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Abstract—This paper presents a solution to the maximum 

loadability problem of power systems.  One of the approaches 

to maintain voltage stability of power systems is determining 

the maximum loadability limit. That is to estimate the margin 

between the system operating point and the maximum loading 

point. This power system problem is formulated as a 

maximization problem, or in other words, an optimization 

problem. A dynamically improved bacterial foraging 

algorithm, which is one of the heuristic techniques, has been 

improved and utilized to solve this problem. The bacterial 

foraging algorithm is one of the non-calculus-based 

optimization technique inspired by the foraging behavior of the 

E. coli (Escherichia coli) bacteria. The basic version of the 

algorithm has been successfully applied to solve a wide range 

of optimization problems. Nevertheless, for large-scale 

problems, its convergence properties are evidenced to have 

serious shortcomings. In order to tackle these drawbacks, 

considering its high-dimensioned search space, major 

adjustments were formulated to improve the basic algorithm. 

The utilized algorithm was tested and validated using two well-

known power systems. In the results, the algorithm 

demonstrated high competency to solve the maximum 

loadability problem showing a good performance. 

Keywords—Bacterial foraging algorithm, maximum 

loadability, power system optimization, voltage stability. 

I. INTRODUCTION 

Power systems in steady state conditions have to operate 
in equilibrium. Moreover, after the occurrence of any 
disturbance in the system, this state of equilibrium should, to 
an acceptable extent, be restored. This definition of system’s 
stability should be realized so that voltage instability 
problems can be avoided. In fact, power systems are 
comprehensively exposed to voltage instability due to 
various reasons associated to different operating conditions. 
Extensively stressed systems with heavily increased loading 
is one of the reasons for voltage instability. The failure to 
meet the reactive power demand is another factor that leads 
to voltage instability. Other reasons could be the poor 
voltage profiles and unscheduled outages of network 
elements. One of the possible impacts of voltage instability is 
the voltage collapse cases in which undesirable low voltage 
profiles could be recorded in some major zones of the power 
system [1]. In spite of the high correlation, it should be noted 
that the concept of maximum loadability should be 
distinguished from voltage stability. In fact, maximum 
loadability could be linked to the static characteristics of the 
system and not certainly to stability limits. However, it is 
undisputable that the chance for voltage instability 
occurrence increases as the system operation point is closer 
to the maximum loadability limit [2]. The maximum loading 
point is represented by the nose point of the P-V curve 
shown in Fig. 1. This curve reveals that for a certain load 

demand, two feasibilities are existing. The one that the power 
systems are operated in is the upper part of the curve with 
high voltage-low current profile. This part of the curve 
represents the static and dynamic stability region of the 
system operation.  

 

Fig. 1. P-V curve and maximum loadability point 

The voltage collapse on the P-V curve is defined by the 
point where the solutions match. Obviously, the system loses 
equilibrium and voltage stability beyond this point. For 
constant loading, the voltage collapse point is the maximum 
loading limit [3].  The influence of voltage stability indexes 
on the power system operation, as a critical constraint, 
motivated the researchers to investigate this phenomenon 
comprehensively. In the literature, various techniques have 
been proposed to tackle this problem as an optimization 
problem and determine the maximum loadability point. One 
of these approaches is the continuation power flow method 
presented in [4]. Other classic deterministic optimization 
methods have also been employed in this area such as the 
Sequential Quadratic Programing algorithms and Interior 
Point method [5]. Due to some convergence drawbacks 
associated with these methods, especially when applied to 
large-scaled constrained nonlinear problems, evolutionary 
non-calculus-based and heuristic methods have also been 
utilized. Among these is the Genetic Algorithm (GA) 
technique [6], Particle Swarm Optimization (PSO) [7-9] and 
Ant Colony Optimization (ACO) [10]. Bacterial Foraging 
Algorithm (BFA) is one of the heuristic nondeterministic 
techniques that have been applied to solve various power 
system optimization problems. This evolutionary method 
was inspired by the foraging behavior of the E coli bacteria 
[11]. The basic BFA was applied to propose an optimized 
load stabilizers [12]. It was also employed to solve the power 
flow problem [13, 14]. In [15] the BFA was used to 
determine the harmonic estimation for power systems.  
Nevertheless, the basic BFA is linked to crucial and poor 
convergence characteristics especially when applied to large-
scaled high-dimensioned constrained nonlinear and 
nonconvex functions [16, 17]. Modified and improved BFA 
have been widely proposed to solve a number of power 
system optimization problems such as Economic Load 
Dispatch (ED) [18-20], and Hydrothermal Scheduling [21-
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25]. In this paper, a Dynamic Modified Bacterial Foraging 
Algorithm (DMBFA) is presented and applied to solve the 
maximum loadability problem of power systems. The 
reminder of the paper is organized as follows: Section II 
provides the formulation of the problem. In Section III, the 
DMBFA is described. Simulation results are demonstrated in 
Section IV. The conclusion is drawn in Section V. 

II. MAXIMUM LOADABILITY  

The Maximum Loadability problem is formulated as a 

nonlinear constrained optimization problem [5]. 

A. Objective Function 

The objective of the problem is to find the maximum 
loading of a power system taking into consideration the 
operational constrains of the system [5]. The maximum 
loadability problem is formulated as follows: 

 𝑀𝑎𝑥 𝑓 = 𝜆                                                         (1) 

where λ is the load incremental parameter with reference to 
the current operating point of the system. This parameter is 
bounded by its initial value which is 0 and its upper limit 
λcollapse at the voltage collapse point. Accordingly, the power 
demand of the buses increases instantaneously as follows: 

 𝑃𝑑𝑖 = 𝑃𝑑𝑖0 + 𝜆𝑃𝑑                                            (2) 

 𝑄𝑑𝑖 = 𝑄𝑑𝑖0 + 𝜆𝑄𝑑                                              (3) 

Pdi and Qdi are the active and reactive power at the ith load 
bus, while Pdi0 and Qdi0 are the initial active and reactive 
power at the ith load bus.   

B. Constraints 

The system constraints include bus voltage magnitude 
limits, power generation upper and lower limits, switchable 
capacitor limits and transformer tap changer limits. 

• Load balance 

 𝑃𝑔𝑖 − 𝑃𝑑𝑖 = |𝑉𝑖| ∑ |𝑌𝑖𝑗||𝑉𝑗|cos (𝛿𝑖 −𝑁
𝑖=1 𝛿𝑗 − 𝜃𝑖𝑗)   (4) 

 𝑄𝑔𝑖 − 𝑄𝑑𝑖 = |𝑉𝑖| ∑ |𝑌𝑖𝑗||𝑉𝑗|sin (𝛿𝑖 −𝑁
𝑖=1 𝛿𝑗 − 𝜃𝑖𝑗)  (5) 

where the number of buses is N and the voltage profile of the 
ith bus is |Vi| and δi while the ith element of the system’s Ybus 
matrix is |Yij| and θij. 

• Power generation upper and lower limits 

𝑃𝑔𝑖,𝑚𝑖𝑛 ≤ 𝑃𝑔𝑖 ≤ 𝑃𝑔𝑖,𝑚𝑎𝑥                                     (6) 

𝑄𝑔𝑖,𝑚𝑖𝑛 ≤ 𝑄𝑔𝑖 ≤ 𝑄𝑔𝑖,𝑚𝑎𝑥                                    (7) 

• Bus voltage magnitude and angle limits 

     |𝑉|𝑚𝑖𝑛 ≤ |𝑉|𝑖 ≤ |𝑉|𝑚𝑎𝑥                                      (8) 

     𝛿𝑖,𝑚𝑖𝑛 ≤ 𝛿𝑖 ≤ 𝛿𝑖,𝑚𝑎𝑥                                           (9) 

• Transformer tap changer limits 

      𝑇𝑘,𝑚𝑖𝑛 ≤ 𝑇𝑘 ≤ 𝑇𝑘,𝑚𝑎𝑥                                      (10) 

• Switchable capacitor limits 

     𝑄𝑐𝑖,𝑚𝑖𝑛 ≤ 𝑄𝑐𝑖 ≤ 𝑄𝑐𝑖,𝑚𝑎𝑥                                   (11) 

In the above equations; the number of generating units is Ng, 
the number Nb is the number of system buses, Nt is the 
number of tap changing transformers and Nsc is the number 
of switchable shunt capacitors. 

III. THE DYNAMIC MODIFIED BFA 

In this section, the basic BFA is introduced first. 
Afterwards, the dynamic BFA which is applied to solve the 
maximum loadability problem is demonstrated. 

A. Bacterial foraging algorithm (BFA) 

 The BFA is a heuristic  optimization technique which is 

motivated by the foraging behavior of the E coli. Bacteria 

[11]. BFA was introduced in order to find the optimal 

solution vector for non-differentiable and non-gradient 

complex objective functions. The hyperspace search is 

performed using three main operations; chemotaxis, 

reproduction and elimination dispersal activities [11]. The 

chemotaxis process is carried out by swimming and 

tumbling. The bacterium spends its life alternating between 

these two modes of motion. In the BFA, a tumble is 

represented by a unit length in a random direction, ( )j

which specifies the direction of movement after a tumble. 

The size of the step taken in the random direction is 

represented by the constant run-length unit, C (i). For a 

population of bacteria, the location of the ith bacterium at the 

jth chemotactic step, kth reproduction step and lth 

elimination/dispersal event is represented by 

( , , )
i p

j k l  . At this location the cost function is 

denoted by ( , , , )J i j k l , which is also known as the nutrient 

function. After a tumble, the location of the ith bacterium is 

represented by [11]: 

( 1, , ) ( , , ) ( , ) ( )
i i

j k l j k l C i j j  + = +                 (12) 

When at ( 1, , )
i

j k l + the cost function ( , 1, , )J i j k l+  is 

lower than ( , , , )J i j k l , another step of size C(i,j) in the 

same direction is taken. This operation is repeated as long as 

a lower cost is obtained until a maximum number of steps, 

Ns, is reached. The cost function of each bacterium is 

affected by a kind of swarming that is performed by the cell-

to-cell signaling released by the bacteria groups to form 

swarm patterns. This swarming is expressed as follows [11]: 
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where dattract, ωattract, hrepellant and  ωrepellant are coefficients 

represent the characteristics of the attractant and repellant 

signals released by the cell and 
i

m
 is the mth  component of 

ith bacterium position 
i

 . ( , , )P j k l is the position of each 

member of the population of the S bacteria and defined as 

[11]: 
 

  ( , , ) ( , , ) | 1,2,...,iP j k l j k l i S= =             (14) 
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where S is the size of the bacteria population. The function 

which represents the cell-to-cell signaling effect is added to 

the cost function [11]: 

( , , , ) ( , )
cc

J i j k l J P+                                 (15) 

A reproduction process is performed after taking a 

maximum number of chemotactic steps, Nc. The population 

is halved so that the least healthy half dies and each 

bacterium in the other healthiest one splits into two bacteria 

which takes the same position [11]: 

2
r

S
S =                 (16) 

After Nre reproduction steps an elimination/dispersal 

event takes place for Ned number of excisions. In this 

operation each bacterium could be moved to explore another 

parts of the search space. The probability for each bacterium 

to experience the elimination/dispersal event is determined 

by a predefined fraction ped. 

B. Dynamic Modified bacterial foraging algorithm  

In the basic BFA, the length unit step is fixed. This 

could be satisfying for small linear minimization or 

maximization problems. However, it may not be guaranteed 

that good convergence properties can be obtained if it is 

applied to solve large-scaled nonlinear optimization 

problems. Search spaces than involve high dimensionality 

require more dynamic characteristics to converge to global 

minima. In order to achieve the desired results using this 

algorithm, the run-length parameter is adjusted so that it 

could be dynamically adaptive.  In fact, the main factor that 

controls the local and global search capability of the BFA. 

Accordingly, balancing the exploration and exploitation of 

the search could be accomplished by modifying the run-

length unit. A decreasing nonlinear dynamic function is 

augmented to execute the swim walk as an alternative of the 

constant length unit step. This function is formulated as 

[18]: 

          ( )
( , ) ( )

( , 1)
( )

C

C

C C

C i j C N
C i j N j

N C N

−
+ = −

+

 
 
 

         (17) 

where  j is the chemotactic step index and Nc is the 

maximum number of chemotactic steps while C(Nc) is the 

initial predefined parameters. 

IV. SIMULATION RESULTS 

The proposed DMBFA was implemented to determine 

the maximum (optimal) loadability for two well-known 

IEEE 30 bus and 118 IEEE power systems. The algorithm 

was implemented and coded in MATLAB and executed on 

an Intel Core i7-8750H 2.20GHz personal computer with 8 

GB RAM. In order to check for consistency, 40 independent 

runs were conducted with different random initial solution 

for each run. Results obtained were compared with those of 

some other methods. The various algorithm parameters were 

tuned independently since they are problem-dependent. A 

considerable number of preliminary runs were executed 

individually so that the optimal parameter combination was 

obtained.  

A. IEEE 30-bus power system 

The IEEE 30 bus system consists of six generating units, 

four transformers and 41 branches. The system 

configuration can be found in [26]. Results obtained for 

maximum bus voltage amplitude and angle at the maximum 

loading point are shown in Table I. These results were 

compared to those obtained by some other evolutionary 

techniques previously employed to solve the problem. These 

are Differential Evolution (DE) [27], Multi Agent-based 

Hybrid Particle Swarm Optimization (MAHPSO) [28] and 

Cuckoo Search Algorithm (CSA) [29]. The comparison is 

demonstrated in Table II. 

TABLE I.        30 BUS SYSTEM: BUS VOLTAGES AT THE MAXIMUM LOADING. 

Bus 

No. 

Bus Voltage Bus 

No. 

Bus Voltage 

|V| pu δ° |V| pu δ° 

1 1.0000 0.0000 16 0.9688 -12.4516 

2 1.0000 -3.0056 17 0.9877 -12.8725 

3 0.9884 -4.9857 18 0.9789 -12.8865 

4 0.9698 -5.6455 19 0.9875 -13.2156 

5 0.9849 -5.9899 20 0.9845 -13.4125 

6 0.9768 -5.6542 21 0.9812 -12.5141 

7 0.9874 -8.4526 22 1.0000 -13.0011 

8 0.9888 -8.6548 23 1.0000 -12.2658 

9 0.9745 -9.8423 24 0.9823 -13.2122 

10 0.9878 -10.6584 25 0.9804 -11.8546 

11 0.9778 -11.5652 26 0.9837 -11.5847 

12 0.9698 -11.0021 27 0.9768 -10.1143 

13 1.0000 -5.2353 28 0.9856 -9.7845 

14 0.9785 -12.1845 29 0.9781 -13.4842 

15 0.9793 -12.2114 30 0.9832 -13.8801 

TABLE II.  30 BUS SYSTEM: COMPARISON OF THE RESULTS. 

Method 
Maximum power 

 pu 

MAHPSO 2.6081 

DE 2.6709 

CSA 2.8396 

DMBFA 2.9284 

 

B. IEEE 118-bus power system 

In order to confirm the proficiency of the proposed 

algorithm, it was applied to a larger scale power system. The 

IEEE 118 bus test system diagram is offered in [26]. This 

system consist of 54 generation buses, 64 load buses, and 

186 branches. It also has 9 transformers and 14 switchable 

capacitor bank [29]. The algorithm was successfully applied 

and the results obtained were satisfactory compared to other 

approaches in the literature. These results were compared to 

those obtained by Differential Evolution (DE) [27], Multi 

Agent-based Hybrid Particle Swarm Optimization 

(MAHPSO) [28] and Cuckoo Search Algorithm (CSA) [29] 

as shown in Table III. 

TABLE III.  118 BUS SYSTEM: COMPARISON OF MAXIMUM LOADABILITY. 

Method 
Maximum power 

 pu 

MAHPSO 56.4500 

DE 56.5430 

CSA 62.5671 

DMBFA 62.9865 
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V. CONCLUSIONS 

In this paper a dynamically adapted bacterial foraging 

algorithm was applied to solve the maximum loadability of 

power systems. This problem was formulated as an 

optimization problem considering the various system 

operation constraints such as voltage magnitude limits, 

power generation upper and lower limits, switchable 

capacitor limits and transformer tap changer limits. The 

dynamic algorithm is a modified bacterial foraging 

technique with a dynamic nonlinear function augmented to 

adaptively update the solution vector and enhance the 

convergence properties of the algorithm. An adaptive 

stopping criterion was also designed for the algorithm to 

reduce its computation timing. Simulation results have 

validated the robustness and efficiency of the applied 

algorithm for the maximum loadability problem. Two well-

known IEEE power systems were utilized to test and 

compare the algorithm and to show its superiority. 

Comparison with some selected non-deterministic 

evolutionary techniques demonstrates that the applied 

algorithm has achieved competitively better results than 

those obtained by the other methods. 
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