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ABSTRACT 
 

 

The trend of making more profits for the owners, deregulation of the utility market and need for 

obtaining permission from regulatory agencies have forced electric power utilities to operate 

their systems close to the security limits of their generation, transmission and distribution 

systems.  The result is that power systems are now exposed to substantial risks of experiencing 

voltage collapse.  This phenomenon is complex and is localized in nature but has widespread 

adverse consequences.  The worst scenario of voltage collapse is partial or total outage of the 

power system resulting in loss of industrial productivity of the country and major financial loss 

to the utility. On-line monitoring of voltage stability is, therefore becoming a vital practice that 

is being increasingly adopted by electric power utilities. 

 

The phenomenon of voltage collapse has been studied for quite some time, and techniques for 

identifying voltage collapse situations have been suggested. Most suggested techniques 

examine steady-state and dynamic behaviors of the power system in off-line modes.  Very few 

on-line protection and control schemes have been proposed and implemented.  In this thesis, a 

new technique for preventing voltage collapse is presented.   

 

The developed technique uses subset of measurements from local bus as well as neighbouring 

buses and considers not only the present state of the system but also future load and topology 

changes in the system.    The technique improves the robustness of the local-based methods and 

can be implemented in on-line as well as off-line modes.   

 

The technique monitors voltages and currents and calculates from those measurements time to 

voltage collapse.  As the system approaches voltage collapse, control actions are implemented 

to relieve the system to prevent major disturbances.    

 

The developed technique was tested by simulating a variety of operating states and generating 

voltage collapse situations on the IEEE 30-Bus test system.  Some results from the simulation 
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studies are reported in this thesis.  The results obtained from the simulations indicates that the 

proposed technique is able to estimate the time to voltage collapse and can implement control 

actions as well as alert operators.  
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1. INTRODUCTION 

1.1 Background 

 

Angular stability and thermal overload capability of transmission lines have been major concerns in 

power system planning and operation for many decades. Power systems, however, have been 

operated closer to the limits of stability in the last three decades due to economical and 

environmental constrains. As a consequence, many systems around the world have experienced loss 

of voltage stability leading to partial or complete system collapse. A loss of voltage stability event 

is characterized by a slow change in the steady state operation of the system due to either load 

increase, due to contingences that cause gradual decrease in voltage magnitude or both until a sharp 

and accelerated decrease in voltage occurs [1, 2].  

 

Bus voltage angle and frequency usually remain fairly constant prior to the sharp decrease in 

voltage magnitudes. The voltage control devices do not activate tap-changers because the voltage 

magnitudes prior to the sharp decrease lie within a permissible range. After the voltage decreases 

sharply, under-voltage relays trip and disrupt the network before operators at the control center 

observe any warning signals.  

 

Voltage collapse phenomenon has received increased attention during the past many years and 

many papers have been published on this subject [3,4,5]. Several approaches have been proposed to 

detect voltage collapse so that the power system assets are better utilized. Both dynamic and steady 

state behaviour of voltage collapse have been studied, but very few protection and control schemes 

have been implemented. 

 

The development of wide area protection systems has made it possible to monitor network stability 

and take remedial action to prevent critical situations such as voltage collapse. A new special 

protection scheme was designed and tested during the course of research reported in this thesis.  

This protection scheme is able to detect if a voltage collapse is likely to occur. The developed 

technique uses voltage and current measurements from the local bus as well as voltage and current 
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measurements from nearby buses. It examines not only the present state of the system but also takes 

into account future load changes. 

 

 

1.2 Voltage collapse incidents 

 

There have been numerous incidents of voltage collapse over the previous thirty years. 

Investigations of recent blackouts have indicated that loss of voltage stability is one of the major 

causes of loss of transmission lines that interconnect adjoining power systems [6,7]. Analysis of 

voltage collapse incidents is difficult because information about disturbances, human interaction, 

frequency deviation, etc. is not available in adequate detail and with sufficient accuracy.  However, 

the following factors are common in several voltage collapse incidents. 

 

• Transmission system limitations:  Transmission system is unable to transmit reactive power 

to some areas when small generators in those areas either trip or are taken out of service. 

Inadequate reactive power support leads to voltage decline that becomes worst as the load in 

that area increases.  Two out of many such examples are briefly described to illustrate the 

nature of the voltage collapse incidents [8].  

  

A major power system outage occurred on November 9, 1965 in New York, USA. The main 

cause for the outage was inadequate capacities of the transmission lines between northeast 

and southwest regions of the system. 

  

The Niagara Falls hydroelectric station of Ontario Hydro was supplying energy to the USA 

over five 230 kV transmission lines. The backup relay provided on one of the lines operated 

and tripped the line. This resulted in increased power flow on the remaining four lines.  The 

voltage in the power system of the New York state decreased that increased the reactive 

power demand of the loads. 

 

The overloading of the remaining four lines from Niagara Falls generating station to the 

New York state resulted in the loading of lines.  An overcurrent relay on another line 

disconnected it from the system.  This continued until all lines connecting the Niagara Falls 
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generating station with the power system of the New York state were out of service.  This 

resulted in overloading of the power system in the New York state tripping several lines in 

that system and causing an outage that affected 30 Million people and lasted 13 hours. 

    

The second example of system collapse that was initiated because of inadequate capacity of 

transmission lines capacity was in the USA and Canada on August 14, 2003. Sixty three 

GW of load was interrupted resulting in a blackout that affected 50 million people. In this 

event 400 transmission lines and 531 generating units at 261 power plants were tripped. The 

major reason for the system collapse was insufficient capacity for generating reactive power 

that led to voltage collapse [9]. 

 

This power failure started in Ohio with the tripping of voltage regulator of Generator No. 5 

of the East-Lake station due to over excitation. The generators at East-Lake were supplying 

power to loads located in northern Ohio.  The reactive power demand on the East-Lake 

station continued to increase as the day progressed. 

 

The 345 kV Chamberlin-Harding transmission line in Ohio was loaded with 44% of summer 

normal/emergency rating and tripped 90 minutes after the tripping at the East-Lake 

generating station due to a tree coming in contact with the line. Thirty eight minutes later, 

Hanna-Juniper 345 kV line that was loaded with 88% of summer emergency rating tripped 

due to another tree coming in contact with the line. This cascading loss of lines continued 

while load was shed or was disconnected due to the protective relays operating and tripping 

circuit breakers. 

 

Finally, the zone 3 of the distance relays protecting the 345 kV Sammis-Star tie line 

operated due to line overload and depressed bus voltage and tripped the line circuit breaker.  

This led to further decrease of voltage in the system. Due to the cascading loss of major tie 

lines in Ohio and Michigan, the pattern of power transfer between the U.S. and Canada on 

the Michigan boarder changed. Power started flowing from Pennsylvania, to New York and 

then to Ontario and finally into Michigan and Ohio. The 3700 MW power flow was for 

loads in Michigan and Ohio, which was at this stage supplied from all other generation 

systems except Ontario. At this point, voltage collapsed due to heavily loaded transmission 
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lines resulting in cascaded outages of several hundred lines and generators that eventually 

led to major outage in large parts of Canada and USA. 

 

• Load behaviour including on-load tap changers: On-load tap changer and load dynamics are 

major factors in several system collapse incidents [10]. Load recovery and/or operation of 

on-load tap changers aggravate a situation when system voltage starts to decline.  

 

The power system of the Tokyo Electric Power Corporation (TEPCO) experienced voltage 

collapse on July 23, 1987. The local temperature at that time was 39
0 

C. On July 22, 

(TEPCO) forecasted that the next day’s maximum power demand would be 38.5 GW if the 

temperature is 34
0 

C and would be 40 GW if the temperature is 36
0
 C.  The disturbance was 

initiated on July 23 when the demand at 01:00 PM was 39.1 GW and was increasing at a 

rate of 400MW per minute.  This exceeded the forecasted load demand. The voltage 

gradually dropped. The reactive power supply from generators increased and additional 

shunt capacitors connected to the 500 kV transmission network were switched on. The 

voltage of the 500 kV lines reduced to 460 kV at 01:15 PM when the load reached 39.3 GW.  

The voltage reduced further to 370 kV in the western part of Tokyo and to 390 kV in the 

central part of Tokyo at around 01:19 PM. Circuit breakers controlling transmission lines 

tripped due to the operation of protective relays. This resulted in the interruption of 8.16 

GW of load and affected 2.8 million customers. The system was brought back to service at 

around 04:40 PM. The reason for the decline of voltage was that the power factor of the air 

conditioner motors became more lagging resulting in very high reactive power demand for 

operation at the low voltage levels. This characteristic is believed to have accelerated the 

voltage collapse [11]. 

 

• The influence of protection and control systems: Several system collapse incidents were 

caused by proper operation of protection devices and controllers.  

 

Nelson River HVDC system collapsed in April, 1986. An inverter transformer at the Dorsey 

station (southern end of the two ± 450 kV dc lines) was energized that resulted in large 

magnetizing inrush current flow into the transformer. This reduced the bus voltage at the 

converter station. The synchronous generators provided at the Dorsey station could not 
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generate enough reactive power to keep the voltage at the desired level. Consequently, the 

dc voltage at the Dorsey end of the dc line decreased substantially.  The dc power flow 

controllers tried to maintain the power flow on the dc line at the set value but could not 

because the current flow on the line could be increased beyond the capacity of the 

converters.  Voltage collapse occurred because the controllers could not regulate the voltage 

and keep it at an acceptable level. The undervoltage protection blocked the inverters and 

interrupted power flow on the line.  This effectively resulted in the AC system in southern 

Manitoba having inadequate availability of power [12].   

 

 

1.3 Literature review on voltage collapse 

 

Traditional methods of voltage stability investigations have relied on static analysis using the 

conventional power flow models. These methods were considered viable because of the view that 

the voltage collapse is a relatively slow process and is, therefore, primarily a small signal 

phenomenon. The various analytical tools classified under steady state analysis were considered 

sufficient to address the phenomenon of voltage collapse. A variety of techniques, such as, the P-V 

curve, Q-V curve, eigenvalue approach and singular value approach, and sensitivity and energy 

based methods have been proposed [13, 14].  Ajjarapu studied the voltage collapse problem as a 

static bifurcation characterized by the disappearance of an equilibrium point and showed that 

bifurcation could describe instability in the magnitude and phase angle of the voltage [14, 15]. 

Thomas proposed the use of the minimum singular value of the Jacobian of the descriptor load flow 

equations, called a security index, and derived static control strategies based on the index. Glavistch 

developed a voltage stability index based on a feasible solution of power-flow equations [16]. 

Schleuter proposed definitions of voltage stability and voltage controllability that are based on the 

static analysis at major PQ buses in the power system under normal conditions and derived control 

criteria based on a linearized set of equations and their definitions [17]. 

 

Very few real-time methods that predict proximity to voltage collapse and take corrective actions 

have been proposed [18,19,20,21]. Gubina and Strmenil proposed voltage collapse index using only 

the voltage phasors at system buses and the technique is able to identify the critical transmission 

path for real and reactive power flow by computing a transmission path stability index [18,22].  
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 Gubina proposed second technique to determine the maximum load that could be supplied at a 

particular bus in a power system by assuming that the load at the other buses remains constant [19].  

This is not a realistic assumption. A simple and straightforward technique, which measures voltages 

and currents, and determines the maximum active and reactive power load that could be supplied at 

a bus is proposed by Haque [20, 21]. This technique monitors the load and continuously updates the 

values of the maximum load that can be supplied and calculates the voltage stability margin of the 

system.  

 

 The code-named SMART [Stability Monitoring and Reference Tuning] technique uses only local 

voltage and current measurements and calculates the maximum load that the transmission system 

can supply to a load bus [7]. This technique assumes that the voltage collapse occurs when the local 

load approaches the calculated maximum load. Although this approach is simple enough to be 

implemented in numerical relays, it is not capable of tracking load changes caused by voltage drop 

at nearby buses. Thévenin equivalents seen from other load buses are not observable in this 

technique.  

 

 

1.4 Objectives of the research 

 

As is evident from the voltage collapse incidents presented in Section 1.2, there is a real need to 

study, analyze and design a new technique that is suitable for use in a protection system for 

identifying an impending voltage collapse and taking remedial measures.  The following main 

objectives of this research were, therefore, selected: 

 

• Study the dynamic aspects of voltage collapse and investigate the existing literature relating 

to system collapse analysis;  

 

• Estimate system parameters using Delta and Least Square (LS) techniques associated with 

Cumulative Sum Filter (CSF) to smoothen the estimation results; 

 

• Design and implement an approach to prevent voltage collapse and  initiate control actions 

to maintain system voltage stability when the system is approaching point of collapse;  
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• Create a new component in PSCAD/EMTDC to support continuous load flow studies and 

voltage stability analysis. 

 

 

1.5 Outline of the thesis 

 

 This thesis is organized into six chapters and five Appendices. The first chapter introduces the 

subject of the thesis and describes its organization.  It also presents a brief introduction on power 

system instability and provides background information of a few voltage collapse incidents. 

Important conclusions and objectives of the previously conducted research on this topic are drawn 

from the previously published literature. 

 

The concepts of system collapse phenomenon are discussed in Chapter 2.  An introduction to static 

voltage collapse and a simple example that illustrates this phenomenon are briefly presented as 

well.  Factors affecting voltage collapse including reactive power capability and automatic voltage 

control of synchronous generators, loads, on-line tap changers and compensation devices are 

introduced. A number of countermeasures adopted by electric power utilities are discussed. The 

most commonly used methods for analyzing voltage collapse are introduced in section 2.6.  An 

introduction to load flow analysis and a method of analyzing non linear equations are provided in 

this chapter because most of the analytical off-line techniques for voltage collapse studies are based 

on load flow equations.  In addition to off-line methods, voltage collapse predictor and voltage 

collapse prediction index methods that are based on local measurements are presented in this 

chapter as well.   

 

Literature review on previously used methods for system parameter estimation is provided in 

Chapter 3. The Delta and Least Square (LS) techniques were extended by using Cumulative Sum 

Filters (CSF) with them are presented. The main advantages and disadvantages of the developed 

techniques and the data window requirements for implementing the techniques are presented in this 

chapter as well. Results obtained from the implementing the techniques on an IEEE 30-Bus test 

system are presented.  
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An overview of the previously used techniques for analyzing the voltage collapse phenomenon and 

details of the developed time to voltage collapse technique are presented in Chapter 4. A brief 

description of local-based and subset-based techniques used for detecting voltage collapse is 

provided. The objective and motivation of the technique developed during the course of this 

research are reported in Section 4.3. The voltage collapse technique is explained by applying it to a 

two-bus system. A general form of the developed technique that takes into consideration 

measurements from N buses is then presented in Section 4.6. 

 

Performance of the time to voltage collapse technique is studied in Chapter 5 by applying the 

developed technique to the IEEE 30-Bus test system.  It is assumed in the first study reported in this 

chapter that voltage and current measurements are available from two load buses of the system and 

the load on one of the buses is increasing gradually. Then an outage of a transmission line is 

considered as part of the disturbance.  Impact of load shedding is examined.  The studies are then 

repeated with the assumption that data from three, four and then five load buses is available. The 

time to voltage collapse is calculated to demonstrate the suitability of the developed technique for 

implementation in an on-line mode as part of a system protection scheme. A comparison of the off-

line results of the developed technique and its application on the PSCAD/EMTDC software is 

presented in this chapter as well.  

 

Summary of work and main conclusions that can be drawn from this research are presented in 

Chapter 6.  This final chapter is followed by a list of references. In appendix A the connectivity and 

electrical parameters of the IEEE 30-Bus test system used for studies reported in Chapters 3 and 5 

are presented. In order to compute time to voltage collapse at any point in the power system, a set 

of parameters must be calculated for each measurement.  Finding the general expression for these 

parameters can be difficult if not impossible for large power systems without the use of a symbolic 

calculation program such as MAPLE. In Appendix B, the MAPLE functions for calculating the 

parameters for time to voltage collapse technique are presented.  The theoretical background of 

Phasor measurement units and synchronized phasor measurement units are introduced in Appendix 

C. In addition to the estimation techniques (Least Square and Delta) for system parameter 

identification presented in Chapter 3, there is another method not further developed in this thesis 

because the results obtained are similar to those generated by the Delta method.  The method called 

Polar Coordinate technique and is presented in Appendix D. The proposed methodology for 
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creating a new PSCAD/EMTDC component called Variable Load Component is presented in 

Appendix E.   

 

 

1.6 Contributions 

 

The contributions made by the research project reported in this thesis are as follows: 

 

• Delta and LS techniques have been modified and have been associated with CSF to 

monitor current and voltage measurements while estimating the parameters of system’s 

Thévenin equivalent.  

 

• A new technique to predict voltage collapse using a subset of measurements has been 

developed.  The developed technique is able to track a dynamic system trajectory in an on-

line mode. 

 

• A relay that uses the developed technique can process local voltage and current 

measurements as well as measurements from surrounding buses. 

 

• When the system is approaching voltage collapse, the developed technique is able to 

initiate control actions for preventing major disturbance.  

 

•  The developed technique is able to track the system trajectory taking into consideration 

load changes likely to be experienced in the near future. 

 

 

1.7 Summary 

 

An overview of voltage collapse phenomenon is presented in Chapter 1. Investigations on major 

disturbances that lead to voltage collapse and investigations of blackouts caused by loss of voltage 

stability are summarized in Section 1.2. Literature review on voltage collapse studies is presented in 

Section 1.3. Research objectives, thesis organization and major contributions of this thesis are 

included in this chapter as well. 
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2. VOLTAGE COLLAPSE IN POWER SYSTEMS 

2.1 Introduction 

 

The concepts of voltage collapse and some voltage collapse incidents have been introduced in 

chapter 1. A literature review of voltage collapse has been presented in that chapter as well. The 

objectives and organization of this thesis and specific contributions of the research project have 

been included also in chapter 1. 

 

An overview of voltage collapse phenomenon is presented in this chapter.  Factors affecting voltage 

collapse and methods to overcome it are included in this chapter as well.  Static and dynamic 

techniques used in voltage collapse analysis including methods based on local measurements are 

presented.  

 

 

2.2 Voltage collapse phenomena 

 

Economic considerations have dictated that transmission lines be loaded to their thermal limits.  

The increased loading of lines, insufficient reactive power generation and transmission of large 

loads over long distances has resulted in incidents of power system operation at lower than 

acceptable voltage.  When a system is allowed to operate at low voltage and load continues to 

increase, the voltage decreases further.  If the load is reduced, the voltage increases.  However, a 

stage comes when the voltage drops to such a degree that reduction of load does not result in 

voltage increase, this is called voltage collapse [23].  

 

The following changes in a power system contribute to voltage collapse. 

 

• Increase in load 
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• Operation of generators, synchronous condensers and / or static VAR compensators (SVC) 

at their reactive power limits 

 

• Outages of transmission lines and / or generators 

 

 

2.3 Analysis of power system voltage collapse (a simple example) 

 

The characteristic of voltage collapse is illustrated by considering a two-Bus system shown in 

Figure 2.1.  An energy source is connected to Bus 1; the source is a large capacity power system 

that is represented by an equivalent generator. Energy is supplied to the load by Bus 2.  Bus 1 is 

connected to Bus 2 by a transmission line. The resistance and capacitance of the source impedance 

and transmission line are neglected in this discussion to keep the discussion simple. It is assumed 

that the energy system connected to Bus 1 can supply all the reactive power needed by the load and 

needed for reactive power losses in the source impedance and transmission line.  Now consider that 

the voltage at Bus 2 decreases because the load increases. 

 

 

Figure 2.1:  A two – Bus system 

 

The complex power supplied to the load can be expressed as 

*
L L LP +jQ =V I  

 

(2.1) 

  

where, 

LP  is the real power supplied to the load, 

LQ  is the reactive power supplied to the load, 
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The current in the transmission line is same as the current in the load.  The current flowing in the 

line can be expressed as a function of the Electro Motive Force (EMF) of the source and voltage of 

Bus 2 as follows.  

  

g g LE cos δ jE sin δ V
I

jX

+ −
=  (2.2) 

where,  

gE ∠δ      is the induced EMF of the equivalent source, and  

X     is the sum of the reactance of the source and transmission. 

 
 

Substituting Equation 2.2 in Equation 2.1 provides  

 
*

g g L
L L L

E cosδ jE sin δ V
P jQ V

jX

 + −
+ =  

 
. 

(2.3) 

 

 

Rearranging Equation 2.3 provides the following equation. 

 

( )
2

L LL g
L L

V Egcosδ VV E sin δ
P jQ +j

X X

−
+ =  

(2.4) 

 

 

Equating the real and imaginary parts of this equation provides the following two equations. 

 

L

g L

P X
sinδ=

E V
 

(2.5) 

 

2
L L

g L

Q X+V
cosδ

E V
=  (2.6) 

Squaring the left hand sides of these equations and adding them is equal to unity.  Therefore, the 

sum of the squares of the right hand sides of these equations should also be equal to unity.  Doing 

this provides the following equation. 

 

LV 0∠ o
 is the voltage at Bus 2, and 

 
*I  is the conjugate of the current phasor. 
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2 2 2 2 2 2 2
L L g L L L(V ) (2Q X E )V X (P Q ) 0+ − + + =  (2. 7) 

 

Solving this quadratic equation provides 

 
2

g L2 2 2 2 2 2
L g L L L

E 2Q X 1
V (E 2Q X) 4X (P Q )

2 2

 −
= ± − − + 
  .

 
 

(2.8) 

  

The real values of (VL)2 have a physical significance because VL is a real number.  The voltage at 

Bus 1 is, therefore, given by 

 

( )
1/2

2 2 2 2 2 2
g L g L L LL

1
V E 2Q X (E 2Q X) 4X (P Q )

2

 = − ± − − +
  

.

 (2. 9) 

 

This equation provides two values of VL for a pair of given values of PL and QL (assuming that Eg 

remains constant) except when 2 2 2 2 2
g L L L(E 2Q X) 4X (P Q )− − +  is equal to zero.  One solution of VL has 

a larger value than the other solution.  The voltage at Bus 2 is in a stable state when the voltage is at 

the larger value given by Equation 2.9.  The system is in the voltage collapse mode when the 

voltage is at the lower value given by Equation 2.9. The voltage collapses when the real and 

reactive power load at Bus 2 is such that 2 2 2 2 2
g L L L(E 2Q X) 4X (P Q )− − +  becomes zero.  

 

The Active Power-Voltage (P-V) curves, when gE  is equal to 400kV and X is equal to 100 Ω , are 

shown in Figure 2.2. (The ratio of reactive to real power is expressed as tanϕ in this figure.) The P-

V curves above the knee point represent stable operation and the curves below the knee point 

represent unstable operation. The knee point represents the load at which voltage collapse occurs.  

 

Figure 2.2 also shows that the real power of load corresponding to voltage collapse increases as the 

reactive power component of the load decreases.  This means that the capability of supplying loads 

can be increased by providing reactive power compensation at the load.  This figure also shows that 

level of voltage at which it collapses is close to the normal operating level when the reactive power 

component of the load is compensated at the load Bus.  The monitoring of power system security 

now becomes more complicated because the critical voltage is close to the normal operating range 

of the voltage.  
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Figure 2.2:  P-V curves for different values of real to reactive power ratios 

 

 

2.4 Factors causing voltage collapse 

 

Voltage collapse is a dynamic and normally large disturbance phenomenon, involving load, 

transmission and generation subsystems.  There are several power system aspects known to 

contribute to voltage collapse.  The following five factors are the major issues causing voltage 

collapse [24-25]. 

 

• Reactive power capability limits of synchronous generators 

 

• Automatic voltage control of synchronous generator 

 

• Loads 

 

• On-line tap changers 

 

• Compensation devices 
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2.4.1 Reactive power capability of synchronous generators 

 

Voltage regulators of synchronous generators of a power system control their voltages that, in turn, 

determine the reactive power they provide to the power system.  The generators have active and 

reactive power limits that are commonly displayed in the form of Active Power-Reactive Power (P-

Q) diagrams.  The active power limits are due to the capacities of their turbines provided enough 

fuel is available. There is no single value for reactive power limit of a generator; there are different 

values at different real power outputs.  The reactive power limits are usually assumed to be constant 

values in load flow programs.  The non-linear relationship of reactive power with real-power output 

is, however, an important aspect that should be considered in voltage collapse studies [26,27,28,29]. 

 

Reactive power supplied by a generator is normally limited by three considerations: armature 

current limit, field current limit and end region heating limit.  When current flows in the armature, 

heat is produced due to I
2
R losses.  This increases the temperature of the armature.  The insulation 

around the winding can withstand the temperature increase up to a certain level without 

deteriorating.  The maximum current that can be carried by the armature is determined by this 

consideration. Similarly, heat is produced due to current flow in the field winding and the 

maximum current that can safely flow in the armature is established by its design.  When a 

generator operated in an under-excited mode, localized heating in the end region of the armature 

occurs; this temperature increase limits the reactive capability of synchronous generators. 

 

 When reactive power limiters on generators operate to maintain the machines within their 

capability, these machines cannot do any more to support system voltages. Thus the operation of 

the limiters may be good indicators of impending voltage collapse [30, 31, 109]. 

 

 

2.4.2 Automatic voltage control of synchronous generator 

 

Synchronous generators installed during the previous twenty years are equipped with 

microprocessor based voltage regulators.  The voltage regulators try to maintain voltages at set 

values usually at their terminals.  The voltage reduces when the system experiences a fault and 

during parts of a disturbance [32, 4].  The voltage regulators increase the excitation voltage thus 

increasing the excitation current for preventing voltage collapse. If the network voltage becomes 
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sufficiently low, either field current limit or stator current limit is hit. This will change the generator 

characteristic drastically. Also the condition is much worse if the stator current limit is reached. In 

this case, the reactive power from generator reduces fast, particularly if the network voltage is 

further reduced. This ultimately leads to voltage collapse [33, 34, 35, 36]. 

 

2.4.3 Loads 

 

The modeling of loads including its dependence on voltage and its dynamics is essential in voltage 

collapse analysis.  The modeling of voltage dependence of loads requires proper consideration of 

voltage control devices as well.  The loads are usually considered to be connected to the system 

transmission buses.  A more accurate model would be to represent voltage dependent loads on the 

secondary side of step-down transformers along with modeling of the tap changers and their control 

[37, 38]. Dynamic models for electrical motors are needed when the power system studies include 

significant motor loads. 

 

2.4.4 On-line tap changers (OLTC) 

 

The action of tap changers affects the voltage dependence of load seen from the transmission 

network.  Typically, a transformer equipped with an on-load tap changer feeds a distribution 

network and maintains constant secondary voltage.  When voltage decreases in the distribution 

system, the load also decreases.  The tap changer operates after a time delay if voltage reduction is 

large [39]. 

 

The action of an on-load tap changer might be dangerous for power system during a disturbance. 

Following a disturbance, on-load tap changers try to restore the voltage on the secondary side of the 

distribution transformers at the desired values. Load restoration leads to increased power flow in 

transmission lines and increase in power losses in the transmission system. This aggravates the 

situation on the primary side of the transformer particularly when the system is already stressed for 

reactive power shortage.  This is likely to result in voltage collapse. Frequently on-load tap changer 

blocking is used by electric utilities as a countermeasure to prevent voltage collapse. [40, 41, 42].  
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2.4.5 Compensation devices 

 

The aim of reactive power compensation is to improve the performance of power system operation. 

The compensation is needed to control the reactive power balance of the power system.  These 

devices are also used for minimizing reactive power losses and keeping a flat voltage profile in the 

network.  The sources of reactive power are usually located close to the reactive power loads.  

 

The equipment used for compensation is capacitors, reactors, synchronous generators/compensators 

and static VAR compensators.  The reactive power compensation devices should be modeled at the 

appropriate voltage level including their control logic to ensure that the true effect of these devices 

is modeled.  Switched shunt compensation is used instead of fixed shunts to take into account the 

voltage control in the network.  The static VAR compensators can be modeled as a generator when 

the reactive power demand is within limits, as a capacitor when the reactive power demand is 

higher than the maximum limit and as a reactor when the reactive power demand is lower than the 

maximum limit [43]. 

 
 

2.5 Countermeasures for voltage collapse 

 

Voltage collapse countermeasures have been promoted as a result of major system outages caused 

by the voltage collapse phenomenon.  A number of countermeasures adopted by electric power 

utilities are presented as follows [44, 45]: 

 

1. Reinforce the power system 

 

2. Improve system controllers 

 

3. Enhance operational practices 

 

4. Monitor the system on the real-time basis 

 

5. Incorporate system-protection systems. 
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2.5.1 Reinforce the power system 

 

When environmental, political, and other considerations do not permit the building of new 

transmission lines and/or generating stations near populated load centers, other solutions are  

sought. One of the approaches is to decrease transmission impedances to decrease voltage drops 

over long lines.  This is done in many different ways.  For example, adding series compensation 

and/or adding additional conductors in transmission line phases are presented [46].  These 

advantages are, however, weighed against other considerations such as cost, increase of complexity 

of protection, the impact of bypassing the capacitors and sub synchronous resonance. 

 

Shunt compensation has been the traditional way of providing additional reactive power needed to 

maintain a good voltage profile.  Capacitor banks are located near load centers to improve the 

power factor and to compensate for reactive losses in sub transmission systems.  Excessive shunt 

compensation, however, has the drawback of bringing the maximum load power point closer to the 

normal operating values making it difficult to predict voltage collapse [47]. 

 

 

2.5.2 Improve systems controllers 

 

Several options exist for emergency controls that will countermeasure voltage collapse.  The 

emergency controls can be classified as follows according to their cost that includes also the 

nuisance caused to consumers whose service is disrupted [48].  

 

1. Reactive shunt element switching and special generator voltage controls have no negative 

impact on consumers or other operational cost and are normally first to be utilized [49]. 

 

2. Generation rescheduling, as well as fast unit start-up, do not affect the consumers, but they 

have a definite impact on the market and thus are controls that are associated with low 

additional costs.  
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3. Emergency controls have no direct cost, but affect the load power, as well as the quality of 

power delivered to consumers. They are thus also classified as intermediate cost 

countermeasures. 

4. Finally, load shedding is a countermeasure to save an unstable system as a last resort if no 

other alternative is able to stop an approaching collapse. 

 

 

2.5.3 Operational planning and real-time evaluation 

 

Preventive evaluation of voltage security has been an important issue in operation planning of 

power systems.  Furthermore, security limits frequently require taking into account dynamics of 

voltage collapse [50,51].  In operational planning, fundamental decisions for security purposes are 

commitment of thermal units and determination of the best time to use hydro resources to substitute 

thermal generation units.  Deregulation and explicit consideration of fuel stocks are significantly 

changing the context in which such decisions are taken.  Security margins between all power 

market operators such as transmission system operators and generation companies are checked.  

The generation companies should also manage their hydro resources so that their water value equals 

their thermal marginal cost and their marginal revenue in the wholesale electricity market. 

 

Congestion due to voltage security may appear in real-time operation.  Preventive control may 

consist of rescheduling generation and shifting units from cheaper plants located far from load 

centers to more expensive units that are closer to load centers.  In some cases, it may be necessary 

to shed-load if the voltage security margin is insufficient [52]. 

 

 

2.5.4 Special protection schemes (SPS) 

 

A System Protection Scheme (SPS) is a protection system that is designed to detect abnormal 

conditions and take, predetermined, corrective actions, other than the isolation of faulted elements, 

to preserve system integrity and restore acceptable system performances [53, 54, 55].  In recent 

years, several types of SPS have been proposed and implemented.  A decentralized SPS uses local 

measurements and acts on local devices.  On the other hand, a wide-area SPS collects data from 

several locations and acts on devices located in several places of the system; Figure 2.3  shows the 
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general structure of a SPS.  Decentralized SPS are more reliable, since they do not rely on an 

extensive telecommunication system.  On the other hand, they may lack the system view needed to 

coordinate competing controls [56, 57, 58].  

 

 

 

 

Figure 2.3:  Special Protection Scheme (SPS) block diagram 

 

The SPS is classified according to the following criteria.  

 

1. Response-based:  A response-based system relies on measurements of electric 

quantities, such as voltage and frequency, to identify system misoperation [59, 60, 61, 

62]. 

 

2.  Event-based:  An event- based systems SPS operates upon the recognition of a 

particular combination of events.  Event-based system is expected to be faster than 

response-based systems that have to wait for the system response to a specific event 

before acting.  They are appropriate in cases where the threatening disturbances can be 

clearly identified.  However, response-based SPS are more robust, since they work by 

observing the consequences of disturbances without attempting to identify them [11-24].  
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3. Rule-based:  A rule-based system relies on “if ... then ...” rules, for example comparison 

of measurements with thresholds. Rule based SPS are comparatively simpler, although 

the embedded rules have to be properly tuned. 

 

4.  Algorithmic decision-based:  An Algorithmic decision-based system relies on a more 

involved analysis of a model of the system.  Algorithmic systems rely on a model of the 

system, they are in principle better prepared to face unforeseen disturbances and adapt 

their action to the severity of the situation. On the other hand, the more detailed the 

model, the lower the robustness with respect to modelling and real-time data 

inaccuracies, and the higher the dependency upon the real-time information system.  

 

5. Closed-loop and open loop:  A closed-loop system works in closed loop when it is able 

to act several times, each action relying on the measured result of the previously taken 

actions.  When the counteracted phenomena make it possible, closed-loop SPS combine 

selectivity and dependability: since they are allowed to operate as many times as needed, 

they automatically adapt their action to the severity of the disturbance.  Furthermore, 

this increases the SPS robustness against the inevitable uncertainties in system 

behaviour.  This is particularly important in voltage stability studies, where loads plays a 

central role while their composition changes with time and their behaviour under large 

voltage drops may not be known accurately. 

 

 

2.6 Methods for voltage collapse analysis 

 

The techniques for analyzing voltage collapse can be classified in two categories, static analysis 

techniques and dynamic analysis techniques.  Static analysis techniques consist of solving algebraic 

equations and, therefore, are computationally more efficient than the dynamic analysis techniques. 

These techniques are ideal for most studies in which voltage collapse limits for many pre-

contingency and post-contingency cases is to be determined [63, 64, 15, 49].  Static voltage-

collapse techniques use load flow equations to obtain information on the system operating state.  

All dynamics are ignored and it is assumed that all controllers have performed their intended 

functions properly.  The results obtained from these studies are usually optimistic compared to the 

results obtained by dynamic analysis [65, 66, 67,  47]. 
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Dynamic analysis consists of time-domain simulations that solve nonlinear differential equations. 

The procedure is computationally time consuming and cannot be applied for on-line analysis, 

monitoring and protection.  The time domain simulations, however, capture the events and 

chronology that lead to voltage collapse when post event analysis is performed but they do not 

readily provide information regarding the sensitivity or degree of stability [68]. 

 

The main disadvantages of dynamic simulations are as follows. 

 

1. They are time-consuming in terms of the time computers take to complete the studies. 

 

2. They require substantial engineering effort for analyzing the results. 

 

Most of the methods used for voltage collapse analysis are evaluated by using load flow study, 

basic load flow equations are, therefore, discussed in the following section. 

 

 

2.6.1 Load flow equations 

 

Load flow is normally used to calculate parameters, such as voltage magnitudes and phase angles 

for all buses in the system and active and reactive powers flowing in each line.  The current injected 

into bus m of a power system represented by N buses is given by the following equations, where m 

≠ k. 

 
N

m mk k

k 1

I Y V.
=

=∑  (2.10) 

 

where, 

 

 

mkY  is the mutual admittance between Buses m and k, 

kV  is the voltage at Bus k, and  

mI  
is the current injected into Bus m.  
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Complex conjugate of the power injected into Bus m is:  

 

*
m m m mP jQ V I .− =  (2.11) 

 

where, 

mP  is active power entering the network at Bus m, and  

mQ  is reactive power entering the network at Bus m.   

 

Substituting Equation 2.10 into Equation 2.11 provides,  

 
N

*
m m m mk m

k 1

P jQ V Y V .
=

− = ∑  (2.12) 

 

The voltage at a typical bus (Bus m) of the system is given in polar co-ordinates as shown in 

Equation 2.13. 

 

m m m m m mV V δ V (cosδ jsinδ ).= ∠ = +  (2.13) 

 

where, 

mδ  is the phase angle of the voltage Vm  with reference to the sewing bus voltage. 

 

Substituting Equation 2.13 into Equation 2.12 provides, 

 
N

m m mk m k mk k m

k 1

P jQ Y V V .
=

− = ∠θ + δ − δ∑  (2.14) 

 

where, 

kV  is the magnitude of the voltage at bus k, 

kδ  is the phase angle of the voltage Vk  with reference to the sewing bus voltage,  and 

mkθ  is the 90 
o
 impedance angle of the line mk. 
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Expanding Equation 2.14 provides active and reactive powers as follows, 

 
N

m mk m k mk k m

k 1

P Y V V cos( ).
=

= θ + δ − δ∑  (2.15) 

N

m mk m k mn k m

k 1

Q Y V V sin( ).
=

= θ + δ − δ∑  (2.16) 

 

Equations 2.15 and 2.16 are known as static load flow equations.  These equations are non-linear 

and therefore only numerical solution is possible.  Load flow equations can be solved using various 

load flow techniques.  Newton-Raphson method is the most widely used power flow calculation 

methods, which use the above equations as the basis for evaluating unknown parameters at any bus 

by iterative means.  

 

[ ]
P

J
Q V

∆ ∆δ   
=   ∆ ∆   

 (2.17) 

 

where, 

P∆  is the differences between the specified and calculated values of active power, 

Q∆  
is represents the differences between the specified and calculated values of reactive 

power, and  

 
[ ]J  is a square matrix of partial derivatives called the Jacobian matrix. 

 

The elements of the Jacobian matrix defines as, [JPS], [JPV], [JQS] and [JQV],  

 

where,  

 
[ ]PJ δ  

  

is a matrix of partial derivatives of active power with respect to voltage angle, 

[ ]PVJ
 

 

is a matrix of partial derivatives of active power with respect to voltage magnitude, 
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QJ δ    

 

is a matrix of partial derivatives of reactive power with respect to voltage angle, and  

 

QVJ    

 

is a matrix of partial derivatives of reactive power with respect to voltage. 

 

2.6.2 P-V and Q-V curves 

 

Voltage collapse analysis is still widely studied by computing the P-V and Q-V curves at selected 

buses.  A brief introduction to P-V curves are presented in Section 2.3.  Q-V curves represent the 

plot of voltage at a test bus versus reactive power on the same bus for different real power 

requirements. 

 

Generally, P-V and Q-V curves are generated by executing large number of load flows using 

conventional methods and models.  While such procedures can be automated, they are time-

consuming and do not readily insight into the cause of voltage collapse.  These procedures focus on 

individual buses; the stability characteristics are established by stressing each bus independently. 

The bases selected for P-V and Q-V analysis should, therefore be chosen very carefully and a large 

number of such curves may be required to obtain all the information needed for power system. 

 

2.6.3 Sensitivity method 

 

Sensitivity analysis gives Voltage-Reactive power (V-Q) sensitivity at a bus for load changes.  This 

method of voltage collapse analysis is also based on load flow simulations.  This method uses 

Jacobian matrix used in Newton-Raphson method to determine the V-Q sensitivity at a bus [69-43].  

 

It is assumed in this method that the system voltage is affected by reactive power requirements 

only.  Incremental changes in the active power are neglected in the formulation.  The effects of load 

changes in the system are taken into account by studying the incremental relationship between Q 

and V at different operating conditions. 

 

Set, ∆P=0, based on the above considerations, in Equation 2.17; this provides  
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[ ][ ] [ ][ ] [ ]P PVJ J V 0 ,δ ∆δ + ∆ =  (2.18) 

 

[ ]∆δ  can be obtained from the following equation.  

 

[ ] [ ] [ ][ ]
1

P PVJ J V ,
−

δ∆δ = − ∆  

 

(2.19) 

 

and, 

 

[ ] [ ] [ ]Q QVQ J J V .δ   ∆ = ∆δ + ∆     (2.20) 

 

Substituting Equation 2.19 in Equation 2.20 provides,  

 

[ ] [ ]1
QV Q P PVQ J J [J ] J V−

δ δ
 ∆ = − ∆    

         =[ ][ ]RJ V∆  (2.21) 

 

where, 

[ ] 1
R QV Q P PVJ J J [J ] J .−

δ δ
 = −   (2.22) 

 

From Equation (2.22), 

 

[ ] [ ] [ ]
1

RV J Q .
−

∆ = ∆  (2.23) 

 

The matrix [ ]
1

RJ
−

represents the reduced V-Q Jacobian. The k
th

 diagonal element of [ ]
1

RJ
−

represents 

the V-Q sensitivity at bus k.  A positive V-Q sensitivity is indication of stable operation. As system 

get closer to voltage collapse, the magnitude of sensitivity increases.  It becomes infinite at the 

point of collapse.  The smaller the sensitivity, the more stable the system is.  A negative V-Q 

sensitivity is indication of unstable operation. 
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2.6.4 Modal analysis 

 

The model analysis computes the eigenvalues and associated eigenvectors of the reduced Jacobian 

matrix of the power system based on a steady state model of the system.  A series of load flow 

simulations are conducted for load changes in a certain area.  The reduced Jacobian matrix is 

calculated for every study [65,67].  The eigenvalues of the matrix are then calculated.  The 

eigenvalues are associated with voltage and reactive power variation.  The system stability can be 

evaluated by checking the status of those eigenvalues. If all the eigenvalues have a negative real 

part, the system is asymptotically stable. If one or more of the eigenvalues has a positive real part, 

the system is unstable. The system is critically stable if all the eigenvalues have negative real part 

but there is one eigenvalue with a purely imaginary part [70, 71, 72]. 

 

 

2.6.5 Local data based voltage collapse predictor 

 

The local voltage stability monitoring and control is based on a two-bus equivalent system as 

shown in Figure 2.4.  The supply system is represented by its Thévenin equivalent; Thévenin 

impedance Zth and voltage Eth on Bus 1 which is seen from the terminals of the load bus of interest.  

 

Zth

 

Figure 2.4: Local bus and the rest of the system represented by Thévenin equivalent 

 

From electric circuit theory, it is known that the delivered power to bus 2 is maximized when the 

load impedance is the complex conjugate of the system impedance.  This case however is not suited 

for power system applications because a high capacitive load would be required to match the 
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dominantly inductive nature of the system impedance.  Half of the energy is consumed in 

transmission system as losses [73].  

 

The maximum power transfer occurs when,   

 

L thZ Z .=  (2.24) 

 

Based on this fact, Khoi Vu has proposed a voltage instability predictor (VIP).  In their work the 

ratio between the voltage and current phasors measured at the load bus is used to calculate the 

apparent impedance of the load (Zapp) [74,7]. Local bus and the rest of the system are treated as 

Thévenin equivalent circuit.  The impedance plane is separated into two regions; the Thévenin 

impedance circle and the rest of the plane as is shown in Figure 2.5. As load varies, its apparent 

impedance traces a path in the plane, and voltage collapse occurs when load impedance crosses the 

Thévenin impedance circle.  Indeed, VIP can be viewed as a voltage relay with an adaptive set 

point.  In this work Thévenin equivalent is estimated using only local phasor measurements of 

voltage and current. The Thévenin equivalent parameters are estimated by the measurements taken 

at two more different times.  It is assumed that source voltage and Thévenin impedance are constant 

during the estimation process [75].  

 

thZ

 

Figure 2.5: Voltage collapse occurs when the apparent impedance of the load bus equals the 

Thévenin circle 
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2.6.6 Power margin 

 

The power margin index is used to track the closeness to voltage collapse.  Power margin describes 

the proximity to voltage collapse in terms of power and can be looked upon as the power available 

before a power system collapses.  It is defined as the power differences between the maximum 

apparent power and the actual system power.  Power margin can also be defined as the extra MVA 

that can be delivered to the load before voltage collapse occurs.  When the margin approaches zero, 

it means that no more power can be increased and system collapse will occurs if additional power is 

increased [4].   

 

2.6.7 Line index 

 

The line index (L) is simple to calculate because it utilizes information obtained from a normal load 

flow equation.  The line index for a bus is a function of injected complex power, voltage and total 

impedances connected to the bus.  The values of L index vary in the range between zero (no load 

condition) and one (voltage collapse condition).  For a stable situation, the condition Lj≤ 1 must be 

violated at any of nodes. 

 

2.6.8 Voltage collapse prediction index 

 

The calculation of voltage collapse prediction index (VCPI) requires the voltage phasor information 

of the participating buses in a system and the network admittance matrix.  The values of these 

indices determine the proximity to voltage collapse.  The technique is first developed for a two bus 

system and extended to predict voltage collapse for an N bus system.  The value of VCPI values 

varies between zero and one.  If the index is zero, the voltage at the bus is considered to be stable 

and if the index is unity, the bus voltage is at the edge of collapse [11, 76, 77]. 

 

 

2.7 Summary 

 

In this chapter, the concept of system collapse phenomenon has been discussed.  An introduction to 

static voltage collapse and a simple example that illustrates this phenomenon have been briefly 

presented.  Factors affecting voltage collapse including reactive power capability and automatic 
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voltage control of synchronous generators, loads, on-line tap changers and compensation devices 

have been introduced. A number of countermeasures adopted by electric power utilities such as 

system reinforcement, controllers improvements, operational practice enhancement, real time 

system monitoring and implementation of system protection schemes have been discussed in this 

chapter. The most commonly used methods for analyzing voltage collapse have been introduced in 

section 2.6 including off-line and on-line methods.  Since most of the analytical off-line techniques 

for voltage collapse studies are based on load flow equations, an introduction to load flow analysis 

and a method of analyzing nonlinear equations have been provided.  In addition to off-line methods, 

voltage collapse predictor and voltage collapse prediction index methods that based on local 

measurements have been presented in this chapter as well.   
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3. IDENTIFICATION OF THÉVENIN EQUIVALENT 

CIRCUIT PARAMETERS 

3.1 Introduction 

 

The concept of voltage collapse has been introduced in chapter 2.  Factors affecting voltage 

collapse and methods to countermeasure it have been also discussed.  Static and dynamic 

techniques used in voltage collapse analysis including methods based on local measurements have 

been presented.  

 

An introduction of the previously proposed techniques for estimating system parameters and 

limitations of those techniques are discussed in this chapter.  Least Square and Delta techniques 

were enhanced during this research by adding Cumulative Sum Filter. The development of the 

enhanced Delta and LS methods is also presented in this chapter.  The original and enhanced delta 

and least squares techniques were applied to the IEEE 30-Bus test system.  The results obtained 

from the applications of these techniques are presented in this chapter. 

   

 

3.2 Overview of estimating system parameters 

 

The Thévenin equivalent of a system at fundamental frequency usually provides enough 

information on the effects of changes in power system parameters and operating voltage at the load 

buses.  From the knowledge of the Thévenin equivalent, the voltage collapse margin and maximum 

loadability of the system can be estimated. The published literature focuses primarily on 

determining the network equivalent impedance. Various proposals have been made ranging from 

simple models to sophisticated circuits to find the Thévenin equivalent. 

 

The system is at the edge of collapse when the absolute value of load impedance is equal to the 

absolute value of the estimated Thévenin impedance [7].  This technique is unable to track system 
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changes and, therefore, is not able to update the Thévenin impedance. As a result, the technique 

may indicate that the estimated Thévenin impedance and the load impedance are equal, but in 

reality they are different and the system voltage is not collapsing. 

 

The technique based on constant Thévenin voltage is also not able to track changes in the values of 

the Thévenin equivalent parameters [78, 79, 80].  In this reference, a time-domain method with 

tracking capabilities is proposed.  The on-line identification procedure proposed with this technique 

is quite complex and takes considerable time to obtain a final conclusion. 

 

The Constrained Least Squares method proposes an on-line identification procedure to estimate the 

equivalent impedance and voltage at the fundamental and harmonic frequencies [81,82].  The 

technique uses Kalman filters to estimate the phasors of voltages and currents as they change with 

time.  The dynamics of the changes and the assumed dynamics in the design of the Kalman filters 

affect the performance of this technique.   

 

A random load model is used in signal processing technique and the ratio of the cross-correlation of 

the changes in the load voltage and current with respect to the auto-correlation of the load current 

changes are used.  Another signal processing technique is proposed; this technique is based on 

processing the data of voltages and currents at the load bus.  The cross-correlation of the changes in 

the load voltage and current with respect to the changes in the load admittance is used to estimate 

the Thévenin impedance. The technique fail to estimate Thévenin impedance if topology changes 

due to switching operations initiated by the actions of protection devices or by actions taken by 

operators.  Kalman filtering technique proposed to estimate system reactance and source voltage for 

out-of-step protection assuming that Thévenin resistance is zero [18]. 

 

As a part of research reported in this thesis, Delta and LS techniques were enhanced by Cumulative 

Sum Filters for estimating system parameters.  The developed techniques are based on voltage and 

current measurements that can be obtained either from load flow simulations during power system 

planning or operating studies or from on-line measurements taken in real time during the operation 

of a power system.  The techniques process the voltage and current phasors to continuously update 

the value of the system parameters.  Further, this technique is better from the previously used 

methods because this technique needs smaller data windows compared to the large data windows 
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required by the previous techniques for suppressing oscillations in current measurements and for 

tracking system changes.  The enhanced Delta and LS techniques are able to change the size of the 

data window to smoothen the estimates of the system parameters.  They are able to track small 

changes in load and generation without numerical instabilities.   

 

 

3.3 Thévenin equivalent circuit in voltage collapse studies 

 

Thévenin parameters are the main factors that determine the maximum load that can be supplied at 

a bus [7]. Voltage collapse analysis methods that take into consideration local measurements are 

based on the well-known fact that the absolute values of the load impedance and the system 

Thévenin impedance are equal at the time of voltage collapse; this fact has previously been 

demonstrated in Chapter 2.  The system is represented by a two-bus equivalent where one of the 

buses is the slack bus that is connected to a load bus by a transmission line as shown in Figure 3.1.  

The load impedance, ZL is computed taking the ratio of voltage phasor, VL, and current phasor, IL, 

measured at the load bus. The rest of the system is treated as an equivalent circuit that consists of a 

Thévenin impedance, Zth, and Thévenin voltage, Eth. 

 

A single set of Thévenin parameters may not faithfully represent the rest of the system for the entire 

operating range.  For example, the system shown in Figure 3.1 cannot be represented adequately if 

it has finite reactive power capability.  It is necessary, therefore, to regularly update the Thévenin 

parameters as the system load or other operating parameters change.  The least squares technique 

was reformulated to make it suitable for updating the Thévenin parameters conveniently.  The 

modified technique is described in the next section.  

 

Zth

 

Figure 3.1:  Local bus and the rest of the system as represented by Thévenin equivalent 
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The bus voltage can be expressed as a function of the load current and unknown parameters, Eth and 

Zth, of the system equivalent as follows. 

 

L th th LV E - Z I=     (3.1) 

 

Equation 3.2 can be obtained by expanding Equation 3.1 to show the real and imaginary parts of the 

variables.  

 

L L th th th th L Lr j i j r j i j j j r j i jV (t ) jV (t ) [E (t ) jE (t )] [R (t ) jX (t )][I (t ) jI (t )]+ = + − + +  (3.2) 

 

where, 

rLV  is the real part of load voltage LV , 

LiV  is the imaginary part of load voltage LV , 

LrI  is the real part of current LI , 

LiI  is the imaginary part of current LI ,  

thrE  is the real part of Thévenin voltage thE  

ithE  is the imaginary part of Thévenin voltage thE  ,  

thR  is the real part of Thévenin impedance
 

thZ , and 

thX  is the imaginary part of Thévenin impedance
 

thZ . 

 

This equation can be separated in two linear equations with four unknowns as shown below: 

 

i

thr

L L L thr r i

L L L thi i r

th

E

V 1 0 -I I E

V 0 1 -I -I R

X

 
      =        
 
 

 

 

      (3.3) 

 

 

Thévenin parameters can be determined by using an identification technique, such as the enhanced 

Delta or Least Square methods that were developed as a part the research reported in this thesis.  
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Note that all of the variables in Equation 3.1 are functions of time and are calculated using a sliding 

window that contains discrete samples of data.  The data window is small when the system 

operating state is changing but is large when the system operating state is stationary [83,84,85].  

 

3.3.1 Trend of Thévenin impedance with increasing P-Q load 

 

This section demonstrates that the Thévenin impedance increases when the P-Q loads supplied by 

the power system increase.  A 3-Bus system shown in Figure 3.2 is used to demonstrate the trend.  

 

Transmission lines impedances used in this example are impedances of typical 230kV line and are 

shown in Table 3.1 [34]. Transmission lines from Bus 1 to Bus 2 and from Bus 2 to Bus 3 were 

assumed to be double circuit lines. Line resistances and charging currents were ignored so that the 

calculations can be quickly verified, Bus 1 was assumed to be an infinite bus whose voltage was 

maintained at 1.05 pu. Bus 2 and Bus 3 are load buses that supply local P-Q loads. Base voltage, 

base MVA, base current and base impedance used in these calculations are 230 kV, 100MVA, 

251A, and 529 Ω, respectively.  

 

 

Figure 3.2: A three-Bus System  

 

Table 3.1:  230kV transmission line parameters 

r (Ω/km) xL (Ω/km)  bC (µS/km) 

0.0500 0.4880 3.3710 
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Thévenin parameters seen from Bus 3 were calculated for the system shown in Figure 3.2 using 

open circuit and short circuit tests as described in the following steps.  

 

1. An open circuit test was done at to Bus 3 and Thévenin voltage ( thE ) was calculated for a 

condition when there was no load connected to this bus (open circuit condition).  Voltages at 

all buses, current flows in all lines and loads and line reactances used in the calculations are 

shown in Figure 3.3.  The open circuit voltage at Bus 3 is shown in this figure. 

 

2. A short circuit test was done at to Bus 3.  Voltages at all buses, current flows in all lines and 

loads are shown Figure 3.4.  

 

3. Absolute value of Thévenin impedance seen from Bus 3 calculated by substituting open 

circuit voltage and short circuits current from Figures 3.3 and 3.4 into Equation 3.4 is equal 

to 0.1249 pu. 

 

th
th

sc

E
Z

I
=  

 

      (3.4) 

 

  

1V 1.0500 0 pu= ∠
2V 1.0359 1.6595 pu= ∠ −

3I 0.0000 0 pu= ∠ 3 2V V=

2I 0.4290 27.4981 pu= ∠ −

 
 

Figure 3.3: Open circuit test on Bus 3 
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1V 1.0500 0 pu= ∠

scI 8.2880 91.6595 pu= ∠ −

2V 0.4144 1.6595 pu= ∠ −

2I 1.0724 27.4981 pu= ∠ −

12I 8.4785 88.9187 pu= ∠ −

3V 0.0000 0 pu= ∠

 

 

Figure 3.4: Short circuit test on Bus 3 

 

The active and reactive powers on Bus 2 were increased to 0.5000 and 0.2423 pu, respectively and 

steps 1 and 2 were repeated to calculate the thE  and Isc. Voltages and currents for the open circuit 

and short circuit tests are shown in Figure 3.5 and Figure 3.6 respectively.  The absolute value of 

the Thévenin impedance seen from Bus 3 is now equal to 0.1250 pu.  

 

1V 1.0500 0 pu= ∠
2V 1.0325 2.0814 pu= ∠ −

2I 0.5381 27.9362 pu= ∠ −

3 2V V=

3I 0.0000 0 pu= ∠

 

Figure 3.5: Open circuit test on Bus 3 



 38

Bus 1

j0.07500 pu j0.0500 pu

Bus 3

Bus 2

1V 1.0500 0 pu= ∠

P2=0.5000 pu

Q2=0.2423 pu

scI 8.2600 92.0814 pu= ∠ −

2V 0.4130 2.0814 pu= ∠ −

2I 1.3453 27.9362 pu= ∠ −

12I 8.4998 88.6966 pu= ∠ −

3V 0.0000 0 pu= ∠

 

Figure 3.6: Short circuit test on Bus 3 

 

Active and reactive power on Bus 2 were again increased to 0.6000 and 0.2907 pu, respectively and 

steps 1 and 2 were repeated to calculate the thE  and Isc. Voltages and currents for the open circuit 

and short circuit tests are shown in Figure 3.7 and Figure 3.8 respectively.  The absolute value of 

the Thévenin impedance seen from Bus 3 is now equal to 0.1251 pu. 

 

1V 1.0500 0 pu= ∠
2V 1.0298 2.5060 pu= ∠ −

2I 0.6474 28.3562 pu= ∠ −

3 2V V=

3I 0.0000 0 pu= ∠

 

Figure 3.7: Open circuit test on Bus 3 
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1V 1.0500 0 pu= ∠

scI 8.2340 92.5060 pu= ∠ −

2V 0.4117 2.5060 pu= ∠ −

2I 1.6194 28.3562 pu= ∠ −

12I 8.5185 88.3857 pu= ∠ −

3V 0.0000 0 pu= ∠

 

Figure 3.8: Short circuit test on Bus 3 

 

This example demonstrates that increase of P-Q loads in the system results in an increase in the 

absolute value of the Thévenin impedance seen from a system bus.  This finding is consistent with 

that reported in the published literature [7, 108]. 

 

 

3.4 System parameter estimating techniques  

 

Thévenin parameters are determined by using parameter identification techniques.  In this research 

Delta and Least Squares techniques were enhanced by including Cumulative Sum Filters and were 

then used for determining the parameters of the Thévenin equivalent.  The Delta and Least Squares 

techniques are described in this section. 

 

3.4.1 Delta technique 

 

The Thévenin equivalent of the system shown in Figure 3.1 can be estimated using changes in 

measured phasors of the voltage at the load bus and load current by taking two successive 

measurements at time instances t1 and t2.  The Thévenin voltages at these instants can be expressed 

by the following two equations. 
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th th L1 L 1 1 1E (t ) V (t ) Z (t ) I (t )+=  (3.5) 

th th L2 L 2 2 2E (t ) V (t ) Z (t )I (t )+=  (3.6) 

where, 

th 1E (t )  is the  Thévenin voltage thE  at time  t1,  

th 2E (t )  is the  Thévenin voltage thE at time t2,  

L 1V (t )  is the phasor of load voltage LV at time t1,  

L 2V (t )  is the phasor of load voltage LV at time t2, 

th 1Z (t )  is the  Thévenin impedance thZ at time t1,  

th 2Z (t )  is the  Thévenin impedance thZ  at time t2,  

L 1I (t )  is the phasor of current LI at time t1,  and 

L 2I (t )  is the  phasor of current LI at time t2. 

  

 Change of voltage can be expressed as a function of change of current as follows. 

 

L L L2 1 2V (t ) V (t ) V (t )−∆ =   

L L L2 1 2I (t ) I (t ) I (t )−∆ =  
(3.7) 

 

 Equation 3.8 can be obtained by subtracting Equation 3.6 from Equation 3.5 and assuming that the 

Thévenin equivalent is constant within the data window. 

 

^

L th L2 2 20 V (t ) Z (t ) I (t )+= ∆ ∆  (3.8) 

 

where, 

^

th 2Z (t )  is the estimated Thévenin impedance thZ at time t2, 
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L 2V (t )∆  is the deviation in voltage measured at the load bus LV at time t2 with respect to LV

at time t1, and 

L 2I (t )∆  is the deviation in measured current LI  at time t2 with respect to LI at time t1. 

 

Rearranging this equation provides the following equation. 

 
^ L 2

th 2
L 2

V (t )
Z (t )

I (t )

∆
= −

∆
 (3.9) 

 

N such observation provides the following equation assuming that Thévenin equivalent has not 

changed while these observations were being taken. 

 

L L2 2

th N

L LN 1 N 1

L LN N

∆I (t ) ∆V (t )

^
Z (t )

∆I (t ) ∆V (t )

∆I (t ) ∆V (t )

− −

   
   − −   
   − −= −
   
   
      

 
 

(3.10) 

 

The estimated Thévenin impedance can then be obtained by using the following equation. 

 
N

*
L Lj j

j 2
th N 2N

L j
j 2

∆I (t )∆V (t )^
Z (t )

∆I (t )

=

=

∑
= −

∑

 (3.11) 

where, 

j is an integer and equal to 1, 2,…, N. 

 

Equation 3.10 shows that if there are no changes in current measurements the denominator is equal 

to zero, which gives an infinite value for the estimated Thévenin impedance.  This problem can be 

overcome by increasing the number of measurements until the current-changes are observed [86].  

 

It is obvious from the above equations that this technique is based on the changes of voltage at the 

load bus and changes of the current.  Both changes depend on changes in the load, generation and 

topology. If the operational parameters of the system change slowly and the changes in the 
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measurements within the data window are very small, the changes in L∆V and L∆I will be small as 

well. It is, therefore, necessary to expand the time window until L∆V  and L∆I  increase 

substantially. Delta technique can be applied in polar coordinates as shown in Appendix D. 

 

 

3.4.2  Least Square (LS) technique  

 

The voltage at the load bus of the system shown in Figure 3.1 at time t1 and t2 can be described by 

rearranging Equations 3.5 and 3.6. 

  

L th th L1 1V (t ) E Z I (t )−=  

(3.12) 

L th th L2 2V (t ) E Z I (t )−=  

It is assumed in this equation that the Thévenin equivalent remains constant with the passage of 

time.  This equation can be expanded as follows by replacing the complex variables and phasors 

with their real and imaginary components [87].  

 

L L th th th th L Lr 1 i 1 r i r 1 i 1V (t ) jV (t ) [E jE ] [R jX ][I (t ) jI (t )]+ = + − + +  
(3.13) 

 
L L th th th th L Lr 2 i 2 r i r 2 i 2V (t ) jV (t ) [E jE ] [R jX ][I (t ) jI (t )]+ = + − + +  

This equation can be rewritten in the following form. 

 

L ( ) L ( ) L ( ) thr 1 r 1 i 1 r

L ( ) L ( ) L ( ) thi 1 i 1 r 1 i

L ( ) L ( ) L ( ) thr 2 r 2 i 2

L ( ) L ( ) L ( ) thi 2 i 2 r 2

V t 1 0 I t I t E

V t 0 1 I t I t E

V t 1 0 I t I t R

V t 0 1 I t I t X

−     
     − −     =
   −  
     

− −     

 (3.14) 

 

The voltage and current phasors are measured and the Thévenin parameters are the unknowns.  

Error in each estimate can be expressed as follows.  
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^

thr
L ( ) L ( ) L ( )11 r 1 r 1 i 1

^

L ( ) L ( ) L ( ) th21 i 1 i 1 r 1 i

^L ( ) L ( ) L ( )31 r 2 r 2 i 2
th

L ( ) L ( ) L ( )41 i 2 i 2 r 2 ^

th

E
V t 1 0 I t I t

V t 0 1 I t I t E

V t 1 0 I t I t
R

V t 0 1 I t I t

X

 
 ε −     
      ε − −       = −       ε −
      

ε − −       
 
 

 

 

(3.15) 

 

where, 

^  represents the estimated value, 

11ε  is the error in the estimate of the real part of the voltage phasor at time t1, 

21ε   is the error in the estimate of the imaginary part of the voltage phasor at time t1 

31ε   is the error in the estimate of the real part of the voltage phasor at time t2 and 

41ε  is the error in the estimate of the imaginary part of the voltage phasor at time t2. 

 

After N measurements are taken, the error vector becomes 

ε V A X

2 1 2 1 2 4 4 1

       
= −       × × × ×       N N N

 (3.16) 

Premultiplying both sides of Equation 3.16 with the transpose of the error vector provides the sum 

of the error squares as follows 

 

ε V A V Aε X X

2 1 2 1 2 4 2 1 2 41 2 4 1 4 1

∧ ∧                 
      = − −           × × × × ×   ×               × ×      

T
T

N N N N NN
 

 

(3.17) 

 

The right hand side of this equation can be written as 

 
T

T T V AV A XX
2 1 2 41 2 4 2 4 11 4

∧∧                 − −         × ×   × ×         ××     
N NN N

 

 

 

 

Expanding this term provides the following as sum of the error squares 
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T
T T

T
T T

A AA VX XX
2 4 2 44 2 1 24 1 4 11 4

V VA VX
2 1 2 14 2 1 21 4

∧ ∧∧

∧

                − −      × ×  × ×         × ××     

          +      × ×  × ×      × 

N NN N

N NN N

 

 

 

 

Taking the derivative of the sum of the error squares and equating it to zero provides the following 

equation. 

 

T T TA A VA V AX2 0
2 4 2 4 2 14 2 1 2 4 24 1

∧           
  − − =          × × ×× × ×           × 

N N NN N N
 

 

(3.18) 

In this equation, the term [V]
T
[A] is equal to [A]

T
[V].  Making this substitution in Equation 3.18 

and rearranging provides 

 

T TA VA AX

2 4 2 14 2 4 24 1

∧       
  =      × ×× ×       × 

N NN N
 

(3.19) 

 

 

Premultiplying both sides of Equation 3.19 with the inverse of [A]
T
[A] provides the least squares 

solution of the parameters of the Thévenin equivalent as follows. 

 
1

T TA VA AX

2 4 2 14 2 4 24 1

−∧         
  =        × ×× ×         ×   

N NN N
 

(3.20) 

 

It should be noted that [A]
T
[A] matrix in this equation will be ill conditioned and, therefore, will 

cause numerical problems if the changes in load currents are small.   

 

 

3.5 Data window requirements 

 

The main problem in estimating the system parameters by using the Delta and Least Squares 

techniques is to suppress oscillations in the measurements.  In addition, the estimation process 

succeeds if the following conditions are satisfied: 
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• There must be a noticeable change in current measurements.  This problem can be easily 

detected by using a large data window or using Cumulative Sum Filter. 

 

• The estimation process in local based measurements algorithm accepts “small” changes in 

the “actual” Thévenin equivalent in a data window.  If a sudden large change occurs, the 

estimation algorithm of Thévenin impedance postpones the process until the next set of 

measurements is taken. This problem can be detected by taking into consideration the 

estimation error when the assumption of constant Thévenin equivalent does not hold, as 

shown below:  

 

The first requirement can easily be detected by using the differences between voltage and current 

measurements taken at time t and time t-1. 

 

The second requirement can only be detected by examining the error in the estimates when 

assumption of constant Thévenin equivalent does not valid. Equation 3.21 can be obtained by 

applying Equation 3.1 at times t and t-1.  

 

th L L th th L
th

th L L

E (t 1) V (t 1) I (t 1) (Z (t 1) Z (t)) I (t 1)
Z (t)

E (t) V (t) I (t) 0

− − − − − −       
= + +       

       
 

 

(3.21) 

 
where,  

thE (t)  is the Thévenin voltage thE at time t, 

thE (t 1)−  is the Thévenin voltage thE at time t-1,  

thZ (t)∆  is the deviation in Thévenin impedance thZ at time t with respect of Zth at time t0, , 

LV (t)  is the voltage measured at the load bus LV at time t , 

LV (t 1)−  is the voltage measured at the load bus LV at time t-1,  

LI (t)  is the current  measured LI at time t, and 

LI (t 1)−  is the current measured LI at time t-1.  
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By subtracting the second row of Equation 3.21 from the first row the following equation can be 

obtained. 

 

th L th L th LE (t) V (t) Z (t) I (t) Z (t) I (t 1)∆ = ∆ + ∆ + ∆ −  (3.22) 

where, 

thE (t)∆  is the deviation in Thévenin voltage thE at time t with respect to Eth at time t0, 

LV (t)∆  is the deviation in voltage measured at the load LV  bus at time t, and 

LI (t)∆  is the deviation in measured current LI at time t. 

 

Equation 3.23 can be obtained by dividing both sides of Equation 3.22 by LI (t)∆ . 

 

th L th L
th

L L L

E (t) V (t) Z (t) I (t 1)
Z (t)

I (t) I (t) I (t)

∆ ∆ ∆ −
= + +

∆ ∆ ∆
 (3.23) 

 

Rearranging Equation 3.23 provides 

 

L th th L
th

L L

V (t) E (t) Z (t) I (t 1)
Z (t)

I (t) I (t)

∆ ∆ − ∆ −
= − +

∆ ∆
. 

(3.24) 

 

 

where, 

thZ (t)  is the estimated Thévenin impedance thZ at time t, and 

 

th th L

L

E (t) Z (t) I (t 1)

I (t)

∆ − ∆ −

∆
 

is the estimation’s error.  

 

 

Equation 3.24 shows that small changes in load current would result in large errors in the estimated 

impedances.  If the changes in current are small, the estimated Thévenin impedances should be 

discarded. Load impedance and Thévenin equivalent at time t can be expressed by the following 

equations when there is a significant change in load and/or system topology from time t-1 to t. 

 



 47

th th

Eth

1
E (t) E (t 1)

k
= −  

 

th th

Zth

1
Z (t) Z (t 1)

k
= −  

(3.25) 

 

L L

ZL

1
Z (t) Z (t 1)

k
= −  

 

 

where, 

Eth Zth ZLk , k , k  are constants 

 
 

Equation 3.26 shows the deviation in measured current LI at time t.  

   

th th
L

th L th L

E (t) E (t 1)
I (t) _

Z (t) Z (t) Z (t 1) Z (t 1)

−
∆ =

+ − + −
 

(3.26) 

 

 

The following equation can be obtained by substituting Equations 3.22, 3.23, 3.24 and 3.25 in 

Equation 3.26. 

 

[ ]( ) ( )( )( )
( )( )

th th L th LL Eth ZL Zth
th

L ZL Zth

E (t) Z (t) I (t 1) 1 k 1 k 1 k Z (t) Z (t)V (t)
Z (t)

I (t) 1 k 1 k

 ∆ −∆ − − − − ∆ + ∆∆  = − +
∆ − −

. 
(3.27) 

 

 

 Consider the following two types of change in the system. 

 

1. The load changes but the Thévenin equivalent remains unchanged, thus ZLk ≠ 1, Eth Zthk , k

=1 and the deviation in Thévenin equivalent at time t is equal to zero. 

 

2. The Thévenin equivalent changes but the load does not, thus ZLk = 1, Eth Zthk , k ≠1. In this 

case the deviation in current and voltage measurements is equal to zero.  

 

In the first case, the right side of Equation 3.27 is equal to 
L

L

V (t)

I (t)

∆
−

∆
. The Voltage Instability 

Predictor (VIP) algorithm estimates the correct value of Thévenin impedance based on the 

assumption of constant Thévenin equivalent within the data window. In the second case the right 
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side of Equation 3.27 is equal to 
2

th L

th

[ Z (t)] I (t 1)

E (t)

∆ −

∆
. The algorithm in this case estimates the 

estimation error instead of the Thévenin impedance. The algorithm should recognize and discard 

this incorrect estimate and delay the estimation process till the next measurement comes to the 

window. 

 

Figure 3.9 shows a situation where there is a sudden change in the Thévenin equivalent in either the 

voltage or the impedance.  In this case, the technique should recognize the case and discard the 

estimated values and wait for the new measurements at time t+1. 

 

 

Figure 3.9:  Sudden change in Thévenin impedance 

 

 

3.6 Cumulative Sum Filter  (CSF) 

 

Small disturbances and noise can result in the absolute value of the current deviation L∆I , to 

become close to zero and this makes the tracking of Thévenin impedance difficult.  To overcome 

this problem, a Cumulative Sum Filter (CSF) was designed and used to monitor current and voltage 

measurements when the parameters of the Thévenin equivalent were estimated. In the Delta 

Z (t 1)th −

Z (t)th
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method, the first step consists of taking the cumulative sum of the absolute values of the variations 

of bus voltage, L∆V ,  and load current L∆I .  The following vectors are defines at time tn and tn-1 

using these deviations. 

 

3 n

L L L2 j 3 jn 2 nj 2 j 2

[K(t )] ∆V (t ) ∆V (t ) ... ∆V (t )
= =

 
= ∑ ∑  

 
 

(3.28) 

 

 

3 n 1

L L L2 j jn 1 2
j 2 j 23 n 1

[K(t )] ∆V (t ) ∆V (t ) ... ∆V (t )
−

−
= = −

 
= ∑ ∑  

 

3 n

L L L2 j jn
j 2 j 2

2 3 n
[W(t )] ∆I (t ) ∆I (t ) ... ∆I (t )

= =

 
= ∑ ∑  

 
 

(3.29) 3 n 1

L L L2 j jn 1 2
j 2 j 23 n 1

[W(t )] ∆I (t ) ∆I (t ) ... ∆I (t )
−

−
= = −

 
= ∑ ∑  

 

 

In Equations 3.28 and 3.29, n is the last measurement taken within the data estimation window of 

seven observations. Dividing the difference between the two consecutive elements of [K] and [W] 

gives the absolute value of the estimated Thévenin impedance at time tn as follows. 

 

( )

^
n n 1

th n

n n 1

L n

n

K(t ) K(t )
Z (t )

W(t ) W(t )

∆V t

∆I(t )

−

−

−
=

−

=

 
 

(3.30) 

 

At the present time tk, a step size |∆x| can be defined as follows.  

 
k

L
i

i=2

∆I

∆x=
number of steps

∑
 

 

(3.31) 

  

The absolute value of Thévenin impedance thZ  at the present time, tk, can be found using Equation 

3.32. 

 
L Lk k -1

th k

V (t )-V (t )
Z (t ) =

∆x
 

(3.32) 

where, 
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L kV (t )  is the measured voltage at the load bus at the present time tk, and  

L k-1V (t )  is the measured voltage at the load bus at time tk-1. 

 

Figure 3.10 shows that the x-axis, which represents L∆I
, 
is divided in fixed intervals of ∆x  where 

changes occur in the measured quantity. This approach keeps track of measurements from the 

present time tk to when the last measurement was taken at time t1.   

 

In LS method, the filtering process starts by taking the cumulative sum of the absolute values of the 

bus voltage, LV , and load current LI .  The following vectors are defined at time tn and tn-1 using 

the deviations. 

 

3 n

L L L2 j 3 jn 2 nj 2 j 2

[K(t )] V (t ) V (t ) ... V (t )
= =

 
= ∑ ∑ 
 

 
 

 (3.33) 

 

 

3 n

L L L2 j jn 2 3 nj 2 j 2

[W(t )] ∆I (t ) ∆I (t ) ... ∆I (t )
= =

 
= ∑ ∑ 
 

 

 

At the present time tk, a step size |∆x| can be defined as follows.  

 
k

L
i

i=2

I

∆x=
number of steps

∑
 

 

(3.34) 

 

 

The Thévenin parameters at the present time, tk, can be found using the Least Square method 

described in Section 3.4.2.  
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Figure 3.10:  Mapping of cumulative sum of |∆V|
 
to cumulative sum of |∆I| 

 

 

3.7 Integration of CSF and Delta method 

 

Voltage and current measurements used to estimate the parameters of the Thévenin equivalent in 

the Delta method were filtered using CSF to overcome the problem of small disturbances and noise 

that can cause numerical difficulties in estimating the parameters of the Thévenin equivalent [84]. 

 

A flow chart of the Delta technique augmented with CSF is given in Figure 3.11.  
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L i∆I (t ) = 0

L i∆V (t ) = 0

 

 

Figure 3.11: Flowchart of the Delta method augmented with the CSF 
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The performance of the Delta technique augmented with the CSF was evaluated using the IEEE 30-

Bus system as shown in Figure 3.12. This system has twenty four load buses, one slack bus, and 

five voltage controlled buses. The base load of the system is 100 MVA. The connectivity and 

electrical parameters of the IEEE 30-Bus test system used for studies reported in this thesis are 

presented in Appendix A. The loads are considered to be P-Q loads and are considered to be 

changing with time. 

 

 

Figure 3.12: IEEE 30-Bus test system 
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In this study, the required bus voltage and current phasors used in estimating of Thévenin 

equivalents were obtained using the following steps. All loads in the system are assumed to be P-Q 

loads. 

 

1. The base-case load flow was conducted and was assigned as load flow at time t=0 

assuming that all tap changers, generators, and compensation devices were set at their 

maximum limits.  Voltage calculated on specified bus was identified as L 0V (t ) and the 

load current was identified as L 0I (t ).  

 

2. The load at the specified bus was increased by one percent and the load flow was 

conducted again. The load change was considered to have occurred in one minute time. 

The calculated voltage and current at the specified bus identified as L 1V (t )  and L 1I (t )

respectively.  

 

 

3. The changes in the bus voltage and load current were calculated as follows 

 

L L L1 1 0V (t ) V (t ) V (t )∆ = −  

 L L L1 1 0I (t ) I (t ) I (t )∆ = −
 

 

4. The load at the specified bus was increased by another one percent and the load flow 

was conducted again. The load change was considered to have occurred in one minute 

time. The calculated voltage and current at the specified bus identified as L 2V (t )  and 

L 2I (t ) respectively.  

 

5. L 2V (t )∆  and L 2I (t )∆  were then calculated. 

 

 

6. Steps 4 and 5 were repeated to calculate subsequent values of voltage and current 

changes until L 7V (t )∆  and L 7I (t )∆  were obtained.  
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7. If L iV (t )∆  and L iI (t )∆
 
for j=1, ….7 were equal to zero, CSF were called to estimate 

Thévenin impedance using Equations 3.28 to Equation 3.30.
 th 7Z (t )

∧

 was calculated by 

implementing Equation 3.12 as follows if L iV (t )∆  and L iI (t )∆
 

for j=1, ….7 were 

unequal to zero. 

 
7

*
L Lj j

j 1
th 7 27

L j
j 1

∆I (t )∆V (t )^
Z (t )

∆I (t )

=

=

∑
= −

∑
 

 

8. Steps 4, 5, 7 were repeated to calculate th jZ (t ) j 8,9,...., 24
∧

=  

 

 

Six case studies are presented in this section that evaluate the performance of the Delta method 

augmented with the developed CSF using the IEEE 30-Bus system.  It is assumed in these cases 

that the load at Bus 26 increases in steps of 1% while the reactive power output of generators, tap 

changers on transformers, and compensation devices are held at their maximum setting.  

 

In the first case, the Thévenin impedance was calculated using the following three approaches. 

1. The actual absolute-value of the Thévenin impedance that was calculated by conducting 

 

• a load flow with the load on Bus 26 removed and noting down the voltage at Bus 26, 

• conducting a system analysis with a three phase short circuit at Bus 26 and noting 

donw the short circuit current at Bus 26 and 

• calculating the Thévenin impedance from the open circuit voltage and short circuit 

current. 

2. The Delta technique for each of the load levels at Bus 26. 

3. The Delta technique augmented with the developed CSF approach. 

 

The absolute values of the Thévenin’s impedances calculated by the three approaches are shown in 

Figute 3.13.  The absolute value of the actual Thévenin’s impedance remains constant as shown in 
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plot (a) in Figure 3.13 because there have been no changes in the system except for the load on Bus 

26.  However, the absolute values of the  Thévenin’s impedance calculated by the Delta technique 

is slightly less than the actual Thévenin’s impedance initially but increases gradually with the 

increase of load on Bus 26 as is shown as plot (b) in Figure 3.13.  The absolute value of the 

Thévenin’s impedance calculated by the Delta technique augmented with CSF is shown as plot (c) 

in Figure 3.13.  A comparison of the results shown in Figures 3.13 (b) and (c) shows that the 

addition of developed CSF to the Delta technique improves the estimates of the Thévenin’s 

impedance. 

 

Figure 3.13:  Estimated Thévenin impedance at Bus 26 (load at Bus 26 incremented in 1% Steps) 

using three approaches 

The Delta method uses a data window of seven observations and, therefore the Thévenin’s 

impedances from 0% to 6% load increase on Bus 26 are not shown in Figure 3.13 and subsequent 

figures in this section. 

 

The second case is similar to the first case except that the transmission line from Bus 25 to Bus 24 

was taken out of service when the load on Bus 26 reached 15%. The absolute-values of the actual 

Thévenin’s impedance and the Thévenin’s impedance estimated by the Delta technique augmented 

by the CSF filter before and after the disconnection of the line are shown in Figure 3.14.  This 

figure shows that the estimated values of the Thévenin impedance increased gradually from the start 

of the estimation process and more rapidly after the line was taken out of service. 
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Figure 3.14: Estimated Thévenin impedances at Bus 26 (load at Bus 26 incremented in 1% Steps 

and transmission line outage applied between Buses 24 and 25) 

 

The third case consists of estimating the values of the Thévenin impedance as seen from Bus 29 

while the real power load at Bus 26 increases in steps of 1%. Figure 3.15 shows the estimated 

values of Thévenin impedance seen from bus 29 as the active power on bus 26 increased in steps of 

1%. Figure 3.16 shows the estimated Thévenin impedance seen from bus 29 when load increase on 

bus 26 is in steps of 2% of the initial load.  

 

Figure 3.15: Estimated Thévenin impedance at Bus 29 (load at Bus 26 incremented in 1% steps) 
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Figure 3.16: Estimated Thévenin impedance at Bus 29 (load at Bus 26 incremented in 2% steps) 

 

The fifth case is similar to the third case except that the values of the Thévenin impedance, as seen 

from Bus 29, were estimated before and after the transmission line from Bus 24 to Bus 25 was 

taken out of service. Transmission line from Bus 24 to Bus 25 was taken out of service when load at 

Bus 26 increased by 15%. The estimated value of the Thévenin impedance is shown in Figure 3.17.  

 

Figure 3.17: Estimated Thévenin impedances at bus 29 (load at bus 26 incremented in 1% steps 

and transmission line outage is applied between Bus 24 and Bus 25) 

 

The performances of the Delta technique and Delta technique augmented with CSF were evaluated 

in the sixth case. In this case, loads increased on all buses of the system in steps of 1% per minute 
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starting from time t=1 minute to time t=15 minutes. Loads were kept constant after the load 

increase on all buses reached 15%.  Plot (a) in Figure 3.18 shows the absolute-value of the  

Thévenin impedance seen from bus 26 when the estimates were obtained by using the Delta 

technique. The estimated absolute value of the Thévenin’s impedance increased gradually.  Plot (b) 

in Figure 3.18 shows the absolute value of the Thévenin impedance seen from bus 26 when Delta 

technique augmented with CSF was used. It is obvious from this figure that the absolute value of 

the estimated Thévenin impedance increased gradually when the loads on all buses increased.  Even 

after the time t=15 the absolute value of the Thévenin’s impedance continued to increase but the 

increase was much less than when the Delta technique was used.  The estimates shown in this figure 

prove that Delta technique augmented with CSF provides more accurate estimates and tracks 

changes in the power system operating parameters.  

 

Figure 3.18:  Estimated Thévenin impedance at Bus 26 (load on all buses incremented in 1% steps 

per minute from t= 1 min. to t=15 min. and kept constant from t=16 min. to t=24 min.) 

 

 

3.8 Integration of CSF into LS method  

 

Voltage and current measurements used to estimate the parameters of the Thévenin equivalent in 

the LS method were filtered using CSF to overcome the problem of small disturbances and noise 

that can cause numerical difficulties in estimating the parameters of the Thévenin equivalent [77]. 

 

A flow chart of the LS technique augmented with CSF is given in Figure 3.19.  
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L i∆I (t ) = 0

L i∆V (t ) = 0

 

 

Figure 3.19: Flowchart of LS method augmented with CSF 

 

The performance of the developed LS method augmented with CSF was evaluated using the IEEE 

30-Bus system shown in Figure 3.8.  All loads in the system were assumed to be P-Q loads. 

 

The developed method was used to identify the Thévenin equivalent circuit and to compare the 

results with actual Thévenin impedance as seen from the load bus.  In this study, the required bus 
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voltages and current measurements for various load conditions were obtained from load flow 

simulations. 

 

In this study, the required bus voltage and current phasors used in estimating of Thévenin 

equivalents were obtained from the following load flow simulations.  

 

1. The base case load flow was conducted and was assigned as load flow at time t=0, 

assuming that all tap changers, generators, and compensation devices were at their 

minimum limits. The bus voltage calculated in this case was identified as L 0V (t ) and 

the load current was identified as L 0I (t ) . 

 

2. The load at all buses was increased by one percent and the load flow was conducted 

again.  The load change was considered to have occurred in one minute time.  The bus 

voltage calculated in this case was identified as L 1V (t ) and the load current was 

identified as L 1I (t ) . 

 

3. L 1V (t )∆  and L 2I (t )∆  were then calculated. 

 

4. Step 2 was repeated to calculate subsequent values of voltage and current until 

L 24V (t )  and L 24I (t ) were obtained. L jV (t )∆  and L jI (t )∆  were calculated for j=1,…., 

24. 

 

5. Voltage vector [V] and current matrix [A] were formed using L jV (t ) and L jI (t ) , for 

j=0, 1, 2, 6, as shown below. 
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Lr 0

Li 0

Lr 1

Li 1

Lr 6

Li 6

V (t )

V (t )

V (t )
V

V (t )=
14×1

V (t )

V (t )

 
 
 
 

   
   
   

 
 
 
 

�

 and, 

 

  

L Lr 0 i 0

L Li 0 r 0

L Lr 2 2

L Li 2 r 2

L Lr 6 i 6

L Li 6 r 6

1 0 -I (t ) I (t )

0 1 -I (t ) -I (t )

1 0 -I (t ) I (t )
iA

= 0 1 -I (t ) -I (t )
14×4

1 0 -I (t ) I (t )

0 1 -I (t ) -I (t )

 
 
 
 
  
  

   
 
 
 
 

� � � �

 . 

 

6. If L iV (t )∆  and L iI (t )∆
 
for j=0, …., 6 were equal to zero, CSF were called to estimate 

Thévenin impedance using Equation 3.33 and Equation 3.34.
 
Thévenin equivalent 

vector 6[X(t )]
∧

 was calculated using Equation 3.21 reproduced below if L iV (t )∆  and 

L iI (t )∆
 
for j=0, ….,6 were unequal to zero  . 

  

 

1
T TA VA AX

14 4 14 14 14 4 144 1

−∧         
  =        × ×× ×         ×     

 

7. Step 4 was repeated to form voltage vector [V] and current matrix [A] using L jV (t )

and L jI (t ) , for j=1, 2, 3,…, 7. 

 

8. The Thévenin equivalent vector 
7X(t )

∧ 
 
 

 was calculated using the equation shown in 

step 6. 
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9. The procedure was repeated to calculate Thévenin equivalent vectors 

18 19 24X(t ) , X(t ) , , X(t ) .
∧ ∧ ∧     

     
     

… ,
 

Six case studies are presented in this section that evaluate the performance of the developed Least 

Squares method augmented with the developed CSF using the IEEE 30-Bus system.  It is assumed 

in these cases that the load at Bus 26 increases in steps of 1% while the reactive power output of 

generators, tap changers on transformers, and compensation devices are held at their maximum 

setting.  

 

In the first case, the Thévenin impedance was calculated using the following three approaches. 

1. The actual absolute-value of the Thévenin impedance that was calculated by conducting 

 

• a load flow with the load on Bus 26 removed and noting down the voltage at Bus 26, 

• conducting a system analysis with a three phase short circuit at Bus 26 and noting 

down the short circuit current at Bus 26 and 

• calculating the Thévenin impedance from the open circuit voltage and short circuit 

current. 

2. The developed Least Squares technique for each of the load levels at Bus 26. 

3. The developed Least Squares technique augmented with developed CSF approach. 

 

The absolute values of the Thévenin’s impedances calculated by the three approaches are shown in 

Figute 3.20.  The absolute value of the actual Thévenin’s impedance remains constant as shown in 

plot (a) in Figure 3.20 because there have been no changes in the system except for the load on Bus 

26.  However, the absolute values of the  Thévenin’s impedance calculated by the Least Squares 

technique initially is slightly less than the actual Thévenin’s impedance but increases gradually with 

the increase of load on Bus 26 as is shown as plot (b) in Figure 3.20.  The absolute value of the 

Thévenin’s impedance calculated by the Least Squares technique augmented with CSF is shown as 

plot (c) in Figure 3.20.  A comparison of the results shown in Figures 3.20 (b) and (c) shows that 

the addition of developed CSF to the Least Squares technique improves the estimates of the 

Thévenin’s impedance. 
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Figure 3.20: Estimated Thévenin impedance Bus 26 incremented in 1% steps) 

 

The Least Squares method uses a data window of seven observations and, therefore the Thévenin’s 

impedances from 0% to 5% load increase on Bus 26 are not shown in Figure 3.20 and subsequent 

figures in this section. 

 

The second case is similar to the first case except that the transmission line from Bus 24 to Bus 25 

was taken out of service when load at Bus 26 increased by 15%. The estimated absolute-values of 

the Thévenin impedance before and after the disconnection of the line are shown in Figure 3.21. As 

in the first case, the load was increased in 1% steps. The actual absolute value of the Thévenin’s 

impedance was obtained by using open-circuit and short-circuit simulations with and without the 

line from Bus 24 to Bus 25 in service.  This figure shows that the estimated absolute values of the 

Thévenin impedance seen from Bus 26 converged to the actual values rapidly from the start of the 

estimation process and gradually after the line was taken out of service. 

 



 65

 

Figure 3.21:  Estimated Thévenin impedances at Bus 26 (load at Bus 26 incremented in 1% steps) 

and transmission line between Bus 24 and Bus 25 taken out of service 

 

The third case consists of estimating the values of the Thévenin impedance as seen from Bus 29 

while the real power load at Bus 26 increased in steps of 1%. Figure 3.22 shows the estimated 

values of Thévenin impedance seen from bus 29 as the active power on bus 26 increased in steps of 

1%. Figure 3.23 shows the estimated values of Thévenin impedance seen from bus 29 in a case 

when load increase on bus 26 was in steps of 2% of the initial load.  

 

Figure 3.22: Estimated Thévenin impedance at bus 29 (load at bus 26 incremented in 1% steps) 
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Figure 3.23:  Estimated Thévenin impedances at bus 29 (load at bus 26 incremented in 2% steps) 

 

The fifth case is similar to the third case except that the absolute-values of the Thévenin impedance, 

as seen from Bus 29, were estimated before and after the transmission line from Bus 24 to Bus 25 

was taken out of service when load at Bus 26 increased by 14%. The estimated absolute-values of 

the Thévenin impedance is shown in Figure 3.24.  

 

 

Figure 3.24:  Estimated Thévenin impedances at bus 29 (load at bus 26 incremented in 1% steps 

and transmission line outage is applied between Bus 24 and Bus 25) 

 

The performances of the Delta technique and Least Squares technique augmented with CSF were 

evaluated in the sixth case. In this case, loads increased on all buses of the system in steps of 1% 

per minute starting from time t=1 minute to time t=15 minutes.  Loads were kept constant after the 
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load increase on all buses reached 15%.  Plot (a) in Figure 3.25 shows the absolute-value of the  

Thévenin impedance seen from bus 26 when the estimates were obtained by using the Least 

Squares technique. The estimated absolute value of the Thévenin’s impedance increased gradually.  

Plot (b) in Figure 3.25 shows the absolute value of the Thévenin impedance seen from bus 26 when 

Least Squares technique augmented with CSF was used.  It is obvious from the figure that the 

absolute value of the estimated Thévenin impedance increased gradually when the loads on all 

buses increased.  Even after the time t=15, the absolute value of the Thévenin’s impedance 

continued to increase but the increase was much less than when the Least Squares technique was 

used.  The estimates shown in this figure prove that Least Squares technique augmented with CSF 

provides more accurate estimates and tracks changes in the power system operating parameters.  

 

  

Figure 3.25: Estimated Thévenin impedance at Bus 26 (load on all buses incremented in 1% steps 

from t=1 min. to t=15 min. and kept constant from t=16 min. to t=24 min.) 

 

 

3.9 Comparison between results obtained from Delta and LS methods 

 

A comparison of Figure 3.13 and Figure 3.20 show that the absolute values of the Thévenin’s 

impedance, seen from bus 26 for a 1% per minute load increase, estimated using the Delta method 

augmented with CSF increased gradually while the true value remained constant.  These absolute 

values of these Thévenin’s impedances calculated by the Least Squares technique augmented with 

CSF also increased gradually but to a smaller extent. 
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Figure 3.21 shows that the estimated absolute values of Thévenin impedance seen from bus 26 for a 

1% load increases on Bus 26 and disconnection of a transmission line is effectively tracked by the 

Least Squares method augmented by CSF.  But Figure 3.14 shows that the absolute value of the 

Thévenin’s impedance from Bus 26 for a 1% load increases and disconnection of a line are quite 

inaccurate.  

 

Figure 3.15 and Figure 3.22 show that the absolute values of Thévenin impedance seen from bus 29 

for a 1% load variation on Bus 26 estimated by the Delta and Least Squares techniques augmented 

with CSF are substantially similar.  A comparison of Figure 3.16 and Figure 3.23 show that the 

absolute values of the Thévenin’s impedance, seen from bus 29 for a 2% per minute load increase 

on Bus 26, estimated using the Delta method augmented with CSF increased gradually.  These 

absolute values of these Thévenin’s impedances estimated by the Least Squares technique 

augmented with CSF also increased gradually but to a smaller extent.  

 

Figure 3.24 shows that the estimated absolute values of Thévenin impedance seen from bus 29 for a 

1% load increases on Bus 26 and disconnection of a transmission line is effectively tracked by the 

Least Squares method augmented by CSF.  But Figure 3.17 shows that the absolute value of the 

Thévenin’s impedance seen from Bus 29 gradually increased but to a smaller extent especially after 

a curtailment of a transmission line.  

 

A comparison of Figures 3.18 and 3.25 shows that the Least Squares technique augmented with 

CSF provides estimates of the Thévenin’s impedance that are closer to the true value compared 

with the estimates provided by the Delta technique augmented with CSF.  

 

The comparison of the results reveal that the Least Squares method augmented with CSF provides 

better estimates in all cases compared to the estimates provided by the Delta technique augmented 

by CSF when the operating parameters change.  The performance of the Least Squares method 

augmented with CSF is much better than the performance of the Delta technique augmented with 

CSF when the system topology changes are involved. 
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3.10 Summary 

 

In this chapter a review of the literature on previously used methods for system parameter 

estimation and details of the developed Delta and LS algorithms have been provided. The main 

advantages and disadvantages of both developed techniques including data window requirements 

for implementation of the techniques have been presented in this chapter. In section 3.6, the 

Cumulative Sum Filter has been introduced to monitor current and voltage measurements while 

estimating the parameters of the Thévenin equivalent. 

 

The developed Delta and LS techniques can be implemented in off-line as well as in on-line modes.  

The technique needs measurements of currents and voltages to estimateThévenin equivalentat of the 

system. The methodologies of both techniques have been explained by applying them on the IEEE 

30-Bus test system.  

 

A flowcharts of the developed techniques associated with CSF has been provided to explain the 

mathematical steps for estimating system parameters. Results obtained the implementation of both 

techniques have been presented in this chapter as well.  The results obtained from Delta and LS 

techniques have been compared with the actual values of Thévenin impedance.  From the 

comparison between results obtained from developed Delta and LS methods, a conclusion has been 

made that the LS method with CSF provides accurate estimates in all cases and tracks changes in 

the power system operating parameters and power system topology.  
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4. TIME TO VOLTAGE COLLAPSE ALGORITHM 

 

4.1 Introduction 

 

The concept of voltage collapse has been introduced in chapter 2.  Factors affecting voltage 

collapse and countermeasures that can be taken have been also discussed.  Static and dynamic 

techniques used in voltage collapse analysis including methods based on local measurements have 

been presented in that chapter as well.  

 

The development of modified Delta and Last Squares techniques based on local measurements for 

estimating system parameters have been introduced in chapter 3. The results obtained from the 

applications of these techniques have been also presented and discussed. 

 

A technique for estimating time to voltage collapse developed during the course of research 

conducted for this project is presented in this chapter.  The methodology used in the developed 

technique is also included. The technique was applied to a model of the IEEE 30-Bus test system.  

The results obtained from the application of this technique are compared with the results obtained 

from the application of the previously discussed local based measurement techniques. 

 

 

4.2 Literature review on voltage collapse prediction 

 

A number of methods for analyzing and predicting voltage collapse have been previously proposed. 

These techniques use continuous mathematical models of system components for finding 

bifurcation points (points that are common to more than one branch of solutions) in the solution. 

Unfortunately, many components in the power system cannot be properly described with 

continuous models. Therefore, analytical approaches have their limitations [6]. 
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Detailed models of system components have been developed and used in dynamic computer 

simulations of voltage collapse. One problem with this approach is that it works under limited 

specific conditions. If these conditions are not satisfied, as is often the case in voltage stability 

studies, these approaches can yield an incorrect solution or provide no solution at all [88,89,90]. 

 

Very few on-line methods that predict proximity to voltage collapse and subsequently take 

corrective actions have been proposed. The first publication used only the voltage phasors at system 

buses and identified the critical transmission path for real and reactive power flow by computing a 

transmission path stability index [18]. However, voltage stability evaluation using voltage alone is 

not likely to always give a correct indication of an impending collapse [3]. In the technique based 

on power system decomposition, the power system is partitioned into several radial transmission 

networks, starting at reactive-power source buses and ending at reactive-power load buses [19]. 

These sub-networks are then transformed into two-bus equivalent systems. Since the analytical 

solution for maximum power transfer for the two-bus network can be determined, the stability of 

power transfer along each transmission path is calculated. The technique combines the voltage 

collapse proximity indicator and the maximum reactive power reserve indicator. Using the two 

indicators means that the determination of a protection activation threshold is not straightforward. A 

second drawback of this approach is that the distance of reactive-power sources from the affected 

load buses is not taken into consideration when the reactive-power reserve of generators is 

calculated. This method often produces results that are too conservative. 

 

The technique determines the maximum loading of a particular bus in a power system by assuming 

that the load at the other buses remains constant is not very realistic [19]. Also, the equivalent 

system used to estimate the maximum load that may be supplied at a bus may not faithfully 

represent the original system over the entire operating range. 

 

A simple and straightforward technique measures voltages and currents and determines the 

maximum active and reactive power load that can be supplied. The technique monitors the load and 

continuously updates the values of the maximum load that can be supplied and calculates the 

voltage stability margin of the system [21].  
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 The code-named SMART [Stability Monitoring and Reference Tuning] technique uses only local 

voltage and current measurements and calculates the maximum load that the transmission system 

can supply to a load bus [7]. According to this technique, the voltage collapse occurs when the local 

load approaches the system impedance. Although this approach is simple enough to be 

implemented in numerical relays, it is not capable of tracking load changes caused by voltage drop 

in nearby buses. Thévenin equivalents seen from other load buses are not observable in this method.  

 

 

4.3 Local measurements – and subsystem measurements – based methods 

 

Local measurements based techniques use system Thévenin impedance and Thévenin voltage from 

measurements of local currents and voltages to predict margin to voltage collapse [20,21,7]. The 

main problem with these techniques is that the number of equations that describe the Thévenin 

equivalent seen from a bus is less than the number of unknowns.  There are, therefore, infinite 

solutions leading to infinite number of Thévenin equivalents. This problem is resolved by taking 

measurements at two or more different instants of time and assuming that the Thévenin equivalent 

has not changed during that period. Problems arise when the Thévenin equivalent changes; the 

technique provides incorrect prediction of time to voltage collapse. To overcome this problem, the 

estimation is delayed until the next valid estimation is available. However, the results are often 

unsatisfactory because the technique is unable to track the system leading towards voltage collapse.  

 

 Figure 4.1 shows a system model used in the VIP algorithm. In the case of rapid changes in this 

system such as loss of a transmission line or generator, the local-based algorithm is able to detect 

changes in estimates determined from two consecutive sets of measurements. The main weakness in 

this technique is that any load change on a nearby bus appears as changes in the Thévenin 

equivalent.  
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Figure 4.1: VIP algorithm system representation  

 

The model of Figure 4.1 can be extended to include an additional transmission line and station bus 

as shown in Figure 4.2. Voltage dependant loads are supplied from both buses. These loads respond 

to voltage drop caused by restoring the loads to pre-contingency levels.  The Thévenin equivalent 

seen from Bus 1 depends on the changes of load on Bus 2. For extreme values of system 

impedances, if the impedance of load on Bus 2 is equal to zero, the estimated Thévenin impedance 

seen from bus 1 is equal to the transmission line impedance. If the load impedance on Bus 2 is 

equal to infinity, the Thévenin impedance seen from Bus 1 is equal to the Thévenin impedance seen 

from Bus 2 plus the impedance of the transmission line that connects Bus 1 to Bus 2.  

 

The time to voltage collapse technique developed during the work reported in this thesis improves 

the robustness of the local-based algorithm by taking into consideration local measurements as well 

as measurements taken at the nearby buses. The developed technique determines not only the 

lumped system equivalent but also subsets of Thévenin equivalents at different time instances. The 

technique expands the basic concepts of the local-based protection algorithm to wide-area system 

protection [91]. 
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Figure 4.2: Time to voltage collapse system representation 

 

 

4.4 Method of calculating time to voltage collapse  

 

To clarify the basic concept of time to voltage collapse technique, a simple two-bus system, shown 

in Figure 4.3, is used as example. It is assumed that the proposed relay that uses the developed time 

to voltage collapse technique is located on Bus 1. The relay uses two sets of voltage and current 

measurements taken at Buses 1 and 2 and takes into consideration future load changes on both 

buses.  

 

 

 

Figure 4.3: Two-Bus model system 

 



 75

The system shown in Figure 4.3 can be described by the following equations. 

 

1 th 12 1 12 2 th th1 1 1(y +y +y )V y V y E 0− − =  

 

 

(4.1) 

 

12 1 2 th2 21 2 th2 th2-y V (y +y +y )V y E 0+ − =  

th1 1 th1 th1 th1y V y E I− + =  

th2 2 th2 th2 th2y V y E I− + =  

where, 

1y      is the admittance of the load at Bus 1, 

2y      is the admittance of the load at Bus 2, 

th1y      is the Thévenin admittance representing the system connected to Bus 1, 

th2y      is the Thévenin admittance representing the system connected to Bus 2,  

12y      is the admittance of the transmission line connecting Buses 1 and 2 

th1I      is the current provided by the Thévenin equivalent of the system connected to Bus 1 

, and  

 th2I     is the current provided by the Thévenin equivalent of the system connected to Bus 

2. 

 

Equation 4.1 can be written in the matrix form as follows. 

 

1 th1 12 12 th1 1

12 2 th2 21 th2 2

th1 th1 th1 th1

th2 th2 th2 th2

y +y +y -y -y 0 V 0

-y y +y +y 0 -y V 0

-y 0 y 0 E I

0 -y 0 y E I

     
     
     =
     
     
     

 

 

(4.2) 
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The first two rows in this equation express the sum of the currents leaving Buses 1 and 2; these 

Kirchhoff’s first law equation can be written as follows.  

 

1 th1 12 1 12 2 th1 th1(y +y +y )V y V y E 0− − =  

(4.3) 

12 1 2 th2 21 2 th2 th2y V (y +y +y )V y E 0− + − =  

These equations can be written in a matrix form as follows. 

 

-1
1 1 th1 12 12 th1 th1

2 12 2 th2 12 th2 th2

V y +y +y -y y E
=

V -y y +y +y y E

     
     
     

 

(4.4) 

2 th2 12 th1 th1 12 th2 th2

2
1 th1 12 th2 th2 12 th1 th11 th1 12 2 th2 12 12

(y +y +y )y E y y E1
=

(y +y +y )y E y y E(y +y +y )(y +y +y ) y

+ 
 +−  

 

                                                         

The apparent power, S1, supplied to the load connected to Bus 1, can be expressed by the following 

equation. 

 

2
1 1 1 2 1S = V (y ,y ) y  

(4.5) 

 

Assuming that Thévenin equivalents are constant during the time when it is being estimated, the 

voltage V1 is a function of the admittances y1 and y2 as shown in Equation 4.4. Substituting V1 from 

Equation 4.4 in Equation 4.5 provides the following equation. 

 
2

21 2
11 2

1 2 1 21 2 3

A A y
S = y

y y B y B y B

+

+ + +
 

(4.6) 

 

 

where, 

1
A  represents  th 2 12 th1 th1 12 th 2 th2[(y y )E y y E y ]+ +  

2
A  represents th1 th1[E y ]  

1
B  represents  th 2 12[y y ]+  

2
B  represents th1 12[y y ]+  
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3
B  represents th1 th 2 12( th1 th1)[y y y y y ]+ +  

 

The complex parameters A1, A2, B1, B2, and B3 are functions of Thévenin impedances yth1 and yth2, 

Thévenin voltages Eth1 and Eth2 and the transmission line admittance y12. 

 

Apparent power defined by Equation 4.6 can be plotted in various trajectories as shown in Figure 

4.4. This figure shows (i) the maximum power of load at Bus 1 for fixed values of admittance of 

load at Bus 2 and varying values of admittance of load at Bus 1 and (ii) the maximum power of load 

at Bus 1 for fixed values of admittance of load at Bus 1 and varying values of admittance of load at 

Bus 2. These trajectories show that the maximum apparent power that can be supplied to load at 

Bus 1, shown as “top of the hill”, can be different depending on the changes of loads on Bus 2. 

 

This observation can be extrapolated; the maximum reactive power supplied at a bus is affected by 

changes of loads on other system buses.  

 

Figure 4.4: Maximum loading point on Bus 1 
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The time to voltage collapse approach developed in this research depends not only on the present 

states of both loads but also on expected future load changes. In practical, the expected change in 

load is obtained from system load forecast. An assumption is made in the work reported in this 

thesis that all load admittances are functions of present values of load admittances and changes of 

load admittances expected in future.  This yields the following equations: 

 

1
1 1 0 0

y
y (t) ym (t ) (t t ),  and

t

∆
= + −

∆
 

 

(4.7) 2
2 2 0 0

y
y (t) ym (t ) (t t ).

t

∆
= + −

∆
 

where, 

1y (t)  is the admittance of the load at Bus 1 at time t,  

2y (t)  is the admittance of the load at Bus 2 at time t,  

   ym1(t0)   is the measured admittance of the load at Bus 1 at time t0, 

ym2(t0) is the measured admittance of the load at Bus 2 at time t0, 

   ∆y1  is the expected incremental change of admittance of load at Bus 1, and   

∆y2 is the expected incremental change of admittance of load at Bus 2. 

 

Separating the imaginary and real parts of the terms on the right-hand side of Equation 4.7 provides 

the following equations. 

 

1 1r i
1 1 1r 0 0 i 0 0

g b
y (t) gm (t ) (t t ) j[bm (t ) (t t )],  and

t t

∆ ∆
= + − + + −

∆ ∆
 

 

(4.8) 
2 2r i

2 2 2r 0 i 0

g b
y (t) gm (t ) t j[bm (t ) t].

t t

∆ ∆
= + + +

∆ ∆
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where, 

1r 0gm (t )  is the real part of the measured admittance of the load at Bus 1 1ym at time t0, 

2r 0gm (t )  is the real part of the measured admittance of the load at Bus 2 2ym at time t0, 

1r∆g  is the real part of the expected incremental change of admittance of load at Bus 1,  

2r∆g  is the real part of the expected incremental change of admittance of load at Bus 2,   

1i 0bm (t )  is the imaginary part of the measured admittance of the load at Bus 1, 1ym , at time 

t0, 

2i 0bm (t )  is the imaginary part of the measured admittance of the load at Bus 2,  1ym , at time 

t0, 

1i∆b  is the imaginary part of the expected incremental change of admittance of load at 

Bus 1,  and   

2i∆b  is the imaginary part of the expected incremental change of admittance of load at 

Bus 2,   

 

Substituting Equation 4.8 in Equation 4.6 provides an equation for the reactive power load at Bus1.  

The numerator has two terms; one term of the numerator is as follows. 

 

2 22 *
2 2 21 2 1 2 0 2 1 2 0 2

y y
A A y (t)  [A  A ym (t )  A t][A A ym (t )  A t] .          

t t
+

∆ ∆
= + + + +

∆ ∆
  

 

(4.9) 

  

Simplifying Equation 4.9 provides the following equation. 

 
2 2

21 2 0 1 2A A y (t)  D D t D t .        + = + +   

 

(4.10) 

  

The variables D0, D1, and D2 are function of the system parameters as shown below. 

 

where, 

0D  represents 
2

1 2 0A A 2 ,ym (t )+  



 80

1D  
Represents

2 *
1 2 0 2

y
A A 2 t }, and

t
{2[Real[( ym (t )][A ]

∆
+

∆
 

2
D  

Represents

2
2

2

y
A t .

t

∆

∆
 

 

Equation 4.11 defines the absolute value of the admittance of the load at Bus 1. 

  

*
1 1 1 y y (t)(y (t))=  (4.11) 

Substituting Equation 4.8 in Equation 4.11 provides the following equation. 

 

1 y
1 1 *

1 10 0

y y
[ym (t )+ t][ym (t )+ t]

t t

∆ ∆
=

∆ ∆
 

 

(4.12) 

 

Simplifying Equation 4.12 

 

2
1 0 1 2 y Y Y t Y t .= + +   

 

(4.13) 

 

The variables Y0, Y1, and Y2 are function of the system parameters as shown below. 

 

where, 

0Y  represents 
2

01 ,ym (t )  

1
Y  represents 

1 *
1 0

y
2{Real[ym (t )( t) ]},

t

∆

∆
and 

 

2
Y

 

 

represents 

2
1y

t .
t

∆

∆
 

 

As already mentioned, substituting Equation 4.8 in Equation 4.6 provides the equation for the 

reactive power load at Bus1.  The denominator of the resulting equation is as follows. 

 

2 2 3 4
1 2 1 21 2 3 0 1 2 3 4y (t)y (t) B y (t) B y (t) B F F t F t F t F t+ + + = + + + +  

 

(4.14) 

 
The variables F0, F1, F2, F3 and  F4 are function of the system parameters as shown below. 
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where, 

0F  represents 
2

m1 m2 m1 m20 0 1 0 2 0 3y (t )y (t )  B y (t )  B y (t )  B ,+ + +
 

 

1F  represents  

2 1 1 2 *
m1 m20 0 1 2

1 m2 m1 m20 0 1 0 2 0 3

y y y y
2{Real[(y (t ) t]  y (t )( t)  B ( t)  B ( t) ]  

t t t t

[ym (t )y (t )  B y (t )  B y (t )  B ]} ,      

∆ ∆ ∆ ∆
+ + +

∆ ∆ ∆ ∆

+ + +

 

 
2F  

 

represents 

2
2 1 1 1

m1 m20 0 1 2

1 2 1 2*
m1 m21 0 2 0 3

y y y y
y (t )( t)  y (t )( t)  B ( t)  B ( t)

t t t t

y y y y
2{Real{[( t)( t)] [( t)( t) B y (t )  B y (t )  B ]}, 

t t t t

∆ ∆ ∆ ∆
+ + + +

∆ ∆ ∆ ∆

∆ ∆ ∆ ∆
+ + +

∆ ∆ ∆ ∆

 

 
3F  Represents 

 

1 2 2 1 1*
m1 m20 0 1

2

2

y y y y y
2{Re al{[( t)( t)] (y (t )( t) y (t )( t)  B ( t)  

t t t t t

y
B ( t)]}  , and

t

∆ ∆ ∆ ∆ ∆
+ + +

∆ ∆ ∆ ∆ ∆

∆

∆

 

 

4F  

 

represents 

2
1 2y y

( t)( t) .
t t

∆ ∆

∆ ∆
 

 

By substituting Equations 4.10, 4.13, and 4.14 in Equation 4.6, the apparent power delivered to Bus 

1 can rewritten as a function of variables Di, Yi and Fi as shown below.  

 
2

20 1 2
1 0 1 22 3 4

0 1 2 3 4

D D t D t   
S Y Y t Y t

F F t F t F t F t

+ +
= + +

+ + + +
 

(4.15) 

 

   

The derivative of S1 at the time to voltage collapse, Tc is as follows.  
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2 3 4
2 1 2 c 0 1 c 2 c 3 c 4 c

0 1 c 2 c 2 3 4 2
0 1 c 2 c 3 c 4 c

2 2 3
2 0 1 c 2 c 1 2 c 3 c 4 c

0 1 c 2 c 2 3 4 2
0 c1 2 c 3 c 4 c

2
0 1 c 2 c 1 2

dS (D 2D T )(F FT F T F T F T )1 ( Y YT Y T )
dt (F FT F T F T F T )t=Tc

(D D T D T )(F 2F T 3F T 4F T ) 
( Y YT Y T )

(F FT F T F T F T )

(D D T D T )(Y 2Y

 + + + + +
= + + −

+ + + +

+ + + + +
+ + +

+ + + +

+ + + c

2 2 3 4 2
0 1 c 2 c 0 1 c 2 c 3 c 4 c

T )
0

2( Y YT Y T )(F FT F T F T F T )
=

+ + + + + +

 (4.16) 

 

Simplifying Equation 4.16 and equating the numerator to zero provides the seventh other 

polynomial as follows. 

 
7

m
m c

m 0

G T 0.
=

=∑  

 

(4.17) 

 

 Expanding Equation 4.17 provides 

 
2 3 4 5 6 7

0 1 c 2 c 3 c 4 c 5 c 6 c 7 cG G T G (T ) G (T ) G (T ) G (T ) G (T ) G (T ) 0.+ + + + + + + =  

 

(4.18) 

 

where, 

0G  represents 0 1 0 0 0 1 0 1 0[D Y F 2Y D F 2Y D F ]− + , 

1G  represents 0 1 1 0 2 0 1 1 0 0 2 0 0 0 2[ D Y F 2D Y F 3D Y F 4Y D F 4Y D F ]− + + + − , 

2
G  represents 

0 1 2 1 1 1 1 2 0 2 1 0 0 1 2 0 2 1 0 0 3[ 3D Y F D Y F 4D Y F 5D Y F 2Y D F 2Y D F 6Y D F ]− + + + − + − , 

3
G  

represents 

0 1 3 0 2 2 1 1 2 2 1 1 2 1 1 2 2 0 0 1 3

0 0 4

[ 5 D Y F 2 D Y F D Y F 2 Y D F 3 D Y F 6 D Y F 4 Y D F

8 Y D F ],

− − − + + + − −
 

 
4

G  represents 

 0 1 4 0 2 3 1 1 3 2 1 2 2 2 1 0 1 4 0 2 3[ 7D Y F 4D Y F 3D Y F D Y F 4D Y F 6Y D F 2Y D F ]− − − + + − − ,  
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5
G

 

 

represents 0 2 4 1 1 4 1 2 3 2 1 3 2 2 2 0 2 4[ 6D Y F 5D Y F 2D Y F D Y F 2D Y F 4Y D F ]− − − − + −  ,  

 

6
G  represents 1 2 4 2 1 4[ 4D Y F 3D Y F ]− − , and   

 

7
G  represents 2 2 4[ 2D Y F ]− . 

 

This equation can be solved numerically.  Positive values of Tc mean that the system is moving 

towards voltage collapse, while negative values of Tc mean that the system is past the instant of 

voltage collapse. A complex value of Tc is an unfeasible solution. Thus, the solution is limited to 

cT [0, ].∈ ∞  When Tc is equal to zero; the system reaches the moment of voltage collapse. Also note 

that Equation 4.18 may yield several plausible values, in which case Tc is obtained by picking the 

minimum value from those solutions.  

 

 

4.5 Test case 

 

A test simulation is included here to demonstrate the developed approach for tracking time to 

voltage collapse. The trajectories of load admittances y1 and y2 are assumed as defined by Equation 

4.19 and are shown in Figure 4.5.  

 

 

Figure 4.5: Load trajectories 
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1y (t) t=   

 

(4.19) 

 

 

2

2
4t - 0.6t

y (t)
1 2t

=
+

 

 

These variables as well as the transmission line admittance at any instant are assumed to be known. 

In real time, the variables will be calculated from voltage and current measurements at every 

instant.  

 

The time derivatives of Equation 4.19 are:  

  

1dy
1

dt
=  

 

 

(4.20) 

 2
2

2

dy 4 1.2t 1.2t

dt (1 2t)

− −
=

+
 

By substituting Equations 4.19 and 4.20 in Equations 4.10, 4.13, and 4.15 the apparent power can 

be plotted in various trajectories as shown in Figure 4.6. The trajectory of load changes at Bus 2 

only shows maximum reactive power shown as “A” whereas the trajectory of load changes at Bus 1 

only shows maximum reactive power shown as “B” .  These trajectories show that the maximum 

reactive power that can be supplied to load at Bus 1, shown as “top of the hill”, is different for two 

selected patterns of load changes.  
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Figure 4.6: Maximum loading point on Bus 1 

 

The two load trajectories reach the maximum point of power transfer “top of the hill”. At this point, 

the time to voltage collapse is zero.  Time to voltage collapse can be estimated by applying 

Equation 4.18.  Figure 4.7 shows the estimated time to voltage collapse when load changes are 

applied on both buses 1 and 2. 

 

 

Figure 4.7: Time to voltage collapse 
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4.6 Generalization to N buses 

 

The main advantage of the developed time to voltage collapse technique is the ability of the 

technique to take into consideration changes in loads at the local bus as well as loads at the 

neighbouring buses. The technique can be implemented in any system whose parameters are known 

and the voltages and currents can be measured in real time. Figure 4.8 shows Bus 1 connected to N-

1 known buses. 

 

Figure 4.8: N-Bus model system 

 

The voltage and current measurements taken on N buses of the system shown in Figure 4.8 can be 

written in the following form.   

-1
1 1 1 12 1N 1

2 21 2 2 2N 2

N N1 N2 N N N

V (y L ) y y P

V y (y L ) y P

:

V y y (y L ) P

+ − −     
     − + −     =
     
     

− − +     

…

…

� � � � �

…
 

 

 

 

(4.21) 

 

 

where, 

i is an integer represents the bus number, i= 1, 2, …, N. 

 

Vi
 

is the voltage measured at  Bus i,  

yi 
 

is the load admittance at Bus i, and 

Li 
 

represents  sum of Thévenin and transmission line admittances connected 

to Bus i, and  
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Pi represents Thévenin voltage on Bus i multiplied by Thévenin admittance 

connected to Bus i. 

 

In this equation the diagonal elements are function of load admittances and non-diagonal elements 

are parameter that is calculated using the values of the transmission line admittances.   

 

Voltage on Bus 1 is a function of all admittances connected to the bus as shown in Equation 4.22. 

 

 
2 N

1

1 N

M(y ,...., y )
V .

N(y ,...., y )
=

 

 

(4.22) 

 

  

where, 

2 NM(y ,...., y )  represents ( )
1 2 1 k 1 k 1 1 k 1

N N 2 N k N k 1 N

i ik 1

k 0 i 1 i i 1 i iI 2 i (1,i , i )

A 1 y ( A(i, i ) y )
+ + +

− − − +

+
= = = + == ∉

+∑ ∑ ∑ ∑∏ ∏
…

… … , 

1 NN(y ,...., y )  represents 
1 2 1 k 1 k 1 1 k 1

N N 1 N k N k 1 N

i ik 1

k 0 i 1 i i 1 i iI 2 i (1,i , i )

y ( B(i, i ) y ).
+ + +

− − − +

+
= = = + == ∉

+∑ ∑ ∑ ∑∏ ∏
…

… …  

 

The apparent power can be expressed as: 

2
1( 1,  ,  N) 1 1 N 1S y - -- y V (y , - - -, y ) y=  

(4.23) 

 

By substituting Equation 4.22 in Equation 4.23, provides the following equation. 

 
2

2 N
1( 1,  ,  N) 1

2
1 N

M(y ,...., y )
S y - -- y y .

N(y ,...., y )
=  (4.24) 

 

An assumption can be made that all future load admittances are functions of the present values of 

load admittances and changes of load admittances expected in future as shown in Equation 4.25.  
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1 1r i
1 1 1r 0 i 0

g b
y (t) gm (t ) t j[bm (t ) t ] 

t t

∆ ∆
= + + +

∆ ∆
 

2 2r i
2 2 2r 0 i 0

g b
y (t) gm (t ) t j[bm (t ) t]

t t

∆ ∆
= + + +

∆ ∆
 

� 

N Nr i
N N Nr 0 i 0

g b
y (t) gm (t ) t j[bm (t ) t ]

t t

∆ ∆
= + + +

∆ ∆
 

 

 

 

(4.25) 

 

 

 

where, 

1r 0gm (t )  is the real part of the measured admittance of the load at Bus 1 1ym at time t0, 

2r 0gm (t )  is the real part of the measured admittance of the load at Bus 2 2ym at time t0, 

1r∆g  is the real part of the expected incremental change of admittance of load at Bus 1,     

2r∆g  is the real part of the expected incremental change of admittance of load at Bus 2,   

1i 0bm (t )  is the imaginary part of the measured admittance of the load at Bus 1, 1ym , at time 

t0, 

2i 0bm (t )  is the imaginary part of the measured admittance of the load at Bus 2,  1ym , at time 

t0, 

1i∆b  is the imaginary part of the expected incremental change of admittance of load at 

Bus 1,   

2i∆b  is the imaginary part of the expected incremental change of admittance of load at 

Bus 2,    

Nr 0gm (t )  is the real part of the measured admittance of the load at Bus N Nym at time t0, 

Nr∆g  is the real part of the expected incremental change of admittance of load at Bus N,    

Ni 0bm (t )  is the imaginary part of the measured admittance of the load at Bus N, Nym , at time 

t0, and 
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Ni∆b  is the imaginary part of the expected incremental change of admittance of load at 

Bus N,  

 

Substituting load models shows in Equation 4.25 in Equation 4.24 the following equation can be 

obtained. 

  
2( N 1)

k
k

2k 0
1 0 1 22 N

j
j

j 0

D  t

S Y Y t Y t

F t

−

=

=

= + +
∑

∑
 

 

(4.26) 

 

 
 

This equation is an expanded form of Equation 4.15. In Equation 4.26 voltage and current 

measurements from N buses are taken into consideration whereas measurements from two buses are 

used in Equation 4.15. 

 

Time to voltage collapse, Tc is the minimum value from the solutions of the polynomial obtained by 

equating the first derivative of Equation 4.26 with respect to time to zero as shown in Equation 4.27 

. 

 

2( N 1) 2( N 1)2N 2N
j k 1 j 1 k

j c k c j c k c

j 0 k 0 j 1 k 021
0 1 c 2 c 22N

j
j c

j 0

( F T )( kD T ) ( jF T )( D T )
dS

Y Y T Y T
dt t=Tc

( F T )

− −
− −

= = = =

=

 
− 

 
= + + +  

  
 
 

∑ ∑ ∑ ∑

∑

 

 

 

 

 

 

 
 

2( N 1)
k

1 2 c k c

k 0

2 N
2 j

0 1 c 2 c j c

j 0

(Y 2Y T )( D T )

0

2 Y Y T Y T ( F T )

−

=

=

+

=

+ +

∑

∑
 

 

(4.27) 

 

 
 

By multiplying Equation 4.27 by the common denominator, Equation 4.27 can be reduced the 

following form. 
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2( N 1) 2( N 1)2 N 2 N
2 j k 1 j 1 k

0 1 c 2 c j c k c j c k c

j 0 k 0 j 1 k 0

2( N 1) 2 N
k j

1 2 c k c j c

k 0 j 0

Y Y T Y T ( F T )( kD T ) ( jF T )( D T )

(Y Y T )( D T )( F T ) 0

− −
− −

= = = =

−

= =

 
+ + − + 

  

+ =

∑ ∑ ∑ ∑

∑ ∑

 

 

 

 

(4.28) 

 

Simplifying Equation 4.28 as, 

 

4N 1
m

m c

m 0

Q T 0.
−

=

=∑  

 

 

(4.29) 

 

Equation 4.29 is a general form of the polynomial that takes into consideration measurements from 

N buses. As shown in this equation, the order of the polynomial is a function of the number of 

buses and is equal to 4N-1.  

 

For a two-bus system, the polynomial is of the seventh order, and for a five-bus system it is of the 

19
th

 order. 

 

 

4.7 Size of the model 

 

In the developed time to voltage collapse technique, measurements are taken from the local bus as 

well as from the neighbouring buses. If the model consists of one bus, this technique behaves like 

the VIP algorithm.  

 

When load changes at more than one bus are considered, the polynomial becomes complex.  The 

complexity increases with increasing number of buses. If load changes on a large number of buses 

are considered, the order of the polynomial become large and it becomes difficult to solve which 

diminishes the effectiveness of the technique. 
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In this thesis, the maximum number of buses taken into consideration was limited to five.  When 

changes on more than five buses were considered, the effectiveness of the technique did not 

improve. 

 

 

4.8 Summary of the methodology of the developed technique  

 

The methodology used for the time to voltage collapse techniques can be summarized as follows:  

 

1. A load flow program is used to simulate various operating conditions of the power system.  

In this thesis, IEEE 30-Bus test system was used for verifying the effectiveness of the 

developed technique. 

 

2. The output of the load flow runs is used to estimate the Thévenin equivalents.  

 

3. The results obtained from step 2, the system loads, expected load changes, and transmission 

line impedances are used as inputs to a MAPLE program. The MAPLE program acts as the 

front-end for the developed technique. 

  

4. The MATLAB program solves numerically the polynomial given in Equation 4.23 and 

estimates the system proximity to voltage collapse.  

 

A flow chart of the developed time to voltage collapse technique is given in Figure 4.9. 
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Start

Determine window side and initialize 

i=1

Obtain voltage and current 

measurements at time (ti) to time (tN)

L i∆I (t ) = 0

L i∆V (t ) = 0

j=N

Obtain deviation in current and voltage 

measurements vectors within the data 

window 

Using CSF, Equations 

3.33-3.34

Estimate the Thévenin’s impedance at time N 

using LS method described in Section 3.4.2

j=j+1

No

Yes

No

Yes

Form parameters Di, Yi, and Fi 

Form apparent power using Equation (4.23)

Form an equation shows the derivation of apparent 

power with respect to time as in Equation (4.24)

Solve the polynomial as shown in Equation (4.25)

N=N+1  

Figure 4.9: Flow chart of time to voltage collapse technique including the CSF and procedure for 

estimating the Thévenin equivalents 
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4.9 Summary 

 

In this chapter an overview of the previously used techniques in analyzing voltage collapse and 

details of the developed time to voltage collapse algorithm have been provided. A review of the 

literature on previously used methods for predicting voltage collapse has been presented. The main 

advantages and disadvantages of the local measurements based techniques have been identified. 

The objective and motivation of the algorithm developed during the work reported in this thesis 

have been outlined in this chapter as well.  

 

The developed time to voltage collapse technique improves the robustness of the local-based 

method and can be implemented in off-line as well as in on-line modes.  The technique needs 

measurements of currents and voltages at the heavily loaded buses and the network admittance 

matrix. Based on this information, time to voltage collapse is calculated considering not only the 

present loads but also expected load increases in the near future.  

 

The methodology of time to voltage collapse technique has been explained on a simple two bus 

system in this chapter. A general form of the developed technique that takes into consideration 

measurements from N buses has also been presented. 

 

A flowchart of the developed technique has been provided to explain the mathematical steps for 

calculating the time to voltage collapse.  The technique requires modest amount of computations to 

warn from impending voltage collapse. 
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5. SIMULATION STUDIES AND PSCAD / EMTDC 

IMPLEMENTATION 

5.1 Introduction 

 

The concept of voltage collapse has been introduced in chapter 2. Factors affecting voltage collapse 

and countermeasures that can be taken have been also discussed. Static and dynamic techniques 

used in voltage collapse analysis including methods based on local measurements have been 

presented in that chapter as well.  

 

The development of modified Delta and Last Squares techniques based on local measurements for 

estimating system parameters have been introduced in chapter 3. The results obtained from the 

applications of these techniques have been also presented and discussed. 

 

A technique for estimating time to voltage collapse developed during the course of research 

conducted for this project has been presented in chapter 4. The methodology of time to voltage 

collapse technique has been explained on a simple two bus system in this chapter. A general form 

of the developed technique that takes into consideration measurements from N buses has also been 

presented. 

 

Simulation studies and results obtained from the application of time to voltage collapse technique 

are presented in this chapter.  In addition, the performance of the developed technique is evaluated.  

PSCAD/EMTDC was extended to include simulation of load changes at specified rates in system 

performance studies.  The cases used for testing the application of the developed technique were 

simulated on PSCAD/EMTDC.  The performance of the developed technique was compared with 

the results obtained from the PSCAD/EMTDC studies.  
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5.2 Time to voltage collapse simulation studies 

 

The performance and effectiveness of the developed time to voltage collapse technique was 

evaluated using the IEEE 30-Bus test system shown in Figure 5.1. The connectivity and electrical 

parameters of the IEEE 30-Bus test system used for studies reported in this chapter are presented in 

Appendix A. Time to voltage collapse was calculated for different system operating conditions. 

Voltage and current phasors of the test system were computed by conducting load flow studies for 

the selected operating scenarios. All loads in the system were assumed to be P-Q loads except loads 

connected to the monitored buses.  Linear load model as described in Equation 4.7 were used to 

model loads connected to the monitored buses. 

 

Figure 5.1: Case 1 (Two-Bus System) 
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The load flow studies and system-parameters identification program were conducted on MATLAB. 

The results obtained from the programs were used as input to the time to voltage collapse technique 

was implemented in MAPLE. 

 

The test system were subjected to operating conditions, such as, gradual load increase, transmission 

line out of service and loss of large block of load. The time to voltage collapse technique was tested 

for each operating condition using the following four variations of the developed technique [91]. 

 

• The technique uses voltages and currents measured at two buses.  

 

• The technique uses voltages and currents measured at three buses 

 

• The technique uses voltages and currents measured at four buses. 

 

• The technique uses voltages and currents measured at five buses.  

 
 

 

5.3 Time to voltage collapse studies with data from two buses  

 

It was considered that a time to voltage collapse relay was installed at Bus 26 of the IEEE 30-Bus 

test system and voltages and currents were monitored at Bus 24 and Bus 26 shown in Figure 5.1.  

These buses were selected because they are heavily loaded buses. 

 

Performance of the voltage to collapse studies for three system operating scenarios is reported in 

this section.  These include gradual load increase, transmission line taken out of service and load 

shedding to protect from voltage collapse. 

 

5.3.1 Gradual load increase 

 

The loads at Bus 24 and Bus 26 were considered to have increased gradually. Load flows were 

conducted and system Thévenin equivalent was estimated using the Least Squares technique with 

CSF filter described in Section 3.8 of Chapter 3.  Voltage and current phasors calculated by the load 
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flow studies, and the Thévenin equivalent obtained from the application of the Least Squares 

technique were used as inputs to the time to voltage collapse technique that calculated proximity to 

voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the system admittance to reflect load increases 

of one percent per minute on all buses.  Future loads were then used to conduct load flows at 

different times until the load flow algorithm failed to converge at t=105 minute. The Thévenin 

impedances and voltages were calculated for time tj when  j = 1, 2, 3,……., 104 using the procedure 

described in Section 3.8.1 of Chapter 3.  

 

 The Thévenin parameters, voltages and currents at Buses 24 and 26 were provided to the voltage 

collapse estimation technique that proceeded in the following manner. 

 

1. The technique calculated variables A24(t = 6,7,8,……., 104) and A26(t = 6,7,8,……., 105), 

B26(t=6,7,8,….,104), and B24(t=6,7,8,….,104) as defined in Equation 4.6.  The application 

of this equation is reproduced here for ready reference. 

 

( ) ( ) ( )24 th26 th26A j =E j y j  

 

( ) ( ) ( ) ( ) ( ) ( )26 th26 24-26 th24 th24 24-26 th26 th26A j = y j + y E j y j + y E j y j        

 

( ) ( ) ( )26 th26 24-26B j =y j +y j  

 

( ) ( ) ( )24 th24 24-26B j =y j +y j  

 

( ) ( ) ( ) ( ) ( ) ( )26-24 th24 th26 24-26 th24 th26B j =y j y j +y j (y j +y j )  

 

2. Variables D(t=6,7,8,…,104), Y(t=6,7,8,…104), and F(t=6,7,8,…104) were calculated by 

substituting results obtained from steps 1 in Equations 4.10, 4.13, and 4.14 described in 

Chapter 4.  The application of these equations is reproduced here for ready reference. 
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( ) ( ) ( )
2

240 26 24 0D j = A j +A j ym (t )  

 

( ) ( ) ( ) ( ) *
24 241 26 24 0 24 0D j {2[Re al[(A j A j ym (t )][A j ym (t )] }= +  

 

( ) ( )
2

242 24 0D j A j ym (t )=  

 

( )
2

0 26 0Y j ym (t )=  

 

( )
26 *

261 0

y
Y j 2{Real[ym (t )( j) ]}

t

∆
=

∆
 

 

( )
2

26
2

y
Y j j

t

∆
=

∆
 

 

( ) ( ) ( ) ( )
2

m26 m24 m26 m240 0 0 0 24 0 26-24F j y (t )y (t )  B26 j y (t )  B j y (t )  B j= + + +  

 

( ) ( ) ( )

( ) ( ) ( )

24 26 26 24 *
m26 m241 0 0 26 24

26 m24 m26 m240 0 26 0 24 0 26 24

y y y y
F j 2{Re al[(y (t ) j]  y (t )( j)  B j ( j)  B j ( j) ]

t t t t

 

[ym (t )y (t )  B j y (t )  B j y (t )  B j ]}       −

∆ ∆ ∆ ∆
= + + +

∆ ∆ ∆ ∆

+ + +
 

 

( ) ( ) ( )

( )

( ) ( )

2
24 26 26 26

m 26 m 242 0 0 26 24

26 24 26 24*
m 2626 0

m 2424 0 26 24

y y y y
F j y (t )( j)  y (t )( j)  B j ( j)  B j ( j)

t t t t

y y y y
2{Re al{[( j)( j)] [( j)( j) B j y (t )  

t t t t

B j y (t )  B j ]} −

∆ ∆ ∆ ∆
= + + + +

∆ ∆ ∆ ∆

∆ ∆ ∆ ∆
+ +

∆ ∆ ∆ ∆

+

 

 

 

3. The parameters of the Polynomial, G0(t=6,7,8,…,104), G1(t=6,7,8,…104), 

G2(t=6,7,8,…104), G3 (t=6,7,8,…104), G4(t=6,7,8,…104), G5(t=6,7,8,…104), 

G6(t=6,7,8,…104) and G7(t=6,7,8,…104) were calculated by substituting results obtained 
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from steps 2 in Equation 4.18 described in Chapter 4.  The application of this equation is 

reproduced here for ready reference. 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

2 3 4 5

1 c 2 c 3 c 4 c 5 c0

6 7

6 c 7 c

G j G j T j G j T j G j T j G j T j G j T j

G T j G T j 0

+ + + + + +

+ =

  

 where, 

( )0G j  represents ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )0 1 0 0 0 1 0 1 0[D j Y j F j 2Y j D j F j 2Y j D j F j ]− + , 

 

( )1G j  represents 

 
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

0 1 1 0 2 0 1 1 0

0 2 0 0 0 2

[ D j Y j F j 2D j Y j F j 3D j Y j F j

4Y j D j F j 4Y j D j F j ],

− + + +

−
 

 

( )2G j  

 

represents 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

0 1 2 1 1 1 1 2 0

2 1 0 0 1 2 0 2 1

0 0 3

[ 3D j Y j F j D j Y j F j 4D j Y j F j

5D j Y j F j 2Y j D j F j 2Y j D j F j

6Y j D j F j ],

− + + +

− + −  

 

( )3G j  represents  

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

0 1 3 0 2 2 1 1 2

1 2 1 2 1 1 2 2 0

0 1 3 0 0 4

[ 5D j Y j F j 2D j Y j F j D j Y j F j

2Y j D j F j 3D j Y j F j 6D j Y j F j

4Y j D j F j 8Y j D j F j ],

− − − +

+ + −

−

 

 

( )4G j  

 

represents  

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

0 1 4 0 2 3 1 1 3

2 1 2 2 2 1 0 1 4

0 2 3

[ 7D j Y j F j 4D j Y j F j 3D j Y j F j

D j Y j F j 4D j Y j F j 6Y j D j F j

2Y j D j F j ],

− − − +

+ − −   
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( )5G j
 

 

represents 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

0 2 4 1 1 4 1 2 3

2 1 3 2 2 2 0 2 4

[ 6D j Y j F j 5D j Y j F j 2D j Y j F j

D j Y j F j 2D j Y j F j 4Y j D j F j ],

− − − −

+ −
  

 

( )6G j  

 

represents ( ) ( ) ( ) ( ) ( ) ( )1 2 4 2 1 4[ 4D j Y j F j 3D j Y j F j ]− − , and   

 

( )7
G j  

 

represents ( ) ( ) ( )2 2 4[ 2D j Y j F j ]− . 

 

4. The polynomial shown in step 3 was solved and time to collapse Tc (t=6, 7, 8,…, 104), 

was determined.  

 

Figures 5.2 and 5.3 show the estimated values of Thévenin voltage seen from buses 26 and 24 

respectively.  It is clear from Figure 5.2 that load increase at all buses caused decrease in estimated 

values of Thévenin voltage seen from Bus 26.  There is also reduction in Thévenin voltage seen 

from Bus 24 due to load increase at all buses as shown in Figure 5.3. 

 

 

Figure 5.2:  Estimated Thévenin voltage seen from Bus 26 



 101

 

Figure 5.3: Estimated Thévenin voltage seen from Bus 24 

 

The plot of the percentage load increase versus estimated values of Thévenin impedance seen from 

buses 26 and 24 are shown in Figures 5.4 and 5.5 respectively. It is evident from Figure 5.4 that 

load increase at all buses caused increase in Thévenin impedance seen from Bus 26. Estimated 

values of Thévenin impedance seen from Bus 24 increase due to load increase at all buses as shown 

in Figure 5.5. 

 

Figures 5.4 and 5.5 show the loads on all buses were increased gradually instead of the load 

increase on Bus 26 only that was done in the case described in Section 3.8.1.  

 

Figure 5.6 shows the time to voltage collapse at Bus 26 for each level of load increase used in this 

case. It is clear from the figure that any increase in load caused a steep decrease in time to voltage 

collapse. The figure shows that results obtained from the developed algorithm were consistent with 

results obtained from the load flow program. Results obtained from the load flow program and the 

developed algorithm indicated that voltage collapse occurs when load increase on all buses reached 

105%. 
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Figure 5.4: Estimated Thévenin impedance seen from Bus 26 

 

 

Figure 5.5: Estimated Thévenin impedance seen from Bus 24 
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Figure 5.6: Time to voltage collapse 

 

 

5.3.2 Transmission line outage and gradual load increase 

 

Transmission line from Bus 22 to Bus 24 is one of the vital transmission lines serving loads at 

Buses 22 and 24. It was considered that loads at all buses increase in this case. Load flows were 

conducted for every increase in load. The voltage and current phasors on Buses 24 and 26 obtained 

from load flow studies were given to the system’s parameters estimation algorithm. The Thévenin 

equivalent of the system was estimated using the Least Squares technique with CSF described in 

Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the Thévenin 

equivalent obtained from the application of the Least Squares technique were used as inputs to the 

time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittances to reflect load increases of 

one percent per minute. Future loads were then used to conduct load flows at different time until the 

load flow algorithm fails to converge at t=102 minutes, i.e. tj, for j = 1, 2, 3,  ……., 102.  The 

Thévenin impedances and voltages were calculated for those times using the procedure described in 

Section 3.8.1.  
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The Thévenin parameters and phasors of voltages and currents at Buses 24 and 26 were provided to 

the voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 5.3.1 were 

repeated to determine time to voltage collapse. 

 

 The plot of percentage load increase versus time to voltage collapse on Bus 26 is shown in Figure 

5.7.  A comparison of Figures 5.6 and 5.7 shows that time to voltage collapse at Bus 26 is shorter 

for each level of load when the transmission line connecting Buses 22 and 24 is out of service. This 

proves that losing an important transmission line increases the risk of voltage collapse. For 

example, sixteen percent increase of loads on all buses would result in voltage collapse on Bus 26 

in 80 minutes as shown in Figure 5.6. But time to voltage collapse on Bus 26 for the identical load 

increase decreases to 76 minutes when transmission line from Bus 22 to Bus 24 is out of service. 

 

Figure 5.7: Time to voltage collapse when transmission line outage occurs 

  

 

 

5.3.3 Load shedding and gradual load increase 

 

System voltage profile can be improved and time to voltage collapse can be increased by 

implementing a load shedding strategy [58, 92].  A relay that uses time to voltage collapse 
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algorithm can be easily armed with a local- and/or wide-area control system to activate load 

shedding when the system is close to the point of voltage collapse. 

 

In the past, many different preventive and corrective remedial measures have been proposed for 

power system voltage collapse prevention [92].  Load shedding is among the most commonly used 

remedial measure. In this thesis, it was considered that 10% of load was shed at the buses where the 

loads were increasing. It is clear that any increase in load caused a steep decrease in time to voltage 

collapse as shown as plot (a) in Figure 5.8. The results show that when load increase on all buses 

were equal to 72% time to voltage collapse was 30 minutes. At this time step, load shedding 

scheme was activated to shed a block of 10% of load in the simulation and relieve the system. 

Three different locations for load shedding were studied and are reported in the scenarios that 

follow. 

 

• Scenario 1: 10% load shed at Bus 24 as the loads on all buses increased gradually.  

 

In this scenario, load flows were conducted and system Thévenin equivalent was estimated using 

the Least Squares technique associated with CSF described in Section 3.8.  As before, voltage and 

current phasors calculated by the load flow studies, and the Thévenin equivalent obtained from the 

application of the Least Squares technique were used as inputs to the time to voltage collapse 

technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

The Thévenin parameters, voltages and currents at Buses 24 and 26 were provided to the voltage 

collapse estimation technique and steps 1, 2, 3, and 4 described in Section 5.3.1 were repeated to 

calculate time to voltage collapse. The values of time to voltage collapse at Bus 24 as a function of 

load increase on all buses were determined and are shown as plot (b) in Figure 5.8. 

 



 106

• Scenario 2: 10% load shed at Bus 26 as the loads on all buses increased gradually. 

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses was determined and shown as 

plot (c) in Figure 5.8. 

 

A comparison of the time to voltage collapse when load was shed on Bus 24 or Bus 26 indicated 

that the time to voltage collapse was shorter when the load was shed on Bus 24 instead of shedding 

load on Bus 26.  For example, the time to voltage collapse was 34.5 minutes when the loads on all 

buses were increased by 72% and 10% load was shed at Bus 26.  But the time to voltage collapse 

was reduced to 33 minutes if 10% load was shed on Bus 24 instead of at Bus 26. 

 

 

Scenario 3: 10% load shed at Buses 24 and 26 as the loads on all buses increased gradually. 

 

In this scenario, the procedure described in scenario 1 was repeated and the times to voltage 

collapse at Bus 26 as a function of load increase on all buses were determined and shown as plot (d) 

in Figure 5.8. These results show that time to voltage collapse on Bus 26 increased substantially 

when blocks of load were disconnected from Bus24 and Bus 26. For example, voltage collapse time 

is 36.5 minutes when loads on all buses were increased by 72% and 10% load was shed on Bus 26 

and Bus 24. But the time to voltage collapse was reduced to 34 minute if 10% load was shed on Bus 

24 instead of both buses.  
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Figure 5.8: Time to voltage collapse when load shedding scheme is activated 

 

 

5.4 Time to voltage collapse studies with data from three buses 

 

It was assumed in the studies reported in Section 5.3 that data was collected from two buses.  This 

approach was further extended and applied to calculating the time to collapse if the data is collected 

at three buses.  The results are reported in this section. 

 

It was considered in these studies that a time to voltage collapse relay was installed at Bus 26 of the 

IEEE 30-Bus test system and voltages and currents were  monitored at Buses 23, 24, and 26 shown 

in Figure 5.1.  These buses were selected because they are heavily loaded buses. 

 

Performance of the voltage to collapse studies for gradual load increase, transmission line taken out 

of service and load shedding to protect from voltage collapse were conducted. 
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5.4.1 Gradual load increase 

 

The loads at all buses were considered to have increased gradually. Load flows were conducted and 

system Thévenin equivalent was estimated using the Least Squares technique with CSF described 

in Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the Thévenin 

equivalent obtained from the application of the Least Squares technique were used as inputs to the 

time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3, ……., 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

 The Thévenin parameters, voltages and currents at Buses 24, 23, and 26 were provided to the 

voltage collapse estimation technique and steps 1, 2, 3, and 4 presented in Section 5.3.1 were 

repeated to determine time to voltage collapse.  

 

Figures 5.2, 5.3 and Figure 5.9 show the estimated values of Thévenin voltage seen from buses 26, 

24, and 23 respectively.  Estimated values of Thévenin voltage seen from Bus 23 decreased due to 

load increase at all buses as shown in Figure 5.9.  
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Figure 5.9: Estimated Thévenin voltage seen from Bus 23 

 

The plot of the percentage load increase versus estimated values of Thévenin impedance seen from 

Buses 26, 24 and 23 are shown in Figures 5.4, 5.5, and 5.10 respectively. It is evident from Figure 

5.10 that load increase at all buses caused Thévenin impedance increase seen from Bus 23.  

 

Figure 5.11 shows the time to voltage collapse at Bus 26 for each level of load increase used in this 

case. It is evident from the figure that, any increase in load caused a steep decrease in time to 

voltage collapse. The figure shows that time to voltage collapse obtained from the develoed 

algorithm was consistent with the maximum percent of load increase before system collapse in load 

flow program.. Both algorithms show that the system collapsed when load increase on all buses was 

equal to 104%. 
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Figure 5.10: Estimated Thévenin impedance seen from Bus 23 

 

 

 

Figure 5.11: Time to voltage collapse 
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5.4.2 Transmission line outage and gradual load increase 

 

Transmission line from Bus 22 to Bus 24 is one of the vital transmission lines serving loads at 

Buses 22 and 24. It was considered that loads at all buses increased in this case. Load flows were 

conducted for every increase in load. The voltage and current phasors on Buses 24, 23, and 26 

obtained from load flow studies were given to the system’s parameters estimation algorithm. The 

Thévenin equivalent of the system was estimated using the Least Squares technique with CSF filter 

described in Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the 

Thévenin equivalent obtained from the application of the Least Squares technique were used as 

inputs to the time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittances to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 102.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1. 

 

 The Thévenin parameters and phasors of voltages and currents at Buses 24, 23, and 26 were 

provided to the voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 

5.3.1 were repeated to determine time to voltage collapse. 

 

The plot of percentage load increase versus time to voltage collapse on Bus 26 is shown in Figure 

5.12.  A comparison of Figures 5.11 and 5.12 show that time to voltage collapse at Bus 26 was 

shorter for each level of load when the transmission line connecting Buses 22 and 24 was out of 

service. This proves that losing an important transmission line increases the risk of voltage collapse. 

For example, sixteen percent increase of loads on all buses resulted in voltage collapse on Bus 26 in 

81 minutes as is shown in Figure 5.11.  But time to voltage collapse on Bus 26 for the identical load 

decreased to 79 minutes when transmission line from Bus 22 to Bus 24 was out of service. 
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Figure 5.12: Time to voltage collapse when transmission line outage occurs 

 

 

5.4.3  Load shedding and gradual load increase 

 

System voltage profile can be improved and time to voltage collapse can be increased by 

implementing a load shedding strategy.  A relay that uses time to voltage collapse algorithm can be 

easily armed with a local-and/or wide-area control system to activate load shedding when the 

system is close to the point of voltage collapse. 

 

In the past, many different preventive and corrective remedial measures have been proposed to 

prevent power system voltage collapse. Load shedding is among the most commonly used remedial 

measures. It is clear that any increase in load caused a steep decrease in time to voltage collapse, as 

shown as plot (a) in Figure 5.13. The results obtained show that voltage collapse time was equal to 

or less than 30 minutes when load shedding scheme was activated to shed a block of 10% of load in 

the simulation and relieved the system. Four different locations for load shedding were studied and 

are reported in the scenarios that follow. 
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• Scenario 1: 10% load shed at Bus 26 as the loads on all buses increased gradually. 

 

In this scenario, load flows were conducted and system Thévenin equivalent was estimated using 

the Least Squares technique with CSF filter described in Section 3.8.  As before, voltage and 

current phasors calculated by the load flow studies, and the Thévenin equivalent obtained from the 

application of the Least Squares technique were used as inputs to the time to voltage collapse 

technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

The Thévenin parameters, voltages and currents at Buses 24, 23, and 26 were provided to the 

voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 5.3.1 were 

repeated to calculate time to voltage collapse. The time to voltage collapse at Bus 26 as a function 

of load increase at all buses is shown as plot (b) in Figure 5.13. 

 

• Scenario 2: 10% load shed at Bus 24 as the loads on all buses increased gradually.  

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses was determined as shown as 

plot (c) in Figure 5.13.  

 

A comparison of the time to voltage collapse when load was shed on Bus 24 or Bus 26 indicated 

that the time to voltage collapse was shorter when load was shed on Bus 24 instead of shedding 

load on Bus 26. For example, the time to voltage collapse was 34 minutes when the loads on all 

buses were increased by 75% and 10% load was shed at Bus 26. But the time to voltage collapse 

was reduced to 33 minutes if 10% load was shed on Bus 24 instead of Bus 26. 

  

• Scenario 3: 10% load shed at Bus 23 as the loads on all buses increased gradually.  
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In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses was determined as shown as 

plot (d) in Figure 5.13. 

 

A comparison of the time to voltage collapse when load was shed on Bus 23 or Bus 26 indicated 

that the time to voltage collapse was shorter when load was shed on Bus 23 instead of shedding 

load on Bus 26. For example, the time to voltage collapse was 34 minutes when load on all buses 

increased by 75% and 10% load was shed at Bus 26. But the time to voltage collapse was reduced 

to 32 minutes if 10% load was shed on Bus 23 instead of Bus 26.  

 

• Scenario 4: 10% load shed at Buses 24, 23, and 26 as the loads on all buses increased gradually. 

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses were determined and shown as 

plot (e) in Figure 5.13. These results show  that time to voltage collapse on Bus 26  increased 

substantially when blocks of load were disconnected from Buses 24, 23, and 26. For example, time 

to voltage collapse on Bus 26 was 34 minutes when loads on all buses increased by 75% compared 

to a time to voltage collapse of 37.5 minutes if load was shed on Buses 23, 24 and 26.  

 

 

Figure 5.13: Time to voltage collapse when load shedding scheme is activated 
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5.5  Time to voltage collapse studies with data from four buses 

 

It is assumed in the studies reported in Section 5.4 that data was collected from three buses.  This 

approach was further extended and applied to calculating the time to collapse if the data is collected 

at four buses. The results are reported in this section. 

 

It was considered in these studies that a time to voltage collapse relay was installed at Bus 26 of the 

IEEE 30-Bus test system and voltages and currents were monitored at Buses  24, 23, 15, and Bus 26 

shown in Figure 5.1.  These buses were selected because they are heavily loaded buses. 

 

Performance of the voltage to collapse studies for gradual load increase, transmission line taken out 

of service and load shedding to protect from voltage collapse were conducted. 

 

 

5.5.1 Gradual load increase 

 

The loads at all buses were considered to have increased gradually. Load flows were conducted and 

system Thévenin equivalent was estimated using the Least Squares technique with CSF filter 

described in Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the 

Thévenin equivalent obtained from the application of the Least Squares technique were used as 

inputs to the time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

 The Thévenin parameters, voltages and currents at Buses 24, 23, 15, and 26 were provided to the 

voltage collapse estimation technique and steps 1, 2, 3, and 4 presented in Section 5.3.1 were 

repeated to determine time to voltage collapse.  
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Figures 5.2, 5.3, 5.9, and Figure 5.14 show the estimated values of Thévenin voltage seen from 

buses 26, 24, 23, and 15 respectively. Results shown in Figure 5.14 proved that load increase at all 

buses triggered Thévenin voltage decrease at Bus 15. 

 

 

 

Figure 5.14: Estimated Thévenin voltage seen from Bus 15 

 

The plot of the percentage load increase versus estimated values of Thévenin impedance seen from 

Buses 26, 24, 23 and 15 are shown in Figures 5.4, 5.5, 5.10, and Figure 5.15 respectively. It is 

evident from Figure 5.15 that loads increase at all buses caused Thévenin impedance increase seen 

from Bus 15.  

 

Figure 5.15 shows the time to voltage collapse at Bus 26 for each level of load increase used in this 

case. It is clear from the figure that, any increase in load caused a steep decrease in time to voltage 

collapse. The figure shows that time to voltage collapse obtained from the developed algorithm 

were consistent with maximum power transfer obtained from load flow program.  
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Figure 5.15: Estimated Thévenin impedance seen from Bus 15 

 

 

Figure 5.16: Time to voltage collapse  
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5.5.2 Transmission line outages and gradual load increase 

 

Transmission line from Bus 22 to Bus 24 is one of the vital transmission lines serving loads at 

Buses 22 and 24, it was considered that loads at all buses increased in this case. Load flows were 

conducted for every increase in load. The voltage and current phasors on Buses 24, 23, 15, and 26 

obtained from load flow studies were given to the system’s parameters estimation algorithm. The 

Thévenin equivalent of the system was estimated using the Least Squares technique with CSF filter 

described in Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the 

Thévenin equivalent obtained from the application of the Least Squares technique were used as 

inputs to the time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 102.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

The Thévenin parameters and phasors of voltages and currents at Buses 24, 23, 15, and 26 were 

provided to the voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 

5.3.1 were repeated to determine time to voltage collapse. 

 

 The plot of percentage load increase versus time to voltage collapse on Bus 26 is shown in Figure 

5.17.  A comparison of Figures 5.16 and 5.17 shows that time to voltage collapse at Bus 26 was 

shorter for each level of load when the transmission line connecting Buses 22 and 24 was out of 

service. This proves that losing an important transmission line increases the risk of voltage collapse. 

For example, sixteen percent increase of loads on all buses resulted in voltage collapse on Bus 26 in 

81 minutes as shown in Figure 5.16. But time to voltage collapse on Bus 26 for the identical load 

decreased to 80 minutes when transmission line from Bus 22 to Bus 24 was out of service. 
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Figure 5.17: Time to voltage collapse when transmission line outages occur 

 

5.5.3  Load shedding and gradual load increase 

 

System voltage profile can be improved and time to voltage collapse can be increased by 

implementing a load shedding strategy. A relay that uses time to voltage collapse algorithm can be 

easily armed with a local-and/or wide-area control system to activate load shedding when the 

system is close to the point of voltage collapse. 

 

In the past, many different preventive and corrective remedial measures have been proposed for 

preventing power system voltage collapse. Load shedding is among the most commonly used 

remedial measures. It is clear that any increase in load caused a steep decrease in time to voltage 

collapse as shown as plot (a) in Figure 5.18. The results show that when time to voltage collapse 

was equal to or less than 30 minutes load shedding scheme was activated to shed a block of 10% of 

load in the simulation and relieve the system. Five different locations for load shedding were 

studied and are reported in the scenarios that follow. 

 

• Scenario 1: 10% load shed at Bus 26 as the loads on all buses increased gradually. 
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In this scenario, load flows were conducted and system Thévenin equivalent was estimated using 

the Least Squares technique with CSF filter described in Section 3.8.  As before, voltage and 

current phasors calculated by the load flow studies, and the Thévenin equivalent obtained from the 

application of the Least Squares technique were used as inputs to the time to voltage collapse 

technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

The Thévenin parameters, voltages and currents at Buses 24, 23, 15, and 26 were provided to the 

voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 5.3.1 were 

repeated to calculate time to voltage collapse. The time to voltage collapse at Bus 26 as a function 

of load increase at all buses is shown as plot (b) in Figure 5.18..  The results show that time to 

voltage collapse that was 30 minutes when the loads on all buses increased by 73% increased to 33 

minutes if 10% load was shed on Bus 26.   

 

• Scenario 2: 10% load shed at Bus 24 as the loads on all buses increased gradually.  

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses was determined and is shown 

as plot (c) in Figure 5.18. 

 

A comparison of the time to voltage collapse when load was shed on Bus 26 and load was shed on 

Bus 24 indicates that the time to voltage collapse was shorter when load was shed on Bus 24 instead 

of shedding load on Bus 26.  For example, the time to voltage collapse was 33 minutes when the 

loads on all buses increased by 73% and 10% load was shed at Bus 26; but time to voltage collapse 

reduced to 32.7 minutes if 10% load was shed on Bus 24 instead of on Bus 26. 

 

• Scenario 3: 10% load shed at Bus 23 as the loads on all buses increased gradually.  
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In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on Buses 24, 23, 15, and 26  was 

determined and is shown as plot (d) in Figure 5.18.  

 

A comparison of the time to voltage collapse when load was shed on Buses 26, 23 indicated that the 

time to voltage collapse was shorter when load was shed on Bus 23 instead of shedding load on Bus 

26. For example, the time to voltage collapse was 30.5 minutes when the load on all buses increased 

by 73% and 10% load was shed on Bus 24 instead of Bus 26.   

 

• Scenario 4: 10% load shed at Bus 15 as the loads on all buses increased gradually.  

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on Buses 24, 23, 15, and 26  was 

determined and is shown as plot (e) in Figure 5.18..  

 

A comparison of the time to voltage collapse when load was shed on Buses 26, 15 indicated that the 

time to voltage collapse was shorter when load was shed on Bus 15 instead of shedding load on Bus 

26. For example, the time to voltage collapse was 30 minutes when the load on all buses increased 

by 73% and 10% load was shed on Bus 15 instead of Bus 26.  

 

• Scenario 5: 10% load shed at 24, 23, 15, and 26 as the load on all buses increased gradually  

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses were determined and shown as 

plot (f) in Figure 5.18. These results show that time to voltage collapse on Bus 26  increased  

substantially when blocks of load were disconnected from Buses 24, 23, 15, and 26. For example, 

time to voltage collapse on Bus 26 is 36 minutes when loads on all buses increased by 73% 

compare to a time to voltage collapse of 31 and 30.5 minutes if load was curtailed on Bus 24 and 

Bus 23 respectively.  
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Figure 5.18: Time to voltage collapse when load shedding scheme is activated 

 

 

5.6 Time to voltage collapse studies with data from five buses  

 

It was assumed in the studies reported in Section 5.5 that data was collected from four buses. This 

approach was further extended and applied to calculating time to collapse if the data is collected at 

five buses. The results are reported in this section. 

 

It was considered in these studies that a time to voltage collapse relay was installed at Bus 26 of the 

IEEE 30-Bus test system and voltages and currents were monitored at Bus 24, 23, 15, 14, and Bus 

26 shown in Figure 5.1.  These buses were selected because they are heavily loaded buses. 

 

Performance of the voltage to collapse studies for gradual load increase, transmission line taken out 

of service and load shedding to protect from voltage collapse were conducted. 
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5.6.1 Gradual load increase 

 

The loads at all buses were considered to have increased gradually. Load flows were conducted and 

system Thévenin equivalent was estimated using the Least Squares technique with CSF filter 

described in Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the 

Thévenin equivalent obtained from the application of the Least Squares technique were used as 

inputs to the time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3,……., 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

The Thévenin parameters, voltages and currents at Buses 24, 23, 15, 14, and 26 were provided to 

the voltage collapse estimation technique and steps 1, 2, 3, and 4 presented in Section 5.3.1 were 

repeated to determine time to voltage collapse.  

 

Figures 5.2, 5.3, 5.9, 5.14 and Figure 5.19 show the estimated values of Thévenin voltage seen from 

buses 26, 24, 23, 15, and 14 respectively.  It is clear from Figure 5.19 that load increase at all buses 

caused Thévenin voltage decrease at Bus 26.  
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Figure 5.19: Estimated Thévenin voltage seen from Bus 14 

 

The plot of the percentage load increase versus estimated values of Thévenin impedance seen from 

Buses 26, 24, 23, 15 and 14 are shown in Figures 5.4, 5.5, 5.10, 5.15, and Figure 5.20 respectively. 

It is evident from Figure 5.20 that load increase at all buses caused increases in Thévenin 

impedance seen from Bus 26.  

 

Figure 5.21 shows the time to voltage collapse at Bus 26 for each level of load increase used in this 

case. It is clear from the figure that, any increase in load caused a steep decrease in time to voltage 

collapse. The figure shows that time to voltage collapse obtained from the developed algorithm 

were consistent with maximum percent of load increase obtained from load flow program.  
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Figure 5.20: Estimated Thévenin impedance seen from Bus 14 

 

 

 

Figure 5.21: Time to voltage collapse 
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5.6.2 Transmission line outages and gradual load increase 

 

Transmission line from Bus 22 to Bus 24 is one of the vital transmission lines serving loads at 

Buses 22 and 24, it was considered that loads at all buses increased in this case. Load flows were 

conducted for every increase in load. The voltage and current phasors on Buses 24, 23, 15, and 26 

obtained from load flow studies were given to the system’s parameters estimation algorithm. The 

Thévenin equivalent of the system was estimated using the Least Squares technique with CSF filter 

described in Section 3.8.  Voltage and current phasors calculated by the load flow studies, and the 

Thévenin equivalent obtained from the application of the Least Squares technique were used as 

inputs to the time to voltage collapse technique that calculated proximity to voltage collapse. 

 

The base-case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3, ……. , 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

 The Thévenin parameters and phasors of voltages and currents at Buses 24, 23, 15, and 26 were 

provided to the voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 

5.3.1 were repeated to determine time to voltage collapse. 

 

 The plot of percentage load increase versus time to voltage collapse on Bus 26 is shown in Figure 

5.22.  A comparison of Figures 5.21 and 5.22 shows that time to voltage collapse at Bus 26 was 

shorter for each level of load when the transmission line connecting Buses 22 and 24 was out of 

service. This proves that losing an important transmission line increases the risk of voltage collapse. 

For example, sixteen percent increase of loads on all buses resulted in voltage collapse at Bus 26 in 

83 minutes as is shown in Figure 5.21. But, time to voltage collapse at Bus 26 for identical loads 

conditions decreased to 80 minutes when transmission line from Bus 22 to Bus 24 was out of 

service. 
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Figure 5.22: Time to voltage collapse when transmission line outages occur 

 

5.6.3 Load shedding and gradual load increase  

 

System voltage profile can be improved and time to voltage collapse can be increased by 

implementing a load shedding strategy. A relay that uses time to voltage collapse algorithm can be 

easily armed with a local-and/or wide-area control system to activate load shedding when the 

system is close to the point of voltage collapse. 

 

In the past, many different preventive and corrective remedial measures have been proposed for 

power system voltage collapse prevention. Load shedding is among the most commonly used 

remedial measures. It is clear that any increase in load caused a steep decrease in time to voltage 

collapse as shown as plot (a) in Figure 5.23. The results show that voltage collapse time was equal 

or less than 30 minutes when load shedding scheme was activated to shed a block of 10% of load in 

the simulation and relieved the system. Six different locations for load shedding were studied and 

are reported in the scenarios that follow. 

 

• Scenario 1: 10% load shed at Bus 26 as the loads on all buses increased gradually. 
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In this scenario, load flows were conducted and system Thévenin equivalent was estimated using 

the Least Squares technique with CSF filter described in Section 3.8.  As before, voltage and 

current phasors calculated by the load flow studies, and the Thévenin equivalent obtained from the 

application of the Least Squares technique were used as inputs to the time to voltage collapse 

technique that calculated proximity to voltage collapse. 

 

The base case load flow was conducted and was assigned as load flow at time t=0.  The load 

admittance was calculated and was used to estimate the load admittance to reflect load increases of 

one percent per minute.  Future loads were then used to conduct load flows at times tj, for j = 1, 2, 

3, ……. , 104.  The Thévenin impedances and voltages were calculated for those times using the 

procedure described in Section 3.8.1.  

 

The Thévenin parameters, voltages and currents at Buses 24, 23, 15, 14, and 26 were provided to 

the voltage collapse estimation technique and steps 1, 2, 3, and 4 described in Section 5.3.1 were 

repeated to calculate time to voltage collapse. The time to voltage collapse at Bus 26 as a function 

of load increase at all buses is shown as plot (b) in Figure 5.23.  The time to voltage collapse was 

30 minutes when the loads on all buses increased by 78%.   If 10% load were shed on Bus 26, the 

time to voltage collapse increased to 33 minutes.  In practice, more load would be shed so that the 

time to voltage increases further to avoid voltage collapse due to unexpected increase of load on 

other buses. 

 

• Scenario 2: 10% load shed at Bus 24 as the loads on all buses increased gradually.  

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses was determined and is shown 

as plot (c) in Figure 5.23. 

 

A comparison of the time to voltage collapse when load is shed on Bus 26, and the load is shed on 

Bus 24 indicates that the time to voltage collapse was shorter when load was shed on Bus 24 instead 

of shedding load on Bus 26. For example, the time to voltage collapse was 33.5 minutes when the 

load on all buses increased by 78% and 10% load was shed on Bus 26. But the time to voltage 

collapse was reduces to 31.9 minutes when10% load was shed on Bus 24 instead of at Bus 26. 
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• Scenario 3: 10% load shed at Bus 23 as the loads on all buses increased gradually.  

 

A comparison of the time to voltage collapse when load was shed on Buses 26 and 23 indicated that 

the time to voltage collapse was shorter when load was shed on Bus 23 instead of shedding load on 

Bus 26. For example, the time to voltage collapse was 33.5 minutes when the load on all buses 

increased by 78% and 10% load was shed on Bus 26. But the time to voltage collapse reduced to 

31.5 minutes when 10% load was shed on Bus 23 instead of at Bus 26 as shown as plot (d) in 

Figure 5.23. 

 

• Scenario 4: 10% load shed at Bus 15 and gradual load increased at all buses.  

 

A comparison of the time to voltage collapse when load was shed on Buses 26 and 15 indicated that 

the time to voltage collapse was shorter when load was shed on Bus 15 instead of shedding load on 

Bus 26. For example, the time to voltage collapse was 33.5 minutes when the load on all buses 

increased by 78% and 10% load was shed on Bus 26. But, the time to voltage collapse reduced to 

30.8 minutes when 10% load was shed on Bus 15 instead of at Bus 26 as shown as plot (e) in Figure 

5.23. 

 

• Scenario 5: 10% load shed at Bus 14 and gradual load increased at all buses.  

 

A comparison of the time to voltage collapse when load was shed on Buses 26 and 14 indicated that 

the time to voltage collapse was shorter when load was shed on Bus 14 instead of shedding load on 

Bus 26. For example, the time to voltage collapse was 33.5 minutes when the load on all buses 

increased by 78% and 10% load was shed on Bus 26. But, the time to voltage collapse reduced to 

30.5 minutes when 10% load was shed on Bus 14 instead of at Bus 26 as shown as plot (f) in Figure 

5.23. 

 

• Scenario 6: 10% load shed at Buses 24, 23, 15, 14, and 26 as the load on all buses increased 

gradually  

 

In this scenario, the procedure described in scenario 1 was repeated and the values of time to 

voltage collapse at Bus 26 as a function of load increase on all buses was determined and is shown 

as plot (g) in Figure 5.23. These results show that time to voltage collapse on Bus 26 increased 

substantially when blocks of load were shed at Buses 24, 23, 15, 14, and 26. For example, time to 
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voltage collapse on Bus  26 was 38.2 minutes when loads on all buses increased by 78% and 10% 

load was shed on those buses compare to a time to voltage collapse of 33.5, 31.9, 31.5, 30.8, and 

30.9 minutes when load was curtailed on Buses 26, 24, 23, 15, and 14 respectively. 

  

 
 

Figure 5.23: Time to voltage collapse when load shedding scheme is activated 

 

 

5.7 Time to voltage collapse and PSCAD/EMTDC comparison results  

 

The performance of the developed time to voltage collapse algorithm was evaluated and compared 

with actual time of voltage collapse obtained from PSCAD/EMTDC simulation. PSCAD/EMTDC 

is an electromagnetic transient analysis program developed by the Manitoba HVDC Research 

Centre. The program encompasses a wide variety of the steady state and transient power system 

studies. The primary solution engine is EMTDC that represents and solves differential equations for 

the entire power system in time domain employing the electromagnetic transient algorithm. The 

graphical user interface is named PSCAD, and it provides powerful means of visualizing the 

transient performance of the system. Together PSCAD and EMTDC provide a fast, accurate and 

flexible solution for the simulation of electrical equipment or systems.  
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The IEEE 30-Bus test system was modeled using PSCAD/EMTDC library. The only load model 

available in PSCAD/EMTDC library is a static load model. The static load model is unable to 

successfully follow gradual load increase required in voltage stability studies. To overcome this 

difficulty, a new controllable load model was developed during a course of the research presented 

in this thesis and named “Variable load model”. The active and reactive power for the developed 

model can be easily controlled using a control panel. The control panel was set to increase the 

developed load model in steps of 1% of initial value per minute. Details for Initializing and 

developing the developed variable load model are presented in Appendix E.  

 

The variable load model associated with the controller was connected to the monitored buses and 

load gradually increased on these buses until minimum voltage level on Bus 26 was recorded. The 

minimum voltage level was considered to be the point of voltage collapse. Time of voltage collapse 

on Bus 26 was monitored for the following scenario. 

 

 

Voltage collapse on Bus 26 due to gradual load increase on all buses  

 

The performance of the time to collapse technique using the IEEE 30-Bus test system shown in 

Figure 5.1 was evaluated and results obtained from the technique were compared with results 

obtained from load flow simulation studies conducted by using the EMPDC/PSCAD and Matlab 

softwares.  

 

Voltage profile on Bus 26 for 1% load increment on all buses using load flow program is shown as 

plot (a) in Figure 5.24. It is clear from this figure that voltage on Bus 26 decreased when loads on 

other buses in the system increased. Power flow program failed to converge when load increase on 

all buses was equal to 105% and this point is assumed the point of voltage collapse. Similar results 

were obtained using the developed time to voltage collapse algorithm as shown in Figures 5.6, 5.11, 

5.16 and Figure 5.21. 

 

The developed variable load model was connected to all buses in PSCAD. Controllers were set to 

change the load model in steps of 1% per minute. Plot (b) in Figure 5.24 shows voltage profile on 

Bus 26 for 1% load increment on all buses. This figure illustrates that the voltage profile reached 
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minimum value when load increase on all buses reached 104%. Similar results were obtained using 

the developed time to voltage collapse algorithm as shown in Figures 5.6, 5.11, 5.16 and Figure 

5.21. 

 

It is reasonable to conclude that the developed algorithm was able to accurately detect voltage 

collapse when the system operating condition was approaching voltage collapse.  

 

 

 

Figure 5.24: Voltage on bus 26 and percentage load increase on all buses 

 

 

5.8 Summary 

 

The performance of the developed time to voltage collapse algorithm has been evaluated using the 

IEEE 30-Bus system.  Different types of scenarios have been implemented on the test system and 

time to voltage collapse has been calculated to assess system stability in an on-line mode. From all 

these studies, calculated time to voltage collapse using the developed algorithm performed 

satisfactorily. Results from time to voltage collapse algorithm have been compared with actual time 

of voltage collapse obtained from the PSCAD/EMTDC simulation.. Following these studies, it can 

be concluded that time to voltage collapse algorithm predicts voltage collapse and signifies that the 

system is in danger and corrective control action should be initiated to restore the system voltage 

prior to the actual point of voltage collapse as presented in Section 5.7. 
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6. CONCLUSIONS 

Modern power systems are spread over vast territories and comprise of large number of generators 

and interconnected transmission lines. Long transmission lines are nowadays operated close to their 

transmission limits. The loss of an important transmission line or generator as the system load 

increases in certain areas of the power system can result in voltage collapse.  This can result in wide 

spread outage if no remedial measures are taken in a timely manner. 

 

This thesis proposes a new special protection scheme for predicting impending voltage collapse and 

initiating control actions to prevent it.  The protection scheme uses subsets of measurements and 

system parameters for calculating time to voltage collapse. The technique used in the protection 

scheme examines the present state of the system and considers future load increases to determine if 

the system is approaching a voltage collapse condition.  

 

 

6.1 Summary 

 

An overview of voltage collapse phenomenon is presented in Chapter 1. Examples of three types of 

disturbances that lead to system collapse are described in Section 1.2. Literature review on voltage 

collapse techniques is given in Section 1.3. Objectives of the research conducted for this project, 

thesis organization and major contributions made by this work are outlined in Chapter 1 as well. 

 

An introduction of voltage collapse phenomenon and a simple example that illustrates this 

phenomenon are briefly presented in Chapter 2.  Factors that affect voltage collapse, such as 

reactive power capability, loads, on-line tap changers and compensation devices, are reviewed in 

Section 2.4. A number of countermeasures usually taken by electric power utilities for preventing 

voltage collapse, such as reinforcing the power system network, using specially designed control 

systems, enhancing system operation practices, real time monitoring of the system and 

implementing system protection schemes, are identified in this chapter as well. The most commonly 

used methods for analyzing voltage collapse that are used in the off-line and on-line modes are 
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reviewed in Section 2.6.  A load flow technique is briefly presented in this chapter because most of 

the voltage collapse techniques proposed for off-line use are based on the load flow equations.  In 

addition to the off-line techniques, two commonly used on-line techniques, voltage collapse 

predictor and voltage collapse prediction index, are also presented in Chapter 2.  

 

A review of the literature on previously used methods for system parameter estimation is presented 

in Chapter 3. Details of the Delta and LS techniques and their enhancements are provided as well. 

The main advantages and disadvantages of both the enhancements are discussed.  The data 

windows required for implementing those techniques are examined. The Cumulative Sum Filter is 

introduced in Section 3.6.  The filter uses current and voltage measurements while estimating the 

parameters of the Thévenin equivalent. Flowcharts of these techniques are included. The 

application of both techniques is demonstrated by their use on the IEEE 30-Bus test system. The 

results obtained from implementation of both techniques are presented in Sections 3.7 and 3.8. 

 

An overview of the previously used techniques for analyzing the voltage collapse phenomenon and 

details of the developed time to voltage collapse technique are presented in Chapter 4. A brief 

description of local-based and subset-based techniques used for detecting voltage collapse is 

provided. The objective and motivation of the technique developed during the course of this 

research are reported in Section 4.3. The voltage collapse technique is explained by applying it to a 

two-bus system. A general form of the developed technique that takes into consideration 

measurements from N buses is then presented in Section 4.6. 

 

Performance of the time to voltage collapse technique is studied in Chapter 5 by applying the 

developed technique to the IEEE 30-Bus test system.  It is assumed in the first study reported in this 

chapter that voltage and current measurements are available from two load buses of the system and 

the load on one of the buses is increasing gradually. Then an outage of a transmission line is 

considered as part of the disturbance.  Impact of load shedding is examined.  The studies are then 

repeated with the assumption that data from three, four and then five load buses is available. The 

time to voltage collapse is calculated to demonstrate the suitability of the developed technique for 

implementation in an on-line mode as part of a system protection scheme. A comparison of the off-

line results of the developed technique and its application on the PSCAD/EMTDC software is 

presented in this chapter as well.  
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6.2 Contributions 

 

The following contributions are made during the research project reported in this thesis: 

 

• Delta and LS techniques have been modified and have been used in conjunction with CSF 

to monitor current and voltage measurements while estimating the parameters of system’s 

Thévenin equivalent.  

 

• A new technique to predict voltage collapse using subset of measurements has been 

developed.  The developed time to voltage collapse technique is able to track system 

operation in an on-line mode. A relay that uses the developed technique can process local 

voltage and current measurements, as well as measurements from surrounding buses and 

can initiate suitable control action when the system approaching voltage collapse.  

 

• The technique is able to track the system and can include the impact load changes expected 

in the future. 

 

 

6.3 Conclusions 

 

Few on-line techniques to predict voltage collapse have been proposed in the past. Those 

techniques are simple enough for implementing in numerical relays but are not capable of tracking 

load changes caused by decreasing voltage on nearby buses. Thévenin equivalents seen from other 

load buses are not observable to the local-based relays. The major objective of the thesis, therefore, 

was to develop and test a technique for preventing voltage collapse. The technique needs 

information about the Thévenin parameters of the power system.  The impedance of the 

transmission line and voltage and current measurements at the load buses are used to calculate time 

to voltage collapse. 

 

Two estimation techniques namely LS and Delta associated with CSF were developed because the 

most important input to the developed technique is the system’s Thévenin parameters. Both 

techniques monitor voltage and current measurements and limit numerical difficulties. Results 

obtained from implementation of these techniques indicate that LS method associated with CSF is 
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able to provide more accurate estimates and is able to track changes in power system operating state 

and topology. Both techniques assume that Thévenin voltage and impedance remain constant 

during the data window. It is important to note that, for small changes, Delta method performs 

almost similar to LS method but the Delta method becomes inaccurate when larger loads are 

applied.   

 

The time to voltage collapse technique developed during the course of this research was tested 

using the IEEE 30-Bus test system.  The test-results show that the developed technique correctly 

predicts time to voltage collapse.  They also show that the technique can take into consideration 

future load changes predicted by load forecasting techniques. 

 

The studies further show that the developed technique provides an approximate estimate of time to 

voltage collapse during the steady state operation of the system.  The estimated time in such cases is 

large. The studies also show that the developed technique presented in this thesis is more stable 

when there are changes in system measurements. Results obtained from the developed algorithm 

are consistent with results obtained from the load flow program. Results obtained from load flow 

program and developed algorithm indicate that voltage collapse occur at 105% of load increase on 

all buses. 

 

The order of the time to voltage collapse polynomial increases with increasing number of buses 

from which the measurements of voltages and currents are used in the technique. The polynomials 

become difficult to solve; this reduces the effectiveness of the proposed technique.  

 

The technique is suitable for implementation in a “System Protection System” for estimating time 

to impending voltage collapse.  The system can alert an operator if there is less than pre-specified 

time to voltage collapse.  If the time is less than the specified value, the system can activate load 

shedding with the assistance of a local-and/or wide-area control system. 

 

The use of the voltage collapse technique, reported in this thesis, on the PSCAD/EMTDC and 

simulation studies of voltage collapse on the IEEE 30-Bus system have shown that the developed 

technique works well under different operating conditions. 
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APPENDIX A. IEEE 30-BUS TEST SYSTEM 

A.1 General description  

 

IEEE 30-Bus test system was used to develop studies presented in Chapter 3, 4 and 5. The IEEE 30-

Bus system has seven generation sources and twenty static loads as shown in Figure A.1. 

 

 

Figure A.1: IEEE 30-Bus test system 
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A.2 Transmission line data 

 

Parameters used in modelling of transmission line in IEEE 30-Bus test system are listed in Table 

A.1. 

 

Table A. 1: Transmission line data and parameter 

From 

Bus # 

To Bus 

# 

R (pu) X (pu) ½ B (pu) Tap 

setting 

1 2 0.0192 0.0575 0.0264 1 

1 3 0.0452 0.1852 0.0204 1 

2 4 0.057 0.1737 0.0184 1 

3 4 0.0132 0.0379 0.0042 1 

2 5 0.0472 0.1983 0.0209 1 

2 6 0.0581 0.1763 0.0187 1 

4 6 0.0119 0.0414 0.0045 1 

5 7 0.046 0.116 0.0102 1 

6 7 0.0267 0.082 0.0085 1 

6 8 0.012 0.042 0.045 1 

6 9 0 0.208 0 0.978 

6 10 0 0.556 0 0.969 

9 11 0 0.2082 0 1 

9 10 0 0.11 0 1 

4 12 0 0.256 0 0.932 

12 13 0 0.14 0 1 

12 14 0.1231 0.2559 0 1 

12 15 0.0662 0.1304 0 1 

12 16 0.0945 0.1987 0 1 

14 15 0.221 0.1997 0 1 

16 17 0.0824 0.1923 0 1 

15 18 0.1073 0.2185 0 1 
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From 

Bus # 

To Bus 

# 

R (p.u) X (p.u) ½ B (p.u) Tap 

setting 

18 19 0.0639 0.1292 0 1 

19 20 0.034 0.068 0 1 

10 20 0.0936 0.209 0 1 

10 17 0.0324 0.0845 0 1 

10 21 0.0348 0.0749 0 1 

10 22 0.0727 0.1499 0 1 

21 22 0.0116 0.0236 0 1 

15 23 0.1 0.202 0 1 

22 24 0.115 0.179 0 1 

23 24 0.132 0.27 0 1 

24 25 0.1885 0.3292 0 1 

25 26 0.2544 0.38 0 1 

25 27 0.1093 0.2087 0 1 

28 27 0 0.396 0 1 

27 29 0.2198 0.4153 0 0.968 

27 30 0.3202 0.6027 0 1 

29 30 0.2399 0.4533 0 1 

8 28 0.0636 0.2 0.0214 1 

6 28 0.0169 0.0599 0 1 

 

 

A.3 Transformer data 

 

Parameters used in modeling of power transformers are shown in Table A.2. 
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Table A. 2: Transformer data 

Transformer 

Designation 

Tap setting  

4-12 0.932 

6-9 0.978 

6-10 0.969 

28-27 0.968 

 
 
A.4 Machines 

 

Parameters used in modelling of machines are listed in Table A.3. Other important machines data 

and parameters are shown in Table A.4. 

 

Table A.3 Voltage controlled bus data 

Bus # Voltage 

Magnitude 

Min. 

MVAR 

Capacity 

Max. 

MVAR 

Capacity 

2 1.043 -40 50 

5 1.01 -40 40 

8 1.01 -10 40 

11 1.082 -6 24 

13 1.071 -6 24 

 

 

Table A. 4: Injected MVAR data 

Bus # MVAR 

10 19 

24 4.3 

 

 



 154

A.5 Loads 

 

Parameters used in modeling of loads in the IEEE 30-Bus test system are listed in Table A.5. 

 

Table A. 5: Load data 

Bus 

# 

Bus 

code 

Voltage 

pu 

Angle 

Degree 

MW MVAR MW MVAR Qmin Qmax MVAR 

1 1 1.06 0 0 0 0 0 0 0 0 

2 2 1.043 0 21.7 12.7 40 0 -40 50 0 

3 0 1 0 2.4 1.2 0 0 0 0 0 

4 0 1.06 0 7.6 1.6 0 0 0 0 0 

5 2 1.01 0 94.2 19 0 0 -40 40 0 

6 0 1 0 0 0 0 0 0 0 0 

7 0 1 0 22.8 10.9 0 0 0 0 0 

8 2 1.01 0 30 30 0 0 -10 40 0 

9 0 1 0 0 0 0 0 0 0 0 

10 0 1 0 5.8 2 0 0 0 0 19 

11 2 1.082 0 0 0 0 0 -6 24 0 

12 0 1 0 11.2 7.5 0 0 0 0 0 

13 0 1.071 0 0 0 0 0 -6 24 0 

14 0 1 0 6.2 1.6 0 0 0 0 0 

15 0 1 0 8.2 2.5 0 0 0 0 0 

16 0 1 0 3.5 1.8 0 0 0 0 0 

17 0 1 0 9 5.8 0 0 0 0 0 

18 0 1 0 3.2 0.9 0 0 0 0 0 

19 0 1 0 9.5 3.4 0 0 0 0 0 

20 0 1 0 2.2 0.7 0 0 0 0 0 

21 0 1 0 17.5 11.2 0 0 0 0 0 

22 0 1 0 0 0 0 0 0 0 0 

23 0 1 0 3.2 1.6 0 0 0 0 0 
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Bus 

# 

Bus 

code 

Voltage 

pu 

Angle 

Degree 

MW MVAR MW MVAR Qmin Qmax MVAR 

24 0 1 0 8.7 6.7 0 0 0 0 4.3 

25 0 1 0 0 0 0 0 0 0 0 

26 0 1 0 3.5 2.3 0 0 0 0 0 

27 0 1 0 0 0 0 0 0 0 0 

28 0 1 0 0 0 0 0 0 0 0 

29 0 1 0 2.4 0.9 0 0 0 0 0 

30 0 1 0 10.6 1.9 0 0 0 0 0 
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APPENDIX B. MAPLE FUNCTIONS 

For each specific case study a symbolic function was created to identify time to voltage collapse 

polynomial parameters.  This cannot be done manually as the equations for the parameters increase 

considerably with an increasing number of “known” buses.  In order to make functions of more 

than two “know” buses, a Maple program was used.  The outputs from Maple functions presented 

in this appendix is used as input file to a MATLAB function. The algorithm called “time to voltage 

collapse” can easily be changed to fit other computer programs. 

 

 

B.1 Loading system 

 

The system is loaded into Maple software using the following script called “system set up. ma” (for 

the case of three known load buses). 

 

With(linalg); 

Read “dim.c” 

# Description of system 

N:=3; # Number of loads 

Tot:=8; # Total number of impedances (including loads) 

Nbus:=6; # Number of buses (including Thevenin buses) 

Nz:=3; # Number of Thevenin equivalents 

# Load system 

Q:= matrix(readdata(“/home/leifwar/maple/case/Q.dat”,integer,tot)) 

Yrem:= readdata(“/home/leifwar/maple/case/YYrem.dat”,integer,1); 

Yrem:= readdata(“/home/leifwar/maple/caseyrem.dat”,integer,1); 

# Make system matrix 

Yy:=matrix(tot,tot,(i,j))-> 

 If i=j and i<= n then 

  y[i] 
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 elif i=j and i> n and I <= (n+nz) then 

  Yz[i-n] 

 Elif i=j and i>2*n and I <= tot then 

  Ye[i-(n+nz)] 

 else 0 

fi); 

for I from 1 to n do if Yrem[i] = 1 then Yz[i]:=0 fi;od; 

Yk:=multiply(Q,yy,transpose(Q)); 

If nbus = 2*n then 

Ekm:= submatrix(-Yk,1..n,n+1..2*n); 

Ykm:= submatrix(Yk,1..n,n+1..(n+nz)), 

 multiply(submatrix(Yk,1..n,(n+nz) +1..nbus), 

  inverse(submatrix(Yk,(n+nz)+1..nbus,(n+nz)+1..nbus)), 

  submatrix(Yk,(n+nz)+1..nbus,n+1..(n+nz)))); 

Ykm:= matadd(submatrix(Yk,1..n,1..n), 

 multiply(submatrix(-Yk,1..n,(n+nz)+1..nbus), 

  inverse(submatrix(Yk,(n+nz)+1..nbus,(n+nz)+1..nbus)), 

  submatrix(Yk,(n+nz)+1..nbus,1..n)));fi; 

Ykm_tmp:=matrix(n,n,(I,j)-> 

 if Ykm[i,j]=0 then 

  0 

 elif i=j then 

  Ym[i,i] 

 elif i>j then 

  Y[j,i] 

 else 

  Y[i,j] 

 fi ); 

Ykm_tmp_det:=det(Ykm_tmp); 

Ykm_tmp_inv:=inverse(Ykm_tmp/Ykm_tmp_det); 

U:=multiply(Ykm_tmp_inv,Ekm,matrix(nz,1,i->E[i])); 

for I from 1 to n do Ym[i,i]:=Y[i,i]+y[i]; od; 
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T:=coeffs(expand(U[1,1]),indets(sum(y[k],’k’=2..n)),Tt); 

N:=coeffs(expand(Ykm_tmp_det),indets(sum(y[k],’k’=1..n)),Nt); 

The function “dim.c” is used to calculate the dimensions of a vector. 

dim:=proc (x) local I,j; j:=0; for I in x do j:=j+1; od; j end: # dim 

 

 

B.2 Time to voltage collapse  algorithm 

 

In this algorithm the following script was used to create an input file to MATLAB code called 

“time_to_voltage.ma”. 

assume(t,real); 

for I from 1 to 6 do 

 Y[i]:=yrm[i]+K*yim[i] + t*(yrd[i]+I*yid[i]); 

 assume(yrm[i],real,yim[i],real);od; 

S1d := sqrt(coeff(y[1],I,0)^2+coeff(y[1],I,1)^2); 

# coefficient a[i] og b [i] 

for I from 1 to vectdim([T]) do 

 a[i]:= ar[i]+I*aid[i]; 

 assume(ar[i],real,ai[i],real);od; 

for I from 1 to vectdim([N]) do 

 b[i]:= br[i]+I*bi[i]; 

 assume(br[i],real,bi[i],real);od; 

# Numerator (atil) og denominator (apri) 

atil := coeff(expand(sum(Tt[k]*a[k],k=1..vectdim([T]))),I,0)^2+ 

 coeff(expand(sum(Tt[k]*a[k],k=1..vectdim([T]))),I,1)^2; 

apri := coeff(expand(sum(Nt[k]*b[k],k=1..vectdim([N]))),I,0)^2+ 

 coeff(expand(sum(Nt[k]*b[k],k=1..vectdim([N]))),I,1)^2; 

# Start writing to file “time_to_voltage.m 

fd:=fopen(“time_to_voltage.m”,WRITE) 

fprintf(fd,”function [ s ] = vippp_yri(E,Yz,Ye,y,dy)\n”); 

fprintf(rd,”%c\n”,’293); 

fprintf(fd,”%c [ s ] = vippp_yri(E,Yz,Ye,y,dy)\n”,\293; 
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fprintf(fd,”%c\n”,\293); 

fprintf(fd,”yrm=real(y);\nyim=imag(y);\nyrd=real9dy);\nyid=imag9dy);\n”); 

for I from 1 to rowdim(Ykm) do 

 for j from 1 to rowdim(Ykm) do 

  if Ykm[i,j] <> 0 and i<=j and i<>j then 

  fprintf(fd,”Y%a%a=%a;\n”,i,j,Ykm[i,j]); 

  elif Ykm[i,j] <> 0 and i<=j then 

  fprintf(fd,”Y%a%a=%a;\n”,i,i,Ykm[I,i]-y[i]; fi;od;od;# a og b 

for I from 1 to vectdim([T]) do 

fprintf(fd,”a%a%=a%;\nar%a=real(ar%a);ai%a=imag(ai%a);\n”,I,collect(T[i], 

indets(T[i])),i,i,i,i)od; 

for I from 1 to vectdim([N]) do 

fprintf(fd,”b%a=%a;\nbr%a=real(br%a);bi%a=imag(bi%a);\n”,I,collect(N[i], 

indets(N[i])),i,i,i,i) 

# c,d og e. 

for i from 0 to degree(atil,t ) do 

 fprintf(fd,”c%a=%a:\n”,i,coeff(atil,t,i));od; 

for i from 0 to degree(S1d^2,t) do 

 fprintf(fd,”e%a=%a;\n”,i,coeff(S1d^2,t,i));od; 

for i from 0 to degree 9apri,t ) do 

 fprintf(fd,”e%a=%a;\n”,i,coeff(apri,I,i));od; 

S1 :=sum(‘c[k]*t^k’,’k’=0..degree(atil,t))* 

 sqrt(sum(‘d[k]*t^k’,’k’=0..degree(S1d^2,t)))/ 

 sum(‘e[k]*t^k’,’k’=0..degree(apri,t)); 

eq:numer(diff(S1,t)); 

for i from 0 to degree(eq,t) do 

 fprintf(fd,”s%a=%a;\n”,I,coeff(eq,t,i));od; 

fprintf(fd,”s = [ “); 

for i from 0 to degree(expand(eq),t) do fprintf(fd,” s%a”,I,coeff(eq,t,i)); od; 

fprintf(fd,” };\n”); 

fclose(fd); 
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APPENDIX C. PHAOR MEASUREMENT UNIT (PMU) 

 

C.1 Introduction 

 

Phasor Measurement Unit is a power system device capable of measuring the synchronized voltage 

and current phasors in power system. Synchronicity among PMUs is achieved by same-time 

sampling of voltage and current waveforms using a common synchronizing signal from the Global 

Positioning Satellite (GPS). The ability of calculating synchronized phasors makes the PMU one of 

the most important measuring devices in the future of power system monitoring and control 

[93,94,69,95]. 

 

The technology behind PMUs traced back to the field of computer relaying. In this equally 

revolutionary field in power system protection, microprocessors technology made the direct 

calculation of the sequence components of phase quantities possible [96,57,97]. Phasor is defined as 

a complex form which represents the steady-state waveform with a nominal power frequency (see 

Figure C.1). 

 

  

(a) Sinusoidal waveform (b) Phasor form 

 

Figure C.1: Phasor representation of a sinusoidal waveform 

 

 

 φ  
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A sinusoidal quantity shown in Figure C.1 (a) has a phasor representation as shown in Equation 

C.1. 

 

X jφkX e
2

≡
 

(C.1) 

where, 

kX  represents the maximum value, 

 

Although the concept of a phasor is defined for a pure sinusoid, it can be also used in the presence 

of transient components by stipulating that the phasors represent the fundamental frequency 

component of a waveform observed over a finite duration (observation window). 

 

Synchronization of sampling is achieved using a common timing signal available locally at the 

substation. Timing signal accuracy in the order of milliseconds suffices for the relaying application. 

It is clear that the same approach could be extended to the field of power system monitoring.  

 

Figure C.2 shows a hardware block diagram of a phasor measurement unit. The anti-aliasing filter 

is used to filter out from the input waveform frequencies above the Nyquist rate. The phase locked 

oscillator converts the GPS a pulse per second into a sequence of high-speed timing pulses used in 

the waveform sampling. The microprocessor executes the DFT phasor calculations. Finally, the 

phasor is time stamped and uploaded to a collection device known as a data concentrator. An IEEE 

standard format now exists for real time phasor data transmission [98,80,99]. The benefits of 

synchronized phasor measurements to power system monitoring, operation and control have been 

well recognized [105, 106, 107]. 

 

PMUs improve the monitoring and control of power systems through accurate, synchronized and 

direct measurement of the system state. For example, the positive sequence components of the 

fundamental frequency bus voltages are used directly by such advanced control center applications 

as contingency analysis and on-line load flow. With PMUs the security indicators produced by 

these advance applications are representative of the true real time status of the power system. It 

must be recognized that the current thrust of utilities is to install fiber optic links among substations. 
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The phasor measurement unit uploads its time stamped phasor data using such medium as dedicated 

telephone line or through the wide area network (WAN) [100,76]. 

 

A system of PMUs must be supported by communication infrastructure of sufficient speed to match 

the fast streaming PMU measurements. Oftentimes power systems are not totally equipped with 

matching communication. As such, any potential move to deploy PMUs must recognize this 

limitation. It is a possibility that the benefits brought forth by PMUs could justify the installation of 

their matching communication infrastructure. However, it must be recognized that deployment of 

PMUs in every bus is a major economic undertaking and alternative placement techniques must 

consider partial PMU deployment [101,102,103].  

 

The foremost concern among potential users is the application that will justify initial installation of 

PMUs. As expected from an emerging technology, initial installation of PMUs was made for 

purposes of gaining experience with the device and its applications. For this purpose, PMUs were 

deployed mainly on a localized basis. However the greatest positive impact of the PMU would be 

for system applications such as state estimation and wide area protection and control.  

 

 

 

Figure C.2: Phasor measurement unit hardware block diagram 
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APPENDIX D. ESTIMATION OF SYSTEM PARAMETER 

USING DELTA TECHNIQUE IN POLAR COORDINATES 

The voltage at the load bus of the system shown in Figure 3.1 at time t can be described in polar 

coordinate form as shown in Equation D.1. 

 

th L thEth VL I Zth

th L thEth VL I Zth

E cos V cos( ) IZ cos( )

E sin V sin( ) IZ sin( )

δ = δ + δ + δ

δ = δ + δ + δ

 

 

(D.1) 

 

 

where,  

Ethδ  is the angle of Thévenin voltage,  

Zthδ  is the angle of Thévenin impedance, 

VLδ  is the angle of load voltage, and 

Iδ  is the angle of load current. 

 

Time derivation of Equation D.1 is shown in Equation D.2. 

th
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L th thVL VL I Z I Zth

LVL I
L th th

VL VL I Z I Zth

d dV d dI
0 -V sin( ) cos( ) - IZ sin( ) Z cos( )

dt dt dt dt

d dV d dI
0 V cos( ) sin( ) - IZ cos( ) Z sin( )

dt dt dt dt

δ δ
= δ + δ δ + δ + δ + δ

δ δ
= δ + δ δ + δ + δ + δ

 

 

(D.2) 

 

 

Solving for Thévenin impedance, the following equations are obtained: 

 

L2 2VL
L

th

2 2I
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(V ) ( )
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(I ) ( )
dt dt

δ
+

=
δ

+

 

 

(D.3) 
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Using the approximation that 
df f

dt t

∆
≈

∆
, Equations D.3 and D.4 in duration of t∆  can be written as: 
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Equations D.5 and D.6 can be used to track Thévenin impedance of the system, using local voltage 

and current measurements. 
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APPENDIX E. VARIABLE LOAD MODEL DESIGN 

METHODOLOGY IN PSCAD/EMTDC 

E.1  Developed variable load model design methodology 

 

The existing static load model in PSCAD/EMTDC library is unable to successfully follow gradual 

load increases.  During the course of research a new load component was created and added to the 

PSCAD/EMTDC library. The load model called Variable Load Model. 

 

The developed methodology uses a program to design a variable load model and embeds the 

designed load model inside a power system model.  The developed algorithm makes use of the 

variable load model and enables a more easy and efficient study of voltage collapse scenarios. 

 

The developed methodology requires that a power system first be modelled in PSCAD/EMTDC.  

For that, PSCAD/EMTDC provides a complete library of the typical elements presented in typical 

power systems. 

 

The modelling of a variable load is initiated by employing a PSCAD/EMTDC feature called 

“Component”.  A PSCAD/EMTDC component is a computational resource for creation of user-

custom models.  PSCAD/EMTDC components share the same computational structures as the 

models belonging to the PSCAD/EMTDC libraries.  This structure is constituted by an icon that 

activates the element in the graphical interface PSCAD, an editor that adds code to process the 

inputs and address the outputs of the element, and associated dialog boxes that provide parameters 

and/or gain access to the internal variables of the demand. 

 

For the developed variable load model, a PSCAD/EMTDC component must be initialized.  The 

initialized component must be provided with both the necessary number of inputs and outputs and 

the load type of the load (R, RL, RC, or RLC).  The internal variables to be monitored and the 
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graphs to illustrate them must then be created.  Finally, control the input signals to the component, a 

control panel must be designed using the multi-run model within the PSCAD/EMDC main library. 

 

 

E.1.1  Initialization a of new PSCAD/EMTDC component  

 

The simplest manner for initializing of a new component in a PSCAD/EMTDC case is by 

employing the PSCAD/EMTDC “Component Wizard”.  The Component wizard is a dialog box in 

PSCAD/EMTDC that creates the template for a new component based on the parameters entered by 

the user.  To initialize a new component with component wizard, the following procedure must be 

undertaken [104]: 

 

1. Open the PSCAD/EMTDC case by double-clicking on the case name in the “Project Tree”. 

 

2. Right-click on the background of the main window of PSCAD. In the menu that appears, 

select the option “Special is selected”. 

 

3. In the next menu that appears, use the option “Create New Component” (see Figure E.1) to 

activate the component wizard definition window shown in Figure E.2. 

 

 

Figure E.1:  Activated component wizard window 
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Figure E.2:  Component wizard definition window 

 

4. Provide an alphanumeric name (beginning with a letter and containing no spaces) is 

provided to set the “Definition Name” of the component.  In the example, the Definition 

Name was set as “Variload”, as shown in Figure E.2. 

 

5. Fill in the front textbox shown by the icon of the component in the graphical interface 

PSCAD. In this example, the front text was set as “Variable Load Model”.  What results is a 

rectangular icon shown in Figure E.4. 
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Figure E.3:  Component wizard connection 

 

6. Provide a short alphanumeric name (beginning with a letter and containing no spaces) to set 

the “Definition Name” of the component. In the example, the Definition Name was set as 

“Variload”, as shown in Figure E.4. 

 

7. Provide Component wizard with the number of input and output component.  These inputs 

and outputs are reflected in the rectangular icon of the component.  It is recommended that 

the inputs be set in one side of the rectangular component and the outputs in the opposite 

side. In the example, for the file “Variload.txt”, one input was created in the top side of the 

icon and one output was created in the bottom side of the icon, and they were set as shown 

in Figure E.3.  

 

 

 

 



8. The Component Wizard 

input and output specified in the 

procedure is carried out for each of the inputs or outputs specified.  Type the “Connection 

Name” in the order provided by the text file. Select input in the “Connection Type

every output as pointed in the text file.  Choose “Real “in the data type for all inputs and 

outputs and the rest of the parameters as they are.  

connection window for the first connection, and the data entered according to the 

informative file. 

 

9. To review or modify the entered parameters, c

key to exit the Component Wizard without initializing the component at any time.  Click the 

“Finish” key to accept the entered parameters and to close the Component Wizard window. 

The Prev, Next, Cancel, and Finish

 

10. The component icon shows the graphical interface PSCAD once the Component Wizard 

 window is closed, and the c

 

 

 

 

 

 

Figure E.4:  Graphic design for the created variable load model component

 

 

E.1.2  Structure of the PSCAD/EMTDC component

 

The component recently created is employed

in a PSCAD/EMTDC case.  Components are constituted by an icon in the graphical interface 

PSCAD, an internal code in FORTRAN, and dialog boxes to establish user parameters.

 

The graphical icon permits the component to interact with other elements in the PSCAD/EMTDC 

case.  The internal code processes the inputs and retrieves the outputs.  Through the dialog boxes 
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 presents a connection window as shown in Figure E.

input and output specified in the Component Wizard definition window.  The following 

procedure is carried out for each of the inputs or outputs specified.  Type the “Connection 

e order provided by the text file. Select input in the “Connection Type

every output as pointed in the text file.  Choose “Real “in the data type for all inputs and 

outputs and the rest of the parameters as they are.  Figure E.3 shows the Component Wizard 

connection window for the first connection, and the data entered according to the 

To review or modify the entered parameters, click “Prev” or “Next”. 

key to exit the Component Wizard without initializing the component at any time.  Click the 

key to accept the entered parameters and to close the Component Wizard window. 

Next, Cancel, and Finish buttons are shown in Figure E.3. 

The component icon shows the graphical interface PSCAD once the Component Wizard 

window is closed, and the component appears as an element on the PSCAD/EMTDC page.

Graphic design for the created variable load model component

Structure of the PSCAD/EMTDC component 

The component recently created is employed as the computational base of the variable load model 

in a PSCAD/EMTDC case.  Components are constituted by an icon in the graphical interface 

PSCAD, an internal code in FORTRAN, and dialog boxes to establish user parameters.

e component to interact with other elements in the PSCAD/EMTDC 

case.  The internal code processes the inputs and retrieves the outputs.  Through the dialog boxes 

Figure E.3 per each 

definition window.  The following 

procedure is carried out for each of the inputs or outputs specified.  Type the “Connection 

e order provided by the text file. Select input in the “Connection Type” for 

every output as pointed in the text file.  Choose “Real “in the data type for all inputs and 

shows the Component Wizard 

connection window for the first connection, and the data entered according to the 

 Click the “Cancel” 

key to exit the Component Wizard without initializing the component at any time.  Click the 

key to accept the entered parameters and to close the Component Wizard window. 

The component icon shows the graphical interface PSCAD once the Component Wizard 

appears as an element on the PSCAD/EMTDC page. 

Graphic design for the created variable load model component 

as the computational base of the variable load model 

in a PSCAD/EMTDC case.  Components are constituted by an icon in the graphical interface 

PSCAD, an internal code in FORTRAN, and dialog boxes to establish user parameters. 

e component to interact with other elements in the PSCAD/EMTDC 

case.  The internal code processes the inputs and retrieves the outputs.  Through the dialog boxes 
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the user sets values to parameters of the internal code of the component on the PSCAD/EMTDC 

case. 

 

The “Component Workshop” is opened by placing the pointer in the icon of the component in 

PSCAD and right-clicking on it; from the menu that appears the option “Special” is selected and, 

from the next drop-down menu that appears, “Edit Definition” is chosen, as shown in Figure E.5. 

 

The Component Workshop window is shown in Figure E.5.  The main page of the Component 

Workshop shows the three main sections of the component, which are the “Graphics”, 

“Parameters”, and “script” sections.  The Graphics section corresponds to the icon as shown in 

Figure E.4, the Parameters section corresponds to the dialog boxes and Script correspond to the 

internal code of the component.  The right side view of the Component Workshop is the “edit 

view”.  The “Graphics” and “Parameters” sections have graphical editors, and “script” has a text 

editor. The workspace with the main sections of the Component is shown in Figure E.6. 

 

 

Figure E.5:  Editing the new component 
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Figure E.6:  Component workspace window 

 

 

E.1.3  Creating a dialog box to access variable load model internal parameters 

 

The parameters section permits designing the dialog boxes to assign values to the parameters of the 

component.  In this thesis, the Parameters dialog boxes are employed to gain access to the internal 

variables of the variable load model from the graphical interface.  The internal variables are 

possible to plot once access to them has been established.  Just one parameters dialog box is needed 

for establishing access to the internal variables of the component, as follows. 

 

1. Create new category in the Parameters section by right-clicking with the pointer positioned 

on the Parameters section in the workspace of the Component Workshop.  From the menu 

that pops up, select the “New” option and, from the next menu that appears, select 

“Category”, (as depicted in Figure E.7).  A new Category named “Variable Load 

Parameters” emerges as a subsection under the section Parameters, as shown in Figure E.8. 
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Figure E.7:  Creating a new category of parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.8:  Naming the new category of parameters 

 

2. The category just created must be named.  Right-click with the pointer positioned on the 

“Variable Load Model” category under the Parameters section in the workspace of the 
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Component Workshop.  From the menu that emerges, select “New Control”.  The New 

Control window will then appear as depicted in Figure E.9. 

 

3. Entries now must be added to the new category.  The number of these entries depends on the 

number of internal variables that the user wishes to access.  For the purpose of describing 

the procedure, just one entry will be added.  Click on the Variable Load Model category 

under the Parameters section to reveal the initial dialog box of the New category in the “edit 

view”, then click on the gray of this initial dialog box.  From the menu that pops up select 

New, then from the next menu that appears, select “Text Field “(as shown in Figure E.10). 

The “Textbox Properties” window then pops up as (see Figure E.9), a resource that 

customizes the entries of the categories. 

 

 

 

 

 

 

 

 

 

 

 

Figure E.9:  Adding an entry to the dialog box in the parameters section 

 

4. The entries then must be customized.  A variable name to handle the internal variable load 

parameter to be accessed “Symbol” must be written in the field of the Textbox Properties 

window.  The parameters name typed in Symbol must be different from that of any other 

variable name used in the same PSCAD/EMTDC case.  In this example, the selected 

variable name in Symbol is Nominal Voltage (KV), as shown in Figure E.10.  The legend 

appearing beside the entry in the dialog box is typed under “Caption”.  In the example, 

(Figure E.10), the Caption field has been set arbitrarily as Input 1.  The rest of the fields in 

the “Text Properties” window are left unchanged.  
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5. Steps 3 and 4 are repeated for each l variable of the load model to be created. 

 

 

 

Figure E.10:  The textbox properties window appearance 

 

 

E.1.4  Inserting the variable load model code in the component 

 

The PSCAD/EMTDC Component is defined as a variable load model mainly by the code stored in 

the Script section.  Clicking on Script in the workspace expands the default applications Branch and 

DSDYN under the subsection EMTDC as shown in Figure E.11 and Figure E.12.  

 

The “Branch” section is where the user can define what type of elements should be placed between 

the electrical connections defined in the Graphics section of the component definition.  Branch 

statements can be used to place resistors, capacitors, and inductors (in series and parallel), as well as 

to define switching branches and those that contain an ideal voltage source. 

 

The variable load model component is a Branch based component.  The most noticeable difference 

between the Branch-based and node-based components is that all elements of the branch-based 
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component are indexed through branch numbers, not through node numbers.  Also, these elements 

are not reset each time step, and therefore do not need to be redefined.  The Branch section directly 

defines the branches composed of a combination of variable load component variables (R, L, and 

C). 

 

 

 

 

 

 

Figure E.11:  Branch section 

 

The DSDYN section is where the FORTRAN code, which defines what the component is to model, 

is placed.  Code entered in this section should be in the form of either standard formatted 

FORTRAN 77 or PSCAD script (or a combination of these two).  In section all code will be forced 

into the DSDYN subroutine in the EMTDC system dynamics. 

 

 

Figure E.12:  DSDYN section 
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The power system modelled in PSCAD/EMTDC is solved in discrete time steps.  In order to solve 

the power system, EMTDC first searches for changes that have occurred within the network and 

then solves the power system equations and obtains the currents and voltages in the branches and 

nodes of the power system.  The FORTRAN code stored in DSDYN processes the variables.  The 

variable load model is controlled by a control panel which controls the active power of the variable 

load component branch as shown in Figure E.13. 

 

Figure E.13 shows a control panel with a multi-run component which controls two signals (P and 

P1) and records two variables ( voltage and current) on the output file for each run.  The start range 

value, increment change, and end range value for both controllable signals can be easily set up 

within the configuration page of the multi-run control panel (see  

Figure E.14).  The controllable input of the variable load component (real power) is updated in the 

network before EMTDC solves the power system equations in the next time step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.13:  Control panel with variable inputs and outputs 
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Figure E.14:  Configuration page of multi-run component 

 


