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Abstract 

This study presents an integrated methodology to enhance voltage stability and operational security in the North West Ethiopian 

power grid by addressing system vulnerabilities and optimizing load-shedding strategies. A hybrid simulation-optimization 

framework is developed, combining DIgSILENT PowerFactory-based contingency analysis with Particle Swarm Optimization 

(PSO)-driven intelligent load shedding in MATLAB. The modeled power network comprises 2 generators, 15 buses, 15 

transmission lines, and 3 external grids. Vulnerability assessment is conducted using Voltage and Overload Performance Indices 

(PIV and PIP) to rank critical elements under various contingencies. The analysis identifies the BDII-230 to GOII transmission 

line as the most vulnerable, where its outage causes voltage drops to 0.908 p.u. at Gondar and 0.923 p.u. at Metema, both falling 

below acceptable operational limits. Under increased load conditions (50% and 75% load factor), the Gondar bus experiences 

severe voltage deterioration, dropping to 0.8879 p.u., which significantly stresses system stability. Through PSO-based load 

shedding, the voltage at Gondar is restored to 0.9538 p.u., demonstrating a 7.4% improvement, while excessive real power (e.g., 

at BDII230) is reduced from 1.3235 to 0.8958 p.u. under 50% load increase, effectively stabilizing the system. The proposed 

PSO framework outperforms conventional load-shedding mechanisms by factoring in bus sensitivity and minimizing overall 

power shed while maximizing voltage recovery. The results provide actionable insights for grid operators and planners, 

establishing a reliable and scalable method for real-time contingency response in developing power networks. 
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1. Introduction 

Electrical energy remains a cornerstone of modern civili-

zation, underpinning virtually every aspect of daily 

life—from residential and industrial applications to commu-

nication systems and entertainment technologies. Its inherent 

versatility and ease of utilization have made it indispensable 

across sectors. Although the ideal scenario involves situating 

power plants close to end-users, practical constraints such as 

resource availability and environmental considerations often 

necessitate remote generation sites. To overcome this spatial 

disparity, high-voltage transmission lines play a critical role 

by transporting electricity over long distances to local distri-

bution networks, which in turn deliver power to consumers [1, 

2]. 

Power systems are vulnerable to disruptions, so perform 

steady-state contingency analysis to identify potential weak-

nesses. Proactively strengthening the grid's structure and 

planning for contingencies, can enhance the continuity and 

stability of power supply [1]. Power systems can be disturbed 

by various factors, including equipment failures, communi-

cation breakdowns, human error, and severe weather [2]. 

They are the problem of the security analysis applications in a 

power system and understanding these factors helps power 

system operators and engineers devise strategies to enhance 

reliability and minimize disruptions. The purpose of ranking 

vulnerability value in the power system is to the identification 

of risk level of a power system in case of an unforeseen 

catastrophic contingency [3]. 

This research is motivated by the need to enhance the re-

silience of power systems against unforeseen contingencies. 

The primary objective is to develop a robust framework for 

assessing system vulnerability and implementing effective 

load shedding strategies to mitigate the impact of disturb-

ances. 

This paper has made main contributions to this research: 

1) To analyze the effect of the severe power and network 

outage events on the system. 

2) To study performance index calculation for ranking of 

system vulnerability. 

3) Analyze power outage scenarios and assess their impact 

on grid stability, particularly voltage level. 

4) Develop a system that utilizes a PSO-based 

load-shedding strategy to achieve optimal response to 

contingency events. 

Authors in [4] discussed the impact of load shedding on 

frequency and voltage systems. One of the factors that influ-

ence system stability is frequency and voltage stability. So, 

frequency and voltage stability need to be considered during 

electrical power planning and operation to avoid system os-

cillation that leads to partial or full blackouts. Load shedding 

needs to be done to restore the system to normal condition 

after system disturbance. However, its limitation is not con-

sidering how many loads should be shed on each bus during 

an outage of the system. 

Mogaka et al. [5] proposed a method for static voltage 

stability analysis of the Kenyan Power Network, which has 

seen growing demand exceeding generation capacity. The 

method combines V-Q modal analysis, sensitivity analysis, 

and power voltage curves to identify vulnerable areas and 

weak buses. It also uses reactive power loss sensitivity to 

pinpoint critical lines and assess the impact of tripping one 

such line. 

Kumar et al. [6] analyzed voltage stability in 5-bus and 

IEEE 9-bus systems using PV and QV curves. These curves 

reveal system loading and stability. The study explores how 

series, shunt, and combined compensation methods improve 

voltage and power flow using Power World simulations. 

Sahu et al., 2020 [7] This research proposed an 

M-SCA-tuned fuzzy-aided PID controller for AGC in mul-

ti-area power systems. Using a three-area nine-unit system, 

dynamic responses are analyzed. M-SCA, an enhanced SCA, 

optimizes the controller's gains, demonstrating improved 

convergence over SCA, GA, and PSO. The proposed con-

troller outperforms conventional I, PI, and PID controllers. 

Validation is performed on a five-area ten-unit system with 

nonlinear constraints (generation rate constraint, governor 

dead band, boiler dynamics, time delay) and subjected to 

sensitivity analysis. 

Manjul & Rawat [8] investigated the optimal placement of 

Static Var Compensators (SVCs) to improve power system 

voltage stability. Due to recent blackouts, voltage stability is 

crucial. The study uses static voltage assessment techniques 

and PV/QV curves to identify optimal SVC locations. Simu-

lations were done in DigSilent Power Factory (2018). 

Li et al. [9] proposed a new UFLS scheme that sheds loads 

continuously using power electronics technology. Existing 

schemes shed loads discontinuously, leading to un-

der-shedding and over-shedding issues. The proposed method 

continuously adjusts the shedding amount based on the fre-

quency deviation during a transient event. The effectiveness 

of the scheme is analyzed using a system frequency response 

model and compared to conventional UFLS schemes. 

Pourghasem & Seyedi [10] proposed an Under-Voltage 

Load Shedding (UVLS) scheme to prevent voltage collapse in 

microgrids. This method disconnects non-critical loads based 

on a voltage stability index, helping to maintain microgrid 

stability during island mode operation. The effectiveness of 

the scheme is tested using simulation software. 

Authors in [11] proposed a contingency analysis of the 

NWREEP network. A power system that is operating under 

normal mode may face contingencies such as sudden network 

outages and sudden increases in power demand. Contingency 

selection is done by calculating performance indexes in the 

Dig SILENT Power Factory simulation software environ-

ment. 

Despite extensive research on voltage stability, load shed-

ding, and contingency analysis, several challenges persist in 
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ensuring the resilience of regional power systems like that of 

North West Ethiopia. Existing methods often fail to dynami-

cally integrate grid vulnerability assessment with intelligent 

and adaptive load-shedding schemes. Many conventional 

approaches rely on static or non-optimized mechanisms, 

lacking sensitivity-based prioritization of critical buses during 

contingencies. Moreover, limited attention has been given to 

combining performance index-based vulnerability ranking 

with real-time optimization algorithms to guide load curtail-

ment in stressed networks. Given the increasing load demands, 

transformer overloading, and voltage violations identified in 

prior studies, there is a clear need for a comprehensive 

framework that not only identifies system weaknesses under 

various scenarios but also mitigates them through intelligent 

control strategies. This study addresses these limitations by 

developing an integrated framework that employs DIg-

SILENT-based contingency simulation and Particle Swarm 

Optimization (PSO) for adaptive load shedding, tailored to the 

specific topology and operational characteristics of the North 

West Ethiopian power grid. 

This study contributes a comprehensive and technically 

robust framework aimed at enhancing voltage stability and 

contingency preparedness in the North West Ethiopian power 

grid. Leveraging a region-specific network modeled in DIg-

SILENT PowerFactory—comprising 15 buses, 2 generators, 

15 lines, and 3 external grids—the research begins with a 

detailed vulnerability assessment using voltage and overload 

performance indices (PIV and PIP) to rank critical system 

elements. This analysis identifies the BDII230-GOII trans-

mission line, along with the Gondar and Metema load buses, 

as highly susceptible to voltage violations under both normal 

and stressed conditions. Building on this, a novel Particle 

Swarm Optimization (PSO)-based load-shedding algorithm is 

proposed, which dynamically allocates load reductions based 

on bus voltage sensitivity, enabling targeted and efficient 

control responses. The methodology is validated through 

multiple simulated scenarios, including generator outages, 

line faults, and increased loading conditions (50% and 75%), 

which highlight severe system instability—such as Gondar’s 

voltage dropping to 0.8879 p.u. and real power surging at 

BDII230 to 1.3235 p.u. The PSO-based approach successfully 

restores voltage at Gondar to 0.9538 p.u. and reduces 

BDII230’s real power to 0.8958 p.u., thereby mitigating the 

adverse impacts of contingencies. Furthermore, the study 

formulates a multi-objective optimization strategy that sim-

ultaneously minimizes the amount of power shed and max-

imizes voltage recovery, offering a scalable and intelligent 

solution for real-time operational stability in developing 

power systems. 

2. Power Flow Analysis 

2.1. Single Line Diagram 

DigSilent Power Factory software was used to model the 

North West Region's transmission system, including genera-

tors, buses, transmission lines, and external grids. This facil-

itated simulations to analyze the power flow and potential 

outages of Figure 1. 

 
Figure 1. Single line diagram of North West Region of Ethiopia Electric Power. 
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2.2. Mathematical Modeling of Power Flow Analysis 

Power flow analysis, crucial for network calculations, requires complete system data. This study utilizes the Newton-Raphson 

method due to its faster convergence, making it ideal for large power systems [12, 13]. The power flow analysis parameters are 

shown in Figure 2. 

 
Figure 2. Power flow analysis. 

Figure 3 indicates that net power was injected. The nodal 

network equation formed, shown in the equation for a 

network with 𝑛 buses, describes the relationship between 

system voltages V and points of current injection I. 

 
Figure 3. Net Power injected. 

Ohm's law states that: 
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The sum of the admittances linked to bus I equals the values 

of the diagonal elements (Yii). The negative of the admission 

between busses I and J is equal to the off-diagonal elements 

(Yij). It is important to remember that the Y-bus is a sparse 

matrix in large systems. 

The bus voltage (Vi), surrounding bus voltages (Vj), and 

admittances between the bus and its neighboring buses (yij) 

can all be used to determine the net injected power at any bus, 

as demonstrated in Figure 3. 
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     ∑            ∑                   ∑                                        (4) 

The power equation at any bus can be written as follows: 
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3. Power System Security and 

Contingency Analysis 

3.1. Security-Related Functions 

 
Figure 4. Power system operating state. 

Security assessment in power systems relies on specific 

metrics [14]. As shown in Figure 4, the operating state tran-

sitions from the actual, real-time data at the top to various 

potential scenarios is presented and Table 1 shows the alarm 

and security limit of the system. 

Table 1. Alarm and security limits. 

Parameters 
Limit of 

alarm 
Limit of security 

Lower bus voltage (P.u.) 0.950 0.900 

Upper bus voltage (P.u.) 1.050 1.100 

3.2. Necessary Step for Ranking of System 

Vulnerability 

The technique used to quantify the severity and rank such 

scenarios according to their severity is called the performance 

index (PI) [15, 16]. 

Define the comprehensive Performance Index (PI) sets as 

follows for a system with n busses and l lines: 

3.2.1. Voltage Performance Index 

Calculating the voltage performance index (PIV) is done as 

    ∑ (
 (  

      
   )

  
      

   )
 

  
            (7) 

where: -nb: The quantity of buses, V
new

: magnitude of the 

post-outage voltage at bus I, V
nom

: is the mean of the voltages 

at bus I (1.0 p.u.) Vmax & Vmin., The maximum and mini-

mum voltage limit are denoted by Vimax and Vimin, respec-

tively. 

3.2.2. Index of Overload Performance 

The PIP, or overload performance index, is assessed as 

    ∑ (
   
   

   
   )

 
  
              (8) 

where,    
    

     

 
, nl: total quantity of series equipment, 

Pil
new

: new real power flow in the line, Pil
max

: maximum 

power flow in line that is active, Vi: the voltage at the bus 

that I measured using the NRLF solution, Vj: the voltage at 

bus j as determined by the NRLF solution, x reactance of the 

line that joins Buses "i" and "j." 

3.2.3. Algorithm for Ranking System Vulnerability 

The algorithm for ranking the system vulnerabilities is 

shown in Figure 5. 

 
Figure 5. Algorithm for ranking the system vulnerability. 

3.3. Load Shedding System 

Load shedding is a technique that automatically reduces 

power consumption in specific areas to prevent system insta-

bility caused by factors like surges in demand, transmission 
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line failures, or generator outages [17]. System phase angle 

instability as well as a drop in frequency and voltage will 

result from this instability. 

3.3.1. Computational Intelligent Load Shedding 

Numerous researchers have devised several techniques for 

load shedding and restoration, including computational, 

adaptive, and convectional systems. 

Due to the significant variations in generating capacity, the 

flexible distribution network, the high-frequency decay rate, 

and the limited number of loads, these technologies are not 

suitable for industrial plants [18]. Pre- and post-disturbance 

operating circumstances, the type, length, and system transi-

ent response to a disturbance are all included in an intelligent 

load-shedding scheme [19]. 

3.3.2. Under Voltage Load Shedding 

In the event that the system experiences low voltage, un-

dervoltage load shedding is implemented to make operations 

easier. [20, 21]. Therefore, the voltage may begin to fall below 

tolerance limits during a disturbance. Estimating the overall 

power difference between the before and after conditions is 

the algorithm's initial phase. The location and amount of load 

to be shed from the load bus must be selected after the dis-

turbance's magnitude has been established. The amount of 

load to be shed on each bus is then determined based on the 

voltage sensitivity of each bus. As a result, the maximum load 

shed for the bus with voltage sensitivity that is extremely near 

the instability limit will be determined by the reciprocal of its 

sensitivity as a fraction of the total reciprocals of all load bus 

sensitivities. As seen in Figure 6, let us assume a two-bus 

system with a single generator, transmission line, and load in 

order to demonstrate sensitivity analysis. 

 
Figure 6. Two-bus representation model. 

With V1 as the sending end voltage, V2 as the receiving 

end voltage, and cos   as the load power factor, the complex 

load in this case is assumed to be S12=P12+jQ12. Therefore, 

we obtain the Eq. from the figure. 

                              (9) 

The equations will be as follows after further simplification 

for a two-bus system: 

    |  |
   |  ||  | 

    (   )  |  ||  | 
   𝑛(   )
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 }(10) 

The power delivered at the receiving end is now PD = -P12 

and QD = -Q12. This only applies to two-bus systems; larger 

systems follow the same process. After establishing the rela-

tionship between QD and V2, we may differentiate relation-

ship (10) to obtain. 

The generalized equation for a bus system is, 

   

   
 ∑ |  ||   |    (       )

 
             (11) 

Therefore, the relationship 𝑑 /𝑑  for each bus can be ex-

pressed as follows: 
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We used the reciprocal of the voltage sensitivity as a frac-

tion of the total of all the reciprocals of voltage sensitivities in 

order to determine this load number [22]. The reciprocal is 

taken into consideration because it will be smaller and so shed 

less weight at a higher slope (i.e., a more stable scenario). 

Consequently, it may be claimed that, 
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A fractional value of each bus's voltage sensitivity is pro-

vided by the equation above. The amount of load to be shed 

and the 𝑑 /𝑑  value at each bus are now directly correlated. 
   

   
  (                                          )  

The sum of the values of all the buses now equals. 

∑
   

   

 
    

   

   
 
   

   
  

   

   
           (14) 

The sum of the 𝑑 /𝑑  values at each load bus is provided 

by equation (14). Each bus's load shed is a portion of the 

overall load that must be shed in order to preserve power 

balance. In relation to the total computed above, this fraction 

of load at each bus is proportional to the fraction of the 𝑑 /𝑑  

value at each bus. Equation (15) provides a depiction of the 

sensitivity index. 

   

   
   

(∑
   
   

 
   

                  (15) 
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3.4. Particle Swarm Optimization 

The following is the presentation of the particle swarm op-

timization algorithm: 

Step 1: - For a power outage, run the entire A. C. New-

ton-Raphson power flow. 

Step 2: - Determine the load bus's sensitivity factor. 

Step 3: -Determine the amount of disruption that each bus 

will experience based on the sensitivity factors that were 

acquired. 

Step 4: - Create a starting population of particles at random. 

Step 5: - fitness determines each particle's fitness. 

Step 6: - Update each particle’s personal best solution pbest 

by comparing the current pbest fitness of each particle. 

Step 7: - Compute the new position and velocity of parti-

cles. 

   (   )       ( )       (           ( )

      (          ( ))

   (   )     ( )     (   )

 } (16) 

Step 8: - Evaluate the new fitness value of each particle 

(with updated position and velocity) and find update the 

global best solution. and update the Pbest and best values too. 

Step 9: - Generate a new population. 

Step 10: - Go to step 7 until the convergence criterion is 

satisfied. 

Step 11: - Stop the simulation. 

3.4.1. Objective Function 

To calculate the objective function, 

             𝑛*     +            (17) 

The equation represents the multi-objective function for 

power shedding in the load bus and voltage profile change. By 

minimizing the goal functions, the optimization method es-

tablishes the extent of power shedding. 

Where, f1 and f2 are the objective functions used to identify 

power shed for each buses and voltage profile change re-

spectively. The proposed strategy aims to minimize the load 

shedding value while maximizing the voltage stability of the 

power system. 

The following mathematical formulation of f1, f2 listed in 

equation (18) is used to defines the individual objective 

function, which is important for optimal load shedding and 

voltage stability when using the PSO algorithm. 

     
   ∑ |    |      

}              (18) 

where: -  : Each load bus has shed its load.,   : The voltage at 

bus I. 

3.4.2. Constraints 

Both equality and inequality constraints must be handled in 

the optimization problem. 

1) Equality Constraints: 

Eq. (19) can be used to describe the equality criteria for 

both the real and reactive power balance equations. 

    ∑     (                    )                  

    ∑     (                    )                  
 }(19) 

2) Inequality Constraints: 

The ranges of bus voltage magnitudes and the minimum 

and maximum real and reactive power during generation bus 

injection serve as inequality limits. 

  
         

             

   
         

            

  
         

           

}         (20) 

4. Simulation Result and Analysis 

4.1. Simulation Result at Base Case 

This study analyzes the North West Region power system's 

vulnerability using DigSilent Power Factory. The starting 

Newton-Raphson algorithm of the system is as shown in 

Figure 7. Simulations consider two conditions: 

1) Contingency Analysis: Evaluate and rank system 

weaknesses by simulating potential outages. 

2) Load Optimization: Apply optimization techniques to 

manage load bus conditions. 

 
Figure 7. Newton-Raphson algorithm of the system. 
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4.1.1. Voltage Violations of Each Bus in the Base 

Case 

Figure 8 shows normal voltage levels across all buses, but 

some may dip below safe limits during operating state 

changes (alert to emergency, emergency to extreme). This 

highlights the importance of contingency analysis to identify 

and address potential security risks. 

 
Figure 8. Base case voltage violations of each bus. 

4.1.2. Branch Loading Violation in Base Case 

While all other transformers and transmission lines (in-

cluding Tr D/M, Tissinc-Tissout, and BDII 230-GOII) operate 

within normal load limits in the base case, transformers Tr 

132-230 and Tr 400-230 exhibit slight overloading (exceeding 

100% capacity). 

Figure 9 presents the loading violations of branches in the 

base case. 

 
Figure 9. Branch loading violation in Base Case. 
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4.2. Scenario 1: Simulation Result of Loading 

Condition at Load Bus 

4.2.1. Voltage Violations of Load Bus at Loading 

Condition 

The simulation results demonstrate that increasing load 

demand leads to voltage violations at various load buses. 

Specifically, increased load demand can cause voltage levels 

at certain buses to fall below acceptable limits. As illustrated 

in Table 2, the voltage magnitudes at buses BDII230, Metema, 

and Gondar decrease to 0.95, 0.86, and 0.85 per unit, respec-

tively, after the load increase in gonder load bus. All of these 

values are below the permissible voltage threshold. Notably, 

the Gondar load bus experiences a particularly significant 

voltage drop to 0.93 per unit when subjected to a similar load 

level as the BDII230 load bus, indicating a critical voltage 

stability concern. 

Table 2. Voltage violations of load bus at loading condition. 

Bus name 

The state of loading on the load bus 

Base case BDII230 Gonde Metem Gash N/Mew Motta D/M230 

BDII 230 0.99 0.97 0.95 0.98 0.98 0.98 0.98 0.98 

D/M 230 0.99 0.98 0.98 0.99 0.99 0.99 0.98 0.95 

Gashen 0.99 0.97 0.96 0.993 0.92 0.96 0.99 0.99 

Gonder 0.96 0.93 0.85 0.949 0.96 0.96 0.96 0.96 

Metema 0.98 0.95 0.86 0.934 0.97 0.98 0.97 0.97 

Motta 0.99 0.97 0.96 0.99 0.98 0.98 0.97 0.97 

N/Mew 0.99 0.96 0.95 0.99 0.95 0.95 0.99 0.99 

 

4.2.2. Loading Violations of Branch at the Loading 

Condition 

An increase in load demand on the base case network leads 

to the overloading of certain transformers. As shown in Table 

3 transformers Tr-400-230 and Tr-132-230 experience sig-

nificant overloading with load percentages reaching 279% 

and 137%, respectively, when the load on the BDII-230 bus 

increases. This indicates violations of load limits on these 

branches. Notably, even without any line or generator outages, 

transformer Tr-400-230 exhibits a critical overload exceeding 

279%. 

Table 3. Loading violations of branch at the loading condition. 

Loading parameter 

The state of loading on the load bus 

Base case BD230 Gonder Metema Gash N/Mew Motta D/M 230 

Tr132-230 114.5 137 160 114 114 114 114 114 

Tr400-230 101 279 252 109 123 119 110 113 

Tr D/M 69.8 93 91 71 72.7 72.3 83.1 231 

Beleout-D/M400 7.4 7.7 7.3 7.4 7.4 7.4 7.3 10.9 

BD230-GOII 11.3 11.7 55.1 13.6 11.4 11.4 11.3 11.4 

BD230-N/Mew 8.7 8.8 8.9 8.7 17.5 15.8 8.7 8.7 

BDII230-Motta 2 5.5 5.6 2.0 2 2.0 6.6 8.4 
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Loading parameter 

The state of loading on the load bus 

Base case BD230 Gonder Metema Gash N/Mew Motta D/M 230 

Belesin-Beleout 7.9 17.2 14.8 8.1 8.7 8.6 8.4 11.1 

D/M-Motta 2.8 7.9 7.4 2.8 3.1 3.0 5.5 7.3 

GOII-Metema 4.9 4.7 3.5 5.7 4.8 4.8 4.9 4.8 

N/Mew-Gas 4.8 5.0 5.1 4.8 14.7 5.2 4.8 4.9 

Tissin-Tissout 23 27.4 31.9 22.9 22.9 22.9 22.9 22.8 

 

4.2.3. Network Performance Indices for Loading 

Scenario 

Figure 10 depicts performance indices for active power and 

voltage under various load bus loading conditions, respec-

tively. Table 4 correspondingly ranks system vulnerability 

based on the overall performance index. Because of their 

higher performance indices than the rest, it determines that 

Gondar, BDII230, and Gashena are the network's most vul-

nerable load buses. 

 
Figure 10. PIP and PIV value of line & bus Respectively. 

Table 4. Rank and overall performance index under loading conditions. 

l Event of contingency 

Index of Performance 

Rank 

PIP for the line PIV for the bus 

1 Gondar load 0.0456 20.1896 1 

2 BDII load 0.0128 4.6764 2 

3 D/M Load 0.0124 2.5648 5 

4 Motta Load 0.0088 1.2736 7 

5 Gashena Load 0.0127 4.4736 3 

6 N/Mewcha Load 0.0105 2.3168 6 

7 Metema Load 0.0101 2.5916 4 
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4.3. Scenario 2: Simulation Result at Generator 

Outage Condition 

This scenario simulates the impact of the power outage at 

the Tiss Ge generating plant on the overall power system. By 

modeling this extreme condition, we can assess the system's 

resilience and identify potential vulnerabilities. Figure 11 

provides a comprehensive overview of the system under these 

outage conditions. The simulation results will reveal how the 

loss of Tiss Ge’s generation capacity affects various aspects 

of the system, including voltage stability, line loading, and 

contingency analysis, which examines the system's ability to 

withstand further disturbances or outages following the initial 

Tiss Ge. 

 
Figure 11. Tiss Ge Generator Outage. 

4.3.1. Loading Violations of Branches During 

Generator Outage 

Contingency analysis reveals the overloading of lines and 

transformers upon outages. For instance, when the Tissa Ge 

Generator Station is offline, Tr400-230 and Tr D/M trans-

formers experience increased loading percentages (101 to 125% 

and 69.8 to 72.2%, respectively) compared to the base case, 

with no outgoing line changes. Branches' loading violations 

during the generator outage are depicted in Figure 12. 

 
Figure 12. Loading violations of branches during generator outage. 
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4.3.2. Load Bus Voltage Violations During a 

Generator Outage 

This network includes two generation stations: Beles Ge 

and Tis Ge. As shown in Table 5, the impact of an outage at 

each station is markedly different. An outage at the Tis Ge 

generation plant does not adversely affect the system; no 

voltage violations occur because the remaining generation 

capacity is sufficient to meet the load demand. However, an 

outage at the Beles Ge generation plant results in system 

divergence, indicating that the remaining generation is insuf-

ficient to satisfy the demand. This implies that if the Beles Ge 

generation plant is taken offline, the network will experience a 

blackout. 

Table 5. Load bus voltage violations during a generator outage. 

Name of the load bus 

Generator outage scenarios 

Base case Tiss Ge Beles Ge 

BDII 230 0.990 0.990 

Cannot be converged 

D/M 230 0.990 0.990 

Gashena 0.995 0.995 

Gonder 0.961 0.961 

Metema 0.978 0.978 

Motta 0.991 0.991 

N/Mew 0.994 0.994 

 

4.4. Scenario 3: Simulation Result at Line 

Outage Condition 

4.4.1. BDII230 - GOII Line Outage 

This scenario presents the simulation results of a line out-

age condition in the system. Figure 13 illustrates the trans-

mission network of the system, highlighting the potential 

impact of a line outage on the surrounding area. By analyzing 

the simulation results, we can gain insights into several key 

areas. These include power flow disruptions, which detail 

how the line outage affects the flow of power within the sys-

tem; voltage drops, which indicate possible drops in voltage 

levels at different network locations as a result of the line 

outage's disruption of power flow; overloading of lines and 

transformers, which indicates the possibility of overloading 

the remaining infrastructure as it tries to carry the load that the 

line outage previously served. 

 
Figure 13. BDII230-GOII line outage. 
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4.4.2. Load Bus Voltage Violations During a Line 

Outage 

This simulation demonstrates how voltage violations at each 

bus indicate potential voltage level decreases at various points 

in the network due to power flow disruption caused by a line 

outage. Specifically, the simulation models an outage of the 

BDII230-GOII line. Consequently, the Gondar and Metema 

load buses are most significantly affected, exhibiting voltage 

profiles of 0.908 and 0.923 per unit, respectively, both of 

which fall below the acceptable limit. Additionally, when the 

Tr D/M transformer is not in use, the voltage profile of D/M 

230 also falls below the permissible limit. The overall effects 

of each line outage are compiled in Table 6. 

Table 6. load bus voltage violations during a line outage. 

Bus name 

scenarios of line and transformer outages 

Base case 

Bele-

sout-D/

M 400 

BDII23

0-GOII 

Bel-

sinc-Bel

esout 

Tssin-Ti

ssout 

Tr132-2

30 

BD230-

Motta 

D/M230

-Motta 
Tr D/M 

Tr400-23

0 

BDII230 0.990 0.991 0.987 0.989 0.988 0.990 0.989 0.989 0.985 0.984 

D/M 230 0.990 1.002 0.990 0.989 0.990 0.990 0.989 0.988 0.894 0.989 

Gashena 0.995 0.996 0.992 0.994 0.993 0.995 0.994 0.994 0.991 0.989 

Gonder 0.961 0.962 0.908 0.959 0.958 0.961 0.958 0.958 0.956 0.954 

Metema 0.978 0.979 0.923 0.976 0.975 0.978 0.977 0.977 0.972 0.971 

Motta 0.991 0.979 0.989 0.989 0.989 0.991 0.985 0.985 0.945 0.987 

N/Mew 0.994 0.995 0.991 0.993 0.992 0.994 0.994 0.994 0.990 0.988 

 

4.4.3. Branch Loading Violations During a Line 

Outage 

The simulation results demonstrate that line and trans-

former loading violations are a consequence of line outage 

conditions. In particular, the loading of Tr 400-230, Tr D/M, 

and the remaining portion of the BD230-GOII line is greatly 

impacted by the disconnection of the BDII230-GOII line. The 

loading percentage of these components increased as follows: 

Tr 400-230 from 101% to 105.6%, Tr D/M from 69.8% to 

70.8%, and the remaining BD230-GOII line from 11.3% to 

24.3%. These increases highlight the significant impact of the 

line outage on system loading capacity. The overall loading 

violations of lines and transformers under each line outage 

condition are summarized in the accompanying Table 7. 

Table 7. Branch loading violations during a line outage. 

Loading parame-

ter 

Situations of line and transformer outages 

Base case 

Bele-

sout-D/

M 400 

BDII23

0-GOII 

Bel-

sinc-Bel

esout 

Tssin-

Tissout 

Tr132-2

30 

BD230-

Motta 

D/M230-

Motta 

Tr 

D/M 

Tr400-

230 

Tr 132-230 114.5 114.8 114.4 114.3 120.9 0.0 114.4 114.4 114.6 115.1 

Tr 400-230 101 129.2 05.6 100.9 103 125.3 99.9 104.6 135.0 ---- 

Tr D/M 69.8 51.6 70.8 69.8 70.4 72.3 74.9 68.2 0.0 80.7 

Beleout-D/M400 7.4 --- 7.4 7.4 7.4 7.5 7.4 6.9 8.4 7.7 

BD230- GOII 11.3 11.3 --- 11.3 11.4 11.3 11.3 11.3 11.4 11.3 
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Loading parame-

ter 

Situations of line and transformer outages 

Base case 

Bele-

sout-D/

M 400 

BDII23

0-GOII 

Bel-

sinc-Bel

esout 

Tssin-

Tissout 

Tr132-2

30 

BD230-

Motta 

D/M230-

Motta 

Tr 

D/M 

Tr400-

230 

BDII230-Motta 2 18.3 2.2 1.9 2.1 1.5 --- 3.4 20.7 2.6 

Belesin-Beleout 7.9 7.4 7.7 --- 7.8 9.4 7.8 7.8 7.9 7.9 

D/M-Motta 2.8 15.6 2.6 2.8 2.6 3.5 3.4 --- 18.7 5.1 

Tissin- Tissout 23 23 22.9 22.9 --- 0.00 22.9 22.9 22.9 23.0 

 

4.4.4. Network Performance Indices for Line Outage 

Figure 14 illustrates estimated line outage overload and 

voltage performance indices. Table 8 aligns these indices, 

ranking system vulnerability. The table shows that, with no-

ticeably higher performance indices than the others, 

BDII230-GOII, Tissin-Tissout, and DM230-Motta are the 

most vulnerable lines in the North-West EEP region. 

 
Figure 14. Line and bus PIP and PIV values during a line outage, respectively. 

Table 8. Rank and overall performance index during a line outage. 

No 

Contingency events Line outage Performance index 

Rank 

From To PIP for line PIV for bus 

1 Belesin Belesout 0.0064 1.082 5 

2 BDII230 GOII 0.0268 4.922 1 

3 Tissinc Tissout 0.0125 1.142 2 

4 BDII230 Motta 0.0089 1.133 4 

5 DM230 Motta 0.0085 1.141 3 

6 Belesout D/M400 0.0154 0.981 6 
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4.5. Scenario 4: Simulation Result of Load Bus 

Real Power Magnitude During Loading 

Condition 

This paper focuses on load shedding as a solution to varia-

tions in load bus demand, which this study identifies as the 

primary cause of system instability. A load-shedding plan is 

put in place to determine and cut the necessary amount of 

electricity from particular load buses in order to solve this 

problem. Figure 15 and Figure 16 illustrate the real power of 

the load buses under normal conditions, during contingencies 

(specifically, potential outages leading to increased load de-

mand), and after the application of the load-shedding system. 

When load demand increases by 50% and 75%, real power 

also increases, resulting in system disruptions. However, the 

implemented load shedding effectively reduces real power 

and maintains system stability. For example, as shown in 

Figure 15, the normal real power load of the BDII230 bus is 

0.8823 per unit. With a 50% increase in load demand, its real 

power increased from 0.8823 to 1.3235 per unit. After the 

load-shedding action was applied, the real power decreased 

from 1.3235 to 0.8958 per unit. Likewise, there was a com-

mensurate decrease in real power at the remaining load buses. 

 
Figure 15. Real power of load bus in normal, during contingency, and after Shedd at 1.5 load factor. 

 
Figure 16. The real power of the load bus is normal, during contingency, and after Shedd at 1.75. load factor. 
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4.6. Scenario 5: Simulation Result of Voltage 

Profile for Each Bus During Loading 

Condition 

Each bus's system voltage profile is displayed in the sim-

ulation results. Figure 17 summarizes voltage profile of each 

bus under normal conditions, during contingencies (increased 

load demand), and after load shedding. As load demand in-

creases by 50%, voltage profiles for most buses dip below 

normal levels. However, load shedding effectively restores 

voltage profiles to their normal operating range. For instance, 

the Gondar load bus voltage drops from 0.954 per unit (nor-

mal) to 0.887 per unit (50% increase) but recovers to normal 

after load shedding. 

 
Figure 17. Bus voltage of 15 bus system in Normal, during contingency, and after load shed load factor. 

Figure 18 summarizes the voltage profile of each bus under 

normal conditions, during contingencies (specifically, A 75% 

rise in the demand for load), and after load shedding. With A 

75% rise in the demand for load, the voltage profiles for most 

buses decrease below normal levels. However, implementing 

load shedding effectively restores these voltage profiles to 

within their normal operating range. For example, the voltage 

at the Gondar load bus drops from 0.954 per unit under normal 

conditions to 0.887 per unit with the 50% load increase (as 

previously stated), but it is expected to recover to its normal 

level after load shedding is applied in the 75% load increase 

scenario. 

 
Figure 18. Bus voltage of 15 bus system in Normal, during contingency, and after load shed at 1.75 load factor. 
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5. Conclusion 

In this study, a comprehensive approach to improving 

power system security and voltage stability for the North 

West Ethiopian power grid was proposed and validated 

through detailed simulations. The work addressed key opera-

tional challenges arising from unexpected outages, increased 

load demand, and component failures by integrating contin-

gency analysis with intelligent load-shedding mechanisms. 

The system was modeled in DIgSILENT PowerFactory and 

analyzed under various scenarios, including base case opera-

tion, load increase conditions, generator outages, and line 

failures. Using performance indices—voltage performance 

index (PIV) and overload performance index (PIP)—the study 

successfully identified critical network components, with the 

BDII230-GOII transmission line and Gondar and Metema 

buses emerging as the most vulnerable elements. Significant 

voltage violations and transformer overloading were observed 

under load growth scenarios, with voltage at the Gondar bus 

dropping to 0.8879 p.u. and transformer loading exceeding 

278%. 

To mitigate these effects, a Particle Swarm Optimization 

(PSO)-based load-shedding strategy was developed, incor-

porating bus voltage sensitivity to optimally allocate load 

reductions. The strategy demonstrated effective performance 

by restoring the Gondar voltage to 0.9538 p.u. and reducing 

excessive real power loads—for instance, reducing the 

BDII230 bus from 1.3235 to 0.8958 p.u. The multi-objective 

optimization minimized the amount of load to be shed while 

maximizing voltage stability, thereby preventing cascading 

failures and enhancing system resilience. These results con-

firm the efficacy of combining simulation-based contingency 

ranking with intelligent optimization techniques for managing 

grid stability under dynamic and adverse operating condi-

tions. 

Future work should focus on evaluating the scalability of 

the proposed PSO-based scheme on larger and more complex 

systems, such as IEEE 39-bus or actual national transmission 

networks. Additionally, the impact of high penetration of 

renewable energy sources—characterized by variability and 

intermittency—should be analyzed to further refine the ro-

bustness of the proposed methodology under diverse operat-

ing conditions. 
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