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Abstract 
 

Economic Dispatch (ED) is one of the popular power system problems. It is solved by the grid system operators (GSOs) to find the 
cheapest production cost for dispatching power from generations to the demands (loads). It is crucial to have cheap production cost and 
at the same time satisfying all system constraints such as generating units’ operating limits, transmission lines capacity and spinning 
reserve. ED of generators with prohibited operating zones is considered as a nonconvex ED as it has inequality constraints that need to be 
considered. This inequality constraint is the operating limits of generating units that considering the allowable and prohibi ted operating 
zones. The generating units must be ensured, that they are only operated within the allowable limits to avoid problem with the equip-
ments that related to them. Some generating units will experience high vibration at certain level of operating limits and will burn more 
fuel to maintain at certain level of load. This paper presents an embedded technique to solve ED of generators problem with prohibited 

operating zones. The cloning process of Artificial Immune System (AIS) is inserted into Evolutionary Programming (EP) algorithm to 
form a new technique termed as Embedded Immune-Evolutionary Programming (EIEP). The proposed embedded technique has been 
tested on the IEEE 26-Bus Reliability Test System (RTS) with three different conditions of load. Besides that the results produced by the 
embedded technique has been compared with two single techniques which are AIS and EP. It is found that, the results of ED of genera-
tors with prohibited operating zones produced by EIEP is better than the two single techniques in terms of low total production cost. 
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1. Introduction 

Economic Dispatch (ED) is a substantial optimization issue in the 
power system operation. The aim of ED is to reduce the operating 
cost of the total power generation output. The generating units’ 
output is scheduled to comply with the required load demand at 
the lowest cost of operation while fulfilling system equality and 

inequality constraint. Moreover, the increasing complexity of 
power systems is due to the growth of the load demand, the usage 
of fossil fuels in thermal power plant also increases. Thus, there 
has been concern about the increase in fuel costs and gaseous 
emissions into the environment. Therefore, optimization is im-
portant to minimize gaseous emissions, minimize the total cost 
and managing the system stability and security constraint. 
Several techniques have been carried out by researchers and elec-
trical engineers to solve economic dispatch for the past ten years 

such as Simulated Annealing (SA) [1], Tabu Search (TS) [2], Dif-
ferential Evolution (DE) [3], Genetic Algorithm (GA) [4], Artifi-
cial Immune System (AIS) [5], Evolutionary Programming (EP) 
[6] and Particle Swarm Optimization (PSO) [7]. Nevertheless, 
most of the techniques applied are single optimization techniques 
which have drawbacks such as premature optimization results, 
long computational time and also getting stuck in local optima. 
Therefore, this paper proposed an embedded optimization tech-

nique termed as Embedded Immune-Evolutionary Programming 

(EIEP) to solve economic dispatch of generators with prohibited 
operating zones. An operator from Artificial Immune System 
(AIS) is inserted into the core optimizer of Evolutionary Pro-
gramming (EP). The reason for this insertion is to ensure that 
these two techniques AIS and EP are complementing each other to 

produce better optimization results of ED. Prior to the implemen-
tation of embedded immune-evolutionary programming, ED with 
prohibited operating zones of the IEEE 26-Bus Reliability Test 
System (RTS) was solved using two single techniques AIS and EP 
for the purpose of comparison. It is found that the EIEP outper-
formed the two single techniques in terms of giving better total 
production cost. 

2. Economic Dispatch with Prohibited Operat-

ing Zones Problem Formulation 

Economic dispatch of generators with prohibited operating zones 
has the objective function to minimise the total production cost 

defined by the total production cost which is expressed as a quad-
ratic function as shown in the equation (1). 
 

𝐶𝑡𝑜𝑡𝑎𝑙 =  ∑ 𝐶𝑖

𝑛
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Where 𝛼𝑖, 𝛽𝑖 and 𝛾𝑖 are the cost coefficients of the ith generating 

unit and are subjected to generating unit constraints. 
The constraints to be considered while optimizing the objective 
function are the real power balance constraint and the generators 
operating limits with prohibited operating zones which are shown 
in equation (2) and equations (4)-(8) respectively: 
 

𝑃𝑑𝑒𝑚𝑎𝑛𝑑 +  𝑃𝑙𝑜𝑠𝑠 =  ∑ 𝑃𝑖

𝑛

𝑖=1

 2 

 
Kron’s formula is used to calculate the total transmission loss 
shown in equation (3): 
 

𝑃𝑙𝑜𝑠𝑠 =  ∑ ∑ 𝑃𝑖

𝑛𝑔

𝑗=1
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Where 𝐵𝑖𝑗 , 𝐵0𝑖 and 𝐵00 are the components loss coefficient matrix. 

The cost curve for economic dispatch with prohibited operating 
zones is discontinuous. The operating limits of generating units 
are split into various zones which contain permissible and prohib-
ited operating zones. 
The permissible operating zones are as follows:  
 

𝑃𝑖(min)  ≤  𝑃𝑖  ≤  𝑃𝑖(1) 4 

 

𝑃𝑖(2)  ≤  𝑃𝑖  ≤  𝑃𝑖(3) 5 

 

𝑃𝑖(4)  ≤  𝑃𝑖  ≤  𝑃𝑖(𝑚𝑎𝑥) 6 

 
The prohibited operating zones are as follows: 
 

𝑃𝑖(1)  ≤  𝑃𝑖  ≤  𝑃𝑖(2) 7 

 

𝑃𝑖(3)  ≤  𝑃𝑖  ≤  𝑃𝑖(4) 8 

 

Where 𝑃𝑖(2) and 𝑃𝑖(4) are the lower bounds of the ith generating 

unit and 𝑃𝑖(1) and 𝑃𝑖(3) are the upper bounds of the ith generating 

unit. 

 
From equations (4)-(8), it can be seen that the constraint of gener-
ating units’ operating zones is nonconvex which have been de-
rived from the input-output characteristics of generating units with 
prohibited operating zones shown in Figure 1. 

 
Fig. 1: The input – output characteristics of generating units with prohibit-

ed operating zones . 

 

3. Implementation of Embedded Immune-

Evolutionary Programming Algorithm for 

ED of Generators with Prohibited Operat-

ing Zones 

As mentioned in introduction, an operator in AIS algorithm is 
inserted into the main optimizer of EP which is cloning process. 
This insertion will make the main optimizer to have additional one 
process. The cloning process will increase the chances of the ini-
tial population of control variables to be selected for the optimal 
solution of ED problem. The implementation process of the pro-
posed embedded immune-evolutionary programming algorithm to 
solve economic dispatch of generators with prohibited operating 

zones is presented in Figure 2. 

 
Fig. 2: Overall process of the EIEP for ED of generators with prohibited 

operating zones. 

 
The steps of the proposed EIEP for solving ED with prohibited 
operating zones are explained in details as follows: 
 
Step 1 – Initialization: 
Initialization is a process of generating random numbers of control 

variables that optimize the objective function. The random num-
bers are generated according to the system constraints which are 
the real power balance and generators operating limits with pro-
hibited operating zones. The size of population for each control 
variable is set to be twenty individuals. After that, the randomly 
generated control variables are used to evaluate the fitness of total 
production cost. 
Step 2 – Fitness 1 calculation: 

Fitness 1 is the total production cost which is calculated using 
equation (1). based on the generators’ operating costs. Twenty 
individuals of control variables and fitness 1 are added into par-
ent’s pool. 
Step 3 – Cloning Process: 
Each control variable of the parent population is cloned by a mul-
tiplier which is set to be 10. The cloned population will then be-
come 200 individuals. 
Step 4 – Fitness 2 calculation: 

Again the fitness of total production cost is calculated using the 
cloned individuals of control variables. The cloned parent popula-
tion and fitness 2 are then added into clone’s pool. 
Step 5 – Mutation:  
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Mutation is a process to transform the cloned parent’s population 
to offspring population. These offspring are generated based on 
the art of Gaussian mutation technique. The Gaussian  
 

𝑥𝑖+𝑚,𝑗 = 𝑥𝑖,𝑗 + 𝑁 (0, 𝛽(𝑥𝑗𝑚𝑎𝑥 − 𝑥𝑗𝑚𝑖𝑛) (
𝑓𝑖

𝑓𝑚𝑎𝑥

)) 9 

 
Where: 

𝑥𝑖+𝑚,𝑗 is mutated cloned parent (offspring), 

𝑥𝑖𝑗 is parents, 

β is mutation scale, 0<β<1, 

𝑥𝑗𝑚𝑎𝑥 is maximum random number for every control variable, 

𝑥𝑗𝑚𝑖𝑛 is minimum random number for every control variable, 

𝑓𝑖 is fitness for ith random number, and 

𝑓𝑚𝑎𝑥 is maximum fitness 

 
Step 6 – Fitness 3 calculation:  
For the third time, the fitness of total production cost is calculated 
using the mutated individuals of control variables. The mutated 
population and fitness 3 are added into offspring’s pool. 
Step 7 – Combination:  

The cloned parent and offspring are combined together in one 
matrix to make a total number of 400 individuals. The number of 
rows of the matrix will become double. 
Step 8 – Rank and selection:  
The selection technique is to sort the combined population in as-
cending order based on the fitness values. The twenty fittest indi-
viduals which have the most minimum total production cost will 
be selected.  The selected population is then considered for the 

next generation in the next evolution process. 
Step 9 – Convergence test:  
Convergence test is done to decide whether the EIEP algorithm 
can achieve the optimum solution based on the stopping criterion 
[2]. It can be said to be converged when the difference between 
the 1st and 20th fittest individuals is 0.00001. Otherwise, the pro-
cess will repeat Step 3 until it converges. 

4. Results and Discussion 

The EIEP for ED with prohibited operating zones has been tested 
on the of the IEEE 26-Bus Reliability Test System (RTS). Prior to 
that, ED with prohibited operating zones for the bus system has 
been solved using the single optimization techniques AIS and EP. 
The 26-Bus system has six generating units which are located at 

buses 1, 2, 3, 4, 5 and 26. 
The generating units’ operating limits with prohibited operating 
zones and their cost coefficients are shown in Table 1. The pro-
duction cost function of each generating unit is shown in Table 2. 
The unit for the production cost and generating unit’s output are in 
$/hr and MW respectively. 

The proposed EIEP for solving ED of generators with prohibited 
operating zones were tested with three different load conditions 
which are Condition 1 (No load increment), Condition 2 (50% 
load increment) and Condition 3 (100% load increment). By intro-
ducing these conditions, the performance of the proposed tech-
nique can be further assessed. Table 3 shows the results. The re-
sults of ED with prohibited operating zones are shown in Table 3, 
Table 4 and Table 5 respectively. 

It can be seen from the three tables that EIEP gives better results 
in terms of lowest production cost which are 7479.90 $/h, 7602.60 
$/h, and 9733.80 $/h. From Table 1, it can be seen that EIEP 
forced generating unit 1 less compared to the other two techniques 
which is only 59.84 MW. While for Condition 2 in Table 4, EIEP 
forced generating unit 2 more compared to the other techniques. 
This shows that generating unit 2 is cheaper than other units in the 
system for that particular demand (load). For Condition 3 which 

the load is increased 100%, it can be seen that generating unit 26 
produced the least power compared to other units for EIEP tech-
nique while generating unit 2 produced the least power for the 
other two techniques. It is known that the total production cost 
will increase as the demand (load) increases. 

 
Fig. 3: The IEEE 26-Bus Reliability Test System (RTS) 

 
Table 2: Generating units’ production cost function of IEEE 26-Bus 

Generator no. Cost function 

1 𝐶1 = 240 + 7.0 𝑃1 + 0.0070 𝑃1
2 

2 𝐶2 = 200 + 10.0 𝑃2 + 0.0095 𝑃2
2 

3 𝐶3 = 220 + 8.5 𝑃3 + 0.0090 𝑃3
2 

4 𝐶4 = 200 + 11.0 𝑃4 + 0.0090 𝑃4
2 

5 𝐶5 = 220 + 10.5 𝑃5 + 0.0080 𝑃5
2 

26 𝐶26 = 190 + 12.0 𝑃26 + 0.0075 𝑃26
2  

Table 1: IEEE 26-Bus RTS operating limits with prohibited operating zones and their cost coefficients 

Generator no. Gen. 1 Gen. 2 Gen. 3 Gen. 4 Gen. 5 Gen. 26 

𝑷𝒎𝒂𝒙 

(MW) 
500 200 300 150 200 120 

𝑷𝒎𝒊𝒏 

(MW) 
100 50 80 50 50 50 

α 

($/M𝑴𝟐𝒉𝒓) 
0.007 0.0095 0.009 0.008 0.008 0.0075 

β 

($/M𝑴𝟐𝒉𝒓) 
7 10 8.5 11 12 12 

γ 

($/hr) 
240 200 220 200 220 190 

Prohibited operating zone (MW) 

Zone 1 210 – 240 90 – 110 150 – 170 80 – 90 90 – 110 75 – 85 

Zone 2 350 – 380 140 – 160 210 – 240 110 – 120 140 – 150 100 – 105 
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5. Conclusion  

The EIEP for solving ED problem with prohibited operating zones 
has been presented in this paper. Three conditions of load have 
been introduced to study the performance of the proposed tech-
nique. Furthermore, the proposed embedded technique has been 
compared with two single optimization techniques: AIS and EP. 

From the results produced by the three techniques, it can be con-
cluded that EIEP is the best technique to solve ED of generators 
problem with prohibited operating zones. The cloning process of 
AIS that inserted into the core EP program plays an important role 
to increase the chances of the EIEP algorithm to find the best op-
timal solution of ED with prohibited operating zones. 
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Table 3: Results of ED with prohibited operating zones obtained using AIS, EP and EIEP for Condition 1 

Optimization tech-

nique 

Generating units output (MW) Total production 

cost ($/h) Pg1 Pg2 Pg3 Pg4 Pg5 Pg26 

AIS 111.34 185.25 173.83 31.30 192.12 59.18 9466.30 

EP 150.53 137.70 143.57 30.70 158.89 60.27 8412.20 

EIEP 100.00 59.84 132.67 136.40 78.16 87.44 7479.90 

 

Table 4: Results of ED with prohibited operating zones obtained using AIS, EP and EIEP for Condition 2 

Optimization tech-

nique 

Generating units output (MW) Total production 

cost ($/h) Pg1 Pg2 Pg3 Pg4 Pg5 Pg26 

AIS 171.33 73.06 205.76 130.24 54.96 87.41 8878.80 

EP 291.08 85.66 140.47 63.89 74.97 112.83 9219.70 

EIEP 157.56 174.52 80.01 83.66 51.18 50.05 7602.60 

 

Table 5: Results of ED with prohibited operating zones obtained using AIS, EP and EIEP for Condition 3 

Optimization tech-

nique 

Generating units output (MW) Total production 

cost ($/h) Pg1 Pg2 Pg3 Pg4 Pg5 Pg26 

AIS 120.29 161.87 196.53 141.26 162.63 99.17 11015.70 

EP 109.54 54.50 274.96 138.63 186.98 88.32 10770.90 

EIEP 147.97 112.09 140.75 149.51 183.22 50.22 9733.80 

 


