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ABSTRACT 

Power availability is a crucial factor in determining new load centers. There is a need for adequate power 

reserve and maximum load capacity allocation to ensure continued power demand and supply electrical 

systems. In modern interconnected power systems, a high peak load power demand is met by the 

contribution of the available generator units. There is an urgency to solve the challenges arising from 

interconnected network configurations such as the loss of generation, inadequate supply capacity to meet 

load demand during peak time, transmission losses and significant voltage drop at the heavily loaded buses. 

This dissertation investigates the influence of inter-connected load buses on the system’s voltage profile 

and the electrical proximity from generation sites to load centers as captured by the Y-admittance matrix. 

The inherent structural theory of networks was used in determining the required power reserve and load 

capacity allocation using the ideal generator contribution index. PowerWorld simulator, Dig SILENT 

Power Factory and MATLAB were used as simulation and presentation tools for the modified IEEE 14 bus 

system and the Southern Indian 10 bus system. From the analysis of the results, much of the load capacity 

needed for electrical load growth is feasible for the bus that is most electrically proximal to a high-rated 

power source. The use of the ideal generator contribution index exploits the structural properties of the 

network. That being the case, its advantages include minimum expansion of existing structures and minimal 

transmission active power losses. Also, in this dissertation, a V-Q curve characteristic approach was used 

to identify the weak load buses in an interconnected power system. This was done by simulating uniformly 

distributed multi-bus loading conditions and the conventional analysis of the sole bus loading method in a 

power network system up to the minimum acceptable per unit voltage point. This lead to the formulation 

of a novel V-Q curve-based index. The voltage critical multi-bus index is a variable state-based index. This 

index was compared with the self-sensitivity index of the reduced Jacobian matrix and the ‘load structural 

electrical attraction region’ index of the inherent structural theory of power networks, giving a deeper 

insight into the system characteristics under light and heavy loading states.  
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CHAPTER 1 - INTRODUCTION 

1.1 Introduction 

Electricity demand and supply must be closely matched in electrical power systems to avoid adverse 

consequences leading to grid shutdown [1]. The reserve capacity is utilized to meet demand if a particular 

generator is isolated from the grid or if there is supply disruption [1] [2]. Adequate allocation of electrical 

power reserves ensures that all forecasted load consumption is duly met [3] [4]. An operating reserve offers 

a safety margin that helps in ensuring the reliability of the power system network despite variability in the 

electric load and the renewable power supply. The term spinning reserve is more commonly used to mean 

operating reserve. This is so because fuel cells, batteries and the grid can offer this type of reserve although 

they do not spin [5] [6]. In some regions, wind is a dispatchable resource and operators can purposely 

control output to ramp the plant up or down (to match load or provide reserves) [7] [8]. In power system 

networks, forecasting of electrical loads growth, which may be projected to a period of up to several 

decades, is a crucial step in the planning and developing generation, transmission and distribution systems. 

Power system engineers use the results of such forecasts to efficiently coordinate resources to meet power 

demand while providing an acceptable level of power quality and reliability [9].  

Besides the power supply and load demand matching challenge in grid systems, the lack of sufficient 

reactive power in an electrical power system, together with the continuous upsurge in electrical load 

demand, are the key factors among many others, contributing to the occurrence of voltage collapse in 

modern power systems [10] [11]. The emerging industrial load centers (which heavily absorb reactive 

power) and massive assimilation of the intermittent distributed generator sources have led to a broader and 

uncertain range of grid operating conditions. The resultant consequence is reduced voltage stability margins 

when optimum coordination is not done [12]. This being so, the proper planning, continuous monitoring 

and the control of power systems through voltage stability indices is urgently needed [13]. 

Voltage stability analysis entails assessing the electrical network's weak, unstable or uncontrollable areas 

that may pose a risk to the future of load growth due to unexpected voltage collapse [13] [14]. Voltage 

stability indices function to situate the current operation of a power system, predict future changes to the 

nature of the system, and evaluate a long-run development trend within pre-defined circumstances [13]. 

Voltage stability may be enhanced during the design and power system operation phases [13] [14]. Two 

main categories of voltage stability indices include; singular value-based and variable (parameter) based 

indices [13]. The extensive calculation time and limitations for radial systems are the main disadvantages 

of the singular value-based indices. On the other hand, the variable-based indices are helpful during the 

analysis at instances of heavy load conditions [13] [14]. 
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1.2. Research Objectives 

In the existing literature, standards and analytical methods for determining the operating reserve 

requirements for various systems have been undertaken. The requirements include the capacity amounts, 

speed at which they should respond, how they should react, when and how soon they should be ready for 

subsequent usage [3] [4]. In this dissertation, the proposed approach for the reserve allocation, allowable 

future load calculating and load supply matching differs from the existing methods by using the network’s 

structure as captured by the Y-admittance matrix [15]. The method uses the ideal generator contribution 

index derived from the inherent structural theory of networks. The distinctive property of the ideal generator 

contribution matrix is that its row summation is bound to a value approximate to unity and apportions load 

demand according to their relative electrical proximity from generators in the power system network. The 

network structure, characterized by the interconnection through transmission lines, inherently influences 

losses and the voltage profile. This approach utilizes the relative electrical distance to necessitate planning 

with a minimum expansion of the existing network structure and minimal power loss to identify buses for 

additional generation units. 

Additionally, this dissertation aims to use a V-Q curves approach method within pre-defined voltage limits 

(in per unit) along the stable voltage region to develop an index to predict the stiffness of a bus to voltage 

drop. The V-Q curves characteristics plotted while considering uniformly distributed loading (across all 

buses) and sole bus loading to determine (by use of a new index) how fragile and vulnerable a bus is to 

voltage drop as a result of being a supply node to a considerably heavy reactive electrical power load (up 

to any stipulated minimum per unit voltage before total voltage collapse). This study aims to contribute to 

the overall planning and operation of a stable electrical power system by using the ideal generator 

contribution index and the novel voltage critical multi-bus index.    

1.3. Key Research Assumptions  

The following assumptions were made; 

 The generator units used in the investigation represent the base load supply units.

 Most of the load power demand is inductive reactive (MVARs) for heavy industrial machines and

the growing usage of home appliances.

 A generator bus may include several units, where some specific supply units are active/online and

the offline units meet the requirements needed for future power generation scheduling.

 No reactive power compensators are installed in shunt/parallel unless modelled to cater to the

source and sink nature of the power system elements.
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1.4. Contributions of the Study 

The contributions of the study are as follows: 

 The concept of relative electrical distance, based on the network’s structure (to harness the benefits

of minimal expansion requirements and fewer transmission losses), has been used to allocate power

reserves and electrical loads. The minimum reserve capacity is slated according to the calculated

values of the derived formula based on the ideal generator contribution index. In our study (in the

case of the Southern Indian Network), when the load at bus 7 is projected from 250 MW to 350

MW, generator 1 increases its supply by 39 MW, generator 2 by 11.75 MW and generator 3 by

43.4 MW.  The permissible load demand at bus 5, when generator 2 is restricted to a maximum

power supply of 120 MW, gives a value of 240.5 MW from 150 MW. That being so, generator 1

is scheduled to supply 57.35 MW as additional power while generator 3 is set to supplies 27.94

MW as extra power (reserve power).

 The simulated and calculated results of the power demand for single/sole bus load demand and the

uniformly distributed load across all buses have been presented in this study. Results analysis show

deviations of the order 0.01 in magnitude (for the ideal generator contribution index), further

cementing the viability of the inherent structural theory of networks indices.

 A new index based on V-Q curves plot characteristics has been derived. This necessitates the

investigation of network systems under heavy reactive power loading conditions. The voltage

critical multi-bus index and the inherent structural theory of networks (the load structural, electrical

attraction region) index identified bus 6 as the weakest bus.

1.5. Organisation of the Dissertation 

The remaining sections of the dissertation are as follows: 

Chapter 2 gives the literature review of the existing research works on reserve power allocation, the inherent 

structural theory of networks, and voltage stability indices. Chapter 3 contains the methodology used for 

developing the ideal generator contribution index from the inherent structural theory of networks and the 

new formulations for power reserve and load capacity allocation. Additionally, the application of V-Q 

curves plot characteristics in deriving the novel index, the voltage critical multi-bus index, is demonstrated. 

Chapter 4 analytically presents, compares and discusses the simulated and calculated results. Chapter 5 is 

the conclusion and future work recommendation; this chapter summarises the objectives of the research 

work. 
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CHAPTER 2 – LITERATURE REVIEW 

2.1. Introduction 

There is a great need to ensure that power generation matches load demand in the existing power systems 

while also providing an adequate reserve that would guarantee overall stability during its operation [9]. 

Over the recent years worldwide, continued growth in electricity demand (having not been matched with 

an equivalent growth in generation) has eroded the reserve margins, leading to a scenario where the power 

system is operated at its limits [16]. Under these circumstances, a sudden loss in load often leads to 

increased rotor speeds, resulting in unwanted mechanical oscillations in the generator and transient 

variations in frequency and voltage, especially in a less inter-connected network system [17]. On the other 

hand, a loss of large generating units at instances of fewer reserve margins can lead to a frequency droop 

due to network overloading [16] [17]. Therefore, there is an urgent need to plan, calculate, add enough 

reserve capacity to avoid a supply shortage if one of the primary power plants cannot operate as usual or an 

emergency increase in demand occurs [2] [3]. Since a voltage collapse at a bus can lead to significant 

deviations in rotor angle and output frequency, the same way a significant frequency change may lead to 

large changes in voltage magnitude, accurate ways of identifying weak nodes/buses in an interconnected 

system are required. 

 

2.2. Reserve Capacity Allocation  

The Required operating reserve is the least amount of operating reserve that the power system must be 

capable of providing. In the modern power systems, the inter-connectedness of its network structure 

provides the needed reserve capacity for the system thus increasing the supply reliability. Inadequate 

reserve capacity might lead to frequent unplanned load shedding e.g. in South Africa [18]. A search for 

ways to produce extra power without building new power stations led to the refurbishment of its older units, 

contributing to the needed power generation during peak and high load demand even though they were 

small in size [18].  

 

According to the author [19], the allocation methods of the reserve can be classified into three of the 

following: the sequence allocating method, the allocation based on the frequency of blackout occurrence 

and the allocation based on the maximum output of large generators that are online each hour. For the 

sequence allocation method, the critical feature is that the unit’s reserved share is related to its rated 

capacity. The larger the unit’s rated capacity is, the more it shares the reserve, and vice versa [19]. On the 

allocation based on the frequency of blackout occurrence, the method is simple; however, it requires the 

acquaintance of blackout statistics. The analysis of the cause of a blackout must be performed to judge if it 
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is a contingency. The method also has some disadvantages, including difficulty in ascertaining a large unit’s 

fault since such occurrences are incidental. Also, the power reserve demands are usually determined 

beforehand for most power systems. In the third method, which is based on the maximum output of large 

generators online hourly, the maximum capacity of each online unit in the given period is recorded. This 

method is helpful for application and understanding since the online measure of the units’ power outputs is 

simple. The unit’s actual running capacity, not the rated capacity, is used in computation [19]. 

 

According to the author [5], calculating the required operating reserve for each time step based on the values 

and constraints formula is demonstrated. Since operating reserve caters to system’s increase in the load or 

decrease in the renewable power output (varying generation output), the required operating reserve can be 

modelled as a function of both the load demand and the varying power. According to authors in [4], the 

rules guiding the allocation of operating reserves employed for the active power balance have been 

established through years of experience in various global regions of grid operation. It has also been noted 

that power systems differ in the following aspects: the size and frequency response characteristics, load 

characteristics and the transmission network. The approach to dealing with risk can also be quite different 

for a particular system operator [4].  

 

Authors in [20] developed a dynamic simulation framework to assess the performance of ORDC (Operating 

reserve demand curve) in safeguarding resource adequacy and system reliability in energy-only electricity 

markets. Two significant indices are considered: IRM. (Installed reserve margin) and the generator’s profit 

indices. Randomly-generated load data has been used to simulate the demand uncertainty.  

 

From these previous reserve allocation and management methods, there is a need to fill the gaps of failing 

to anticipate reserve demand in advance, transmission losses, and planning based on load characteristics.  

In this work, the ISTN’s (Inherent Structural Theory of Networks) index, Ideal Generator Contribution 

index, has been chosen as an alternative to previous methods, excluding in-depth analysis of the economic 

aspect of contingencies and power system operations. This index can be applied to locate potential buses 

for adding new reserves by calculating the amount of power reserve needed and identifying the units with 

high power penetration to the system. Implementing the ideal generator contribution is advantageous 

because it is faster than conventional power flow methods [15]. In addition, it provides a way to relate the 

system behavior (relative electrical distance and power contribution to meet load demand) to how power 

lines and buses influence each other [21]. 
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2.3. The Ideal Generator Contribution Index 

The concept of path matrix [13] or relative electrical distance has been used to formulate the T-index by 

authors in [22]. On further developments of this idea, another index was developed using the theory of the 

inherent power system characteristics [15] [23] and is known as the ideal generator contribution index [15]. 

This index is hinged on the inter-connection of buses as captured in the network's Y-admittance matrix [15]. 

By use of ohms law I = Y*V, the interconnected network was modelled using its Y-admittance.   

𝑌 𝑃𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑎𝑑𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 𝑚𝑎𝑡𝑟𝑖𝑥  =
𝑌𝐺𝐺 𝑌𝐺𝐿

𝑌𝐿𝐺 𝑌𝐿𝐿
     (2.1) 

Equation (2.1) is partitioned in line with source (generator) and sink (load).  Authors in [15] obtained a 

simple equation of sub-matrices presented as follows  

𝐹𝐿𝐺 = -  𝑌𝐿𝐿
−1 𝑌𝐿𝐺  (2.2) 

The absolute value of the matrix 𝐹𝐿𝐺 denotes the ideal generator contribution [15] [22]. This matrix captures

the ratio that a particular generator supplies power to meet load demand with respect to the online pool of 

generators in a power system network. It is a linearized approach that employs circuit laws to solve a power 

flow problem. Traditionally, the solutions to load flow are solved by iterative techniques and have not 

offered information regarding the system structure as per authors in [15]. This behoves power system 

engineers to apply physical principles to understand better how variables interplay in a network structure 

in harmony with fundamental circuit laws. With that in mind, this has culminated in developing the ideal 

generator contribution index by authors in [15] [22].  

According to authors in [24], when locating new generator buses for a maximum contribution of power into 

the system, this index effectively ensures that line overloading does not occur, thus necessitating planning 

within existing transmission corridors with the negligible expansion, leading to overall system stability [22] 

[25]. Furthermore, this approach results in less active power losses when implemented [22]. However, 

factors like voltage drop and the effect of large reactive loads haven’t been captured in this index; thus, 

there was a need to go ahead and develop an index based on the non-linearity property of most system 

loads. This leads to a study on system voltage indices, in a quest to improve the general power system’s 

stability, by identifying weak buses (for reactive power compensation), leading to the relief of power 

generation and reserve units. The resultant complete work (in this dissertation) is vital in ensuring a 
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complementary approach (in analysis and design) to solving system stability problems [13] by using 

inherent structural and variable-based models.  

     

2.4. System Voltage Indices 

According to authors in [26, 27, 28], the purpose of voltage stability indices is to locate the current operating 

voltage of a power system, forecast future deviations and approximate a long-run trend within pre-defined 

conditions [29, 30]. An in-depth analysis of voltage stability indices has been done in the previous three 

decades [13, 31, 32]. These authors classify indices into two major types: singular value-based and variable-

based indices. The singular value-based (power flow Jacobian) indices can be used to predict a system’s 

critical operating point. They can be reckoned as a proper tool for estimating instability and power transfer 

capability under static analysis conditions [13]. The lengthy calculation and limited use on radial systems 

are the main disadvantages of these indices.  

 

The Sensitivity analysis indices (variable-based) utilize active and reactive power deviations to approximate 

the safety margin between a system's operating and collapse point. In terms of the prediction accuracy in 

offline applications and high sensitivity near the critical operating point, this index is deemed less accurate 

when compared to other categories of indices. However, it is worth noting that this index is an excellent 

tool in estimating a power system’s steady-state condition using visual graphical representations of P–V 

and P–Q curves [33]. 

 

According to [13], it has been proven that there are certain indices, which are profoundly identical, but 

different from the driven point of view [14]. In other words, their results are complementary each in mutual 

concord. Also, an index which has a lower ranking when it comes to compliance with other indices does 

not suggest that the index is ineffectual since each index is best functional for a specific application. In the 

literature [30, 32], when the same system under investigation is subjected to a heavy load in a strained 

situation [34], the ∆𝑉𝑖/∆𝑄𝑖 and ∆𝑉𝑖/∆𝑃𝑖 sensitivity indicators play an important role in the system’s voltage 

collapse prediction [35] [36]. 
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2.5. Voltage Critical Bus Index (VCBI) 

A recent model of system parameters (V and Q) has been developed in [11]. When 𝑉𝑛 is taken to represent

the load bus nominal voltage and 𝑉𝑏 is the voltage of load bus b established during the power flow solution

[11]. Then the change in the reactive power variation at each load bus of the system is Δ𝑄, with 𝑀𝑇 being

the total number of step size or iterations taken by each load bus to reach the maximum load-ability.  

Authors in [11] have determined that the load bus that has maximum VCBI with the lowest reactive power 

load-ability or lowest value of 𝑀𝑇 is the most critical bus.

(𝑉𝐶𝐵𝐼𝑏)𝑘=1… 𝑀𝑇
  =  𝑚𝑎𝑥𝑏=1…𝑁𝐿 

|(∑ (∆𝑏)𝑁
𝑏=1 )

𝑘=1…𝑀𝑇
|

(𝑀𝑇)𝑏 ∗ (𝑄𝑚𝑎𝑥)𝑏
(2.3) 

Where 

(𝑄𝑚𝑎𝑥)
𝑏
 = ∑ (∆𝑄𝑏)𝑘=1… 𝑀𝑇

𝑁
𝑏=1 (2.4) 

And 

|(∆𝑏)𝑘=1… 𝑀𝑇
|  =   |

(𝑉𝑛− 𝑉𝑏)𝑘=1… 𝑀𝑇

𝑉𝑛
| (2.5) 

Authors in [11] used sensitivity analysis indices which are parameters (variables) based to form the voltage 

critical bus index (VCBI). This concept has implemented the conventional approach to determine the point 

of voltage instability. Since voltage stability in power systems is hugely dependent on the reactive power 

availability at system’s load buses, the conventional way of identifying critical buses is normally done by 

subjecting the system to gradual reactive power load variation at each load bus until the point of collapse. 

This is typically realised by taking one bus at a time until the maximum acceptable load on a specific load 

bus is reached [11]. However, it can be inferred that this approach is limited in its use when the power 

system network is loaded across multiple buses at the same instance since all load buses influence each 

other in an inter-connected system. This leads to the derivation of an alternative index in this research work 

by using V-Q curves (similar in the principle of formulation) to cater to the effect of adjacent buses on the 

voltage drop of a particular bus.   
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2.6. V-Q Curves 

Authors in [37] ascertained that the V-Q method was advanced owing to difficulties in power flow program 

convergence of stressed cases. Advantages include: First, convergence is generally not a major issue, even 

on the “unstable” left side of the curve. Secondly, the method is fast and for a slight variation in the 

scheduled voltage, convergence takes only a few iterations with the conditions from the preceding case 

taken as the starting point. Thirdly, the reactive power shunt compensation requirements are approximately 

given and reactive power compensation characteristics (capacitor bank or SVC) can be superimposed on 

the V-Q system characteristic. Fourthly but not least, the slope of the curve indicates voltage “stiffness,” 

[37] a property that can be used to predict a bus susceptible to voltage collapse. 

 

2.7. Conclusion 

The approaches to reserve allocation purposely to meet demand have been discussed. The link between 

supply reserve, emergency load demand and power supply matching and voltage stability has also been 

identified for research to enhance overall power system stability and minimize transmission losses. This 

dissertation aims to mathematically convey, based on ideal generator contribution, the required generator 

reserve and load capacity with respect to generator rated output. The scope of this dissertation does not 

examine the economics of generation and the cost of adding new units to the system. The modelling 

challenge posed by buses with both source and sink configurations can be eliminated by reducing the network 

under investigation into its equivalent source and sink networks, then working on the resultant networks. 

The distinctive advantages of using the ideal generator contribution index include; less computation time, 

effectiveness in ensuring that the line overloading does not occur, minimum infrastructure expansion and its 

implementation translate to having less active power losses. This dissertation also aims to use V-Q curve 

characteristics of uniformly distributed loading and sole bus loading to determine (by use of an index) how 

fragile and vulnerable a bus is to voltage collapse (as a result of being a termination node to a considerably 

heavy reactive electrical power equipment). Adequate reactive power compensation in the susceptible 

regions ensures that active power reserves are not depleted while supplying such critical buses in the power 

system network. 
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  CHAPTER 3 – METHODOLOGY 

3.1. Introduction 

This chapter centres on the methodology and mathematical formulations implemented to allocate and 

identify (in a strained power network system) the required generator reserves (or the additional power 

supply capacity). The maximum power demand permissible at a particular load bus is mathematically 

defined while considering the available generation capacity based on the ISTN’s (the ideal generator 

contribution) index. In addition, the derivation of the ∆V / ∆Q self-sensitivities (from the reduced Jacobian 

matrix by eigenvalue method) is done for comparison purposes with the ISTN’s (load structural electrical 

attraction region) index. Also, a new index was derived (the voltage critical multi-bus index) based on the 

plot characteristics of the V-Q curves, contributing to the power system stability improvement by 

identifying the weak buses for reactive power compensation. 

 

3.2. Ideal Generator Contribution Index 

For structurally complex circuits [38], such as the interconnected power systems networks, it is much 

simpler to use the Y-admittance in order to utilize the links between adjacent buses (for identifying essential 

structural information related to conventional power flow solutions) [15] [38]. The ideal generator 

contribution index is derived from the Y-admittance matrix through the source (generator bus) and sink 

(load bus) partitioning method [15, 23]. For a given power system, the network admittance matrix can be 

conveyed as follows [39]: 

 

Y =   
𝑌𝐺𝐺 𝑌𝐺𝐿

𝑌𝐿𝐺 𝑌𝐿𝐿
                                                                       (3.1) 

Using ohm’s law I = Y*V, the Schur complement of  𝑌𝐿𝐿 is derived as follows: 

𝐼𝐺

𝐼𝐿
   =   

𝑌𝐺𝐺 𝑌𝐺𝐿

𝑌𝐿𝐺 𝑌𝐿𝐿
     

𝑉𝐺

𝑉𝐿
                                                              (3.1a) 

Expanding (3.1a) 

𝐼𝐺 = 𝑌𝐺𝐺𝑉𝐺 + 𝑌𝐺𝐿𝑉𝐿                                                               (3.2) 

𝐼𝐿 = 𝑌𝐿𝐺𝑉𝐺 + 𝑌𝐿𝐿𝑉𝐿                                                               (3.3) 

Where 𝐼𝐺, 𝐼𝐿 are complex bus injection currents for the generator and load respectively [15]; 𝑉𝐺, 𝑉𝐿 are 

complex bus voltage injection vectors for the generator and load respectively [15]. The Y-admittance is a 

square matrix of dimensions (G + L) x (G + L) [15] [23], 𝑌𝐺𝐺 is a square matrix of dimension G x G 
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representing the connectivity between the generator buses [15]. 𝑌𝐺𝐿 is a G x L matrix relating the generator

to load buses, 𝑌𝐿𝐺 is the transpose of 𝑌𝐺𝐿, 𝑌𝐿𝐿 is a square matrix of dimension L x L containing the

connectivity between load buses [15] [21]. G is the number of generator buses and L is the number of load 

buses in the network respectively [15] [39]. 

Pre-multiplying (3.3) by 𝑌𝐿𝐿
−1 and making 𝑉𝐿 the subject, we get;

𝑉𝐿 = 𝑌𝐿𝐿
−1𝐼𝐿 -  𝑌𝐿𝐿

−1 𝑌𝐿𝐺 𝑉𝐺  (3.4) 

Substituting (3.4) in (3.2) 

𝐼𝐺 = 𝑌𝐺𝐿 𝑌𝐿𝐿
−1 𝐼𝐿 +   𝑌𝐺𝐺  - 𝑌𝐺𝐿 𝑌𝐿𝐿

−1 𝑌𝐿𝐺  𝑉𝐺   (3.5) 

Equations (3.4) and (3.5) can be expressed in matrix form [15] as; 

𝑉𝐿

𝐼𝐺
   =  

𝑍𝐿𝐿 𝐹𝐿𝐺

𝐾𝐺𝐿 𝑆𝐺𝐺

𝐼𝐿

𝑉𝐺
 (3.6) 

Where 

𝑍𝐿𝐿 = 𝑌𝐿𝐿
−1 (3.7a) 

𝐹𝐿𝐺 = -  𝑌𝐿𝐿
−1 𝑌𝐿𝐺  (3.7b) 

And 

𝐾𝐺𝐿 = 𝑌𝐺𝐿 𝑌𝐿𝐿
−1           (3.8a) 

𝑆𝐺𝐺 = 𝑌𝐺𝐺 - 𝑌𝐺𝐿 𝑌𝐿𝐿
−1 𝑌𝐿𝐺      (3.8b) 

𝑍𝐿𝐿 denotes the total load impedances and accounts for the total load losses, 𝐾𝐺𝐿 is the negative transpose

of 𝐹𝐿𝐺. 𝑆𝐺𝐺 is the Schur compliment of 𝑌𝐿𝐿 and represents the generator structural electrical attraction region.

𝑌𝐿𝐿 and the Y-admittance matrix and can be related as follows [15]

det Y = det 𝑌𝐿𝐿 det 𝑆𝐺𝐺   (3.8c) 

To identify all ISTN indices [15], algebraic manipulation of (3.1a) gives the following: 

𝑉𝐺

𝐼𝐿
   =  

𝑍𝐺𝐺 𝐻𝐺𝐿

𝑊𝐿𝐺 𝑀𝐿𝐿

𝐼𝐺

𝑉𝐿
  (3.9) 
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Where 𝑍𝐺𝐺  = 𝑌𝐺𝐺
−1 represents total generator impedances and accounts for the total generator losses [15] 

[15]. 𝐻𝐺𝐿 characterises the influence of generators on the load buses [15].  𝑊𝐿𝐺 is the negative transpose of  

𝐻𝐺𝐿. 𝑀𝐿𝐿  =  𝑌𝐿𝐿 - 𝑌𝐿𝐺 𝑌𝐺𝐺
−1 𝑌𝐺𝐿 is the Schur complement [15] of  𝑌𝐺𝐺 in the partitioned Y-admittance matrix 

(3.1) and defines the load structural electrical attraction region [15] [15].                              

 

From (3.7b), the absolute value of the matrix 𝐹𝐿𝐺 gives the ideal generator contribution [15]. The rows and 

columns correspond to the load bus numbers and generator bus numbers respectively [15]. Each row 

element determines the ideal proportion of load bus power allocated to an equivalent generator. From the 

literature [15] [22], each row summation is ≅ 1 (in the results section, the summation of the rows in |𝐹𝐿𝐺| 

can ascertain this mathematical property) [15] [22]. Utilization of this property can determine load capacity 

and generator reserves allocation using a mathematical formulation that assigns power according to the 

matrix elements of |𝐹𝐿𝐺| in a similar principle used to determine best site for generator placement by the 

authors in [22]. 

 

3.3. Generator Reserve and Load Capacity Allocation by Use of Ideal Generator Contribution Index 

The following mathematical equations were derived and presented in this section to find the generator 

reserve and load capacity allocation. From the absolute value of the matrix 𝐹𝐿𝐺, i.e. |𝐹𝐿𝐺| =|− 𝑌𝐿𝐿
−1 𝑌𝐿𝐺   |, 

the elements were considered as the index values as explicated in section 3.2. The relationship between the 

generator buses and load buses through the Relative Electrical Distance [22] makes it possible to find the 

generator power output required for a particular load demand and vice versa in this dissertation. 

 

Table 3.1: Ideal Generator Contribution matrix,   |𝐹𝐿𝐺 | 

 
Generator buses 

𝑖 = 1, 2…. I 
 

Load buses 

k = 1, 2….N 

 
Particular 

load bus 

number  

G1 G2 G3 
. .. 

Total row 

summation 

(load bus k)   𝑖 = 1 𝑖 = 2 𝑖 = 3 

k = 1 n = 4 𝜒𝑘𝑖=𝜒11 𝜒𝑘𝑖=𝜒12 𝜒𝑘𝑖=𝜒13 . .. 𝜒𝑇 ≅ 1 

k = 2 n = 5 𝜒𝑘𝑖=𝜒21 𝜒𝑘𝑖=𝜒22 𝜒𝑘𝑖=𝜒23 . .. 𝜒𝑇 ≅ 1 

k = 3 n = 6 𝜒𝑘𝑖=𝜒31 𝜒𝑘𝑖=𝜒32 𝜒𝑘𝑖=𝜒33 . .. 𝜒𝑇 ≅ 1 

k = 4 n = 7 𝜒𝑘𝑖=𝜒41 𝜒𝑘𝑖=𝜒42 𝜒𝑘𝑖=𝜒43 .. .. 𝜒𝑇 ≅ 1 

.. .. .. .. .. .. 𝜒𝑁𝐼 𝜒𝑇 ≅ 1 

 

The bus numbering starts with generator buses then load buses (this is due to the source and sink partitioning 

approach i.e. n = I + 1, I + 2…..N).  
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To derive the generator reserve and load capacity allocation, we annotate the following as: 

 𝜒𝑘𝑖  = A particular ideal generator contribution index value for load bus k, with k and 𝑖 representing

the matrix |𝐹𝐿𝐺 | row and column number respectively.

 𝜒𝑇 = The row summation of all generator index values for a specific load bus k.

 𝑔𝑘𝑖  = A particular generator’s actual power contribution for a load bus k, with k and 𝑖 representing

the matrix |𝐹𝐿𝐺 | row and column number respectively.

 𝑆𝑘 = Actual load power demand at load bus k.

By letting the following 

𝛼𝑘𝑖 = 
𝜒𝑘𝑖

𝜒𝑇
(3.10) 

It is worth noting that,  𝛼𝑘𝑖 ≅ 𝜒𝑘𝑖 since 𝜒𝑇 ≅ 1. In order to calculate the actual power contribution by a

specific generator to meet a designated bus k load demand, we have 

𝑔𝑘𝑖 = 𝛼𝑘𝑖 * 𝑆𝑘 (3.11) 

For N number of load buses, we let the total (sole generator’s) power contribution to the system be 𝐺𝑖 so

that the following expression may result: 

𝐺𝑖 = 𝛼1𝑖 * 𝑆1 + 𝛼2𝑖 * 𝑆2 + …….𝛼𝑁𝑖 * 𝑆𝑁      (3.12) 

Thus 

𝐺𝑖 =  ∑  { 𝑔𝑘𝑖} 𝑁
𝑘 (3.12a)        

And 

𝐺𝑖 =  ∑  {𝛼𝑘𝑖  ∗  𝑆𝑘 } 𝑁
𝑘   for all k = 1, 2, 3.... N (3.13) 
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For a specific load bus, let k = n, 

𝐺𝑖 =  ∑  {𝛼𝑘𝑖  ∗  𝑆𝑘 } 𝑁
𝑘

𝑘≠𝑛

+ 𝛼𝑛𝑖 * 𝑆𝑛    (3.14) 

To compute the new 𝐺𝑖 needed for a particular new load bus demand  𝑆𝑛 , when all other load buses’ demand

is held constant (to uphold the formulation and derivation principle, we adhere to a stepwise approach for 

the calculations), equation (3.14) is used. The new value of total generator output is deducted from the 

initial value of the total generator output to obtain the reserve capacity that a designated supply unit ought 

to have to meet the load demand.  

For load capacity allocation, the load demand 𝑆𝑛 from (3.14) is derived as

𝛼𝑛𝑖 * 𝑆𝑛 = 𝐺𝑖 -  ∑  {𝛼𝑘𝑖  ∗  𝑆𝑘 } 𝑁
𝑘

𝑘≠𝑛

(3.15) 

Dividing by 𝛼𝑛𝑖, the following is attained

𝑆𝑛 = 
𝐺𝑖

𝛼𝑛𝑖
  -  

1

𝛼𝑛𝑖
 ∑  {𝛼𝑘𝑖  ∗  𝑆𝑘 } 𝑁

𝑘
𝑘≠𝑛

(3.16) 

To compute maximum load demand allocation, the rated output (or operational capacity available or slated 

for future connection) of the generator 𝐺𝑖 is used. If this generator (or any specific supply unit) is set to

offer reserve power, then the maximum permissible output is used to calculate the required maximum 

demand. 

In power systems, inductive loads' massive demand for reactive power may lead to a severe voltage profile 

collapse [1]. Solutions to this collapse problem involve relieving the generator units from supplying reactive 

power to create more reserve capacity for real power [9]. That being so, there is the need to identify 

susceptible nodes for reactive power compensation [12] [30]. Voltage stability indices play an essential role 

in determining the system’s critical buses and assessment studies about their similar relationship are crucial 

[13]. In section 3.4., a link between ∆V/∆Q self-sensitivities and the reduced Jacobian matrix was derived 

and presented.     
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3.4. Deriving ∆V/∆Q Self-sensitivities from Reduced Jacobian Matrix     

Using the power flow Jacobian matrix  

∆𝑃
∆𝑄

   =    
𝐽11 𝐽12

𝐽21 𝐽22

∆𝜃
∆𝑉

      (3.17) 

Where: ∆P and ΔQ = mismatch active and reactive power vectors.  ΔV and ∆𝜃 = unknown voltage 

magnitude and angle correction vectors. A relationship between ∆V/∆Q sensitivities and the reduced 

Jacobian matrix is found. It is well understood that the system voltage is affected by both real and reactive 

power variations [9] [40]. As a result, to focus on the study of reactive power demand and its supply problem 

in the system while reducing the computational effort, we let ∆P = 0 

∆P = 0 = 𝐽11 ∆θ + 𝐽12∆V (3.18) 

Equation (3.18) becomes 

∆θ = -  𝐽11
−1 𝐽12∆V         (3.19) 

From (3.17), we get 

∆Q = 𝐽21 ∆θ + 𝐽22∆V (3.20) 

Substituting (3.19) into (3.20), we have 

∆Q = 𝐽𝑅 ∆V  (3.20a) 

Where         

𝐽𝑅 = 𝐽22 - 𝐽21  𝐽11
−1  𝐽12     (3.20b) 

Equation (3.20b) is the reduced Jacobian matrix [40]. That being so (3.20a) can be expressed as 

∆V

∆Q
= 𝐽𝑅

−1           (3.21) 

Eigenvalue decomposition of 𝐽𝑅
−1 is as follows

∆V

∆Q
  = 

𝜂𝑖 𝜇𝑖 

𝜆𝑖
  (3.22) 

Diagonal elements 𝜆𝑖 are the reduced Jacobian matrix eigenvalues and represent the ∆V/∆Q self-

sensitivities. 
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3.5. Derivation of Multi-Bus V-Q curve Based Index 

The analysis results of voltage stability in power systems are hugely determined by the reactive power of 

the system’s load buses. The conventional way to ascertain critical voltage buses is typically done by 

subjecting the system to gradual reactive power changes at each load bus [11]. However, this approach is 

limited when the power system network is loaded simultaneously at multiple buses. The approach is limited 

because the sum effect of how buses are enmeshed influences the voltage profiles of load buses in a power 

system [15]. 

Assuming reactive power generation is adequate to supply load without violating the network’s line limits, 

the load is varied across a range of reactive power (MVAR) for sole bus and multiple bus demands. 

Consequently, a new index is developed, considering the effect of uniformly distributed loading conditions 

on V-Q curve plot characteristics of a specific single/sole load bus. 

Figure 3.1: V-Q curve of a sole bus loading 

Figure 3.2: V-Q curve of a particular bus for sole bus loading and multi-bus loading 
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Figure 3.1 graphically presents the V-Q curve plot of a particular bus under investigation. From Figure 3.2, 

case 1 represents sole or individual bus loading while case 2 represents the multi-bus loading V-Q curve 

for a particular bus.  𝑉𝑎0 and 𝑉𝑎1 are points of the V-Q curve corresponding to 𝑄𝑎0 and   𝑄𝑎1 respectively.

𝑉𝑏0 and 𝑉𝑏1 are points of the V-Q curve corresponding to 𝑄𝑏0 and   𝑄𝑏1 respectively. The minimum

allowable per unit voltage before the system collapse determines the choice of values 𝑉𝑎1 and 𝑉𝑏1 (they

must be within the voltage stability region). 

For case 1, let  

∇𝑐𝑎𝑠𝑒1 = |
∆𝑉𝑐𝑎𝑠𝑒1

∆𝑄𝑐𝑎𝑠𝑒1
| = |

𝑉𝑎𝑜−𝑉𝑎1

𝑄𝑎𝑜−𝑄𝑎1
| (3.23) 

For case 2, let 

∇𝑐𝑎𝑠𝑒2 = |
∆𝑉𝑐𝑎𝑠𝑒2

∆𝑄𝑐𝑎𝑠𝑒2
| = |

𝑉𝑏𝑜−𝑉𝑏1

𝑄𝑏𝑜−𝑄𝑏1
| (3.24) 

Then 

∇𝑡𝑜𝑡𝑎𝑙 =  ∇𝑐𝑎𝑠𝑒1 - ∇𝑐𝑎𝑠𝑒2 (3.25) 

Which equates to 

∇𝑡𝑜𝑡𝑎𝑙 = |
𝑉𝑎𝑜−𝑉𝑎1

𝑄𝑎𝑜−𝑄𝑎1
|  -  |

𝑉𝑏𝑜−𝑉𝑏1

𝑄𝑏𝑜−𝑄𝑏1
| (3.25a) 

Thus, the proposed Voltage Critical Multi-Bus Index (VCMBI) is formulated as follows 

VCMBI = |∇𝑡𝑜𝑡𝑎𝑙| (3.26) 

VCMBI = ||
𝑉𝑎𝑜−𝑉𝑎1

𝑄𝑎𝑜−𝑄𝑎1
|   −  |

𝑉𝑏𝑜−𝑉𝑏1

𝑄𝑏𝑜−𝑄𝑏1
|| (3.27) 

3.6. Conclusion 

Using one of the ISTN indices (the ideal generator contribution index), a method of allocating generator 

reserves (as well as required additional capacity) and maximum permissible load demand (at a particular 

bus) was developed. Also, an index to investigate the real strength of a specific bus, the effect of multiple 

bus loading on the particular chosen bus’s voltage magnitude, has been derived. The magnitude of the slope 

indicates susceptibility to voltage collapse. Therefore, the bus with the highest magnitude (after calculating 

the difference between single loading stiffness and multiple bus loading stiffness) is the most susceptible 

to voltage collapse at the particular reactive power loadings. 
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CHAPTER 4 – SIMULATIONS AND RESULTS 

4.1. Introduction 

The generator reserve and load capacity allocation using the ideal generator contribution index results are 

presented in section 4.3. The MATLAB software was used to code the ISTN’s indices for both test systems 

(Appendix A). Section 4.4 represents the voltage stability index based on multi-bus reactive power loading.  

Power World simulator and Dig SILENT Power Factory software were used for simulating the Southern 

Indian Network and the IEEE 14 bus systems respectively (Appendix B). Line data for the systems is also 

found in Appendix B. MATLAB software was used for the voltage critical multi-bus index graphical data 

presentation. V-Q curves plots for the single bus loading are shown for buses 5 and 6 in Southern Indian 

Network, with all other load buses graphs presented in Appendix C. A general illustration and classification 

of voltage stability indices for comparison is showcased in Appendix D. 

4.2. Test System Models 

The Equivalent Southern Indian Network, the IEEE 14 bus system and its modified case are shown below 

(Figures 4.1, 4.2 and 4.3). For the modified case, the IEEE 14 bus system bus numbering is re-arranged to 

represent sources first (generators) and then sink (load) buses respectively in ascending order from bus 1 to 

14. This bus re-numbering is essential in most systems and it is the only significant alteration done to any

system under investigation. In the case of a bus with both source and sink, it is essential to note that the 

power injection of the bus determines the classification of that particular bus (based on whether it is 

sourcing or sinking power) at the instance of system investigation. In our case, we have taken all generators 

and compensators as sources (generators for either real power or reactive power) only.  

Figure 4.1: Equivalent Southern Indian Network [18]. 
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Figure 4.2: Single-line diagram of the modified IEEE 14 Bus System 

Figure 4.3: Single-line diagram of the IEEE 14 Bus System. 
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4.3. Simulation and Results for Generator Reserve and Load Capacity Allocation Using Ideal 

Generator Contribution 

4.3.1. Case Study 1: 10 Bus Southern Indian Network 

For the Southern Indian Network, graphical results from Figures 4.4 and 4.5 show that in overall power 

requirements, both sole and uniformly distributed load bus demand exerts similar pressure on specific units 

when it comes to power supply. It is worth noting that the load buses have been subjected to reactive power 

demand, which is usually absorbed by most electrical machines in industries and urban located premises. 

𝐺3 supplies most of the power; hence its location is most suited for a baseload power plant in this particular

power network. 

Figure 4.4: Graphical representation of generator power contribution to meet sole bus load demand in Southern Indian Network using 

MATLAB software. 



Figure 4.5: Graphical representation of generator power contribution to meet uniformly distributed multi-bus load demand in Southern 

Indian Network using MATLAB software. 
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In the results, Tables 4.1 and 4.5 present the ideal generator contribution index results for both systems 

under investigation. From the tabulated results, it is worth noting that a generator with much share of 

electrical loads typically takes an index value more significant than the rest. Table 4.2 shows the load 

demand (MW) and generation schedule for the base load case in Southern Indian Network System, while 

Table 4.3 presents the simulated results from the power world simulator. In the ideal generator contribution 

index, the power is allocated to generator units similarly when either (real or reactive) power is considered 

(as shown in Table 4.3, in Figures 4.3 and 4.5).  

Table 4.1: Ideal Generator Contribution for Southern Indian Network,   |𝐹𝐿𝐺 |

Load Bus 

Number 

Generator Bus 

G1 G2 G3 

L4 0.7020 0.0637 0.2344 

L5 0.6414 0.0395 0.3191 

L6 0.3947 0.1483 0.4570 

L7 0.4045 0.1273 0.4683 

L8 0.2783 0.0172 0.7045 

L9 0.1348 0.0424 0.8227 

L10 0.2294 0.5051 0.2655 

Table 4.2: Load Demand and Generation Schedule for Base Load Case, Southern Indian Network [22] 

Load Bus 

Number 
Load (MW) 

Generator Bus 

G1 G2 G3 

L4 100 71.0 6.5 23.9 

L5 150 96.9 6.0 48.8 

L6 180 70.9 27.1 83.3 

L7 250 102.8 32.8 120.5 

L8 320 89.7 5.6 228.8 

L9 300 40.6 12.9 249.9 

L10 50 11.5 25.6 13.5 

Total generation (MW) 483.4 116.5 768.7 
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Table 4.3: Simulation Results Showing Base Case Load-Supply in Southern Indian Network using Power 

World Simulator 

Load (MW) Load (MVAR) Gen (MW) Gen (MVAR) 

G1 483.40 635.56 

G2 116.66 157.16 

G3 786.84 993.57 

L4 100 100 

L5 150 150 

L6 180 180 

L7 250 250 

L8 320 320 

L9 300 300 

L10 50 50 

Table 4.4 shows the load power demand and the corresponding generation schedule when the load at bus 7 

increases from 250 MW to 350 MW in the Southern Indian Network. The total power generation designated 

for production by a particular unit is calculated using the equation (3.14).  𝐺1 is shown to increase its supply

by 39 MW, 𝐺2 by 11.75 MW and 𝐺3 by 43.4 MW. From the analysis of the results, it befits the power

system operators and designers to slate a minimum reserve capacity of 39 MW, 11.75 MW and 43.4 MW 

for generators  𝐺1 , 𝐺2 and 𝐺3 respectively. This method of reserve allocation is subject to the merits of

using the ideal generator contribution index as discussed in chapters 2 and 3. The simulated results of Table 

4.4 are shown in Table 4.6. The error margins between calculated results and the simulated results are 0.226 

MW, -0.003 MW and 3.488 MW for generators  𝐺1 , 𝐺2 and 𝐺3 respectively.

Table 4.4: Load Demand and Generation Schedule When Bus 7 Load Demand Is Projected To 350 MW, 

In Southern Indian Network 

Load Bus 

Number 

Load Value 

(MW) 

Generator Bus 

G1 G2 G3 

L4 100 71.0 6.5 23.9 

L5 150 96.9 6.0 48.8 

L6 180 70.9 27.1 83.3 

L7 350 141.575 44.555 163.905 

L8 320 89.7 5.6 228.8 

L9 300 40.6 12.9 249.9 

L10 50 11.5 25.6 13.5 

Total generation (MW) 522.175 128.255 812.105 
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Table 4.5: Ideal Generator Contribution for IEEE 14 Bus System,𝐹𝐿𝐺

Load Bus 

Number 

Generator Bus 

G1 G2 G3 G4 G5 

L6 0.1148 0.3745 0.2331 0.1691 0.1090 

L7 0.0515 0.1679 0.1045 0.2230 0.4633 

L8 0.1889 0.3788 0.1434 0.2189 0.0671 

L9 0.0492 0.1605 0.0999 0.3924 0.3187 

L10 0.0407 0.1327 0.0826 0.4972 0.2634 

L11 0.0209 0.0681 0.0424 0.7412 0.1353 

L12 0.0036 0.0116 0.0072 0.9553 0.0230 

L13 0.0071 0.0233 0.0145 0.9114 0.0463 

L14 0.0309 0.1008 0.0627 0.6165 0.2002 

Table 4.6: Simulation Results Showing Load-Supply For Bus 7 At 350 (MW) In Southern Indian 

Network Using Power World Simulator 

Load (MW) Load (MVAR) Gen (MW) Gen (MVAR) 

G1 522.40 66.96 

G2 128.25 20.07 

G3 815.59 104.45 

L4 100 0.00 

L5 150 0.00 

L6 180 0.00 

L7 350 0.00 

L8 320 0.00 

L9 300 0.00 

L10 50 0.00 

Table 4.7 presents permissible load demand at bus 5 in the same system when 𝐺2 is restricted to a maximum

power supply of 120 MW. The calculated results give a value of 240.5 MW from 150 MW for bus 5. That 

being so, 𝐺1 generates 57.35 MW as additional power while 𝐺3 is apportioned to supply 27.94 MW extra

power (reserve power). The simulated results are shown in Table 4.8. There is a 0.25 MW margin from 

calculated results. 



23 

Table 4.7: Permissible Load Demand at Bus 5 and Generation Schedule When Generator 2 Maximum 

Supply Is 120 MW, In Southern Indian Network 

Load Bus 

Number 

Load Value 

(MW) 

Generator Bus 

G1 G2 G3 

L4 100 71.0 6.5 23.9 

L5 240.5 154.25 9.48 76.74 

L6 180 70.9 27.1 83.3 

L7 250 102.8 32.8 120.5 

L8 320 89.7 5.6 228.8 

L9 300 40.6 12.9 249.9 

L10 50 11.5 25.6 13.5 

Total generation (MW) 540.75 120.0 796.64 

Table 4.8: Simulation Results Showing Permissible Load Capacity at Bus 5, When Supply from 

Generator 2 is Set Maximum at 120 (MW), in Southern Indian Network Using Power World Simulator. 

Load (MW) Load (MVAR) Gen (MW) Gen (MVAR) 

G1 540.40 63.82 

G2 120.25 16.82 

G3 794.85 95.22 

L4 100 0.00 

L5 240 0.00 

L6 180 0.00 

L7 250 0.00 

L8 320 0.00 

L9 300 0.00 

L10 50 0.00 
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4.3.2. Case Study 2: The Modified IEEE 14 Bus System 

In the modified IEEE 14 Bus System, figures 4.6 and 4.7 prove that the generator located at bus 4 supplies 

most of the power needed to meet load demand for sole bus loading and uniformly distributed multi-bus 

loading. Figure 4-8 shows that a particular system network normally absorbs reactive power even when no 

loading is applied; thus, generating reactive power is done to cater to both system and load requirements. 

𝐺4 ability to absorb excess power is essential in maintaining operational voltage limits in cases related to

the receiving end of long transmission lines. It is worth noting that both supply sources and demand sinks 

must be connected to the system to simulate the behavior of source and sink buses properly. 

Figure 4.6: Generator power contribution to meet sole bus load demand in the modified IEEE 14 Bus System. 

Figure 4.7Generatorpower contribution to meet uniformly distributed multi-bus load demand in the modified IEEE 14 Bus System
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The generators’ reactive power contributions presented below include the entire network’s power required 

to keep the system in stable operation.  

In the modified IEEE 14 Bus System, the simulated results are generated graphically and presented in figure 

form. For Figures: 4.8, 4.9, 4.10 and 4.11. Figure 4.9 presents the power supply (MW) for the base-case 

load. Figure 4.10 shows power supply (MW) when power demand is 20 (MW) at load bus 8, Figure 4.11 

shows power supply (MW) for all generator units when 𝐺4 is set to a maximum output of 52 (MW) for

permissible load capacity investigation in load bus 12. The magnitudes of real power (MW) were selected 

randomly but within reasonable ranges. The corresponding calculated values of Figures 4.9, 4.10 and 4.11 

are presented in Table 4.9, 4.10 and 4.11, respectively. 

Figure 4.9: Results showing base case load-supply in the modified IEEE 14 Bus System using Dig-SILENT Power Factory. 

Figure 4.8: Results showing generator contribution to meet network’s reactive power demand in IEEE 14 Bus System 

using Dig-SILENT Power Factory. 

𝐺1   𝐺2  𝐺3 𝐺4 𝐺5 

𝐺1

𝐺1   𝐺2  𝐺3 𝐺4 𝐺5 

𝐺1
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Figure 4.10: Results showing load-supply when bus 8 is at 20 MW, in the modified IEEE 14 Bus System, using Dig-SILENT Power Factory.

Figure 4.11: Results showing the power supply for all units when Generator 4 is set the maximum at 52 (MW), in the modified IEEE Bus System 
using Dig-SILENT Power Factory. 



Table 4.9: Load Data and Generation Schedule for Base Load Case, in the modified IEEE 14 Bus System 

Using Ideal Generator Contribution Index 

Load Bus 

Number 

Base Load 

Value 

(MW) 

Generator Bus 

G1 G2 G3 G4 G5 

L6 11.2 1.285 4.194 2.610 1.894 1.221 

L7 Node - 

L8 7.6 1.435 2.878 1.089 1.663 0.509 

L9 29.5 1.451 4.734 2.947 11.575 9.402 

L10 9 0.366 1.194 0.743 4.474 2.371 

L11 3.5 0.073 0.238 0.148 2.594 0.473 

L12 6.1 0.022 0.070 0.044 5.827 0.140 

L13 13.5 0.096 0.314 0.195 12.303 0.625 

L14 14.9 0.460 1.502 0.934 9.185 2.982 

Total generation 5.188 15.124 8.710 49.515 17.723 

 𝐺1   𝐺2  𝐺3             𝐺4 𝐺5 

𝐺1

𝐺1   𝐺2  𝐺3 𝐺4 𝐺5 

𝐺1
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For 𝐺3 , 𝐺4 and 𝐺5, the simulated and calculated power (MW) magnitudes are approximately similar (in

other terms, the values are in great harmony), as seen from the presented results above. For 𝐺1, simulated

power is 7.312 MW greater than the calculated value while for 𝐺2 the simulated value is 2.624 MW lesser

than the ideal calculated value. With  𝐺1 being the slack bus, this difference in power (MW) can be

understood to meet the overall system losses (apart from load power demand in MW).  

When bus 8 load demand is projected to 20 MW from 7.6 MW, 𝐺2 contributes most to power requirements

of the new load demand as deduced from simulated and calculated results in Figure 4.10 and Table 4.10, 

respectively. This makes this generator the best-suited place for reserve allocation. In Table 4.11, the 

permissible load demand at bus 12 and generation schedule when 𝐺4 maximum supply is 52 MW. It is

pretty evident that a generator’s output power limit can be used to determine the maximum power demand 

(load placement) chosen for a particular bus using the ideal generator contribution index. 

Table 4.10: Load Data and Generation Schedule when Bus 8 Load Demand is Projected to 20 MW In the 

modified IEEE 14 Bus System 

Load Bus 

Number 

Load 

Value 

(MW) 

Generator Bus 

G1 G2 G3 G4 G5 

L6 11.2 1.285 4.194 2.610 1.894 1.221 

L7 Node - 

L8 20 3.778 7.576 2.868 4.378 1.342 

L9 29.5 1.451 4.734 2.947 11.575 9.401 

L10 9 0.366 1.194 0.743 4.474 2.371 

L11 3.5 0.073 0.238 0.148 2.594 0.474 

L12 6.1 0.022 0.070 0.044 5.827 0.140 

L13 13.5 0.096 0.315 0.195 12.303 0.625 

L14 14.9 0.460 1.502 0.934 9.186 2.983 

Total generation  7.531 19.823 10.489 52.231 18.557 
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Table 4.11: Permissible Load Demand at Bus 12 and Generation Schedule when Generator 4 Maximum 

Supply is 52 MW In the modified IEEE 14 Bus System 

Load Bus 

Number 

Load 

Value 

(MW) 

Generator Bus 

G1 G2 G3 G4 G5 

L6 11.2 1.285 4.194 2.610 1.894 1.221 

L7 Node - 

L8 7.6 1.435 2.878 1.089 1.663 0.509 

L9 29.5 1.451 4.734 2.947 11.575 9.402 

L10 9 0.366 1.194 0.743 4.474 2.371 

L11 3.5 0.073 0.238 0.148 2.594 0.474 

L12 8.703 0.031 0.101 0.063 8.314 0.200 

L13 13.5 0.096 0.315 0.195 12.303 0.625 

L14 14.9 0.460 1.502 0.934 9.186 2.983 

Total generation 5.197 15.156 8.729 52.003 17.785 
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4.4. Simulation and Results for Voltage Stability Index Based on Multi-bus Reactive Power Loading 

4.4.1. Case Study 1: 10 Bus Southern Indian Network 

Figures 4.12 and 4.13 show the influence of load buses 5 and 6 (in Southern Indian Network) on other 

buses' voltage profiles respectively. In Figure 4.12, Bus 5 sole loading has a large effect on the voltage drop 

of Bus 8 as compared to the sole loading of Bus 6. This proves that a particular bus MVARs loading usually 

affects other buses voltage profiles (in different magnitudes) and therefore, this phenomenon must be taken 

into account during real-time application of voltage stability analysis. 

Figure 4.13: V-Q curves comparison for all load buses when only bus 6 is loaded at Southern Indian Network System 

Figure 4.12: V-Q curves comparison for all load buses when only bus 5 is loaded at Southern Indian Network System 
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Figure 4.14 demonstrates the relationship between V-Q curves when each bus is loaded at a time. Bus 10 

suffers the most voltage drop (per MVARs variation) compared to all the other load buses and Bus 9 

experiences the least voltage drop. Figure 4.15 demonstrates how the same systems subjected to voltage 

stability investigation usually have their V-Q curve plots under uniform load applied simultaneously on 

load buses. This incorporates the mutual effects of each bus as voltage sag is concerned. Bus 6 suffers the 

most voltage drop (per MVARs variation) and can be deemed as the weakest bus in this context. 

Figure 4.14: V-Q curves comparison for Southern Indian Network System when all buses are loaded at a time

Figure 4.15: V-Q curves comparison for Southern Indian Network System  when all buses are loaded simultaneously and uniformly 
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Table 4.12 shows the eigenvalue analysis of the networks’ load structural electrical attraction regions using 

the Y-admittance matrix partitioning approach [15]. This captures the inherent characteristics of the system 

network without the effect of very adverse loading conditions. The eigenvalues help identify the weak nodes 

and buses from the system’s structure which is reasonably accurate for most uniform and practical light-

load conditions of an interconnected network operation. The ranking of load buses begins with the weakest 

bus to the strongest bus in ascending order. 

Table 4.12: Load Structural Electrical Attraction Region for the Southern Indian Network [15] 

Load Bus Number Eigenvalue Ranking 

L4 540.5241 7th 

L5 80.6565 6th 

L6 0.0014 1st 

L7 56.6405 5th 

L8 40.9676 4th 

L9 27.5772 3rd 

L10 20.0941 2nd 

Table 4.13 demonstrates the V-Q self-sensitivities of the systems under investigation. All eigenvalues are 

above zero, indicating the power system is voltage stable [13]. The ranking of load buses begins with the 

weakest bus to the strongest bus in ascending order. The results show that bus 5 is the weakest bus in the 

Southern Indian Network system. 

Table 4.13: Eigenvalues of  ∆𝑉/∆𝑄 Self-Sensitivities Using the Reduced Jacobian Matrix for Southern 

Indian Network System 

Load Bus Number Eigenvalue Ranking 

L4 477.7804 7th 

L5 10.6666 1st 

L6 24.3853 2nd 

L7 31.2385 3rd 

L8 40.3195 4th 

L9 83.4581 6th 

L10 76.6731 5th 
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Table 4.14: VCMBI for the Southern Indian Network System 

Load Bus 

Number 
𝛁𝒄𝒂𝒔𝒆𝟏 𝛁𝒄𝒂𝒔𝒆𝟐 𝛁𝒕𝒐𝒕𝒂𝒍 VCMBI Ranking 

Bus 4 0.036975 0.076600 -0.039625 0.039625 5th 

Bus 5 0.017400 0.049975 -0.032575 0.032575 6th 

Bus 6 0.025250 0.093000 -0.067750 0.067750 1st 

Bus 7 0.022175 0.088350 -0.066175 0.066175 2nd 

Bus 8 0.025100 0.043900 -0.047000 0.047000 3rd 

Bus 9 0.014825 0.042175 -0.027350 0.027350 7th 

Bus 10 0.050250 0.097100 -0.046850 0.046850 4th 

Table 4.14 presents Voltage Critical Multi-Bus Index results for Southern Indian Network System. A 

comparison is made between the new index (VCMBI) and the ISTN index (the load structural, electrical 

attraction region index). For the Southern Indian System, bus 6 has been identified as the weakest bus using 

both VCMBI and the load structural, electrical attraction region index. Buses 5 and 4 are in the pool of the 

strongest buses as presented by both indices. This can be ascribed to the relative electrical proximity 

between load centers and generator stations [22] [25].  

4.4.2. Case Study 2: IEEE 14 Bus System 

Figures 4.16 demonstrate the relationship between V-Q curves when each bus is loaded at a time. Bus 14 

suffers the most voltage drop and Bus 7 has the least voltage deviation in the range of 0-120 MVARs. 

Figure 4.17 demonstrates how the same systems subjected to voltage stability investigation usually have 

their V-Q curve plots under even load applied across all load buses simultaneously. Buses 14, 10 and 9 

have the most voltage deviation and can be termed as the weakest buses in this context. This V-Q curve 

plot incorporates the mutual effects of each bus as voltage sag is concerned. 

Figure 4.16: V-Q curves comparison for IEEE 14 bus system when each bus is loaded individually at a time 
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Table 4.15 show the eigenvalue analysis of the networks’ load structural electrical attraction regions using 

the Y-admittance matrix partitioning approach [15]. They capture the inherent characteristics of the system 

network without the effect of very adverse loading conditions. The eigenvalues help identify the weak nodes 

and buses from the system’s structure which is reasonably accurate for most uniform and practical light-

load conditions of an interconnected network operation. The ranking of load buses begins with the weakest 

bus to the strongest bus in ascending order. 

Table 4.15: Load Structural Electrical Attraction Region for IEEE 14 Bus System 

Load Bus Number Eigenvalue Ranking 

L4 59.0441 9th 

L5 16.3948 8th 

Bus/Node  7 34.5780 7th 

L9 13.6334 6th 

L10 0.0278 1st 

L11 9.8076 5th 

L12 3.4409 2nd 

L13 5.3466 3rd 

L14 5.7002 4th 

Table 4.16 demonstrates the V-Q self-sensitivities of the systems under investigation. All eigenvalues are 

above zero, indicating the power system is voltage stable. The ranking of load buses begins with the weakest 

bus to the strongest bus in ascending order. Bus 11 is the weakest load bus, and bus 4 is the strongest. 

Figure 4.17: V-Q curves comparison for IEEE 14 bus system when all buses are loaded simultaneously and uniformly 
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Table 4.16: Eigenvalues of  ∆𝑉/∆𝑄 Self-Sensitivities Using the Reduced Jacobian Matrix for IEEE 14 

Bus Network System 

Load Bus Number Eigenvalue Ranking 

L4 36.8457 9th 

L5 20.1539 7th 

L7 26.1558 8th 

L9 15.3775 6th 

L10 11.0254 5th 

L11 0.8158 1st 

L12 2.5802 2nd 

L13 5.7255 4th 

L14 4.9108 3rd 

Table 4.17 presents the Voltage Critical Multi-Bus Index (VCMBI) results in IEEE 14 Bus System. A 

comparison is made between the new index (VCMBI) and the ISTN index (the load structural, electrical 

attraction region index). For IEEE 14 bus System, bus 10 is identified as the weakest bus for the two indices. 

The buses with both source and sink (loads and generators) have not been included (in the load buses 

category) since they are constantly supplied at nominal voltage under normal operating system conditions 

using controller systems. Bus node 7 is unloaded, thus not presented for VCMBI in this case. From the 

analysis of results, buses 4 and 5 are the strongest as shown by the two indices and bus 10 is the weakest 

among all buses. 

Table 4.17: VCMBI for the IEEE 14 Bus Network System 

Load Bus 

Number 
𝛁𝒄𝒂𝒔𝒆𝟏 𝛁𝒄𝒂𝒔𝒆𝟐 𝛁𝒕𝒐𝒕𝒂𝒍 VCMBI Ranking 

Bus 4 0.040905 0.1301760 -0.0892710 0.0892710 7th 

Bus 5 0.041780 0.1117745 -0.0699945 0.0699945 8th 

Bus 9 0.106275 0.3994535 -0.2931785 0.2931785 3rd 

Bus 10 0.142820 0.4462785 -0.3034585 0.3034585 1st 

Bus 11 0.134090 0.3331310 -0.1990410 0.1990410 4th 

Bus 12 0.145075 0.2546220 -0.1095470 0.1095470 6th 

Bus 13 0.088185 0.2450925 -0.1569075 0.1569075 5th 

Bus 14 0.221199 0.5154240 -0.2942245 0.2942245 2nd 
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CHAPTER 5 – CONCLUSION AND RECOMMENDATIONS 

5.1. Conclusion 

Generator reserve allocation using the ideal generator contribution index has been effectively demonstrated. 

The generator slated to offer reserve power is the unit with the highest value of ‘ideal power contribution’ 

to meet a specific anticipated load demand in a particular bus. In a power system with increasing electrical 

power needs, the generator bus generally associated with high power contribution to the system demands 

is the best network’s node for additional siting of units. That being so, In Southern Indian Network and the 

modified IEEE 14 Bus System, bus 3 and bus 4 qualify as the best nodes for additional power supply units 

and reserve allocation respectively.  

Load capacity allocation, which designates the maximum load permissible for a particular load bus (which 

depends on generation and transmission restrictions, i.e. permissible thermal limits), has been presented. 

Both systems under investigation show that much capacity for electrical load growth is feasible for a bus 

in close electrical proximity (from relative electrical distance, RED) to the high rated power output units. 

The use and application of indices determine a piece of essential information regarding a power system. 

Practically, load centers are mainly distributed among the load buses and the power demand varies over 

time. That being so, the short-term and long-term matching of power demand and supply in a system is 

crucial. The Voltage Critical Multi-Bus Index has been derived and studied. Identifying the critical bus in 

a network was achieved by incorporating the mutual influence (on voltage and reactive power) that load 

buses have in an interconnected system at any instance of reactive load demand. The application of this 

index can aid significantly in the best operation of the network. This novel index determines, with precision, 

the nodes and buses which require the placement of reactive power compensators to meet reactive power 

demand in a power system.    

5.2. Recommendation for Future Work 

Implementing the voltage critical multi-bus index calculations in the power system’s simulation software 

is of necessity in determining the critical buses at any particular instances of multi-bus loading. The amount 

of reactive compensation can also be computed by further analysis of the resultant V-Q curves plots of the 

multi-bus loading conditions. Also, incorporating the ideal generator contribution index (for generator 

reserve and load capacity allocation) in power design and planning software is an insightful approach 

(aimed at minimizing losses and network reconfiguration) for the interconnected power system networks. 
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APPENDIX A 

MATLAB CODE 

% IEEE 14 BUS SYSTEM. 
% Program to form Admittance Bus Formation with Transformer Tap setting 
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APPENDIX B 
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IEEE 14 BUS SYSTEM NETWORK IN DigSILENT POWERFACTORY WITH BASE CASE 

LOADING 

SOUTHERN INDIAN 10 BUS SYSTEM IN POWERWORLD SIMULATOR WITH MW BASE 

CASE LOADING. 
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APPENDIX C 

GRAPHS OF SINGLE BUS LOADING IN SOUTHERN INDIAN NETWORK SYSTEM 
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APPENDIX D 

An exhaustive illustration and type of voltage stability indices [13]
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