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a b s t r a c t

In this paper, an improved algorithm based on Pattern Search method (PS) to solve the Dynamic Eco-
nomic Dispatch is proposed. The algorithm maintains the essential unit ramp rate constraint, along with
all other necessary constraints, not only for the time horizon of operation (24 h), but it preserves these
constraints through the transaction period to the next time horizon (next day) in order to avoid the dis-
continuity of the power system operation. The Dynamic Economic and Emission Dispatch problem
(DEED) is also considered. The load balance constraints, operating limits, valve-point loading and net-
work losses are included in the models of both DED and DEED. The numerical results clarify the signifi-
cance of the improved algorithm and verify its performance.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The Dynamic Economic Dispatch (DED) formulation allows for a
more advanced treatment of the Economic Dispatch problem (ED).
The addition of certain periods of time in which the traditional ED
is scheduled and operated, and the variation of the load demands
over this period of time, have made the DED a more realistic rep-
resentation of real conditions. The introduction of the ramp-up
and ramp-down constraints in DED – in addition to the load bal-
ance constraints, operating limits, valve-point loading and network
losses – has added an important aspect to the formulation. Further-
more, the concern about air pollution has also been taken into
consideration. The combined Dynamic Economic and Emission
Dispatch (DEED) have been addressed as a result of increased
awareness of the need to reduce the release of harmful gases into
atmosphere.

The DED was introduced in 1971 by Bechert and Kwanty [1].
The authors overcame the drawbacks of applying static optimiza-
tion methods by combining economic load allocation and an addi-
tional control action. This combination was called the dynamic
optimal control and is considered to be the foundation of the
DED. Many modifications and additions have been proposed since
to the original formulation. Ross and Kim [2] introduced a set of
procedures and algorithms that protect the generation units from
over-responding to the change of the predicted load. The authors
split the large problem into smaller subproblems, and then solve

each subproblem using forward dynamic programming. In [3] a
particle swarm optimization (PSO) method is proposed to solve
DED, in which the ramp rate limits, prohibited zones constraints
and the non-smooth cost functions were all taken into consider-
ation. A comparison between the proposed method and the genetic
algorithm (GA) was undertaken to verify the quality of the algo-
rithm. In the most recent publication [4], a new multiple tabu
search algorithm (MTS) was presented and discussed. The authors
considered most of the DED problem constraints, such as load de-
mand, spinning reserve capacity, ramp rate limits and prohibited
zones. The results of this novel algorithm were compared with
PSO, ordinary tabu search, GA and simulated annealing (SA) meth-
ods to demonstrate the applicability and the superiority of MTS in
DED applications.

The work reported in this paper regarding the DED problem has
been conducted in the context of the following two journal papers.
First, the authors of [5] used the simulated annealing (SA) method to
solve the DED problem on a model that consists of five unit genera-
tors with non-smooth fuel cost functions. The unit ramp constraints
for the five units were observed and maintained throughout the per-
iod of 24 h and the results were assumed to be global or near global.
However, the authors admitted that the computing times were long
and they suggested parallel processing as a solution. In the second
paper, Basu [6] solved the Dynamic Economic Emission Dispatch
(DEED) problem using evolutionary programming based fuzzy sat-
isfying method. Moreover, the author treated the optimization
problem as a minimax where the cost and the emission are compet-
ing to be the priority function by a decision maker (DM). Although
the author listed the achieved optimal or near optimal total cost
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solutions, but unfortunately the outputs of each unit for the period
of 24 h were not presented, as it was done in [5]. In addition, the
solution of the EDE problem presented in [5] has not taken in con-
sideration the consistency of the unit ramp constraints for all of
the units in operation during the transaction time between one
24 h period to another. In other words, to avoid violating the unit
ramp constrains after a period of 24 h, the controller must shut
down the whole power system and restart it again. This paper offers
a solution how to rectify this drawback by improving the algorithm
and making the necessary adjustments to ensure the continuity of
the unit ramp constraint during the transaction time.

In this paper, a new approach to solve the Dynamic Economic
Dispatch problem is developed and its results are compared with
similar approaches in the literature. The proposed algorithm
implements the Pattern Search (PS) method to solve the DED and
DEED problems. After a brief introduction to PS is presented, the
problem formulation is described in Section 3, followed in Section
4 by numerical results and comparison with other approaches
[5,6].

2. Pattern Search method

The Pattern Search (PS) optimization routine is an evolutionary
technique that is suitable to solve a variety of optimization prob-
lems that lie outside the scope of the standard optimization meth-
ods. Generally, PS has the advantage of being very simple in
concept, easy to implement and computationally efficient. Unlike
other heuristic algorithms, such as genetic algorithms [7,8], PS pos-
sesses a flexible and well-balanced operator to enhance and adapt
the global and fine tune local search. A useful review of direct
search methods for unconstrained optimization is presented in
[9], whereas details of the implementation adopted in this paper
may be found in [10] and [11].

The Pattern Search (PS) algorithm proceeds by computing a se-
quence of points that may or may not approach the optimal value.
The algorithm starts by establishing a set of points called a mesh,

around the given point. This current point could be the initial start-
ing point supplied by the user or it could be computed from the
previous step of the algorithm. The mesh is formed by adding
the current point to a scalar multiple of a set of vectors called a pat-
tern. If a point in the mesh is found to improve the objective func-
tion at the current point, the new point becomes the current point
at the next iteration. The flow chart of the process is shown in Fig. 1
(based on [10]).

3. Problem formulation

The formulation of the Dynamic Economic Dispatch consists of
the traditional formulation of the ED scheduled over a period of
time and supplemented by certain system bounds and operational
constraints. In this section, the formulation of the DED is presented
and the addition of an emission index is also considered. The objec-
tive function of the ordinary DED is as follows:

f1 ¼ F ¼
XM

m¼1

XN

i¼1

FimðPimÞ ð1Þ

with the incremental fuel cost functions of the generation units
with valve-point loading represented as:

FimðPimÞ ¼ aiP
2
im þ biPim þ ci þ jei sinðfiðPimin � PimÞÞj ð2Þ

where ai; bi; ci; ei; f i are the cost coefficients of ith unit, Pim is the
output power of ith unit at time m, Pimin is the lower generation
bound for ith unit, N is the number of generation units, M is the
number of hours in the time horizon.

If the emission index is considered, then the following addi-
tional term should be added to the formulation

f2 ¼ E ¼
XM

m¼1

XN

i¼1

EimðPimÞ ð3Þ

and the amount of emission of each generator can be expressed
[6,12] by

Fig. 1. PS flow chart [10].
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EimðpimÞ ¼ aiP
2
im þ biPim þ ci þ gi expðdiPimÞ ð4Þ

The following term is considered as the objective function to the
combined economic and emission dispatch and the minimization
problem is represented as

Min ðf1 þ f2Þ ¼ Min ðF þ EÞ ð5Þ

subject to

real power balance

XN

i¼1

Pim ¼ PDm þ PLm ð6Þ

real power operation limits

Pi minhPimhPi max; i 2 N; m 2 M ð7Þ
generating unit ramp rate limits

Pim � Piðm�1Þ 6 URi; i 2 N; m 2 M

Piðm�1Þ � Pim 6 DRi; i 2 N; m 2 M
ð8Þ

where i = 1, 2, . . . , T. PDm is the load demand at time m, PLm is the
transmission line losses at time m, Pimax is the upper generation
bound for ith unit, and URi and DRi are the ramp-up and ramp-down
rate limits of the ith generator, respectively.

3.1. System loss representation

It should be noted that the so-called B-coefficients, or loss coef-
ficients, have been adopted to model the system losses in the
above formulations. The representation using B-coefficients is suit-
able for interpretation of the real power system losses under cer-
tain conditions. If the actual operating conditions are close to the
base case, where B-constants were computed, then the B-coeffi-
cients method should compute the system losses with reasonably
high accuracy [13,14]. In other words, the use of constant values
for the loss coefficients in the equation for transmission losses
yields good results when the coefficients are calculated for some
average operating condition and assuming that extremely wide
shifts of load between plants, or in the total load, do not occur.
In practice, large systems are often represented using just one set
of loss coefficients which are sufficiently accurate throughout the
daily variations of load on the system [14].

4. Numerical results

As mentioned before, the Dynamic Economic Dispatch (DED)
formulation is a more realistic representation of a real scenario fac-
ing power station operation and control engineers, since DED
solves the ED problem for 24 h with different load demands in each
hour. However, the addition of new constraints in the DED formu-
lation increases the complexity of the model compared to the or-
dinary ED. Consequently, the addition of the generation unit

ramp rate limits, which restrict the change of the production of
power in generating units between the hours of operation to a cer-
tain boundary, has increased the difficulty of the path to the opti-
mal solution.

The section is divided into three sub-sections, the first describ-
ing the DED problem with fuel cost only, the second solving the
DED problem with fuel cost and emission, and finally the third
showing an improved algorithm to solve the second problem.

4.1. Dynamic Economic Dispatch (fuel cost only)

The system consists of five power generation units and only the
fuel cost is considered in this case. The system data, transmission
loss formula coefficients and load demand for 24 h were taken
from [5] and are listed in Tables 1 and 2, respectively, whereas
the transmission loss formula coefficients are:

B¼

0:000049 0:000014 0:000015 0:000015 0:000020
0:000014 0:000045 0:000016 0:000020 0:000018
0:000015 0:000016 0:000039 0:000010 0:000012
0:000015 0:000020 0:000010 0:000040 0:000014
0:000020 0:000018 0:000012 0:000014 0:000035

2
6666664

3
7777775

per MW

In [5] a simulated annealing (SA) technique was used to solve
this DED problem. The PS method has now been applied to the
above system. A comparison between the two methods is given
in Tables 3 and 4. It can be seen that the PS performance exceeds
that of SA in terms of both fuel costs and execution times. Further-
more, both algorithms should maintain all constraints after the last
hour when moving to hour number one on the next day; however,
this is not the case. Hence the violated generators should be shut
down and restarted again every day. To clarify this shortcoming,
some of the cells in Table 4 were highlighted, namely units 2 and
5 which violated the generating unit ramp rate limits. To rectify
this problem, an improved algorithm has been developed and will
be presented in Sub-section 4.3.

Detailed information regarding the system’s power losses every
hour of the day, total losses and the percentage of the total losses
are given in Table 5. One of the main objectives of the proposed
method is to reduce the generating power losses in the system,
which will lead to minimizing the total cost. PS have decreased
the total losses to 1.32% (192.2059 MW), which may be considered
as an acceptable percentage in the electrical power industry.

4.2. Dynamic Economic Dispatch (fuel and emission)

In this case, the system consists of five power generation units
and the system data, transmission loss formula coefficients, and
load demand for 24 h were taken from [6]. The transmission loss
formula coefficients and the load demand for 24 h are the same
as in Sub-section 4.1. Furthermore, the data of the system is given
in Table 6.

In this case, two approaches were attempted. The first tech-
nique solves the DED with a combined objective function. In other
words, the fuel cost and the emission are combined into one objec-
tive function and then minimized. The second procedure solves the
fuel cost and emission separately. It should be mentioned that no
weighting factors were assigned to this minimization problem,
and the algorithm’s default weighting factor was 0.5.

4.2.1. Solving DED with combined objective functions
The case of combining the cost and emission objective functions

is presented in this section. Table 7 lists all the outputs of the five
generators for the period of 24 h. Moreover, the load demand and
the unit ramp constraints are maintained throughout Table 7.

Table 1
Data for five units system.

Quantities Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

ai ($/h) 25 60 100 120 40
bi ($/MW h) 2.0 1.8 2.1 2.0 1.8
ci ($/(MW)2h) 0.0080 0.0030 0.0012 0.0010 0.0015
ei ($/h) 100 140 160 180 200
fi (1/MW) 0.042 0.040 0.038 0.037 0.035
Pimin (MW) 10 20 30 40 50
Pimax (MW) 75 125 175 250 300
UR (MW/h) 30 30 40 50 50
DR (MW/h) 30 30 40 50 50
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The total fuel cost and the emission index produced by PS
are $47,911 per day and 18,927 lb/day, respectively. From Figs. 2

and 3, it can be easily seen that PS yields the lowest overall fuel
cost and the lowest emission index compared to EP and SA.

Table 8 shows the losses of the five generators every hour of the
24 h period of operation. In addition, the total losses of the system
and the percentage of these losses to the total generation of the
units are also presented. It is worth mentioning that the default
weighting factor of 0.5 was used in this part of the paper.

4.2.2. Solving DED with separated objective functions
In this sub-section the DEED problem was solved twice with

each objective function separately and results are shown in Table 9.

Table 2
Load demand for 24 h.

Time (h) Load (MW) Time (h) Load (MW) Time (h) Load (MW) Time (h) Load (MW)

1 410 7 626 13 704 19 654
2 435 8 654 14 690 20 704
3 475 9 690 15 654 21 680
4 530 10 704 16 580 22 605
5 558 11 720 17 558 23 527
6 608 12 740 18 608 24 463

Table 3
Comparison between SA and PS.

Method SA PS

Best fuel cost ($/day) 47,356 46,530
Best run time (s) 351.98 272.2

Table 4
Generators power production for 24 h.

Hour nos. P1 (MW) P2 (MW) P3 (MW) P4 (MW) P5 (MW)

1 24.906 21.200 75.570 77.970 214.07
2 10.127 20.011 112.695 66.783 229.57
3 10.000 20.000 112.673 107.675 229.52
4 40.000 28.854 112.673 124.908 229.52
5 57.127 40.350 112.673 124.908 229.52
6 74.990 70.290 112.798 128.204 229.52
7 72.974 90.794 112.798 128.204 229.52
8 72.457 88.052 112.799 160.204 229.52
9 49.623 98.539 112.673 209.815 229.52

10 64.011 98.540 112.673 209.815 229.52
11 48.365 98.540 144.674 209.816 229.52
12 68.948 98.540 144.674 209.816 229.52
13 63.819 98.540 144.67 177.816 229.52
14 65.578 114.54 112.67 177.816 229.52
15 60.739 114.54 80.67 177.816 229.52
16 30.739 86.402 112.673 127.816 229.52
17 40.238 86.402 112.673 95.816 229.52
18 50.207 98.540 112.673 124.91 229.52
19 75.000 98.540 112.673 147.32 229.52
20 75.000 100.02 112.673 197.32 229.52
21 75.000 98.540 112.673 174.06 229.52
22 60.784 82.540 145.673 126.06 197.52
23 36.140 75.376 113.673 142.06 165.52
24 50.871 91.377 81.673 110.06 133.52

Table 5
Power losses for 24 h.

Hour nos. Power losses (MW) Hour nos. Power losses (MW)

1 3.717 13 10.366
2 4.186 14 10.127
3 4.868 15 9.288
4 5.955 16 7.150
5 6.578 17 6.649
6 7.803 18 7.847
7 8.290 19 9.049
8 9.032 20 10.53
9 10.168 21 9.791

10 10.559 22 7.575
11 10.914 23 5.767
12 11.497 24 4.499

Total losses = 192.21 (MW) Percentage of losses = 1.32%

Table 6
System data.

Quantities Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

a ($/h) 25 60 100 120 40
b ($/MW h) 2.0 1.8 2.1 2.0 1.8
c ($/(MW)2h) 0.0080 0.0030 0.0012 0.0010 0.0015
d ($/h) 100 140 160 180 200
e (rad/MW) 0.042 0.040 0.038 0.037 0.035
a (lb/h) 80 50 60 45 30
b (lb/MW h) �0.805 �0.555 �1.355 �0.600 �0.555
c (lb/MW2h) 0.0180 0.0150 0.0105 0.0080 0.0120
g (lb/h) 0.6550 0.5773 0.4968 0.4860 0.5035
d (lb/MW) 0.02846 0.02446 0.02270 0.01948 0.02075
Pimin (MW) 10 20 30 40 50
Pimax (MW) 75 125 175 250 300
UR (MW/h) 30 30 40 50 50
DR (MW/h) 30 30 40 50 50

Table 7
Generators power production for 24 h.

Hour nos. P1 (MW) P2 (MW) P3 (MW) P4 (MW) P5 (MW)

1 16.927 86.655 59.803 180.54 69.929
2 46.927 98.540 34.315 209.81 50.000
3 75.000 98.540 46.925 209.81 50.000
4 75.000 98.540 86.925 209.81 65.937
5 75.000 98.540 112.67 209.81 68.732
6 75.000 98.540 113.78 209.81 118.73
7 73.574 98.540 112.66 209.81 139.73
8 70.320 98.540 112.66 209.81 171.73
9 74.206 98.540 145.66 209.81 171.73

10 74.961 104.40 174.97 209.81 150.17
11 74.923 98.556 174.98 209.81 172.48
12 63.544 98.556 174.98 209.81 204.48
13 58.467 98.556 174.98 209.81 172.48
14 60.132 114.56 174.98 209.81 140.48
15 55.194 114.56 142.98 209.81 140.48
16 43.254 98.558 110.98 177.81 156.48
17 52.662 98.558 110.98 145.81 156.48
18 71.799 98.558 142.98 145.81 156.48
19 75.000 98.540 175.00 174.54 139.75
20 75.000 114.78 175.00 209.81 139.76
21 75.000 98.540 166.52 209.81 139.76
22 60.946 82.540 135.52 177.81 155.76
23 53.984 98.540 112.67 127.81 139.76
24 36.844 98.540 80.673 159.81 91.760
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The PS performed better with the combined objective function
(Section 4.2.1) than this trial. Further trials were carried out but
no improvement in the emission index was achieved.

4.3. Dynamic Economic Dispatch (improved algorithm)

An improved version of the algorithm which can eliminate the
drawback of violating the unit ramp constraint after the 24 h per-
iod is presented here. It guarantees the consistency of the unit
ramp rate for the next day of the units operation (which the previ-
ous method in [5] did not). Due to the significance of the unit ramp
rate constraint in electric power systems, improvements to the ini-
tial program code were undertaken to resolve the weakness that

appeared in the previous algorithms. The implementation of this
improved version of the algorithm has been carried on the com-
bined Dynamic Economic emission fuel (DEED) problem men-
tioned in Sub-section 4.2.1.

The improvements that were incorporated into the original
algorithm may be summarized as follows: (1) the interconnection
between the last hour and the next first hour in the time horizons,
(2) the redefinition of the upper and lower limits after the addition
of the unit’s ramp-up and ramp-down constrains. The first part of
the improvements has eliminated the violation of the unit ramp
rate constraints between the last hour of the operation period
and the first hour in the next operation period. However, this has
led to the increase of the computation time, and this has instigated
the second feature. Since the DED has unit ramp rate constraints,
when the search starts, new upper and lower limits are defined
in accordance with the units’ ramp-up and ramp-down limits. As
a result, the improved algorithm does not need to search the whole
range between the upper and lower limits of the generator, and the
redefined range is set by the units’ ramp-up and ramp-down
bounds. This feature has reduced the scope of search leading to de-
creased computational times.

Table 10 illustrates the outcome for the five units over the 24 h
operation time. It can be seen that the unit ramp rate constraint
has not been violated for the five generators. In other words, the
units can be operated after the 24th hour to the 1st in the next
day without the need to be concerned about the unit ramp rate
limits of the units. This has not been the case in the method pro-
posed in [5], where there are three unit ramp rate violations in
units 2, 3 and 5 (see Table 3 in [5]).

Table 11 shows the comparison between the proposed method
and the results of EP and SA that have been reported in [6]. The PS

Table 10
Generators power production for 24 h.

Hour nos. P1 (MW) P2 (MW) P3 (MW) P4 (MW) P5 (MW)

1 16.8272 36.051 107.190 102.65 150.75
2 41.5366 20.000 112.673 124.91 139.76
3 58.7964 43.480 112.673 124.91 139.76
4 75.0000 73.480 122.627 124.91 139.76
5 75.0000 98.540 126.239 124.91 139.76
6 75.0000 98.540 166.239 136.08 139.76
7 75.0000 98.540 175.000 145.78 139.76
8 75.0000 98.540 175.000 174.54 139.76
9 75.0000 100.34 175.000 209.82 139.76

10 75.0000 114.78 175.000 209.82 139.76
11 75.0000 125.00 175.000 209.82 146.04
12 75.0000 125.00 175.000 209.82 166.63
13 75.0000 114.78 175.000 209.82 139.76
14 75.0000 100.23 175.000 209.92 139.76
15 75.0000 102.50 135.893 209.83 139.77
16 62.0234 86.499 168.89 177.83 91.77
17 46.0234 88.296 168.89 177.83 83.51
18 16.0234 98.540 157.98 209.82 133.51
19 39.8480 98.540 175.00 209.82 139.76
20 69.8480 119.96 175.00 209.82 139.76
21 46.2456 119.96 142.00 209.82 171.76
22 33.2429 103.95 110.00 177.82 187.76
23 33.50 87.95 78.00 193.81 139.76
24 12.52 65.80 105.50 143.90 139.76
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Fig. 2. Fuel cost comparison.
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Fig. 3. Emission comparison.

Table 8
Power losses for 24 h.

Hour nos. Power losses (MW) Hour nos. Power losses (MW)

1 3.856 13 10.30
2 4.598 14 9.970
3 5.280 15 9.032
4 6.217 16 7.092
5 6.761 17 6.501
6 7.869 18 7.638
7 8.317 19 8.838
8 9.062 20 10.36
9 9.949 21 9.638

10 10.32 22 7.584
11 10.76 23 5.773
12 11.38 24 4.632

Total losses = 191.73 (MW) Percentage of losses = 1.32%

Table 9
Results of separated objective functions.

EP PS

Fuel cost ($/day) 46,777 46,530
Emission (lb/day) 17,966 18,192
Run time – 294.94

Table 11
Comparison between EP, SA, and PS results.

EP SA PS

Fuel cost ($/day) 48,628 48,621 47,911
Emission (lb/day) 21,154 21,188 18,927
Run time (s) – – 514.25
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has achieved the lowest fuel cost and emission when compared to
EP and SA. However, the computation time of the algorithm in-
creased to 514.25 s.

5. Conclusion

In this paper, an improved algorithm based on the Pattern
Search method has been employed successfully to solve the Dy-
namic Economic Dispatch and Dynamic Economic and Emission
Dispatch problems. The proposed algorithm maintains the units’
ramp-up and ramp-down constraints after the end of the time
horizon of operation to ensure the cyclic continuity. This feature
has not been previously considered in the literature. Many other
conditions and constrains were also observed and sustained such
as load balance, operation limits, valve-point loading, and network
losses. The proposed algorithm has been demonstrated to perform
well when applied to the DED and DEED problems.
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