cost [$];

X;ﬁyi - Number of hours the unit has been offline [h];

T..

i Unit-cooling time constant [h].

The shutdown cost. SD;, Is usually given a constant value for
each unit per shutdown and in this dissertation is assumed to
be zero. The total production cost, FT‘i , for each unit at each

time interval is the sum of the running cost, start-up cost and
shutdown cost during that interval.

toff toff
Py =[(inc Y P +SUP + > nlf U
ton ton

The profit at each time interval is calculated by subtracting
the total production cost during that interval from the revenue,
a negative profit indicates a loss
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Profit = (4 *P")U; —F,
(A *P')U/ = Revenue at time interval t.

As mentioned previously, the prices, A', can be actual market
prices or an estimate of how they would fluctuate, and are
given in [$/MWh]. The total profit for unit i is then given by

T
Total profit= Z Pr ofit;

t=1

The main complication arises from the unit minimum up and
down time constraints. When a unit is committed, it incurs a
cost equal to its start-up cost. It then has to stay online until its
minimum up time constraint has been satisfied before it can be
shut down again. Similarly, once a unit is decommitted, it has
to remain offline for as long as its minimum down time
constraint requires before it can be recommitted.
Another difficulty lies in the time-dependent nature of the
start-up cost. Although committing a unit at a particular point
in the scheduling period may not be the most profitable choice
at that instant, it may still yield a better solution over the entire
study period compared to the case in which the unit remained
offline at the aforesaid point in time. This option may have
been totally lost during the optimization process though
economic disqualification; i.e. if the feasible state associated
with starting up the unit had been discarded because it
incurred a loss during start-up.

Thus the utility has to decide whether to:

a) Keep a unit committed even when the price is low during a
particular period, incurring fuel cost during that period
with the hope that the profit made in the following period
when the price is high, together with the savings achieved
from not having to start up the unit at the start of or during
the high-price period would offset the losses; or

b) Shut down the unit during the period of low price and
incur a cost when starting up the unit for the following
high-price period.

Note that in the second case, the unit might have to forfeit any

profit it would otherwise have been able to attain in the period

of high price if its minimum down time constraint required
that it remained offline during that period (or part of it).

Similar decisions must be considered when moving from a

high-price period to a low —price period.

These considerations, compounded with the other unit

constraints discussed above. Clearly render this a very

complex problem, as making the wrong decisions could
significantly reduce the profitability of the unit. Fortunately,
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there are several possible techniques that can be used to solve
this problem.

VI. APPLICATION OF DP METHOD
VLI SINGLE UNIT DYNAMIC PROGRAMMING

In determining an optimal commitment schedule, there are two
decision variables P' and U where P,' denotes the amount

of power to be generated by unit i at time t and Uit is the

control variable whose value is chosen to be “1” if the
generating unit i is committed at hour t and “0” otherwise (of

course if U, =0,then P.' =0) the cost of the power produced

by the generating unit i depends on the amount of fuel
consumed and is typically approximated by a quadratic cost
function and later it was approximated by piece wise linear
cost function. The startup cost can be calculated using
equation 4.9. In addition to startup cost the generating unit
must satisfy all the constraints (minimum up time, minimum
down time, ramp up and ramp down, minimum power and
maximum power generation) as discussed in the previous
chapter.

V1.1l DECOMPOSITION INTO SUB-PROBLEMS

The objective function is total profit, revenue minus cost over
the interval [1, T]. The revenue during hour t is obtained from
supplying the quantity stipulated under the long-term bilateral
contracts and by selling surplus energy (if any) to the power

pool at the market price, A' ($/MWh). The cost includes
those of producing the energy, buying short falls (if needed)
from the power pool, and the start-up costs. Defining the

amount to be sold under the bilateral contract by |t (MWh),
the contract price by R ($/MWh), and the amount of energy
bought or sold from the market by E,, we solve the
optimization problem by maximizing the expected profit over
the period [1, T]. (A positive value of E, indicates that

E, (MWh) is bought from the power poll and a negative value

indicates that

—E, (Mwh) is sold to the pool. The objective function is
given by:
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Max

T M
E{Z{It R-Z Et - Z FTt,i}
t=1 i=1

This is under the case that the cost function is represented by
piece wise linear cost characteristics. If cost function is same
as in the form of quadratic cost function then the objective
function will become

Max

EQ AR - 2E, - Y [CF,(R)+SU (X )A-U U}

where CF, (P')=F;;(P') =2, (P!)* +b,P" +¢; butwe

usually consider that the cost function will be represented by
piece wise linear cost characteristics because this
representation will fetch us to take the values of cost function
as discrete values. And hence the objective function will be

T M
given by Max E{> {I,R-A'E, =) F }since the
t=1 i=1

quantity ItR is a constant, the optimization problem reduces
to:

T M
Max  EQ {-1E -> F}
t=1 i=1

toff toff
Where Ff; =[(inc/ Y P")+SU™ + > nlf U subject
ton ton

to the following constraints (for t=1...T, i=1...M)

M
1) Load: E, +Z:F’it =1,
i=1
2) Capacity limits: U/ P™" < P'<U! P™
3) Minimum up time: Uit >1(1< Xit’1 < tiUP -1)

4) Minimum down time:
Ul <T—1(=t™ +1< X < —1) Where 1(X)=0if X
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is false, =1 if X is true. And
X <0

Ui=1 if X[>0, 0 if

M
After substituting in the objective function E, + Z P! =1
i=1

T M M
Max  EQ {-2(,-D.P)-D F}
t=1 i=1 i=1
Which after removing the constant term is equivalent to

Max E{i iﬂﬂvf ~FL}

t=1 =1

Subject to the operating constraints, the optimization problem
is now separable by individual units. The optimal solution can
be found by solving M-decoupled sub problems. Thus the sub
problem for the i th unit is

T
Max E{ZﬂtPit - FTt,i}
t=1

Subject to the operating constraints of the i™ unit. The main
problem is similar to the sub-problem obtained in the standard
version of the UCP using the lagrangian relaxation method;
except that the values of Lagrange multipliers are now
replaced by the market price of electricity A" and the expected
value is being maximized. When the optimization sub-
problem is solved for a particular unit, we assume that the
market consists of N generating units (N will be much larger
than M). The generating unit for which the sub-problem is
solved is excluded from the market. Excluding a unit from the
market does not influence the spot price because of the
existence in all likelihood of a number of generating units with
almost equal marginal costs, ready to produce if any of The
infra-marginal (or marginal) units are unavailable.

VIL.SINGLE UNIT DYNAMIC PROGRAMMING

Dynamic programming (DP) was the earliest optimization-
based technique to be applied to the UC problem and is still
used extensively all over the world. The DP technique
employs a systematic searching algorithm that tries to achieve
the optimal solution without having to access all the possible
combinations. The unit commitment problem can be solved
using a dynamic programming algorithm. This technique can
be applied because:
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1) The problem satisfies the principle of optimality if all parts 12 |1 j1(1f1|1|1|1)1j1{1 |1 (11|00
of an optimal solution are themselves optimal solutions to 13 |0 |1]1j1)1j1|1]1]1]1 |1 ]1]0]O
Sub-pr0b|em5. 14 0 Oj1|1j1(1j1j1|1|1 1 1 1 1
2) The number of relevant sub-problem depends on a limited 15 10 joj1j1)1)171/21)1}1 j1 )1 /1 J1
number of smaller sub-problems. ig 8 8 i 1 1 i i 1 i i 1 1 i 1
3) The number of relevant sub-problems is limited by the unit 8 1o lolalilalilalil1l1 (1 711
constraints. 19 [0 |o|1|af2la]a]2]|2 |1 |11 |1
20 (O |Of2j21j1)21j1f1|2}j1 |1 |1 (1|1
21 {0 |OfOj2j1j21j1f1|2}j1 |1 |1 (1|1
VII.I THE DYNAMIC PROGRAMMING ALGORITHM 22 10 lololilzl1lal2l 11 1 111 [1
The unit commitment problem can be solved in a bottom-up 23 |0 (0021 1]1]2/1]1]21 |1 )1 /1|1
manner, whereby: 24 |0 Jolafafafaafa]1]21 11 ]1[1
' 25 |1 l1j1j1)1j1(1)1}1(1 (1|1 |1 |1
1) The smallest sub-problems are solved first. This 26 (1 |1j1f{21f1f1|1)1|1|{1 |11 |1 |1

corresponds to finding the feasible states (whether 0 or 1),
the associated nominal generation or dispatch. And the
profit that it would entail for each unit at each time

interval.

2) These solutions are then combined to solve larger sub- ilin T=1 )2 3 4 ° 6 ! 8
problems. In this case the individual profits of each 1 00 |00 100 |40 |80 120 | 120 | 12.0
feasible solution path are added together to give the total 2 |00 |00 |00 |40 |80 |120 120 | 120
Profit over the scheduling period, after which the path with 3 0.0 0.0 0.0 4.0 8.0 120 | 120 | 12.0
the highest total profit is determined. This gives the 4 00 |00 |00 |40 |80 12.0 | 12.0 | 12.0
optimal schedule for that unit for a given price profile. 5 |00 |00 |00 |40 |80 |12.0 | 120|120

. o . . 6 |00 (00 |00 |00 |OO |00 [0.0 |80

3) Finally, the individual maximum total profits are summed 7 100 100 |00 loo o0 |00 |00 I|so
over all the units in the utility to give its maximum total 8 |00 |00 oo |00 o0 |00 |00 |80
profit for a given price profile. 9 00 |00 |00 |00 (00 |00 |00 |80

The dynamic programming algorithm is given as follows: 10 | 15.2 | 30.2 | 45.2 | 60.2 | 75.2 | 76.0 | 76.0 | 76.0

. 11 | 15.2 | 30.2 | 45.2 | 60.2 | 75.2 | 76.0 | 76.0 | 76.0

e Specify the rule that relates large problems to small 12 1152 1302 1452 602 | 752 1 760 | 76.0 | 76.0
problems. 13 [ 0.0 [20.0 | 40.0 | 60.0 | 76.0 [ 76.0 | 76.0 | 76.0

e Store the partial feasible solutions of each sub problem. 14 |00 |00 |25.0 |50.0 | 750 | 100. |100. | 100.

e Extract the final solution for main problem considering all 0 0 0
So|utions from Sub prob'emsl 15 OO OO 300 600 900 100 100 100

VIII. RESULTS 010 |0
16 |00 |00 |30.0|60.0|090.0 |100. |100. | 100.

STATES (U) FOR 1-26 UNITS 0 0 0

17 | 0.0 | 0.0 | 100. | 155. | 155. | 155. | 155. | 155.

Un |t= [2]3|4|5|6|7]|8]9|1 |1 ]1 1 ]1 0 0 0 0 0 0
it |1 0]1 ]2 |3 |4 18 [ 0.0 |0.0 |[150. | 155. | 155. | 155. | 155. | 155.
1 o (oflof2f|afaflafafal2 |22 1 |2 0 0 0 0 0 0
2 o (oflof2f|afaflafafal2 |22 1 |2 19 (00 |0.0 |[150. | 155. | 155. | 155. | 155. | 155.
3 o (oflof2f|afaflafafal2 |22 1 |2 0 0 0 0 0 0
4 o (oflof2f|afaflafafal2 |22 1 |2 20 [ 0.0 |0.0 |150. |155. | 155. | 155. | 155. | 155.
5 o |ofof2f|afafafafal2 |22 1 |12 0 0 0 0 0 0
6 0 (ofjof1f|afafa|afal2 |2 ]2 ]O]|O 21 |00 [0.0 |00 |197.|197. |197. |197. | 197.
7 0 (ofjof1f|afafa|afal2 |2 ]2 ]O]|O 0 0 0 0 0
8 0 (ofjof1f|afafa|afal2 |2 ]2 ]O]|O 22 |00 |00 |00 |[197.[197. |197. |197. | 197.
9 0 (ofjof1|afafa|af{al2 |2 ]2 ]O]|O 0 0 0 0 0
10 |1 [2]2lal2l2lal2l2l2 212 lo]o 23 |00 |00 |00 |1297. 197 |197.|197. | 197.
11 (1 |21f2(2|1|1f{1f{1f{1fl12 (1|1 1]01]0O 0 0 0 0 0
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24 1 0.0 |00 |200. |350. |350. |350. |350. | 350.
00 00 00 00 00 00

25 | 250. | 400. | 400. | 400. | 400. | 400. | 400. | 400.
00 00 00 00 00 00 00 00

26 | 250. | 400. | 400. | 400. | 400. | 400. | 400. | 400.
00 00 00 00 00 00 00 00

1 T=9 10 11 12 13 14

2 12.0 12.0 120 |12.0 | 120 12.
0

3 12.0 12.0 120 |12.0 | 120 12.
0

4 12.0 12.0 120 |12.0 | 120 12.
0

5 12.0 12.0 120 |12.0 |12.0 12.
0

6 12.0 12.0 12.0 |12.0 | 12.0 12.
0

7 16.0 20.0 20.0 | 100 |0.0 0.0

8 16.0 20.0 20.0 | 100 |0.0 0.0

9 16.0 20.0 20.0 | 100 |0.0 0.0

10 16.0 20.0 20.0 | 100 |0.0 0.0

11 76.0 76.0 76.0 | 76.0 | 76.0 76.
0

12 76.0 76.0 76.0 | 76.0 | 76.0 76.
0

13 76.0 76.0 76.0 | 76.0 | 76.0 76.
0

14 76.0 76.0 76.0 | 76.0 | 76.0 76.
0

15 100.0 100.0 | 100.0 | 100.0 | 100.0 | 10

0.0

16 100.0 100.0 | 100.0 | 100.0 | 100.0 |10

0.0

17 155.0 155.0 | 155.0 | 155.0 | 155.0 | 15

5.0

18 155.0 155.0 | 155.0 | 155.0 | 155.0 | 15

5.0

19 155.0 155.0 | 155.0 | 155.0 | 155.0 | 15

5.0

20 155.0 155.0 | 155.0 | 155.0 | 155.0 | 15

5.0

21 197.0 197.0 | 197.0 | 197.0 | 197.0 | 19

7.0

22 197.0 197.0 | 197.0 | 197.0 | 197.0 | 19

7.0

23 197.0 197.0 | 197.0 | 197.0 | 197.0 | 19

7.0

Final Solution (For All (26) Units)
UNIT TOTAL PROFIT

FOR (T=14)
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HOURS
1 1414.134
2 1396.929
3 1377.049
4 1359.646
5 1342546
6 151.066
7 140.274
8 129.071
9 118.107
10 19122.986
11 19084.224
12 19047.897
13 19207.385
14 18663.634
15 18795.565
16 18696.600
17 44956.134
18 45002.021
19 44936.085
20 44875.456
21 29841.747
22 29614.585
23 29377.709
24 103351.435
25 132119.379
26 132066.055
TOTAL PROFIT

776190.00($/MWh)

X1. CONCLUSION

The profit based unit commitment problem under deregulated
environment has been solved using single unit dynamic
programming and lagrangian relaxation technique. The
algorithm has been developed for 26 generating unit system
and profit is obtained for each generator for the scheduled
time period.
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