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ABSTRACT 

Power system stability is significant to make sure energy security system a state of normal 

operation after being subjected to stress condition. Major events and disturbances occurring in 

the power system with high power demand may contribute to limited amount of power 

delivered to consumers, thus leading to voltage instability in the operation of the system, 

However, this problem can be solved based on dynamic modelling analysis. Dynamic modelling 

offers accurate results for voltage stability analysis as it involves real-time modelling of the 

system. This paper presents voltage stability index calculation to determine location of mini 

hydro integrated with the IEEE 14 bus system. In order to place the mini hydro connected with 

IEEE 14 bus system appropriately, suitable location needs to be determined on the basis of 

enhancing voltage stability of the power system. Fast voltage stability index (FVSI) was adopted 

to analyse the weakest location of bus in the system. The modelling was done based on the 

formulation of FVSI, integrated with control box functions in PSCAD software. Once the 

power flow is simulated in the PSCAD, the control box will generate the FVSI values. This 

modelling technique is also very useful in reducing errors due to manual calculation. 
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I. INTRODUCTION 

 

 Electrical power system mainly functions to generate, transmit     and supply power to 

consumers. Voltage stability of certain range of voltages needs to be maintained at all bus in the 

system for reliable performance of the power system. Power system stability is significant to 

make sure the system regains a state of operating equilibrium after being subjected to a 

disturbance [1]. However, some problem regarding the uncontrollable voltage may reduce the 

strength of the whole system operation. The voltage unbalance may occur in the power system 

such as over voltage or under voltage. In  addition, voltage stability also refers to load stability, in 

which different load may affect the voltage stability in the system. Without a doubt, the voltage 

imbalance in the power system is very significant to be solved. 

 

An analysis of voltage in a power system is needed to monitor and minimize the impact of 

voltage instability on the system. Observations on the condition of the power system can be 

made using two options which are static and dynamic analysis. Both options have pros and cons 

for analyzing the power system operation. Static analysis usually be used by algebraic equation 

for analyzing in the long run, while dynamic analysis uses the real dynamic state for appropriate 

modeling. Thus, dynamic analysis is being preferred for showing actual dynamic voltage stability 

by modelling the design of the system. However, voltage stability of static analysis is one of the 

practicable to be used and as precaution strategy before designing in the system [2]. Although, 

voltage stability problem is prone to dynamic problem, but static analysis also can be used to 

calculate the condition of operating points by using algebraic equation. 

 

Renewable energy resource is one of the alternatives that been urged by the government to 

solve the problem regarding the voltage instability in power system. This is to reduce the use of 

non-renewable energy sources as it may lead to increased greenhouse gas emissions and other 

environmental damage. In addition, non-renewable energy such as fossil fuel is starting to 

decrease, and the power producer must find another alternative to replace the sources [3].  

Therefore, the renewable energy sources are good option compare by using other convectional 

type of energy sources [4]. 

 

Mini hydro power plant is one of the best renewable energy sources as it never exhausted 

and good supply of electricity. Mini hydro is a major source of electricity which are 6% of the 

world supply and around 15% of electricity generated [5]. Additionally, the mini hydro is one of 

unobtrusive energy conversion that does not interfere with river flow which is like large hydro 

power. As for the sake of the use of electricity, mini hydro is one of the best renewable energy 

sources that can help with the uncontrollable voltage. This is because with a power rating of 

1MW or less and a 1MW system it can produce 100 standard units of electricity in one hour [6]. 

Accordingly, by modelling of mini hydro as a dynamic analysis, it can help to analyze and reduce 

the voltage imbalance in power system. The mini hydro system can be placed in the location 

that have high intensity of voltage instability after some locations have been analyzed in the 
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system. This is due to know how close the system to voltage collapse and the behaviour of the 

voltage stability in the  system. Precisely, the weakest location in the system is the best location 

to place and improve the voltage stability [7]. The non-optimal location to place the dynamic 

model of mini hydro in the test system can become problematic because it may lead to system 

losses and overload to the system. The best location of mini hydro should be found by analysing 

the test system. Some location of the test system may limit the integration of mini hydro 

systems. Possibly, any selected location in test system is may not suitable to be chosen as the 

best location to place the mini hydro system. This paper has stated that the weakest location in 

the system is the best location to place and improve the voltage stability. 

 

Paper [8] classify into two main methods of voltage stability analysis which are static 

analysis and dynamic analysis. In order to implement the voltage stability analysis, these two 

types need to be chosen wisely because both have benefits and limitations. The study is to 

analyze the voltage stability using voltage stability indices and integrated with the IEEE 14 bus 

test system as a benchmark. Therefore, the voltage stability analysis is been literature to strength 

the understanding of the voltage stability in the power system.  

 

On the other hand, paper [9] discuss component uses to design mini hydro. The system has 

four elements which are synchronous generator, a hydro turbine with the governor and exciter. 

Yet, the specification of component that were used in the previous research is not explained 

clearly one by one. Therefore, the element in the mini hydro power plant needs to be specifically 

identified and observe the behavior of each element. Other than that, simulation tool to be used 

with IEEE 14 bus system must be compatible to design the mini hydro system. Both PSCAD 

software and MATLAB software can connect with IEEE 14 bus system since it is the standard 

test system that been designed to be used in possible software. Control block can be designed by 

using the formula of voltage stability indices such as VCPI, Lmn, LQP and FVSI [8]-[10]. These 

control blocks can be found in the  PSCAD library by using the transient block.  

 

On the other hand, the new concept of FVSI was introduce in [11]. The basic concept of 

this paper was utilized line indices to indicate the voltage stability condition in the system. The 

value the line was adopted to rank the line outage contingency. The various method was used to 

detect the voltage stability indices discussed in [12]. Recently, many methods have been 

introduced to calculate the voltage stability for static analysis that comes with the different 

formula. A lot and new method that was introduced for the best value to calculate the voltage 

collapse. However, this paper show some interest for the current study. There are three stability 

index method which are voltage stability index (Lmn), fast voltage stability index (FVSI) and 

Line stability factor (LQP) use in the research. These three methods are depending on the 

critical line in the network and index value that close to 1 indicated the system suffer from 

voltage collapse. 
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In this work, mini hydro will connect to IEEE 14 bus system. In order to place the mini 

hydro, FVSI concept will consider to the control box in PSCAD simulation software. The 

formulation of FVSI adopted from [11] and will included in the simulation control box of 

PSCAD. So, once the simulation running in the PSCAD,  the equation of FVSI will automatic 

generate FVSI values.   Based on the calculation of FVSI, the weakest line in IEEE 14 bus 

system can be determined. This paper is organized as follows. The methodology of the research 

is described in section 2. Section 4 presents the test results of the proposed method and section 

5 describes the conclusion of the proposed work. 

 

II. METHODOLOGY OF THE RESEARCH 

 

The research frame is about the detail on how the study is been conducted. The study is 

about to observe the phenomena in many cases and the method to conduct the research. The 

research framework is been illustrated below in order to give the overview on how the research 

to be conducted. 

 

Research Framework  

This research frame is about the detail on how the study is being conducted. The flow of 

the research is being illustrated below in order to give the overview on how the research to be 

conducted. Based on the data from IEEE 14 bus system, the IEEE 14 bus system is 

constructed in the PSCAD software and the behaviour of each line in the system is being 

observed. The mini hydro is modelled and adjusted from the function component in the 

PSCAD. In this work, PSCAD was considered as simulation program due to this program able 

to simulate in the real time.  
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Figure 1 

Flowchart Part 

The control block of FVSI is being designed in order to measure the index value in the 

IEEE 14 bus system. Before simulated the control block of FVSI, the load flow is required to 

run. Furthermore, the simulation starts by sorting the FVSI values in the system and determine 

the highest index value. In this stage, the processing of FVSI take into account the various of 

load condition. All lines in IEEE 14 bus system are being measured using FVSI control block. 

The value of FVSI is being taken at nominal load condition and also increase 150% of load 

condition. These cases are to compare the result of FVSI value when the load is in nominal 

condition and when the load condition is increasing at 150%. Then, the highest value of FVSI 

or the most critical line in the IEEE 14 bus system is decided. The next stage will be conducted 

by using only the propose line in IEEE 14 bus system of high FVSI obtained. Thus, FVSI value 

is being measured in IEEE 14 bus system with connecting mini hydro from the proposed line in 
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part one. The load condition is also being increased to 150% as to observe the value of FVSI 

when the load is being increased.  Lastly, the result of the highest FVSI is being investigated in 

order to find the best location to place the mini hydro in IEEE 14 bus test system. 

 

Method on calculate the Voltage Stability  

For this research, fast voltage stability index (FVSI) is being chosen to calculate the voltage 

instability in the system. Fast voltage stability index (FVSI) used to predict the occurrence of 

voltage collapse and contingency analysis due to line failure in the power system. This index can 

either be referred to a bus or a line. The voltage stability index developed in this research refers 

to a line. The line index that is evaluated near 1.00 indicates the line vulnerable to voltage 

instability in the system. Equation (1) is the formula to measure the line using a fast voltage 

stability index which adopted from [11] as follow: 

 

                                                                           (1) 

where:  

Z is the line impedance.  

X is the line reactance. 

Qj is the reactive power flow at the receiving end. 

Vi is the sending end voltage. 

 
Figure 2 

Control block of fast voltage stability index (FVSI) in PSCAD 

  

As can be seen in figure 2, the control block that was design is based on the formula of 

FVSI. All the component block can be found in the PSCAD software library. The formula is 

being transferred into a control block form. There are two main branches which are for 

numerator and denominator. The numerator is the value from the top of FVSI formula while 

the denominator is the value from the below of FVSI formula. All the indicates value such as X, 
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R, Q, V is being configured in the control block. The indicates values will be put in the system 

to get the calculation of FVSI value. 

 

As been mention above, the indicates value such as X, R, V and Q will be place in the line 

between two bus systems. In figure 3, show on how to get the FVSI value from this two-bus 

system. 

 

 
Figure 3 

Two bus system model representation [11] 

 

 The concept of power flow based on single line (musirin, 2002) as in figure 3. Fast 

voltage stability index develops based on voltage parameter and reactive power. It is derived 

from the voltage collapse circumstance under unpredicted behaviour. 

 

Where,  

𝑉I 𝑎𝑛𝑑 𝑉j are the sending end and receiving end voltages, respectively.   

𝛿i𝑎𝑛𝑑𝛿j are the phase angle at the sending and receiving buses.   

Si, Pi, Qi is the apparent, real and reactive power at bus sending end. 

Sj, Pj, Qj is the apparent, real and reactive power at bus receiving end. 

Zij is the line impedance.   

Rij is the line resistance.   

Xij is the line reactance.   

 

The aim of doing this control block is to ease the calculation work rather than manual 

calculation. Since there is a lot of line in the IEEE 14 bus system that will be calculated, the 

control block of FVSI will be benefited to get the result faster. This control block also can help 

from miscalculation of manual calculation, then give the wrong result to be analyzed later.  

 

IEEE 14-bus system as test system 

In this 14-bus system, there are loads, capacitor banks, transmission lines, and generator. 

Generator of each machine as voltage supply where its source impedance is 10 Ohms. The 

figure 4 shows the design consist of 14 buses, 5 generators, and 11 loads. 
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Figure 4 

PSCAD model of IEEE 14 bus system 

 

Basically, there are 14 bus test system consist of 14 bus design based on the IEEE as a 

benchmark test. The voltage source through each machine generator is set at 10 ohms and 100 

MVA as for unitizing. The behaviour of the test system needs to be observed before integrated 

with mini hydro system. Each line at the bus is being recorded in the IEEE 14 bus system. This 

is also to compare the different behaviour before and after connecting mini hydro system.  

Design of mini hydro power plant in PSCAD software 

 Figure 5 is showing the component use in the mini hydro power plant. The 

specification and function of each component also been identified.   In designing the mini 

hydro power plant, there are four components need to be justified which is synchronous 

generator, a hydro turbine with governor and exciter. Each part in mini hydro system is been 

explain based on the specification given in the PSCAD simulation tools. 

 

 In designing the mini hydro power plant, there are four components need to be 

justified, which is synchronous generator, a hydro turbine with the governor and exciter. Each 

part in the mini hydro system is being explained based on the specification given in the PSCAD 

simulation tools. 
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Figure 5 

The synchronous machine of mini hydro in PSCAD 

 

Figure 5 shows the synchronous machines that consists of four elementary part which are 

synchronous generator, exciter, hydro turbines and hydro governor. Each part has own purpose 

to be use for mini hydro system. The configuration and the function of the component is being 

illustrated below. 

 

Synchronous Machine  

Synchronous machine is being used for the main part of the system. It acts as a mini hydro 

generation system machine. There are four model machines in PSCAD software which are 

squirrel cage induction machine, direct current (DC) machine, wound-rotor induction machine 

and synchronous machine. Synchronous machine is being chosen as the main part of the system 

because the characteristic of mini hydro quite similar as the synchronous machine carries 

different parameter on each axis with only direct-axis mutual saturation of any significance.  

 

This synchronous machine must be initialized carefully to be used for analyzing the 

phenomena of voltage stability in the system. As been mention earlier, this is because, the 

synchronous machine is the crucial part of the system.  

 

The machine needs to begin with fixed voltage source and apply the mode operation to 

consider next component input parameter such as exciter and governor. This is allowing the 

component to be in steady-state load flow condition. There are three types of synchronous 

machine shown in figure 6 is being modelled in PSCAD software. This model can be made 
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either a round rotor machine or salient pole machine and can be used to illustrate two damper 

windings in the Q-axis. Therefore, each of these types can be used in this research. 

 

 
Figure 6 

Type of Synchronous Machine 

 

The function of each connection is been study to connect with other component such as: 

 w = Speed 

 Te = Electrical torque 

 Tm = Mechanical torque 

 Tmstdy = Initialized mechanical torque 

 Ef = Voltage field 

 If = Current field 

 

Exciter  

An exciter is used to ensure that the generator synchronizes with the power system and is 

used when interference occurs as a source of reactive electricity. Exciter is demonstrated as 

dynamic transfer function and interfaced directly with a synchronous computer. The figure 7 

shows three types of exciters consisting of the DC exciter system, AC exciter system and static 

exciter system. 

 

 The DC exciter system is equipped to direct the current generator along with the switch 

as an excitation system power source.  

 The AC exciter system is designed to use an alternator and either a stationary or 

rotating rectifier to generate the direct current required for the synchronous area. 

 Static excitation device is supplied in excitation control by winding transformer or 

auxiliary generator and rectifier 
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Figure 7 

Types of exciter 

 

 

 

Nominal load Increase 150% load 

growth 

Real Power 

(MW) 

Reactive Power 

(MVAR) 

Real Power 

(MW) 

Reactive 

Power 

(MVAR) 

2 21.7 12.7 32.55 19.05 

3 94.2 19 141.3 28.5 

4 47.8 3.9 71.7 5.85 

5 7.6 1.6 11.4 2.4 

6 11.2 7.5 16.8 11.25 

9 29.5 16.6 44.25 24.9 
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10 9 5.8 13.5 8.7 

11 3.5 1.8 5.25 2.7 

12 6.1 1.6 9.15 2.4 

13 13.5 5.8 20.25 8.7 

14 14.9 5.0 22.35 7.5 

 

 

3.3. Case 3: Fast voltage stability index (FVSI) in IEEE 14 bus system in increase 150% 

load with mini- hydro system 

The result for the third case is illustrated in figure 13. The fast voltage stability index was 

measured from the proposed line obtained in case 1 and case 2. The FVSI value was measured 

with 150% of load growth, with the mini hydro system connected to the IEEE 14 bus system. 

This case was simulated to determine the best region for placing the mini hydro system within 

the IEEE 14 bus test system. It is possible that the most sensitive line will be an  optimal region 

to be installed with the mini hydro system. Therefore,   several locations were selected based on 

the lines that are prone to voltage instability as simulated in case 1 and case 2. Mini hydro was 

then connected to those lines and the FVSI values were measured. 

 

Mini hydro cannot be placed in the strong bus because it will be effective to improve the 

voltage stability of the system. Therefore, there are several critical lines being chosen for the 

placement of the mini hydro system based on the two earlier cases’ results. Figure 13 illustrates 

the lines that have been proposed for mini hydro installation as the lines are susceptible to 

voltage imbalance. However, the values for line 1-2  and line 2-1 cannot be measured as the line 

is not valid due to increment in the FVSI value when the load was increased to 150%. The values 

for line 5-1 and line 5-2 also could not be calculated due to the same reason. Possible lines that 

are prone to high FVSI values are: line 3-2, line 2-3, line 1-2, line 2-1, line 4-3, line 4-2, line 5-1, 

line 5-2, line 7-8, line 11-6, line 12-6, line 13-6.  The values of FVSI were recorded in Figure 13 

after being simulated in PSCAD software. 

 

III. CONCLUSION 

 
This work has successfully modelled the mini hydro system integrated with the IEEE 14 

bus system. The voltage stability indices also have been calculated to observe the best location 

of mini hydro installation. Three cases were simulated to observe and validate the performance 

of the modelled system. For case 1, all lines in the system were simulated using nominal load 

without connecting the mini hydro system. This case was simulated to find the weakest line in 

the IEEE 14 bus system using constant load. To validate the line that is vulnerable to voltage 

instability, case 2 was performed by analyzing the FVSI value with the increment of 150% load 
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without connecting the mini hydro system. The behavior of the line was also investigated when 

changes in the load happened. The results show that when the real power and reactive power 

was increased, the FVSI value also increased. Both case 1 and case 2 were used to justify the 

third case as both cases suggest the lines which are prone to voltage instability. Case 3 analyse 

the FVSI value with the increment of 150% load connected with mini hydro system. Based on 

the simulation results, line 3-2 in the IEEE 14 bus system is the most sensitive line, thus 

improvement on the voltage stability can be done by locating the mini hydro system at the 

respective lines.  
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