
1 

Static Voltage Stability Assessment of Ethiopian power 

System Using Normalized Active Power Margin Index 

Ahadu Hilawie1,*, Fekadu Shewarega2 

1School of Electrical and Computer Engineering, Addis Ababa University, Addis Ababa, Ethiopia 
2Institute of Electrical Power Systems, University of Duisburg-Essen, Duisburg, Germany 

Abstract 

Voltage stability assessments, made so far on the Ethiopian electric power system (EEP), are limited both in number and in 

methodology. Here, in this paper the static voltage stability of the Ethiopian power system is investigated using an index 

called normalized active power margin. The methodology starts from determining Thevenin equivalent of a system as viewed 

from the load buses. The Thevenin equivalent parameters help to determine the load bus maximum active power transfer 

limit and to draw the PV relation curves. The approach avoids the time-consuming method of PV curve based maximum 
active power transfer determination, which requires large number of power flow computations. The resulting maximum 

active power transfer and current operating active power load are used for the index calculation. The index is tested using 

IEEE 30 bus system and produced results matching with other previously established indices. The index is capable of ranking 

vulnerability of load buses to voltage instability. Then, scenarios of heavy load and light load EEP cases, with and without 

system reactive power compensation, are investigated. Results reveal weakest buses are supplied from 66kV transmission 

lines, load bus 232 being the weakest of all. On the other hand, the most stable buses are supplied from 132 kV transmission 

lines, bus 149 being the most stable bus. PV curves drawn, also, reveal the improvement that come with reactive power 

compensation and with operating in light load condition. 
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1. Introduction

With the increasing global power demand, power systems 

have been experiencing a load dependent power system 

security problem, voltage instability. Voltage instability is 

characterized by uncontrolled voltage decline at load buses 

regardless of the amount of reactive power compensation 

switched to [1-3]. The voltage instability in any one bus of 

the power system may result in cascading events leading to 

total system collapse [4, 5].  

To avoid the risk of system collapse, maintaining a safe 
distance from voltage instability is a necessary security 

insuring task of power system operators. The voltage security 

maintaining tasks require static voltage stability assessments 

*Corresponding author. Email: ahaduhiz@gmail.com, 

to be made on the system. Static voltage stability assessments 

evaluate how far, current steady state operating point, is from 
point of voltage instability inception [6]. 

A number of methods and associated indices have been 

proposed by literature for assessing static system voltage 

stability [7, 8]. These indices consider either load buses [9-

12] or transmission lines [13-15] for detecting voltage

instability.

Indices measure the closeness of a system to voltage 

instability [16]. Mostly, this closeness is not interpretive to 

parameters known by system operators. To overcome this 

problem, this investigation is made by developing active 

power transaction based index. The index is understandable 
for a system operator who sees and manages problems in 

power related terms. Additionally, the index considers the 

main cause of voltage instability; active power loading.  
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The index, which is termed as active power margin index 

(PPMI), functions based on the idea of locating the maximum 

possible active power transfer. In most of PV based analysis 

techniques, the location of the maximum active power 

transfer performed by conducting repetitive power flow 

calculations through increasing the load until the power flow 

solution diverges [17-19]. However, this approach consumes 

considerable processing time and memory which is 

undesirable for fast operational computations, including 

online system monitoring. A continuation power flow method 

is also devised for locating the point of collapse [20-25]. 
However, this too requires considerable number of iterative 

computations to be performed.  

In this work, the search of maximum active power transfer 

is made in two steps. The first step is the Thevenin equivalent 

determination, which uses only two power flow calculations. 

Next the maximum active power transfer is calculated in a 

deterministic way. The deterministic way avoids the 

requirement of large number of numerical iterations in this 

second step. The total low number of power flow computation 

makes the approach appealing for fast computational 

requirement [26].  
The developed index is then tested on standard IEEE 30 

bus test system. To validate the results other indices; 

impedance stability index (ISI) as in [9] and apparent power 

stability index (SPMI) according to [27] are used. The 

developed index produces a matching result with these 

benchmark indices.     

Coming to the Ethiopian power system; it is a fast-growing 

power system. The system has two parts; The interconnected 

system (ICS) and the self-contained system (SCS), which are 

isolated grids.  

The total generation capacity of the system currently 

reached 4500 MW and the peak load connected reached to be 
2900 MW. The system operator, the Ethiopian Electric Power 

(EEP) is seeing a near future connectivity to a new grand 

hydropower generation. The new plant, Grand Ethiopian 

Renaissance Dam (GERD), has an installed capacity of 6500 

MW which exceeds the total current generation by 1.45-fold. 

 The power generation seems in surplus for voltage 

instability to be a problem. However, three conditions make 

the surplus to get completely depleted. The first is the inland 

high connectivity demand. The existing connectivity is 

among the lowest in Africa. Only 46 % of the population has 

electricity [28], making the remaining 54 % to live in hope of 
future connectivity. The second condition is the 

government’s ambitious plan of power sell and regional 

connectivity. The government planned to add power sell 

among the top export items. The third condition is the high-

power loss within the system which consumes considerable 

MWs. The power loss within the system is estimated to be 

about 20 % [29].  

The transmission system comprises transmission voltages 

of 45 kV, 66 kV, 132 kV, 230 kV, 400 kV and 500 kV. 

Among these, 66 kV transmission lines are old age lines and 

have high resistance per km as compared to other 

transmission voltages. This would, probably, contribute to the 
voltage instability problems [30]. 

Additionally, blackouts are recurring within the EEP. The 

blackout occurrence per year is high [31]. These conditions 

require voltage stability of the system to be rigorously 

assessed. 

Despite the presence of these problems, stability 

assessment studies are not given due consideration by the 

system operator. Additionally, the papers, in the academia, 

that considered the issue are limited in number and 

methodology. It is tried to investigate voltage stability in EEP 

considering only the 230 kV transmission system in [32]. 

This, however, doesn’t suffice to see the full picture of the 
problem within the EEP system.  

In this regard, this paper considered the whole EEP 

transmission voltage levels. Since voltage instability is a load 

dependent problem, all 283 load buses are examined, and 

weakest buses are discussed in detail. Thevenin equivalent 

parameters seen by load buses are also calculated, which can 

also be used for other power system analysis studies. The 

maximum active power transfer capability of the load buses 

is, also, shown under different system loading scenarios. 

2. Method of Analysis

A power system accommodates load increment up to the 

point of maximum power transfer capability of a load bus. If 

loading exceeds this limit, the system enters to voltage 

instability. Hence, locating the point of maximum active 

power transfer helps to know how much to go loading before 

the inception of voltage instability. 

The location of maximum active power transfer point, in 

this work, starts by representing the system by a Thevenin 
equivalent as shown in Figure 1.   

Figure 1. Thevenin equivalent representation of a 
power system from the load bus. 

The Thevenin equivalent system representation is 

computed by conducting two power flow calculation: one at 

rated load and the other at full load condition as in [26]. 

Once, the system Thevenin equivalent is formulated the 

maximum active power transfer capacity is calculated.  

At the maximum power transfer point, we would have the 

apparent power transferred to the load as: 

𝑺@𝒎𝒂𝒙 = |𝐼@𝑚𝑎𝑥|2𝑍𝐿@𝑚𝑎𝑥
(1) 

 

𝒁𝒕𝒉∠𝝋 

𝒁𝑳∠𝜽 
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𝑽∠𝝎 

- 

𝑬𝒕𝒉∠𝝓 ~ 
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According to maximum power transfer theorem, at the 

point of maximum active power transfer the Thevenin 

impedance seen by the load matches with the load impedance. 

Hence, at this point 𝑍𝐿@𝑚𝑎𝑥 = |𝑍𝑡ℎ|∠𝜃 and 𝐼@𝑚𝑎𝑥 =
𝐸𝑡ℎ

𝑍𝐿+𝑍𝑡ℎ
=

𝐸𝑡ℎ

𝑍𝑡ℎ∠𝜃 +𝑍𝑡ℎ∠𝜑
. Substituting these values to (1): 

𝑺@𝒎𝒂𝒙 = |
𝐸𝑡ℎ∠𝜙

𝑍𝑡ℎ∠𝜃 + 𝑍𝑡ℎ∠𝜑
|

2

𝑍𝑡ℎ∠𝜃
(2) 

Computing the squared term: 

𝑺@𝒎𝒂𝒙

=
𝐸𝑡ℎ

2

𝑍𝑡ℎ((cos 𝜃 + cos 𝜑)2 + (sin 𝜃 + sin 𝜑)2)
∠𝜃 

(3) 

Further simplification will give: 

𝑺@𝒎𝒂𝒙 =
𝐸𝑡ℎ

2

2𝑍𝑡ℎ(cos(𝜑 − 𝜃) + 1)
∠𝜃 (4) 

Splitting 𝑺@𝒎𝒂𝒙 to active and reactive component we will

get the maximum active power transfer as: 

𝑃𝑚𝑎𝑥 =
𝐸𝑡ℎ

2 cos 𝜃

2𝑍𝑡ℎ(cos(𝜑 − 𝜃) + 1)
(5) 

𝑄@𝑚𝑎𝑥 =
𝐸𝑡ℎ

2 sin 𝜃

2𝑍𝑡ℎ(cos(𝜑 − 𝜃) + 1)
(6) 

Eq. (5) tells the maximum active power transfer is 

dependent on the load side parameter, power factor and the 

system side parameters, Thevenin parameters. Thevenin 

parameters represent system configuration.  

If the power factor is maintained constant the maximum 

active power transfer is independent of the amount of the 

connected load. For pure resistive load, i.e. unity power 
factor, the maximum power transfer is dependent only on the 

system configuration. 

Once the Thevenin parameters of the system from a load 

bus is determined, the PV curve of the load bus can be drawn 

based on the following relation: 

𝑉 =
√−𝑣𝑡𝑒𝑟𝑚 ±  √𝑣𝑡𝑒𝑟𝑚

2 − 4𝑍𝑡ℎ
2𝑆2

2

 (7) 

Where the voltage term, 𝑣𝑡𝑒𝑟𝑚 = 2(𝑃𝑅𝑡ℎ + 𝑄𝑋𝑡ℎ) − 𝐸𝑡ℎ
2 ;

The derivation is given in appendix A. 

Once the maximum active power transfer is obtained, the 

stability index is formulated as a normalized difference 

between current operating active power and the maximum 

active power transfer as: 

𝑃𝑃𝑀𝐼 =
𝑃𝑚𝑎𝑥 − 𝑃𝑜𝑝𝑒𝑟

𝑃𝑚𝑎𝑥

(8) 

The index (PPMI) measures the distance of current 

operating point from the critical point in terms of active 

power, based on the capacity of each load bus. PPMI assumes 

values from 0 to 1. A value near to zero mean more unstable 

bus, while value near to 1 mean a more voltage stable load 

bus. 
The procedure followed to assess EEP system voltage 

stability assessment can be summarized in the following flow 

chart of Figure 2. 

Figure 2. The process followed to assess static 
voltage stability of EEP system 

3. Simulation setup

Conduct PF at 

no load 

Prepare EEP 

system data for 

power flow (PF) 

Conduct PF at 

rated load 

Estimate 

Thevenin 

Parameters 

Calculate 𝑃𝑚𝑎𝑥

 

Calculate PPMI, 

Draw PV-Curves 

Load 
change? 

End 

yes 

No
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For the simulation both Matpower 7.1 and Matlab 2021 

version software are utilized. Matpower is an open-source 

power simulation software, used for power flow analysis and 

run on a Matlab environment. This power system analysis 

software doesn’t employ a graphical representation of a 

power system. Instead, the power system data is prepared in 

a table format specific to Matpower [33].  

Any functions of the Matpower can, easily, be accessed by 

functions developed on Matlab editor. In our simulation case, 

functions regarding to Thevenin equivalent calculation, 

maximum power calculation and index calculator are 
developed on Matlab editor and power flow analysis is 

performed using Matpower. 

For this simulation case, the interaction between the software 

is shown here below in figure 3. 

Figure 3. The interaction of the software employed 
and the developed functions for the simulation 

 The simulation is performed in the following procedure. 

1. EEP data is prepared in Matpower data format. The

size of the system taken is given in Table 1 next.

Components temporarily or permanently down due

to maintenance issue and new components waiting

future connectivity are not considered.

The EEP network is divided into 11 areas. The areas

are used by the system operator for both technical
and institutional administration. For this work the

areas are used latter in the discussions.

2. Power flow is performed using Matpower. To avoid

power flow divergence problem progressive scale

up of generation and load is employed.

3. Thevenin equivalent representation of the system

seen by the load buses is calculated. For this

purpose, in addition to the power flow performed

above, another power flow is performed with no

load at the bus for which the Thevenin equivalent is

sought.
4. Next the maximum active power transfer limit of the

load buses is calculated.

5. Finally, using the maximum active power transfer

limit and the current operating active power the

voltage stability index is calculated.

Table 1: Size of the EEP system taken for the 
simulation   

Component Type Amount 
per type 

Total 
amount 

Buses Load buses 283 798 

Generator bus 47 

Intermediate 
buses 

468 

Transmission 
lines 

500 kV 4 372 

400 kV 30 

230 kV 130 

132 kV 160 

66 kV 34 

45 kV 13 

15 kV 1 

Transformers 2 winding 354 575 

3 winding 221 

Generators Generating units 64 64 

Reactive power 
auxiliary supplies 

Shunt capacitors 28 96 

Shunt reactors 68 

Voltage stability investigation is made for four operation 

scenarios of the EEP system, which are representatives of the 

EEP system operation of voltage stability concern;  

(i) Heavy load uncompensated system

(ii) Heavy load compensated system

(iii) Light load uncompensated system

(iv) Light load compensated system

According to the data accessed from EEP as of 2021, the 

heavy load operation is taken 75 % of the total connected 

load, and light load to be 50 % of the total connected load. 

The total peak load is about 2900 MW including power sales 

to Sudan and Djibouti. System compensation comes from 

existing shunt capacitors of capacity 567.2 MVar. 

4. Tests and results

The developed index is first tested on IEEE 30 bus system, to 

validate its functionality. Then it gets deployed on EEP 

system analysis.  

In the analysis, Thevenin equivalent impedance, maximum 

possible power transfer and the active power margin index 

are, procedurally, investigated. 

4.1. Performance of the index on IEEE 30 
bus system 

First, the Thevenin parameters are determined. Thevenin 

equivalent parameters are the important components used for 
calculating the maximum active power transfer limit. The 

results are demonstrated using bar graphs in Figure 4.  

Matpower

• Network data
feeder

• Power flow

User defined 
function (Matlab)

• Thevenin
equivalent
computer

• Maximum Power
calculator

• PPMI calculator
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We can see from the diagram the highest Thevenin 

impedance is seen by bus 30 followed by bus 26. The 

minimum Thevenin impedance is seen by bus 4. The 

Thevenin impedance depends on the admittance matrix and 

the load current. The whole range of variation in Thevenin 

impedance, arises from variation in these parameters.  The per 

unit Thevenin voltage doesn’t show large pu variations.  

Then the maximum active power transfer capacity of each 

load bus is computed. The highest maximum active power 

transfer capacity is owned by bus 4, with per unit value of 

4.1577 at a critical voltage of 0.6182 pu. The lowest 
maximum active power transfer capacity is showed by bus 26 

with a value of 0.3188 pu at a critical voltage of 0.5330 pu. 

The lowest critical voltage is also shown by this bus.  

The stability index is shown in the bar chart in Figure 5. 

For comparing the result from the index, other indices ISI and 

SPMI are shown together in the graph. The result reveals bus 

30 to be the weakest bus followed by bus 8. Bus 3 is the 

strongest bus. Both SPMI and ISI confirm the same result. 

This result is also proved by other studies made on the same 

system [27]. 

Additionally, from the results we can deduce; 

 The strongest bus not necessarily have the highest

maximum active power transfer capability, vice

versa for the weakest bus.

 The weakest bus is not necessarily the one that

see the highest Thevenin impedance, and the

strongest bus is not necessarily the one which see

lowest Thevenin impedance.

 The weakness and strength of the load buses

depend on the gap between current operating

active power and the maximum active power

transfer capability of the bus. The highest the gap,

the more voltage stable the bus will be.

Figure 4. Thevenin equivalent parameters seen by the load buses of IEEE 30 bus system 
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Figure 5. Stability indices for IEEE 30 bus test system 

4.2. Investigating the Ethiopian power system 

a) Thevenin equivalent impedance
The four scenarios, mentioned before, reveal the dependency

of Thevenin impedance on the system unique loading

condition. This is shown in bar diagrams of Figure 6 below.

Load increment and reactive power compensation show a 

differing impact on high value and low value Thevenin 
impedances.  

For a closer investigation of Figure 6, top five and lower 

five values are screened out in Table 2 below. In the case of 

high value Thevenin impedance, compensation reduces 

Thevenin impedance while system load increment increases 

it. These changes also affect the order of values among the 

load buses. In the low value Thevenin impedances, for the 

majority of the buses, compensation increases Thevenin 

impedance while load increment decreases the Thevenin 

impedance value. 

The largest Thevenin impedances are seen by load buses 

225 and 229 consecutively. These two buses are located on 

the Two terminals of a three-winding transformer. This is an 
indication of buses near to each other see almost a closer 

Thevenin impedance values. The buses, seeing high Thevenin 

impedance values, are those that are supplied from 66 kV 

transmission line. Area-wise, 70 percent of the top ten 

Thevenin impedance seeing load buses are from area 7 or area 

6.   

Table 2. High value and low value Thevenin impedances 

Light load 
uncompensated 
system 

Light load 
compensated system 

Heavy load 
uncompensated 
system 

Heavy load 
compensated system 

High value 
Thevenin 
impedance 

Load 
bus 

Area Zth 
(pu) 

Load 
bus 

Area Zth 
(pu) 

Load 
bus 

Area Zth 
(pu) 

Load 
bus 

Area Zth 
(pu) 

225 7 3.4929 225 7 3.4779 225 7 3.9563 225 7 3.8436 
229 7 3.4808 229 7 3.4672 229 7 3.8902 229 7 3.7923 
176 5 2.3271 176 5 2.3261 204 6 2.4127 204 6 2.3686 
169 5 2.3261 169 5 2.3251 176 5 2.3419 176 5 2.3399 
198 6 2.2829 198 6 2.2800 169 5 2.3412 169 5 2.3392 

Low value 
Thevenin 
impedances 

136 3 0.1004 136 3 0.1008 136 3 0.1004 136 3 0.1004 
121 3 0.1122 121 3 0.1122 121 3 0.1124 121 3 0.1123 
128 3 0.1354 128 3 0.1360 128 3 0.1348 128 3 0.1350 
13 1 0.1615 13 1 0.1654 228 7 0.1517 228 7 0.1554 
17 1 0.1792 227 7 0.1823 13 1 0.1599 13 1 0.1637 
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On the other hand, buses seeing low Thevenin impedance 

are buses 136 and 121. The least five values are of buses, 

which are supplied from either 132 kV or 230 kV 

transmissions. With some exceptions as in the least three, low 

Thevenin impedance seeing buses are dominantly from Addis 

Ababa region, i.e area 1. This can be seen by screening least 

20 values. This attributes to the high connectivity of the 

transmission buses in this area. 

Figure 6.  Thevenin impedance seen by the load buses a) Light load uncompensated system b) Light load 
compensated system c) Heavy load   uncompensated system d) Heavy load compensated system 

EAI Endorsed Transactions on 
Energy Web 

06 2022 - 12 2022 | Volume 9 | Issue 40 | e5



Ahadu Hilawie and Fekadu Shewarega 

8 

b) Maximum active power transfer (Pmax)
For a given load bus, Pmax changes with load variation of the

rest system. Under the four scenarios, the maximum active

power transfer capability of the load buses is shown in Figure

7 below.

The results show, as system loading increases the maximum

power transfer decreases. This attributes to the reduction of

the Thevenin equivalent voltage and the relative increase of 

Thevenin impedance, with increased system loading. On the 

other hand, reactive power compensation, i.e. increase in 

power factor, increases the maximum active power transfer. 

Compensation, also, can affect the order of Pmax values 

among load buses. 

. 

Figure 7. Maximum active power transfer limit of the load buses a) Light load uncompensated system b) Light 
load compensated system c) Heavy load uncompensated system d) Heavy load compensated system 

The investigation also reveals, buses, sharing the same 
node, show a close Pmax value. This is due to the dependency 

of the maximum active power transfer on the network 

representation, as viewed from the load bus independent of 

the amount of the load connected to the bus. 

Top five Pmax values and least five Pmax values are 

shown below in Table 3. Under all the scenarios load bus 128 

owns the highest Pmax value, followed by bus 136. Buses 

with top Pmax values are supplied from 132 kV and 230 kV 

transmission lines. On the other hand, bus 225 has the least 
Pmax value followed by bus 229. Among the least ten Pmax 

values 80 % of the load buses are supplied from 66 kV 

transmission lines. More than 80 % of high Pmax value buses 

are concentrated at area 1, which is at the centre, while the 

low Pmax values are on the peripheral areas. Buses with 

lowest Pmax value are frequent in area 7 and area 6. This is 

due to the high concentration of the 66 kV transmission lines 

in these areas. 

Table 3. Highest and lowest Pmax values under the four scenarios 

Light load 
uncompensated system 

Light load compensated 
system 

Heavy load 
uncompensated 
system 

Heavy load 
compensated system 

High 
Pmax 
values 

Load 
bus 

Area Pmax 
(pu) 

Load 
bus 

Area Pmax 
(pu) 

Load 
bus 

Area Pmax 
(pu) 

Load 
Bus 

Area Pmax 
(pu) 

128 3 2.4085 128 3 2.4762 128 3 2.3206 128 3 2.3858 
136 3 2.3006 136 3 2.3677 136 3 2.2094 136 3 2.2739 
46 1 2.1555 46 1 2.3066 46 1 2.0598 46 1 2.2113 
36 1 2.0869 24 1 2.2288 36 1 1.9892 36 1 2.127 
24 1 2.0853 36 1 2.222 24 1 1.9577 24 1 2.1062 
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Low 
Pmax 
Values 

225 7 0.0395 225 7 0.0419 225 7 0.0201 225 7 0.0235 
229 7 0.0401 229 7 0.0425 229 7 0.0211 229 7 0.0244 
204 6 0.0749 204 6 0.0805 204 6 0.0528 204 6 0.0591 
141 4 0.0777 141 4 0.0828 231 7 0.0568 231 4 0.0650 
201 6 0.0851 201 6 0.0907 201 6 0.0659 201 6 0.0722 

c) Active power margin index (PPMI)
The active power margin index of load buses is determined

after calculating the maximum active power transfer. The
results are depicted in Figure 8 below.

As system loading increases the PPMI decreases. While, 

compensation increases the PPMI. Loading changes ranking 

of strength and weakness of load buses. Ranking depends on 

each unique system loading condition. Upon system loading 

change, there are buses who maintained their rank while 
others change. Here below, the weakest buses are shown in 

Table 4. 

Table 4. Weakest buses under different system loading condition 

Light load 
uncompensated 
system 

Light load 
compensated system 

Heavy load 
uncompensated 
system 

Heavy load 
compensated system 

Load 
bus 

area PPMI Load 
bus 

area PPMI Load 
bus 

area PPMI Load 
bus 

area PPMI 

219 7 0.7038 219 7 0.7154 232 7 0.5145 232 7 0.5638 
234 7 0.7276 234 7 0.7385 219 7 0.5555 219 7 0.578 
201 6 0.7502 201 6 0.7658 201 6 0.5702 201 6 0.6078 
232 7 0.7689 232 7 0.7804 234 7 0.5871 234 7 0.6086 
198 6 0.777 198 6 0.7834 229 7 0.6333 198 6 0.6805 
53 2 0.7825 53 2 0.8044 198 6 0.6676 229 7 0.6833 
55 2 0.8092 199 6 0.8224 53 2 0.6771 53 2 0.7131 
199 6 0.817 55 2 0.8279 225 7 0.6794 225 7 0.7252 
103 2 0.825 103 2 0.8358 231 7 0.6905 231 7 0.7293 
263 9 0.841 263 9 0.8471 55 2 0.7202 199 6 0.7378 

Based on the 10 weakest buses shown in Table 4 above, 

the majority of load buses under light load and all the load 

buses under heavy load condition are supplied from the 66 kV 

transmission line. The 66kV transmission lines are oldest 

lines with higher line resistances per km as compared with 

other transmission lines. This condition of the transmission 

lines assures the result from PPMI to be reasonable. 

From previous discussions, we have seen these buses 

having large Thevenin impedance and lower Pmax values. 

These two conditions are also indicators of the possibility for 

these buses to be weak buses.  
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Figure 8. Active power margin index under different loading condition; a) Light load uncompensated system b) 
Light load compensated system c) Heavy load uncompensated system d) Heavy load compensated system

Speaking area-wise area 7 is the weakest area constituting 60 

% of the 10 weakest buses. This area is known not being the 

most loaded area. Hence, the problem is from the network 

setup of the area. The high concentration of the 66 kV 

transmission lines in this area is one of the causes. Hence, 

considering upgrading these transmission lines is vital for the 

system voltage stability. 

Here below in Figure 9 the PV curves of the four weakest 

buses are shown. 

In the PV diagrams, current operating active power-

voltage value is shown by red circles. The four buses have 

different maximum active power value and current operating 
values. From the four buses Bus 234 has the highest Pmax 

value followed by Bus 219, while Bus 201 own the least 

value. Both Bus 219 and Bus 234 have the highest operating 

power among the four. The operating power is almost a 

similar for these two buses. The difference in Pmax created 

the difference in weakness rank. Bus 219 is the bus with the 

least operating power among the four. 
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Figure 9. PV diagrams of the weakest buses a) bus 232  b) bus 219  c) bus 201  d) bus 234 

The PV diagrams also reveal, system reactive power 

compensation is improving the voltage profile at current 

operating active power and seen maximizing the maximum 

active power transfer. This goes in line with the fact that 

reactive power compensation improves both low voltage 

profiles as well as voltage stability. 

High system loading reduces both bus voltage profiles and 

the maximum active power transfer. Decreasing maximum 

active power transfer against increasing bus loading, results 

in further reduced active power margin, i.e reduced PPMI. 

As it can be seen from Figure 9, for some buses like bus 
219 and 234, both loading and reactive power compensation 

bring comparable impact on the voltage profile and voltage 

stability level. While for other buses, like 232 and 201, the 

impact of loading overwhelms the impact of reactive power 

compensation. 

Here it is important to mention PV diagrams cannot be 

used for bus ranking, for each bus has its unique current 

operating state and unique maximum active power transfer 

capability. This is why the index development is necessary. 

The most stable buses based on the index are shown here 

below in Table 5. Top ten buses are selected for 

demonstration. For the strongest buses the rank change that 

comes from compensation and loading variation is few. The 

majority of buses are supplied from 132 kV transmission 

lines. Buses 149 and 29 are the strongest buses consecutively. 

The majority of the most stable buses are from area 2 which 

is located next to the centre of the EEP interconnected system. 

The centre, area 1, despite having buses with the highest 
Pmax and lowest Thevenin impedance, is not the area with 

the most stable buses. This is due to the fact; area 1 is the most 

loaded area. This high loading cancels out the advantage of 

having high Pmax value. 
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Table 5. The most stable buses under different system loading condition 

Light load 
uncompensated system 

Light load 
compensated system 

Heavy load 
uncompensated 
system 

Heavy load compensated 
system 

Load 
bus 

Area PPMI Load 
bus 

Area PPMI Load 
bus 

Area PPMI Loa
d 
bus 

Area PPMI 

29 1 0.9995 149 4 0.9996 149 4 0.9994 149 4  0.9994 
149 4 0.9995 29 1 0.9995 29 1 0.9993 29 1 0.9993 
91 2 0.9992 91 2 0.9992 91 2 0.9988 91 2 0.9989 
13 1 0.9989 13 1 0.9990 13 1 0.9984 13 1 0.9985 
119 2 0.9987 185 5 0.9987 185 5 0.9982 185 5 0.9983 
185 5 0.9986 119 2 0.9986 119 2 0.9980 119 2 0.9981 
118 2 0.9984 118 2 0.9985 118 2 0.9977 118 2 0.9979 
254 8 0.9983 254 8 0.9983 254 8 0.9976 254 8 0.9977 
77 2 0.9982 77 2 0.9983 77 2 0.9975 77 2 0.9976 
73 2 0.9981 73 2 0.9982 73 2 0.9974 73 2 0.9974 

5. Conclusion

In this paper, the static voltage stability of EEP system, under 

heavy load and light load condition as well as with and 

without reactive power compensation is investigated. For the 

investigation an index called active power margin index, 

which relays on system Thevenin equivalent representation, 

is devised. The index is tested for validity using IEEE 30 bus 

test system and compared with other previously developed 

indices. Our index produced a matching result with these 
indices.  

From EEP system investigation, highest Thevenin 

impedance seeing, lowest Pmax value having and most 

unstable buses are found to be supplied from 66 kV 

transmission lines. Accordingly, bus 232 load bus is found to 

be the weakest bus followed by bus 219. Area-wise, area 7 

and area 6 are areas that contain considerable number of buses 

that are nearer to voltage instability. The system operator 

needs to pay close consideration for these areas. Since the 

main cause of the problems are the high impedance 

transmission lines of 66 kV, this work also, recommends 

upgrading these transmission lines to keep the voltage 
instability at fair far distance. On the other hand, the most 

voltage stable buses are supplied from 132 kV transmission 

and the majority are located in area 2. Buses 149 and 29 are 

the most stable buses according to the assessment.  

Appendix A. Derivation of active power 
voltage relation 

From figure 1, we can set the following relation for the 

apparent power transferred to the load as: 

𝑺 = 𝑽𝑰∗ (A.1) 

Then, the current flowing through is: 

𝑰 =
𝐸𝑡ℎ∠𝜙 − 𝑉∠𝜔

𝑍𝑡ℎ∠𝜑
(A.2) 

Substituting equation (A.2) to (A.1): 

𝑺 = 𝑉∠𝜔 (
𝐸𝑡ℎ∠𝜙 − 𝑉∠𝜔

𝑍𝑡ℎ∠𝜑
)

∗

(A.3) 

We get the apparent power: 

𝑺 = 𝑃 + 𝑗𝑄 

=
𝑉𝐸𝑡ℎ∠(𝜔 + 𝜑 − 𝜙)

𝑍𝑡ℎ

−
𝑉2

𝑍𝑡ℎ

∠𝜑 

(A.4) 

Letting 𝛼 = 𝜔 + 𝜑 − 𝜙 and separating this term to active 

and reactive component: 

𝑃 =
𝑉𝐸𝑡ℎ

𝑍𝑡ℎ

cos 𝛼 −
𝑉2

𝑍𝑡ℎ

cos 𝜑 (A.5) 

𝑄 =
𝑉𝐸𝑡ℎ

𝑍𝑡ℎ

sin 𝛼 −
𝑉2

𝑍𝑡ℎ

sin 𝜑 (A.6) 

From the identity: 

sin2 𝛼 + cos2 𝛼 = 1 (A.7) 

From equations (A.5), (A.6) and (A.7): 

(
𝑃𝑍𝑡ℎ

𝑉𝐸𝑡ℎ

+
𝑉

𝐸𝑡ℎ

cos 𝜑)
2

+ (
𝑄𝑍𝑡ℎ

𝑉𝐸𝑡ℎ

+
𝑉

𝐸𝑡ℎ

sin 𝜑)
2

= 1 

(A.8) 

Rearranging the terms, we come across an equation of 

quadratic form in 𝑉2 as: 
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𝑉4 + 𝑉2(2𝑍𝑡ℎ(𝑃 cos 𝜑 + 𝑄 sin 𝜑) − 𝐸𝑡ℎ
2 )

+ 𝑍𝑡ℎ
2(𝑃2 + 𝑄2) = 0

(A.9) 

Then, expressing the reactive power in terms of active 

power using the power factor angle: 

𝑄 = 𝑃 tan 𝜃 (A.10) 

Substituting this equation to equation (A.9): 

𝑉4 + 𝑉2(2𝑍𝑡ℎ𝑃(cos 𝜑 + tan 𝜃 sin 𝜑)
− 𝐸𝑡ℎ

2 ) + 𝑍𝑡ℎ
2𝑃2 sec2 𝜃

= 0 

(A.11) 

This equation gives four solutions for the voltage among 

which only two are feasible.  

Then solving for 𝑉2 and using Thevenin impedance terms: 

𝑉2 =
− (2(𝑃𝑅𝑡ℎ + 𝑄𝑋𝑡ℎ) − 𝐸𝑡ℎ

2 )

2

±√(2(𝑃𝑅𝑡ℎ + 𝑄𝑋𝑡ℎ) − 𝐸𝑡ℎ
2 )

2
− 4𝑍𝑡ℎ

2𝑃2 sec2 𝜃

2

(A.12) 
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