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Abstract

This thesis concerns the design and application of load curtailment schemes to
isolated power systems. Load curtailment or loadshedding is a methodology employed to
relieve a power system of a severe overload and restore nominal system operation
through reduction of total system load. An overload on a power system may be
detrimental to the continued stability of the system especially during operation with
inadequate reserves. ...e PSS/E software package is utilized to sim ite the system
voltages and frequency during underfre 1ency and undervoltage events.

The general loadshedding methodology developed is to shed increas g amounts
of load from the power system in response to increasingly severe contingencies. These
contingencies, such as the loss of a major transmission line or generator, may negatively
impact the frequency and voltage stability of the power system and loa curtailment is
presented as an effective mitigating action. The developed methodology is fir applied to
a simple test sy :m to demonstrate the necessity and effectiveness of I¢ Ishedding as a
remedial action following extreme operating contingencies. Sul :q 1tly, the
methodology is applied to the interconnected system of the island of Newfoundland. This
system operates at a maximum transmission voltage of 230 kV and has ap| >ximately

8500 MJ of connected inertia at peak operating capacity.

1



Acknowledgements

I would like to thank my supervisor Dr. B. Jeyasurya for his advice and guidance

during the preparation of this research.

1ii



Contents

Abstract i
Acknowledgements iii
Contents iv
List of Figures ix
List of Tables xiii
List of Abbreviations and Symbols XV
1 Introduction 1
1.1 Power System Stability 1
1.2 Aim of the ...esis 5
1.3  Organization of the Thesis 6
2 Power System Stability 8
2.1 Introduction 8
2.2 Electric Power System Operation 9
"3  Classifications of !~ n Stabil | 11

2.3.1 Rotor Angle Stability 14

v



24

25

~ 3.2 Voltage Stability

23.2.1 Voltage Collapse Scenarios
2.3.3 Frequency Stability
Load Curtailment on a Test System

Summary

Power System Ele ents and Protection

3.1

32

33

34

3.5

3.6

3.7

Introduction

General System Response to Generation Loss
Protective Relaying

Frequency and Voltage Relays

Special Protection Systems

Power ~ ystem Loads

Summary

Underfrequency Loadshedding

4.1

4.2

43

4.4

] roduction

Active Power Reserves

Frequency Variation on the Network

U derfrequency Loadshedding Methodology

44.1 Total Amount of LLoad Shed

18

19

21

25

26

27

27

30

32

34

36

39

40

40

43

44

46

47



4.5

4.4.2 Determination of Frequency Tripping Levels
4.4.3 Separation of Loadshedding Stages

4.4 Number of Loadshedding Stages

4.5 Assignment of Load to Trip Stages
4.4.6 Intentional Time Delays

Summary

Undervoltage Loadshedding

5.1
5.2

5.3

5.4

5.5

5.6

roduction
Voltage Integrity and R¢ tive Reserves
Undervoltage Loadshedding Methodology
5.3.1 Total Amount of Load Shed
5.3.2 Loadsheddii Time Delay
5.3.3 Location of Loadshedding Events
Security of Undervoltage Loadshedding Schemes
System Operating Margin

Summary

49

50

51

52

53

53

54

54

55

58

59

60

60

61

63

64

Application: UFLS and UVLS Methodology on a Test System

6.1

Introduction

Vi

65

65



6.2

6.3

6.4

6.5

Test System Des. __ption
UFLS on the Test System
UVLS on the Test System

Summary

Application: UFLS Methodology on the Newfoundland

7.1

7.2

73

74

7.5

7.6

7.7

troduction
System Description
Spinnii  Reserve
UFLS Evaluation Scenarios
Methodology Application
7.5.1 UFLS Evaluation Schedu
7.5.2 Simulation Results
Rate of Change of Frequency Loadshedding
7.6.1 df/ds :S
..6.2  Simulation Resul

(
N

mmary

vii

65

66

68

72

rstem

73

73

74

77

79

88

92

94

119

120

123

127



Application: UVLS Methodology on the Newfoundland System

8.1 Introduction

8.2 System Description

8.3 Development of UVLS Schedules

8.4  Methodology Application
8.4.1 UVLS Evaluation
8.4.2 Simulation Results

8.5 Summary

Conclusion

9.1 Contribution of the Research

9.2 Suggestions for Futt  Work

References

Appendix-A

Overview of the PSS/E software package

- il

128

128

129

135

138

141

154

161

162

162

163

166

171

171



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

3.2

33

4.1

5.1

52

Operating states of a power system

Repres tation of a two-bus power system

Classifications of power system instability

Equipment and time frames of system instability

Equal angle criterion applied to a transiently stable system
Sample multi-line power system

Stable operating margins for system voltages

Load curtailment test system

Power transfer capability during system faults

Zero crossing of successive voltage waveforms

Settling frequency after generation loss due to load damping

df/dt and frequency variation during a generation deficiency

UVLSt )ping logic

[llustrative power vol  : (P-V) curve

ix

11

13

17

20

21

25

28

35

38

46

62

63



6.1

6.2

6.3

6.4

7.1

7.2

73

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

12

7.13

7.14

7.15

7.16

7.17

Test system schematic
Voltage and frequency response for loss of 75 MW unit
P-V curve for test system

Voltage response followir loss of trar 1" iion line and UVLS

Newfor 1land interconnected electrical system
Newfor dland island annual demand variation
Frequency variation for schedule 4 (case 1)
Voltage variation for schedule 4 (case 1)
Frequency variation for schedule 4 (case 6)
Voltage variation for schedule 4 (case 6)
Frequency variation for schedule 4 (case 11)
Voltage variation for schedule 4 (case 11)
Frequency variation for schedule 4 (case 16)
Voltage variation for schedule 4 (case 16)
Frequency variation for schedule 4 (case 21)
Voltage variation for schedule 4 (case 21)
Frequency variation for schedule 4 (case 25)
Voltage variation for schedule 4 (case 25)
Frequency variation for schedule 4 (case 28)
Voltage variation for schedule 4 (case 28)

Frequency variation for schedule 4 (case 31)

66

68

70

71

76

79

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114



7.18

7.19

7.20

721

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

8.16

8.17

Voltage variation for schedule 4 (case 31)
Freque 'y variation for schedule 4 (case 34)
Voltage variation for schedule 4 (case 34)

Frequency variation for df/dt implementation in case 6 at WAV

Generation and transmission east of Bay d’espoir

Hourly 2007 power factor variation at western Avalon station
Hourly 2007 active demand variation at the western Avalon station
Hourly 2007 reactive demand variation at the western Avalon station
Case 1 p-v curve at WAV

Case | p-v curve at O .

Case 2 p-v curve at WAV

Case 2 p-v curve at OPD

Case 3 p-v curve at WAV

Case 3 p-v curve at OPD

Case 4 p-v curve at WAV

Case 4 p-v curve at OPD

Case 5 p-v curve at WAV

Case 5 p-v curve at OPD

Voltage ad frequency plot for case 1

Voltage and frequency plot for case 2

Voltage and frequency plot for case 3

X1

115

116

117

124

131

132

134

134

144

145

146

147

148

149

150

151

152

153

155

156

157



8.18 Voltage and frequency plot for case 4 158

8.19 Voltage and frequency plot for case 5 159

X1l



List of Tables

2.1

2.2

4.1

5.1

6.1

6.2

7.1

7.2

7.3

7.5

7.6

7.7

7.8

7.9

7.10

UFLS schedule for test system

UVLS schedule for test system

Illustra e UFLS schedule

Illustrative UVLS schemes

UFLS schedule for test system

UVLS scheme for test system

Newfoundland island system primary generator listing
Newfoundland island system governor droop settings
System neration listing and light load case

System load variation for spring cases

System load variation for summer cases

System load variation for fall cases

System load variation for winter cases

UFLS evaluation scenarios

Test UFLS sche * les

UFLS test results — 1

X1il

26

26

41

59

67

69

75

78

81

82

83

84

85

86

94

96



7.11

7.12

7.13

7.14

7.15

7.16

7.17

8.1

8.2

8.3

8.4

UFLS test results — 2

UFLS test results — 3

UFLS test results — summary

Largest synchronized ge: ator summ: _ for schedule 4A
Proposed df/dt loadshedding for schedule 4

Results comparison of df/dt trip and schedule 4

Summary of df/dt loadshedding for schedule 4

Equipment capability ratings for eastern section of power system
Total power import summary — 1
Total power import summary — 2

Potential UVLS schedule

Xiv

97

98

99

119

123

125

126

130

143

143

154



List of Abbreviations and Symbols

UFLS

UVLS

PSS/E

SPS

P-V

AGC

AVR

df/dt

MJ

COl

MVAr

BDEI1

BDE2

BDE3

BDE4

BDES

BDE6

BDE7

HRD1

: Underfrequency Loadshedding
: Undervoltage Loadshedding

: Shaw Technologies Power Simulator
: Special Protection System

: Power — Voltage

: Automatic Generation Control
: Automatic Voltage Regulator

: Rate of Change of Frequency

: Megajoule

: Centre of Inertia

: Mega VAr

: Bay d’espoir generator 1

: Bay d’espoir generator 2

: Bay d’espoir nerator 3

: Bay d’espoir generator 4

: Bay d’espoir generator 5

: Bay d’espoir generator 6

: Bay d’espoir generator 7

: Holyrood generator 1

XV



HRD2 : Holyrood generator 2
HRD3 : Holyrood generator 3
CATI1: Cat Arm generator 1
CAT2 : Cat Arm generator 2
USL : Upper Salmon generator
HLK : Hind’s Lake generator
PRV : Paradise River generator
SVL : Stephenville

GT : Gas turbine

SC : Synchronous condenser
DLP : Deer Lake Power

SLK : Star Lake

RBK : _attle Brook

LOU : argest Online Unit

Ld : Quantity of loadshed

HWDCB1 : Hardwoods Capacitor Bank 1

v CB2 : Hardwoods Capacitor Bank ~

OPDCB1 : Oxen Pond Capacitor Bank 1
OPDCB2 : Oxen Pond Capacitor Bank 2
LHRCB1 : Long Harbour Capacitor Bank 1
OLTC : On-Load Tap Changer

O/S : Overshed

Xvi



Chapter 1

Introduction

1.1 Power System Stabili_,

The reliable generation and transmission of electricity is fundamental for the
modern power utility. To this end, system designers and operators must ensure that there
are adequate reserves of active and reactive capacity available to meet load variations and
operating contingencies. These  |uirements are achieved by constant monitoring of
system variables through a sophisticated network of controls and through adequate
system design with respect to the location and availability of active and reactive power
reserves. The effecti' and safe utilization of electric power requires that electricity be
delivered to consumers at nominal operating values for voltage and frequency.

The maintenance of power quality is complicated by disturbances that occur
regularly on the power syst o continual chan;  in customer load to
the sudden failure of a system component or e/  ent. ...e severity of these isturbances
will determine the appropriate countermeasures necessary to maintain power quality and
ensure continued system stability. Some of the options available to preserve system
stability following extreme operating contingencies are underfrequency loadshedding

(UFLS) and ur olt~~~ loadshedding (UVLS).



The stability of a power system may be defined as:

“Power system stability is the ability of an electric power system, for a given
initial operating condition, to regain a state of operating equilibrium after being
subjected to a physical disturbance, with most system variables bounded so that

practically the entire system remains intact” [1].

This definition requires that most of the power system return to stable and reliable
operation following any disturbance or contingency. A disturbance or contingency may
be the result of a change in loading, a fault on the system or an equipment malfunction.
For example, a lightning discharge to a transmission line will cause a si; ificant change
in the energy transmitted by the line and requires appropriate countermeasures to isolate
the affected portion of the system to prevent equipment damage and maintain system
stability. These countermeasures will ensure that the energy associated with the lightning
strike is safely dissipated and is usually accomplished through the operation of protective
relaying and circ it breakers. Once the protective relay operates and the circuit breaker is
opened, the netwo * topology is altered and the system must adapt to the new operating
condition with voltage and frequency at all points within the system remainit  within
normal limits. As per definition [1], the system is said to be stable if, desp :the loss of a
transmission line or similar contingency, the system remains intact with mo variables
bounded within normal operatii  limits.

An overload on a power system may result in significant v ition in the nominal

voltage and frequency and may have a detrimental effect on system stability. One



possible method to remove the overload and to restore nominal oper: ng values is to
initiate a process of automatic load curtailment through UFLS or UVLS and is the subject
of the current thesis. The processes are considered separately and are initiate following a
period of overload on the system. An excess of load to available generation will result in
a less than nominal system frequency whereas system operation with inadequate reactive
reserves will result in less than nominal voltage during an overload.

There are five operating states that represent different levels of security for the
power system; these are: normal, alert, emergency, in extremis, and restorative. Figure
1.1 provides a summary of the operating states as well as the possible transitions that may
occur to move a power system from one operating state to another [2].

While a power system is operating in the normal state, there is a continuous
balance betwee generation and load and all currents and voltages remain at nominal
values on the system. The normal operating state may be further sub-divided into the
secure and insecure states. While in the secure state, the system has : quate reserve
margins on generation and transmission capacity to tolerate the loss of n or system
element (an N-1 contingency) whereas in the insecure operating state an N-1  ntingency
may result in sy m instability.

The alert state occurs when the power system is insecure but still operating
normally and may be in danger of passing to the emer, (cy or in extremis states due to
depleted operating reserves. Transition to either the emergency or in extremis states may
result following a moderate operating contingency while transition to the in extremis state

is the result of a severe conti :ncy. The system will move from the al¢ state back to



the normal state if additional reserves become available through eithr synchronizing
additional generation or by switching additional reactive sources into the circ .

During the emergency state, system elements will be overloaded and the voltage
may fall below acceptable stability limits at some of the system buses. Corrective actions,
such as the clearing of system faults through breaker operation, adjustment of field
excitation current on generators or the reduction of system load throu; loadshedding
will move the system to a more secure operating condition.

While operating in the in extremis state, the balance between generation and load
is compromised and the system will be operating with other than nominal voltages and
currents. Cascading outages are possible during this time and only extreme corrective
measures, such as out of step tripping or load curtailment will prevent a total system
collapse.

During the restorative time frame, the system is being reconstructed and may pass
to either the alert state or the normal state depending on the corrective actions taken while

in the in extremis or emergency states [2, 3, 4].

Restorative 1 Alert I

_

| 1n Extremis

Emergency

Figure 1.1: Operc ~  States of a Power System "~



1.2  Aim of the Thesis

A load curtailment methodology is developed and first applied to a simplified test
system to demonstrate the viability of UFLS and UVLS following severe operating
contingencies. Subsequently, the methodology is applied to the interconnected island
system of Newfoundland to compensate for severe operatir contingencies and to
minimize service interruptions. The results obtained for several different operating
scenarios are used to determine the more optimum loadshedding schedules.

The application of load curtailment to preserve or restore system :quency or
voltage stability must be undertaken in a decisive manner once it is determined that
instability is present on the power system. Such instability will typically be manifested as
a depressed voltage or frequency and is more likely to occur on systems that have
inadequate active and reactive reserves capabilities. A load curtailment strategy is
particularly relevant for isolated power systems that may be constrained to erate with
minimum res«  es due to economic or operational reasons.

Numerous authors have investigated the design and application of UFLS and
UY™ 7 schemes and it is the preval :e and1 isity of such sche s which makes them
compelling as areas of study [6, 8, 10, 12, | | .., 20, 23, 26, 29, 30, 32]. The design of a
loadshedding scheme must primarily ensure that system stability is maint 1ed but should
also be constrained by the magnitude of the resulting service interruptions since

continuity of service is actively sought after by practically all utilities.



1.3 Organization of the Thesis

Chapter 2 of this thesis discusses the general aspects of power sy 'm stability
including consideration of the operating states of the power system during system
emergencies, and the general aspects of rotor angle, frequency and voltage s Hility.

Chapter 3 of this thesis focuses on power system protection, in particular, the
protective systems that are used to detect power system overloads and their modes of
operation. Consideration is given to the methodology employed in the de lopment of
Special Protection Systems (i.e. SPS), such as UFLS or UVLS, for general system
protection.

Chapter 4 expands the conventional methodology associated with load
curtailment during underfrequency events as relates to isolated power systems. Some of
the variables considered are the total amount of load assigned to a particular UFLS
schedule, the number of loadshedding stages, and the determination ¢ the frequency
tripping thresholds.

Chapter 5 presents the conventional methodology concerned with 1 dervoltage
loadshedding during periods of dep ;sed system voltages. The variables associated with
UVLS are discussed and include the total amount of loadshed during 1 lervoltage
events, the location of loadshedding and the time delays required for operation of UVLS
schemes.

Chapter 6 contains the application of the load curtailment methodologies
contained in chapter 4 and chapter 5 to a simple test system. The necessity an =ffect of a

load curtailment scheme is presented and discussed.



Chapter 7 contains a description of the Newfoundland island interconnected
system and presents the application of the load curtailment methodology developed in
chapter 4 to the island system. The generation dispatch scenarios employ during the
evaluation of the unc frequency loadshedding schedules and the results obtained for the
underfrequency case are presented and discussed. The chapter concl les with a
recommendation for an UF™ ™ schedule.

Chapter 8 contains the application of the undervoltage methodology presented in
chapter 5 to the Newfoundland island system. The results obtained for the undervoltage
case are presented and discussed. The chapter concludes with a recommen ition for an
UVLS schedule

In Chapter 9, the thesis summary is presented and highlights the contribution of

the present research and suggestions for future work.



Chapter 2

Powc— System Stability

2.1 Introduction

The purpose of an electric power system is to provide a means for the
transformation and transmission of energy. The energy may be transmitted over
significant distances to areas of consumption where it is retransformed to heat, light or
motion. An electrical power system has several essential components t .. able the
production and distribution of electrical energy to consumers. Some of these components
are generators, transformers, transmission lines and circuit breakers. Other essential
power system components are compensation devices (for voltage control), revenue
metering and protective relaying.

An electrical system can be comprised of only a few of the above-mentioned
elements and can be relatively simple with simple system requiring only a generator
. 1aload. Modern power sys ns, suct  the M American power sys n,a ich
more involved and can have several thousand ‘nerators, transformers and transmission
lines providing energy to millions of customers at controlled voltages and frequency.
Load curtailment strategies may be required to maintain system stability if voltages and

frequency diverge significantly from normal operatir  values.



2.2 Electric Power System Operation

Figure 2.1 depicts the power transfer between the sending and receiving sections
of a simple two-bus system. In general, the power angle and the bus voltages control the
flow of active power with the power angle being the dominant indicator of pc er flow.
Inspection of equation 2.1 reveals that when the power (or torque) angle is zero there will
be zero active power flow between the sending and receiving ends of a transmission line
regardless of the voltage magnitude. Similarly, a relative increase in the bus vc ges will
alter the flow of active power 1 ween the sending and receiving ends of the transmission
line for any value of power angle (other than zero). Further, the power angle and voltage
magnitude can be varied independently during normal operation. Inspection of equation
2.2 reveals that the flow of reactive power is determined mainly by the relative voltage
magnitudes between sending and receivii  ends of the line with the power an; :being a
secondary indicator of reactive power flow. ...e result is that reactive power will flow
from a region of greater voltage to a region of lesser voltage. The m: itude of the
transmission line impedance limits both the flow of active and reactive power in

electrical systems [2].

X X. X
| r |
| — |
—_—
Eg P Eq

Figure 2.1: Representation ¢. a two-bus power system
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with Pg representing the receiving end active power (pu), Qg representir the receiving
end reactive power (pu), Eg representing the receiving end voltage (pu), Es representing
the sending end voltage (pu), X representing the reactance between Eg and Es and &

representing the angular difference Eg and Eg.

Reactive and active power losses, primarily due to transmission line impedance,
have a significant effect on the manner in which the system is operated. It is ideal that
power systems operate without a volt: : gradient between the sending and receiving
sections and that reactive power be supplied to load buses by local sources [3]. An
increased voltage gradient implies increased reactive flow resulting in increased line
losses, reduced transmission caj :ity and reduced operating efficiency. The limitation on
the flow of reactive power in an electrical system  ults from the inductance of
transmission lines and is proportional to the square of the current >wing in the
transmission line. For this reason, the voltage gradient between the sending and receiving
ends of a transmission line will usually not exceed 5% of nominal during no 1al power
system operation [4]. The losses associated with the resistance of the line € nents are
usually neglected since their effect is minimal when compared to the corresponding line

reactance.
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When the system is operating in a steady state condition, there is a balance
between power generated and power consumed. However, the equilibrium of the system
may be compromised when the system is perturbed or acted upon by an external
disturbance. If the disturbance is sufficient to significantly alter the active or reactive
power balance, the system may change to an unstable operating condition. If unstable
operation continues, the system may collapse and undergo a complete failure.

Rotor angle instability, frequency instability or voltage instability can occur
separately or simultaneously. In general, a system may experience voltage instability
without experiencing frequency instability whereas frequency instability will affect the
voltage and generator rotor angles. These effects are all concurrent but it . usually not
necessary to consider them together in the context of the stability problem since each
disturbance on the system will typically involve only a limited part of the system and
may predominately affect a single aspect of stability. For these reasons, it is often
convenient to consider only the affected elements of the system and the effects these
elements have on a particular aspect of system stability [4].

During a disturbance, the speed of some machines will increase with respect to
others both in the short term, as transient oscillations, and in the longer t¢ as an
increase or decrease in rotational velocity. ...e effect of a speed increase is to cause those
machines, which are accelerated, to produce more power than those machines operating
at a reduced speed. The effect of this power redistribution among the machines (i.e.
generators) is to reduce the speed of the faster machines and increase the speed of the
slower machines. The transfer of energy from faster to slower machines is the principal

mechanism by which transient oscillations are damped and enables the power system to
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The distinction between the short term and long term time frames is not absolute.
In general, the short-term time frame spans the first 10 seconds of an event w reas the
longer-term time frame will typically exist for 10 seconds to 60 minutes. Control events
that were initiated in the short-term time frame may endure into the long-term ime and
the distinction depends on the duration of the event and the type of equipment that
responds to or is affected by an event. For example, longer-term problems may be largely
related to on-load tap changers, AGC (i.e. automatic generation control) or other “slower
devices” whereas short-term stability issues usually involve generator field current or the
rotational dynamics of generators and loads [5]. The events of primary interest in this
thesis are the longer-term problems associated with frequency stability and voltage
stability. In general, frequency stability relates to the active power ba 1ce between
generation and load and is independent of network structure whereas volta; stability
relates to the reactive power balance between reactive sources and loads and is dependent

upon network structure.

2.3.1 Rotor Angle Stability

Rotor angle stability is a short-term phenomenon and concemns the ability of
generators to remain in synchronism following a disturbance. The electromechanical
dynamics of rotor oscillations following a disturbance is of primary inte.  and includes
the ability of the system to damp these oscillations and return the rotor 1d 'stemto a
stable and non-oscillatory operating state.

Equation 2.3 is known as the “swii equation” and describes : electro-

mechanical oscillations of a synchronous machine rotor fol 2 a disturban  This
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expression is used in stability studies to model the motion of machine rotors for
disturbances on the power system. A power system containing (IN) generators could be
modeled with (N) swing equations and the determination of the system dynamics requires

the simultaneous solution of the set of swing equations [3].

J =T, =T, -T, (2.3)

with J representing the total moment of inertia of the rotor masses, ., represent g the net
accelerating torque, T, representing the electrical torque, T, representing the mechanical
torque and & , representing the angular displacement of the rotor in mechanical dians

Rotor angle stability is subdivided based on time duration into (1) small signal or
small disturbance rotor stability and (2) transient rotor stability. Whether the rotor
instability is small signal or transient in nature depends on the severity of the initiating
disturbance. Small disturbances (or perturbations) result in small signal instability and
manifest themselves, on stable systems, as oscillations in rotor speed (and voltage),
superimposed upon the synchronous speed of the rotor, and usually decay in several
cycles as damped sinusoids. ...ese types of disturbances occur on the power system
regularly and are typically caused by load char :s. In cont ¢, trans 1t rotor a1 ¢
instability may endu for several seconds and is a result of a ~ sturbance, such as a
system fault, and causes large swings in generator power angles as well as voltage
variations [2, 5].

Inspection of equation 2.4 reveals that electrical torque may be divided into
synchre ~ °  torque and damping torque with synchronizing torque proportional to
changes in rotor angle and damping torque proportional to speed changes. Small s* al

instability is caused by either insufficient synchronizing torque, in w ch case a
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continuous increase in rotor ar ‘e may cause a loss of synchronism, or insufficient
damping torque, which may result in rotor angle oscillations that increase in  agnitude
until synchronism is lost. Adequate synchronizing torque is usually not a stability issue
for modern systems with continuous voltage control since increases in the machine
voltage will increase the air gap flux and will exert a restraining force on the machine
rotors. Insufficient damping torque is of greater concern in modern systems and may
result in rotor oscillations between closely coupled machines caused by control
inefficiencies due to improperly tuned speed governors or excitation controls [4].
Improperly tuned governors may create a condition in which increases in eneration
output occur with different time constants at several different generators 1d 1ay result
in large frequency and rotor a1 ‘e excursions.

AT, =T, A0+ T,Aw 2.4)
with AT, representing the change in electrical torque, Ts representing the synchronizing
torque coefficient, A5  >resenting the incremental chai : in rotor angle, Tp representing
the damping torque coefficient and Aw representing the incremental change in speed.

Transient rotor instability is caused by a large disturbance on the power system
such as a three-phase fault or the loss of a generation unit, and can result in one or more
machines pulling out of synchronism with the rest of the system. Following a generation
fault, there is a significant change in power flow and requires that the power deficiency
be redistributed among the remaining online units. This will result in an increase in
power angle and may cause some of the machines to loose synchronism depending on

their initial I¢ | the ltclearingt’ 1 rrator rotor inertias r factors.
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A Pre- & Post-Fault

Figure 2.4: Equal angle criterion applied to a transiently stable syst 1, |

Figure 2.4 illustrates the classical analysis of rotor angle stability utilizing the
equal area criterion. Briefly, a transmission line fault that occurs while a generator is at
an initial operating angle (8y) must be cleared before the machine rotor advances beyond
the critical clearing angle (8c). The critical clearit t' 2 corresponding to the critical
clearing angle is the maximum time delay between initiation and final clearing of a fault
while maintaining generator synchronism. If fault ¢ iring is delayed beyond the critical
clearing angle, there will be insufficient time to decelerate the rotor and the generator will
pull “out of step” with the rest of the system. In this condition, the rotating stator field
and the rotor field are no longer operating in synchronism and large fluctuations in
voltage, rotor angle and frequency will activate protective relays resulting in trip of the

rration unit ,_, 4].
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the system with a consistent voltage profile since this will minimize react 3 losses
caused by significant voltage gradients.

The reactive output of the synchronous generator does not depend on the bus
voltage but rather the magnitude of the machine field current. Hence the reactive output
of the generator will not decrease due to low bus voltage as would occur for shunt
capacitors. The reactive output of capacitors varies as the square of the voltage and in
direct proportion with frequency. Clearly, capacitors will function with decreased
efficacy during any system contingency involving either a decrease in frequency or
voltage.

Furthermore, voltage stability will be improved through generator operation at
near unity power factor. This will maximize the avail ility of a fast reactive reserve
from generation sources resulting from the minimized field current required at unity
power factor while the actual reactive reserves available from a generator will vary with
generator capability and current loading. This generator reactive reserve is particularly
valuable during short-term contingencies since the generator automatic voltage regulator

(AVR) will respond quickly to meet changing reactive demand on the system.

2.3.2.1 Voltage Collapse Scenarios

Voltage instability may occur when the system is unable to meet the reactive
requirements of the load and is most likely to occur on a heavily loaded syste . A typical
scenario for a long term voltage collapse would be subsequent to the tripping of one or
more transmission lines or during period when generation sources near load ¢ ers are

out of service.
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Figure 2.5: Sample multi-line power system [8]

Consider Figure 2.5, which depicts a simple system in which seve  parallel
transmission lines are employed to service a large load center. If one of more of these
transmission lines trip, the system will require that a greater amount of power be
transmitted over fewer lines. This will result in increased reactive losses on the remaining
in service transmission lines and a decreased voltage at the receiving end of the line (near
low voltage distribution centers). Typically, on-load tap changers will operate after a few
minutes to raise the distribution voltay and restore the nominal load demand. The
additional reactive demand will be displaced to compensation devices elsewhere on the
system (especially those close to the area of low voltage) and long term voltage
instability is possible if reactive reserves are insufficient to meet the currentd 1and.

Three power voltage (P- V) cur ; are depicted in Figure 2.6. The A rve shows
normal operation and the B and C curves represent the system characteristic for N-1 and
N-2 transmission line loss contingencies. The loss of a single circuit (i.e. transmission
line) requires that the system operate with a reduced active power capal ity or stability
limit. . or _ e, if a power sys is operating at the point A2 andati  occurs on one

of the parallel transmission lines, the maximum power asfer« »Hability is r uced to
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Figure 2.6: Stable 0] ating margins for system voltages [8]

the point B2. Further, operation at the point A3 would result in sys n instability
followit a line loss contingency since the remaining transfer capacity would be
insufficient to maintain acceptable voltages and will require load curtailment if adequate
reserves are unavailable. Movement between the points B1 and B2 will occur as the
system loading changes or in response to a variation in the availability of reactive
reserves (such as a capacitor | 1k malfunction or operation of generator overexcitation
limiters) with operation past the knee point (point B2) resulting in a system voltage

collapse [9].

2 7.3 Frequency Stability

Frequency stability has not received the si e at ion in the literature

concerning power system stability when compared with investigations into r« r angle or



22

voltage stability. One possible explanation for this is that most power syste 5 in the
world are large interconnected systems that do not exhibit frequency insta lity and
contain sufficient inertia and generation reserves to prevent any significant frequency
deviation from nominal. This is not however the case for smaller isolated systems that
may be operated with a minimum of spinning reserve (for economic reasons) and are
very limited with respect to rotating inertia. For these smaller systems, frequen: stability
may be of more concern than rotor angle stability since the loss of any generator may
initiate a period of frequency instability and may require the application of a load
curtailment strategy [10].

The distinction between short term and long term frequency stability, also known
as mid term and long term frequency stability, is based on the presence of synchronizing
power oscillations among the system generators. Specifically, the time frame prior to the
damping of speed oscillations is termed the mid term period whereas the period after
these oscillations have been damped is called the long-term period. Damping of speed
oscillations on a power system is derived from several sources with the most effective
source being the inertia of the generators themselves while other system ele: :nts, such
as the generator governor, motor loads and reactive power compensators function as
effective secondary sources [2].

Synchronizing power oscillations are a short-term frequency phenomenon and are
dependent on the power system response to disturbances. These oscillations are the
exchange of mechanical kinetic energy among _ jups of generators. Inspection of
equation 2.5 reveals that the power output of the ith > ator is dependent upon the ith

rotor angle and voltage as well as the rotor angle and voltage of every other generator
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synchronized to the system. In addition, note that the power flow between ge: -ators is
inversely proportional to the transient reactance of the machines [11].
P, =§—ZTI[% Z,cos(8,-6,- ¢, )} (2.5)

i j
with Pg; representing the pow __ transfer between the ith and jth generators, E; and E;
representing the line terminal voltages, 0; and 0; representing the line terminal voltage
angles, Z;; and (;; representing the complex impedance between ith and jth nc itors and
Xiand X representing the transient r :tance of ith and jth generators.

The synchronizing co-efficient defines the power output relationship between the
ith and jth generators and is given by equation 2.6.

K=EEY;cos(5,-6,) (2.6)
with K representing the synchronizing co-efficient , E; and E; representing the line
terminal voltages, & and §; representing the line terminal voltage angles and Y
representing the admittance between the ith and jth generators.

The synchronizing power (or torque) co-efficient is the slope of the power angle
curve at the initial operating angle (&) and describes the change in the elect al power
generated by a machine due to the change in the angle between the generator internal
voltage with respect to another system bus following a disturbance [2]. When the slope is
positive, as will occur when & is between 0 and 90 degrees, the motion of the rotor
subsequent to a disturbance, will exhibit simple harmonic motion and decay as a damped
sinusoid. Conversely, when the synchronizing power co-efficient is negative, as will
occur when the operi  angle is between 90  * 180 degrees, the rotor v | oscillate

with increasing amplitude. Synchronizing power coefficients indicate the strength of the
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2.4 Load Curtailment on a Test System

The following section contains a précis of the load curtailment application
strategy contained in chapter 6 for a test system. The intention is to introduce tt reader
to the necessity and potential effectiveness of load curtailment with regards to the

maintenance of system s ility during operating contingencies.

Unit Rating (X3)
75MW /40MVAr 60 MW

20 Mvar
m
é—- 230kv __% %— >

230/138 kv

%“ h% 1 230/13.8 kV

13.8/230 kv

50 MW

30 Mvar
Figure 2.7: Load curtailment test system

Figure 2.7 depicts the application system as contained in chapter 6. The system in
question contains three identical 85 MVA generators. The 110 MW and 50 MV Ar load
« nand is serviced through a paral’ ~ * :uit 230 kV transmission line. The  t system
does not contain tap changers or shunt capacitors.

The application of the L. .S schedule contained in Table 2.1 is demonstrated for
the loss of a single 85 MVA | erator. This schedule contains three frequency tripping
thresholds with each containing 25 MW of load. Similarly, the application of the UVLS
schedule contained in ™ “le 2.2 is demonstrated for a loss contingency involv g one of

the transmission lines. ..me domain simulations are provided for the underfrequency and
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undervoltage cases in chapter 6 and clearly demonstrate that system stability is conserved
subsequent to the application of the load curtailment schedules. The reader is directed to

chapter 6 for additional details of the application.

Table 2.1: UFLS schedule for test system

Frequency
Threshold |Loadshed

F{SE A Iqu)
oT.v 2R
I E] R i+ e~ |
1 od.u | <2 |

Table 2.2: UVLS schedule for test system

Voltage Time

Threshold |Loadshed| Delay

(Volt) (MW) (sec)
0.91 20 0

2.5 Summary

This chapter has provided a general survey of power system stability. The effects
of contingencies on the system, such as the failure or tripping of a syst 1 component,
have been described as relates to rotor angle, voltage and frequency stability. ...e time
frames and characteristics of stability have been described in general terms and the
application of a load curtailment strategy to mitigate the effects of long term voltage and

frequency instability have been introduced.
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Chapter 3

Power System Elements and Protection

3.1 Introduction

A power system disturbance will affect the balance between active and reactive
generation and load. The disturbance magnitude will determine the change in the
operating state of the power system and whether protective schemes e tripped or
operated. In general, the most vulnerable part of a power system is the transmission line
network since the lines a more exposed to faults caused by geography and weather,
sﬁch as salt contamination or tree contacts, than are other system components. In
addition, the percent of maximum loadit on the system will also ave a significant
effect on how the system responds to a fault due to variation in the availability of power
reserves. Power system operation will return to a stable condition, following a line or
generator trip, if the new system conf™ iration is stable and the fault is cleared within the
critical clearing time. Instability v " result if there is insufficient reactive reserve or real
power generation capacity available to support the system following a successful relay
operation. The mitigation of insufficient reserve capability can be achieved through
application of an UVLS (i.e. undervoltage loadshedding) or UFLS (i.e. underfrequency

loadshedditr ~sche : 1isthe sub :tof the current chapter.
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Figure 3.1: Power trans  capability during system faults [1:

The typical response of the system protection for a fault on the power system will
not involve the operation of eitl UFLS or UVLS schemes. The energy that was
previously flowing to the load will now flow into the fault since the generator turbine
cannot instantaneously decrease power output through the adjustment of the machine
wicket gates or boiler valves. Tt voltage at the point of fault may decre: : significantly
on some or all phases of the power system, as shown in Figure 3.1, and the power transfer
capability of the system will be seve y limited. Concurrently, the r or angle will
advance due to stored energy in the rotating mass of the ichine 1 bine and the
generator will at npt to restore the bus voltage by increasing its field current. This
(faulted) operating condition will persist until the appropriate breakers open and isolate
the affected element(s). If the breakers then close, to restore the system, the generator

automatic voltage regulator (AVR) will act to decrease the field current, and therefore the
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bus voltage, and the generator governor control will begin to slow the machine causing
the rotor to decelerate. Once the fault has cleared, the system will settle to a new steady
state operating condition with possibly fewer transmission lines [7].

As power systems have evolved, they have become more complex both in design
and in operation. This increased complexity may also increase the vulnerability of the
system to instability and collapse due to possible protection misoperat 1s. When a major
system disturbance occurs, protective relaying must respond in a timely manner to isolate
the cause of the system anomaly and restore stability to the system. This is achieved
through a variety of protective systems that monitor either (or both) the voltage and
current and typical protective schemes can be grouped according to which system
element they protect. For example, generator protection can include loss of field, rotor
imbalance or excessive stator current relaying. In general, when the ratings of the
machine are exceeded or the machine deviates from a normal operating condition,
protective relaying will initiate the operation of circuit breakers and isolate the affected
machine. Other system elements, transmission lines and transformers for example, can
also have specialized protective systems, such as distance rela g or differential
relaying. These systems are designed to protect a single system element whereas other
types of protection schemes such as UFLS, UVLS or out of step protection are designed

to respond to the operatir  state of the power system.
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3.2 General System Response to Generation Loss

Subsequent to the trip of a system generator, the remaining synchronized
generation will experience a transient rotor oscillation with those generation units closest
to the tripped generator experiencing the greatest perturbation. If the system has
sufficient damping, these oscillations will decay in a few seconds and the inertia of the
system (the combined rotating mass of the remaining synchronized generator rotors and
turbines) will limit the rate at which the frequency decays. The variation in rotor angle
will be experienced almost instantaneously by all generators for smaller systems and will
expand in a wavelike manner for lar;  systems [2].

The time frame for long-term frequency stability begins after the synchronizing
oscillations have been damped and a common frequency exists at all system buses
whereas the mid-term time frame is characterized by the existence of speed oscillations
[2]. Immediately after a generation loss, the remaining generators still synchronized to
the system will oscillate in the transient time frame as determined by their synchronizing
coefficients. The extent of the speed change for each generator is partially determined by
the inertia of the turbine generator mass with lar :r machines being rturbed less from
synchronous speed. The effect of v+~ Hle ichine inertias across :: ;tem during a
sudden generation loss is therefore to create oscillations amo1  the machines while the
system attempts to synct lize to a common frequency. These mechanical intermachine
oscillations (or synchronizii  oscillations) will usually be damped 1-2 seconds
p = ipally by the inertia of the machine itself but also by load frequency (and voltage)

characteristics, generation gove rs and excitation systems [14]. Equation 3.1 indicates
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frequency will ultimately be restored to nominal values after several nutes by the
actions of the automatic generation controller (AGC) at selected generators [17].
Concurrent with the frequency decay following the loss of a generator will be
voltage decay in the region of the power system nearest the failed generator. The ability
of the power system to restore the system voltage, at the affected busses, will depend
upon the placement of reactive reserves and contributions by other :nerators or shunt
capacitors. Generation sources will increase their excitation to compensate for the
reduced voltage and other local compensation devices (i.e. shunt capacitors) will
contribute reactive energy to the system within their capability. For an isolated system in
this condition, the emergency or in extremis states, load curtailment may be required to
avert a system collapse whereas larger interconnected systems may ave sufficient

reserves to compensate for any probable generation contingency [4].

3.3 Protective Relaying

Protective relaying provides continuous monitoring of system voltage and current
levels. When the volt: : or current on the system is outside of an e  :ted range, the
protective relay will initiate a circuit breaker operation and disconnect the malfunctioning
or overloaded element from the power system. For the purposes of the present research,
the relaying of interest (voltage and frequency relaying) is intended to detect conditions
that threaten either frequency or voltage stability and will respond in  predetermined
manner by initiatit a load curtailment strategy and disconnect selected portions of the

system load.
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All protective relaying must abide by the classical credo of *‘reliability versus
selectivity”. A relay that correctly ic 1tifies an abnormal system condition and responds
correctly to that condition is said to be reliable. The reliability of protective schemes is
often improved by the installation of independent backup or secondary systems that
ensure the correct operation of a relaying scheme if the primary protection fails to
operate. In contrast, the selectivity of a protection scheme refers to the ability of
protective relaying to co :tly identify a faulted system element and to trip only the
affected equipment while lc /it the remainder of the system intact.” :re is therefore an
inherent trade off between the  ective and reliable operation of protective devices on a
power system since it is required that the relay operate and open the necessary circuit
breakers to clear the fault but it is also important that the protection operation not
interrupt more of the power system than is required. Other important considerations with
respect to the correct implementation of protective relays are speed, simplicity and cost
[18].

Within the context of load curtailment, reliability and selectivity refer to the
predictable response of the protective relaying controlling the schedule. It is vital that the
f juency and voltage relays operate when the trip settings become active and thereby
enable the load curtailment schedule to respond to the system contingency. Reliability is
enhanced by the presence of frequency and voltage  ays at several diffe at locations on
the system monitoring dil ent distribution feeders. Hence, if one of the relays
misoperates, compensation will be achieved thro.  the operation ¢ other relays at the

same tripping threshold. Similarly, the selectively of the load curtailment schedule is
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achieved through consideration of the probable system response to a contingency. The
tt  shold settings are adjusted according to the expected variation | voltage and
frequency to ensure that the benefit of loadshedding to the system is realized prior to the
activation of subsequent tripping thresholds. It is desired that the process of successive
load curtailment occur in proportion to the severity of the system contingency through the
predictable operation of the appropriate protective relaying and thereby prevent load loss

in excess of that which is required.

3.4 Frequency and Voltage Relays

Modemn digital relays typically have accuracies greater than 99%. Typical
precision for a frequency relay is 0.01 Hz when identifying frequency and 0.1 Hz/sec for
identification of the rate of change of frequency. Depending on the . sign of the relay,
there will also be an operating delay of 2 to 4 cycles for execution of the relay frequency
algorithm. Similarly, voltage relays have typical accuracies of greater than 99% and are
generally considered to operate instantaneously.

The time delay required for determination of the df/dt (i.e. the rate of change of
frequency) varies among relay manufacturers but a conservative fig e would be
approximately 200 mSec (that is, it requires 200mSec for the relay to sample a sufficient
number of cycles to determine the df/dt). In digital relays, the sam; ng time and the
number of monitored cycles are variable and can employ a moving time average window
to calculate the df/dt of successive waveforms. A two-cycle algoritl s ill ed

Figure 3.2 and will measure the time intervals between two successive pe ds (i.e. zero
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crossings of the voltage waveform) and calculate the df/dt on a per cycle basis as shown
in equation 3.3. The accuracy of the df/dt calculation using a time-aver jed value will
increase when an increased number of cycles are u | for the calculation. The caveat is
that increasing the number of monitored cycles will also allow more time for the
frequency to decay pending relay operation but will decrease the error iherent in the
df/dt calculation resulting from possible frequency variations among the system busses.
Recall that systems containing limited inertia may exhibit local frequ cy oscillations as

the generators atte _ t to synchronize to a common frequency following a disturbance.

t Y= f(t ) 1
g_=f_( .= 1 * _ ] (3.3)
dt t, —t, t,—t, t,—t, t,—t,

with df/dt representing the rate of change of frequency, t, representi ; the time of the

initial zero crossing, t; rep  enting the time of the second zero crossing and so on.

Figure 3.2: Zero crossing of successive voltage waveforms
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3.5 Special Protection Systems

A Special Protection System (SPS) is a protective system that is intended to
prevent a power system collapse during extreme operating contingencies such as the loss
of a major transmission line or large system :nerator. This type of pr :ction scheme
will typically function while the power system is in an emergency or in extremis state and
should take decisive action to prevent a system collapse. The requir  action is to
separate potentially large sections of load from the system in an effort to maintain system
stability. As already stated, some examples of this type of protection system are
undervoltage loadshedding, underfrequency loadshedding and out of step protection. In
general, the purpose of an SPS scheme, is to protect the power system from events that
threaten system stability and are more far reaching in their effects than those applications
that protect only a single system element; such as a line overcurrent relay or a
transformer differential relay [19].

An SPS may be either “centralized” or ‘‘de-centralized” in design with the
distinction depending on the tripping information required for re.  operation.
Centralized schemes usually rely on high-speed communications and a central relay or
computer processor to make the decision to initiate load curtailment where: relays in de-
centralized schemes act independently and will trip based only on the local variables
available to the relay. An SPS will respond to an N-1 or greater contii =ncy depending
on the subsequent variation in the system voltage and frequency. This . especially true
for isolated systems that, with a limited inertia and : ation, 1y be sceptible to

instability following any N-1 or greater contingency. These types of protective schemes
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will typically operate subsequent to the time frames of other protective relaying systems
and in this sense the SPS scheme is often the last line of defense for the maintenance of

power system stability.

3.6 Power System Loac

In general, the power demanded by the system is affected by the variation in the
operating voltages and frequency. Some commonly used figures which are used to reflect
this variation are a 1 - 7% decrease in load demand for a 1% decrease in frequency and a
1% decrease in load power demanded for a 1% decrease in voltage. The actual values are
system specific and depend on the characteristics of the system loads. Nonetheless, power
system operation at reduced voltages and frequencies will introduce a “ ad damping”
factor during disturbances and utilities have conducted studies to determine the potential
effects of operation at reduced voltages and frequencies [20] [21]. The exact value by
which a system load is sensitive to variations in frequency and voltage is generally not
known with certainty (without detailed studies) and often requires approximations
through the use of aggregate load models [22].

If UFLS schedules do not activate or are not part of the system protection scheme,
the frequency will stabilize at a value less than nominal depending on the verity of the
overload and the fre iency characteristics of the load [23]. Figure 3.3 and equation 3.4,
describe the expected settling frequency for a power system following differing degrees
of overload assuming a 2% reduction in load for a 1% reduction in fre e y. Note that

systems with smaller H constants (containing a lesser amount of stored kinetic energy in
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the rotating mass of the generator turbine) have an increased rate of frequency decay

when compared to systems that contain larger generators.

AP
fﬁnal fo[l_m):l (3.4)

with frna representing the new stable operating frequency, fy representing the nominal
frequency, AP representing the per unit generation reduction (based on remaining
generation) and d representing the per unit change in load for per unit change in

frequency.

FREQUENCY H:z

O 2 4 € B8 w w« w 6 8 20 €« e 26 28 30 32 34 38
TIME - SECONDS

Figure 3.3: Settling frequency after generation loss due to load damping [23]

The modeling of loads for power system simulation with respect to voltage and
frequency variation can have a pronounced effect on the results obtained. However,

simulations . often conducted with the _ :rating assumption that a power system load
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will behave with a “constant power and constant impedance” characteristic. The effect of
this assumption is that the load will be invariant for transient changes in voltage and
frequency and while this approach does admit as margin of error, it will provide a
reasonable approximation with respect to actual load behavior [24]. The current research
will also employ a constant power and constant impedance model for simulation of
power system loads and the results obtained will be consistent since the assumption will
apply for all simulations.

Induction motors may be mo« ed as constant power loads for steady state
simulations such that a dec u in voltage will accompany a proportionate increase in
power demand. Another dominant load type that is voltage sensitive  d may contribute
to voltage collapse are thermostatically controlled resistive loads. During periods of
prolonged low voltage, the switchir on and off of thermostats will increase the system
loading and will exacerbate any voltage stability problem since thermostatic loads will be
active for longer periods of time at reduced voltages and will therefore increase the

proportion of system loading which is resistive in nature [4].

3.7 Summary

In this chapter, the importance of system protection during disturbances has been
emphasized. The sys nresponse to a generation loss was briefly discussed as well as the
role of SPS schemes during generation contingencies. Finally, the effect of load model
variation on power sys!  response durii operation at low voltages ar frequencies is

“scussed for some of the prevalent system loads.
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Chapter 4

Underfrequency Loadshedding

4.1 Introduction

The purpose of an UFLS schedule is to restore the balance between generation
and load before a decline in the system frequency compromises stability. Reduced
frequency operation will cause overfluxing and heating of magnetic materials on the
power system due to high Volts/Hertz ratios and may exacerbate an existing generation-
load imbalance by forcing a shutdown of thermal plant generators by reducing the output
of induction motors servicing necessary thermal plant auxiliaries [9]. Therefore the
operation of an UI™ 95 scheme should be automatic  ~ decisive once the system
frequency has decayed to the threshold frequencies of the schedule. The principal method
through which UFLS is achieved is through disconnecting preselected portions of the
system load as the frequency decays to the threshold trip settir  such that an increasing
amount of load is disconnected for increasing severity of underfrequency. Other UFLS
methods are to incorporate df/dt relaying into the control logic of the f juency relays or
to initiate loadshedding manually through operator intervention.

Design of L. ._S schemes is complicated by the lack of foreknov :dge regarding
the disposition of the power system, such as " : 1 n " patch or the system

loading, immediately preceding a generation loss conti 'ncy. Therefore, UFLS
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schedules must be designed to function correctly for every generation loss contingency.
To reiterate, if the system frequency declines to the point where UFLS is required there is
a significant generation imbalance (at least an N-1 generation contingency) on the system
and corrective action is required. Rather than risk a total system collapse, it is prudent to
disconnect enough of the system load to preserve system stability. UFLS schedules may
also provide protection for N-2 contingencies through the addition of lower frequency
threshold settings and thereby continue to disconnect load in proportion to the generation
loss contingency.

The general structure of an UFLS schedule is a series of frequency thresholds
defined by frequency trip points with a predetermined amount of load assigned to each.
Consider Table 4.1, which shows an illustrative UFLS schedule. There are three
frequency threshold trip points (i.e. trip settings) assigned to trip 10% of the system load
once activated. As the frequency decays in response to a generation loss, the
underfrequency relays will trip the indicated portion of the system load in an attempt to
restore the system generation — load balance. If the frequency decays to a value less than
58.0 Hz (with reference to the UFLS sche_dule contained in Table 4.1), 30% of the system

load will be disconnected.

Table 4.1: Illustrative UFLS schedule

Freq~~cy Trip Point| Total Load Shed
59.0 10%
58‘: 41No0/
58.0 : 1U%
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An expression that describes the relation between the generation-load imbalance,
the system inertia and the rate of change of frequency (i.e. df/dt) is given by equation 4.1.
This is a simplified expression that does not consider load dynamics, govemor
effectiveness or synchronizing power oscillations but is accurate and adequate for the

creation of the frequency relay  ings contained in an UFLS schedule {25].

#__F

ST— 4.1)
dt  2H gy

with df/dt representing the rate of change of frequency (Hz/second), P representing the pu
system power deficiency and Hsystem representing the system inertia constant
(Joules/MVA). A negative : 1eration deficiency implies that electrical demand is greater
than the available prime mover power and will result in a negative df/dt.

The point of “frequency turnaround” is the moment when the df/dt changes from
negative to positive (i.e. df/dt = 0) and indicates that the generation deficiency has been
redressed. The constant H is the ratio of the generator moment of ertia to the unit
capacity and Hsystem is the equiva it constant when considering all generators on the
system. Inertia is a physical constant which is analogous to mass for linear systems and
defines the ability of a r¢ ing object to store kinetic energy. The kinetic energy
associated with a rotating machine varies according to size with values of 300 MJ to 2000
MIJ being typical for smaller electrical systems. For example, if a generator has an inertia
constant of 5 (i.e. H=5) and has 500 MIJ of stored energy at rated speed, then that
generator can supply it’s rated output (500 MJ) for 5 seconds prior to stopping assuming

that the pov , tand load demand n 1s ¢ the deceleration process.
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The rate of change of frequency (df/dt), as defined by equation 4.1, indicates that the
expected rate at which frequency will decay is proportional to the generation deficiency

and inversely proportional to the total inertia of all synchronized gene ion.

4.2 Active Power Reserves

The total system inertia is the defining characteristic that distinguishes the
response of isolated systems to generation deficiencies from that of larger systems. A
large interconnected system will have several hundred (or more) large generators and
several thousand megajoules (MJ) of rotating kinetic energy whereas a smaller, isolated
system may have a total kinetic energy of only 10,000 MJ. Inspection of equation 4.1
reveals that the effect of trippit  a single generator on frequency stability will be much
more pronounced on an isolated system than on larger interconnected systems as a
consequence of the vast difference in total stored energy or “inertial generation”. This
underscores the effect of having the synchronized rotating mass (i.e. the kinetic energy)
of several thousand generators available to compensate for a generation deficiency on
larger systems whereas the loss of a single generator for an isolated system may represent
a significant portion of the total system energy. For large interconnected systems, it is
unlikely that frequency stability will be a concern since the probability of losing a
significant portion of the sys n generation is remote.

For an individual generator, spinning reserve is the difference between the rated
power output and the current loading. From the system point of view, the total spin1 2

(=4

reserve is the sum of the synchronized and unutilized generation capacity for all units and



in general, the fre« ency stability of a system is largely dependent on the availability of
spinning reserve (and inertia). Clearly, for a large interconnected system, the quantity of
spinning reserve (and inertia) available, at all times, is much greater than that available to
an isolated system, as a consequence of the number of generators synchronized to the
system. To reiterate, tripping a single generation unit on an isolated system, removes a
much greater proportion of the spinning reserve (and rotating inertia) than would occur

on a larger system [4, 10].

4.3 Frequency Variation on the Network

The selective operation of frequency relays may be a stability issue for small
inertia systems since relays at individual buses across the system, may “misoperate’” in
responding to the local frequency (and df/dt) rather than the frequency (and df/dt) of the
center of inertia (COI) as ¢ in equation 4.2 and equation 4.3.

The average system frequency may be thought of as the frequency of a fictitious

bus called the center of inertia (COI) [26].

f. .. =
COl N (42)

with H; representing the inertia constant of each system § erator, f; representing the

frequency at each generator bus and fo representing the frequency of the COL
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Similarly, the aver: : df/dt may be defined for the COI as:

y u, 4,

(ﬁj e

dt )cos C (4.3)
21

with H; representing the inertia constant of each system generator, dfi/dt representing the

rate of change of frequency at each generator bus, fcoj representing the frequency of the

COIl and df/dtco; representing the df/dt of the center of inertia.

The security of df/dt aying can be improved through the use of logical
permissives and by availing of the time delays inherent in frequency relay df/dt
calculation. For example, df/dt initiated frequency relay operation can require that the
logical AND condition for frequency and df/dt be present prior to ini ting a trip signal
(i.e. frequency trip AND df/dt trip must occur concurrently). Similarly, the typical time
delay required for a frequency relay to reliably - culate the df/dt is approximately
200mSec (longer time delays can be selected for some relays) and will commence when
the frequency declines to tl  supervising trip frequency. With reference to Figure 4.2, the
frequency will decay by 'F during the tin required for completion of the df/dt
algorithm (At for this case). ..is introduces an additional time delay for the damping of

intermachine oscillations and decreases the probability of df/dt relay misoperation in the

short term time frame of frequency stability.
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Supervising frequency

True slope for the fime &t

Figure 4.1 df/dt and frequency variation during a generation deficiency [27]

4.4 Underfrequency Loadshedding Methodology

This section focuses on the fundamental parameters that must be considered
during the formulation of an UFLS scheme; these are the frequency threshold trip points,
the separation of the threshold trip points, the total amount of load to be shed and the
amount of load assigned to each threshold. The methodology associated with the
development of UFLS schedules has been investigated in several articles contained in the
literature. It is the intention of the present work to attempt a formalization for some
aspects of the development of L..S schedules as relates to isolated systems. The
performance of an UFLS schedule may be evaluated through consideration of the total
overshedding and undershedding of load as well as the expected minimum frequency

after activation of the UFLS schedule. “Overshedding” (O/S) refers to loadshedding in
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excess of the initial generation loss whereas “undershedding” implies that the total load
shed is less that the initial generation loss.

In general, it is desirable that the load assigned to the UFLS schedule be
distributed, where possible, across the sys n. This distribution will 1sure that voltages
remain at acceptable levels during the operation of the UFLS schedule since shedding a
large amount of load at a heavily loaded bus will result in overvoltages at the affected
area and will have the effect of increasing the load seen by the system due to the damping
effect of voltage on resistive load. This is especially true for compensated systems as
there may be significant voltage increases at local buses following the operation of feeder
breakers or reclosers. Another reason for distribution of load is that the schedule is
formulated to respond to all possible generation and transmission contingencies and a
wide dispersion of the available shedable load will promote the generality of the schedule

since the location and extent of a system contingency is not known in advance [10].

4.4.1 Total amount of load shed

An UFLS schedule is designed to respond to system contingencies involving
generation loss. For an isolated power system, an N-1 contin; 1cy will probably require
activation of the UFLS schedule to preserve system frequency stability with the loss of
the largest synchronized ‘nerator representing the worst-case scen o. To this end, an
important consideration with respect to UFLS methodology is to determine the relation
between the magnitude of the possible generation loss and the total amount of load

assigned to the UFLS schedule.
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The illustrative UFLS schedule contained in Table 4.1 has three frequency trip
points (59.0 Hz, 58.5 Hz, 58.0 Hz) with each assigned to trip 0.1 pu of the total y--'
load. For example, if a peak load of 1000 MW is assumed, the schedule will trip 100 MW
at each frequency thresho” " and 300 l.... in total. TI present research assumes that 50%
of the peak load assigned to an UFLS schedule will be available to trip when the power
system is at 50% of maximum load. This is a reasonable expectation since the loading of
the feeders which will be disconnected from the system during an underfrequency event
will probably be loaded at 50% when the total system load is 50% of maximum.
Therefore, if the system is loaded at S00 MW, the total amount of load assigned to the
UFLS schedule will be 150 MW in total or 0.05 pu or 50 MW (0.1 pu * 0.5) at each
threshold.

The amount of load assigned to the UFLS schedule will impose a limitation on the
size of the generation loss contingency for which a specific UFLS can provide adequate
security and will thereby determine the size of the largest online generation unit (and the
worst case N-1 contingency). Therefore, if governor action and load damping effects are
neglected, the amount of load assigned to the UF™ ~ schedule must be greater than or
equal to the current loading of the largest online unit (i.e. LOU) if an UFLS schedule is to
provide adequate security for an N-1 contingency. The total amount of )ad which must
be assigned to an UFLS schedule for system protection durii N-2 or greater
contingencies can be determined through consideration of the system generation dispatch.
Specifically, the total amount of load assigned to the schedule should be at least sufficient

to counter the worst case N-2 contingency.
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4.4.2 Determination of Frequency Tripping Levels

The determination of the maximum and minimum frequency threshold trip points
requires knowledge of the normal frequency variation on the system in question. The
maximum trip frequency must not be set such that the schedule is activated for normal
frequency and load variations. The determination of what constitutes a normal frequency
variation depends on the system characteristics given that isolated systems experience a
much greater normal f uency variation than larger interconnected systems. For
example, a frequency variation of 0.05 Hz may be considered excessive for a large
interconnected system whereas a frequency variation of 0.5 Hz might be commonplace
for some isolated systems. Clearly a detailed knowledge of the system response to normal
load variations is required prior to establishing the maximum permissible tripping
threshold. Furthermore, there is no benefit for system stability if the schedule is triggered
for situations in which UFLS is not required. For cases of marginal generation loss, the
mitigation of the generation-load imbalance may be achieved through the effects of
spinning reserve and will not require UFLS.

The minimum permissible frequency threshold may be established by reference to
the dam: : curves for I mal ‘neration units since it is clearly [ erable to correct
system frequency instability before it becomes necessary to trip thert ~ ger ation units.
These units are susceptible to turbine blade damage during operation at reduced
frequencies and it is necessary that such operation be time restricted [28]. If a system

does not contain thermal units then the minimum acceptable frequency may be
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established through customer requirements or by the possibility of damage to other

system components.

4.4.3 Separation of * r>adshedding Stages

The minimum separation of the load shedding stages is determined by the
maximum expected df/dt on the system di 1g an underfrequency event as this will
determine the amount of time required for the frequency to decay through successive
frequency trip settings. Consider a generation loss scenario which results in a frequency
decline of 1 Hz/sec. Assuming a linear relation between frequency and time, this implies
that it will take 500 mSec for the frequency to decay by 0.5 Hz or equivalently, 1 Sec for
a 1.0 Hz decay, etc. If the time required for a typical frequency relay (and auxiliaries) to
operate is 100 mSec (a conservative figure) and the time required for the circuit breaker
contacts to open is approximately 100 mSec (also, a conservative figure), then there must
be at least 200 mSec between two consecutive frequency trip points at any expected df/dt
in order for the benefits of UFLS at a specific frequency threshold to be realized. If the
blocks are too close together then a declining frequency, with a high df/dt, may trip more
load stages than is required due the :k of coordination between the frequency settings
of the UFLS. This suggests that the minimum separation of the frequency trip points, for
this case, is 0.2 Hz. To summarize, the correct separation of frequency stages will depend
on the maximum possible df/dt that is possible on the system and the speed of operation

for protective relaying and =~ :d equipment.
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4.4.4 Number of Loadshedding Stages

The respon of an UFLS schedule to generation losses of varying size will be
improved by increasing the number of frequency tripping points or blocks of shedable
load. The increased selectivity of the schedule will minimize the possibility of significant
overshedding during generation loss contingencies as a consequence of the total shedable
load being divided into a greater number of loadshedding blocks.

This approach is prefe 1 to shedding fewer and larger blocks of load since the
amount of loadshedding will | minimized for generation loss contingencies which do
not involve the largest online ‘neration unit. However, the number of loadshedding
stages is always at the discretion of the schedule designer and does admit an element of
subjectivity with respect to the proach selected. The optimum number of loadshedding
stages depends on knowledge of the system being protected and the probable size of the
generation loss contingencies that are encountered. Consider a loss cont” ency that does
not involve the loss of the largest online unit. In this case, la : blocks of shedable load
will result in loadshedding in excess of that required to provide ade 1ate compensation
for the generation loss con = 'ncy.

Since it is impossible to pre " :t the severity of a :neration loss contit :ncy in
advance of an actual event, it is impossible to determine, in advance, how much
loadshedding will be required. Hence, in order to improve the selectivity of an UFLS
schedule to generation loss contingencies of varying size, the number of loadshedding

stages should be the maximum number possible.
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4.4.5 Assignment of Load to Trip Stages

The determination of the amount of load to assign to each tripping threshold of an
underfrequency schedule is also somewhat arbitrary and does admit some measure of
subjectivity on the part of the des’ ier in a manner similar to that involved in the
determination of the number of loadshedding thresholds. In general terms, UFLS
schedules must be designed to protect the system against the loss of the largest online
generator (an N-1) or greater contingency and if there is sufficient load assigned to the
schedule to achieve this end, then the schedule will perform its primary function and
preserve system stability during generation loss contingencies. However, it may be
possible to grade the amount of load assigned to each threshold such that the schedule
can respond to generation loss contingencies that do not involve the largest online unit
with a reduced amount of loadshedding. The effectiveness of disconnecting a block of
load depends on what proportion of the generation deficiency it represents and the
implementation of this approach requires detailed knowledge of the system under
consideration.

Another possible consideration is that reducing the amount of load assigned to
each of the tripping thresholds will attempt to maximize the effectiveness of spinning
reserve through tripping a lesser amount of load than the probable generation loss. This
will enable the power system to recover a portion of the generation deficiency through
availing of the available spinning reserve on the system. Of course, if the system is
operated with negligible sp ~  reserve, the| ent” " benefit of this approach is limited.

[7,29].
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4.4.6 Intentional Time Delays

The introduction of intentional time delays into UFLS schedules must be
undertaken only after the overall effectiveness of the schedule has been assessed and it
has been determined that a time delayed stage will have benefit. This is usually only true
for those cases where the frequency has stalled at a subnominal level and additional
automatic loadshedding is required to complete the frequency recovery. Otherwise, there

is no discernable benefit to introducing intentional time delays into UFLS schedules [30].

4.6 Summary

This chapter has presented a survey of the variables present in the design of an
UFLS scheme. The effects of system inertia in limiting the severity of frequency
excursions following generation deficiencies is considered as well as the variability
introduced into the system frequency by electrome " mical oscillations. A methodolc /
is described in section 4.4 that details the considerations involved in UFLS development

and attempts to underscore the significance of system inertia for isolated power systems.
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Chapter 5

Undervoltage Loadshedding

5.1 Introduction

The automatic disconnection or tripping of load initiated by an undervoltage SPS
is a corrective measure of last resort utilized to mitigate an impending voltage collapse
and functions as a “safety net” to prevent a major blackout or brownout condition. One of
the characteristics of modern power systems is that significant generation sites near load
centers have been previously developed. This has compelled utilities to develop sources
of generation that are relatively remote from major load centers and has required the use
of long, high voltage transmission lines. One possible consequence of this new generation
or system development is that the security margins that existed on the system prior to the
new development may have bc  compromised and N-1 contingencies are more of a
th it to system stability than|  iously [8]. ...e impedance d lo: of lor radial
transmission 1 > will se the vulnc ility of ° = power syste to rotor ar ‘e
instability, due to the reduction in synchronizing power, and voltage tability due to the
increased reactive losses in the line. In addition, there may be environmental and cost
restrictions regarding the construction of new transmission or generation assets. The

implication is that large-scale contingencies will threaten power system security for
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systems that have undergone significant generation development and may require the

implementation of an UVLS scheme [6].

5.2 Voltage Integrity and Reactive Reserves

Voltage instability, as outlined in chapter 2, can be either a short or long-term
phenomenon and may be initiated by severe system contingencies (tripping a
transmission line for ex: )le) or by other system events such as on-load tap changer
operation or field current limitation on generators. A voltage decline can develop into a
voltage collapse if additional transmission lines are tripped or if other reactive
compensation devices are unavailable (shunt capacitors, static VAr compensators or
system generators) [31]. In addition to difficulties associated with induction motors, other
voltage sensitive loads, such as thermostatic load (i.e. electric space heating) can be a
significant component of volt. : collapse scenarios during cold weather. The probability
of voltage collapse is increased if high system loading occurs coincidentally with a
system element loss (transmission line or generator) [4].

Reactive compensation may be inserted into the system durii  the design stage to
counter possible reactive deficiencies that may be expected to develop following a system
contingency. This may include the judicious placement of capacitor banks or
synchronous condensers (at the end of long lines, for example) or by permitting the short
term operation of generator exciters at  eater than nominal limits. The timesaving can be

used by system operators to increase reactive generation or to initiate manual

loadshedding.
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A synchronous conden: is a three phase synchronous generator that does not
contain a turbine. As such, it is not capable of active power :neration and is intended
solely to provide (or absorb) reactive power to (from) a system. These devices possess a
near instantaneous voltage control that will stabilize the sys n voltage during
disturbances and will enhance transient voltage stability. ...e synchronous condenser will
increase the machine terminal voltage by increasing the magnitude of the field excitation
current and thereby increase the flow of reactive power to the syste during periods of
low voltage. However, the max um field current limits the reactive support the
condenser will provide. If the maximum field excitation is exceeded, the machine will
trip offline and further reduce the availability of reactive reserves. This eventuality can
have disastrous effects for the system and requires that tripping due to excessive field
current be properly coordinated to occur subsequent to the activation of other system
devices such as on-load tap changers or mechanically switched capacitors.

Mechanically switched unt capacitors are capacitors that ci be activated either
automatically or remotely in response to low system voltages. The delay time that is
present in these devices is the time required for circuit breaker operation, typically 5 to 6
cycles as well as any delay introduced into the design of the switching arrangement. For
example, a predetermined time delay may be necessary to prevent overvoltages if the
capacitors are switched into the system at an inappropriate time, as may be the case for
moderate voltage sags. A significant disadvantage of mechanic y switched shunt
capacitors, with respect to the preservation of system voltage, is the response of the

capacitor itself to a low bus voltage. ...e icti power ot , 1t of these devices is

1



57

proportional to the square of the applied voltage 1d implies that the reactive support
offered by capacitor banks will decrease during periods of low voltage. Consequently,
these devices may be an ineffective means to the restoration of a nominal system voltage.
Similarly, shunt reactors may be present on large electrical systems as a means to lower
the system voltage and may be switched out of a system during periods of low voltage
prior to other mitigating actions [32].

Another system element that plays a significant role in voltage regulation is the
on-load tap changer. An on-load tap changer is a device that may be incorporated into a
transformer and will change the effective transformation ratio through a process of
“tapping up” or “tapping down”. This will allow the transformer to r« 1late or control the
low side voltage of the transformer. The effect of this tap changing operation is to
redistribute the reactive load present on the secondary side of the transformer to the
primary or line side. The displaced reactive demand must therefore be supplied by
reactive sources on the primary or high voltage side of the transforn . The operation of
tap changers may be eitl  detrimental or beneficial in maintaining voltage stability
depending on the system and the current operating state. Durit  periods of low voltage,
tapping up (or increasing the regulated voltage) will increase the demand of resistive
elements and will exacerbate a low voltage condition whereas for r¢ tive loads tapping
up will be beneficial in that increased voltage will restore nominal reactive demand. The
latter is especially true for systems which contain shunt capacitors on the regulated side
of the transformer since the increased volt: : due to tap changii  will increase the

reactive output from ins 1 capacitors |4]. Electrical loads are however neither entirely
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resistive or reactive but some ag egation. Hence, the effect of tap changer operation may

not be easily predicted for actual system conditions.

5.3 Undervoltage Loadshedding Methodology

Undervolt: : loadshedding involves disconnecting portions « the system load in
an area of the system where a voltage collapse is imminent. Since 1 tive power cannot
be transmitted long distances, undervoltage loadshedding must occur at the site of
undervoltage and will usually I at a large load center. The nominal minimum operating
voltage is normally greater than 0.95 pu and this may be the first stage in an undervoltage
loadshedding scheme depending on the system. Typically, the settings at which UVLS
schemes are enabled are approximately 8% to 15% below the nominal operating voltages
and should be activated by the unregulated line side voltage of transformers. UVLS
settings may be time-supervised meani1 that the undervoltage condition must persist for
a specified period of time before protective relaying operates and trips the predetermined
circuit breakers. Subsequent to protective relay initiated breaker operation, additional
manual load shedding may be required to correct the abnormal condition.

The most important consideration, and the reason for implementing any sort of
protection scheme, is system protection and integrity. It is vital that enough load be shed
to either correct the problem outright or to allow sufficient time for system operators to
recognize and correct the voltage difficulty. In general, the considerations involved
during design of an UVLS schedule are: (1) the amount of load to be shed, (2) the time

delay associated with loadshedding and (3) the location of shedable load.
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UVLS schemes should respond only for drops in the positive sequence voltage
and should be prevented from operating when negative sequence voltages are present on
the system. A negative sequence voltage will be present only when there is an imbalance
on the system, such as would occur during a phase to ground or phase to phase fault, and
would not represent a balanced voltage decrease. Similarly, for three phase faults on the
system, it is incumbent upon other protective relaying schemes, ch as distance or
overcurrent relaying, to operate and restore the system. In this case, 'VLS schemes are
prevented from operating by time delays built into the scheme. A typical UVLS scheme
is presented in Table 5.1. Note that 15% of the total load associated with a specific area is

assigned to trip at predetermined voltages following specified time delays.

Table 5.1: Illustrative UVLS schemes [6]

vonage ILoau Sneq; 11me veiay ]
0.92 | 5% o.u seconds
0.92 | 5% | 5.0 seconas

v.ov l Q70 | 1.0 SecCunus

5.3.1 Total Amount of Load Shed
In general, the amount of load shed during an undervoltage event will depend on
the severity of the undervoltage in that a larger voltage drop will initiate a greater amount

of loadshedding. The actual amounts of load to be sl | and the associated time delay are
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system dependent and developing an UVLS schedule requires optimization for the
system under consideration. UVLS might be applied to 10 to 50 % of 1e load serviced in
a given area and should respond to protect the system for probable loss contingencies.
Power systems are generally designed with sufficient overcapacity to withstand N-1
contingencies, such as the tripping of a capacitor bank or nearby generation. However,

the robustness of the system to contingencies is dependent upon the system in question.

5.3.2 Loadshedding Time Delay

The time delay required before loadshedding occurs depends to a large degree on
the predominant loading for the system under consideration. If the load is mostly motor
load it may be advantageous to trip load quickly (within 1 to 2 seconds) so as to assist
motors in reaccelerating following a voltage sag. Conversely, the vi age sag may be a
longer-term event, perhaps caused by an increase in thermostatic load. In this case, the
loading will increase as more thermostats are enabled thereby increasing the load and
further lowering the voltage. The time delay inherent in the UVLS schedule is not as
critical as for those systems in which thermostatic loading is dominant and usually will be

several seconds before loadshedding is initiated [6].

5.3.3 Location of Loadshedding Events
Any methodology that is used to determine the amount of load to be shed during a
*m con ncy m accor f 7 x  of m I

Breaker operations at a specific station will disconnect a specific feeder but it is
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impossible to know, in advance, how heavily loaded the feeder will : or what type of
load will be connected to it at the time of actual loadshedding. It is certain however, that
a voltage collapse may be inevitable unless enough load is shed to meet the contingency.
The caveat is that if too much load is shed then other problems, such as over voltage or
over frequency, may be created. The best alternative is to study the effect of a proposed
UVLS schedule using system specific simulations but it is generally recommended that
loadshedding occur at different points on the system so as to minimize the probability of
overvoltages on lightly loaded busses. Furthermore, the difficulties involved in
transmitting reactive power dictate that UVLS should be limited to areas where the
undervoltage is detected and where there is load available to shed as it is of no benefit to

shed load that is far removed from the location of the undervoltage.

5.4 Security of Undervoltage Loadshedding Schemes

The security of an UVLS scheme can be improved through the use of positive and
negative sequence voltages as a means to allow voltage relaying to discriminate between
legitimate undervoltage events and other system events that may affect the voltage.
During a voltage depression that does not involve a fault on the system, such as may be
created due to overload, there will be only positive sequence voltages present during the
voltage depression since the system remains balanced. It is therefore advisable to monitor
and trip using these positive sequence voltages and to restrain (or restrict) tripping by
using the negative sequence volt : A tripping scheme that em; )ys this logic is

ented in Figu 5.1.
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Figure 5.1: UVLS tripping logic [8]

Inspection of Figure 5.1 reveals the presence of an undervoltage block. For
example if there is a phase to ground fault on the system, the operation of the UVLS
scheme will not be desirable and it is preferred that any system problem be resolved
through the operation of other pro tive relaying; such as time delayed overcurrent
relays or distance relaying. UVLS schemes will only operate for those occasions in which
all three phases are depressed equally and in the absence of n¢ itive sequence voltages.
Further, time delays 1st be incorporated to ensure that the SPS does not operate during

a three-phase fault on the system.
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5.5 System Operating Margin

In order to determine the settings at which UVLS should be initiated it is
necessary to conduct system studies to develop a P-V curve for the system at variable
dispositions and dispatch scenarios. Presumably, the weakest system bus (or buses) will
be monitored with UVLS where the weakest bus is that bus which exhibits the greatest
dV/dQ during increased loading. The P-V curve can be used to determine the system
voltage at a specific loading and will indicate the amount of loadshedding required for an
operating contingency. With respect to Figure 5.2, the base case (N-0) P-V curve shows
the expected voltage for the maximum system loading (point 1) and the maximum
voltage following an N-1 contingency (point 2). Therefore, if the system suffers the worst
case N-1 contingency, the loading must be reduced from 2000MW to 1500MW to
maintain acceptable voltages. Further, operation of the system at point 3, will provide a

75 MW operating margin with respect to the maximum knee point (point 2).

Vlwost NO
N -1
Contingency
3

F:~ire 5.2: Illustrative power voltage (P-V) curve [33]
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5.6 Summary

This chapter has presen | a methodology for loadshedding during undervoltage
emergencies. The importance of a system design which incorporates adequate reactive
reserves is outlined as well as the effects and importance of an undervoltage SPS. The
primary concerns relating to the development of an undervoltage SPS are highlighted;
these include the trip settings for voltage relays, the amount and location of load shed
during contingencies and the appropriate time delays required. 1 aally, acceptable
operating margins are discussed which are intended to ensure that a system can continue
with normal operation following the activation of an UVLS scheme for the worst case

contingency.
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Chapter 6

Application: Load Curtailment on a Test System

6.1 Introduction

The development of a load curtailment strategy will be investigated using a
simple test system prior to application to the Newfoundland island system in subsequent
chapters. The application on a smaller system will demonstrate the concepts associated
with a load curtailment stratt y and the potential benefits with respect to the maintenance

of system stability.

6.2  .est System Description

The test system for the demonstration of the load curtailment strategy is detailed
in Figure 6.1. There are three identical hydraulic generators modeled for the system with
ra of 85 MVA at a 0.9 pf. These units supply a peak load of 110 MW and 50 MVAr
as well as system losses on the lines and transformers. Two parallel 230kV transmission
lines service the load. The transformers do not have a tap changii capability. The
simulation software is the Shaw Power Technologies power system analysis program

. 38, . An overview of PSS/E is given in appendix A.
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Unit Rating (X3)

75MW/40MVAr 60 MW
. — 20 Mvar
230kV _
| — _ - 2
- B
___ - . —_— ] 230/138 kv
. % g T 230/13.8 kV
13.8/230 kv
50 MW
30 Mvar

Figure 6.1: Test system schematic

6.3 UFLS on the Test System

The methodology described in section 4.4 will be applied to develop an N-1
UFLS schedule for the test system. The system has three generators with capacities of 75
MW each; hence the LOU is 75 MW at pe * loadii and the total load allocated to the
UFLS schedule must be sufficient to compensate for this generation loss contingency.
The acceptable minimum operating frequency is assumed to be 59.0 Hz and will
therefore represent the first L .S | po . The system does not contain the al
generation units and so reference to thermal unit damage curves is unnecessary.
However, for the purposes of illustration, the minimum acceptable frequency is assumed
to be 58.0 Hz and implies a 1.0 Hz bandwidth for operation of the UFLS schedule.

The maximum expected df/dt for an N-1 contingency is 2.25 Hz/sec assuming

500 MW*sec of stored energy for each machine at rated speed (that is 2.25 Hz/sec =
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30(75)/1000) since the tripped machine does not contribute to the total system inertia. At
this rate of decline, the frequency will require 0.44 sec to decrease by 1 Hz and assuming
that 200mSec is required for breaker and relaying operation, implies that 0.5 Hz will be
required between successive tripping thresholds of any proposed UFLS schedule to
maintain minimum co-ordination. Further, assuming a minimum separation of the
loadshedding stages (i.e. 0.5 Hz) and commencing at the minimum permissible operating
frequency (i.e. 59.0 Hz), indicates that the loadshedding stages for this application will be
59.0 Hz, 58.5 Hz and 58.0 Hz. If the available shedable load is partitioned equally among
the stages, the load assigned to each stage will be 75/3 = 25 MW as illustrated in Table

6.1.

Tab 6.1: UFLS schedule for test system

Figure 6 ~ depicts tl

F jency -
Threshold |Loadshed
id-\ (MW)
~uo 25
-~ R I 25
JOo.v I 25

ponse of the system frequency during the simulation of a

75MW generation loss contingency that is assumed to have occurred at 0.5 sec during the
simulation. Inspection of the figure reveals that the frequency did not decrease below
58.4 Hz and that tripping of the final loadshedding threshold at 58.0 Hz was not required
to restore the generation load balance. This may be attributed to the availability of

sufficient s;  ng reserve to correct  remaining . MW deficiency. F 1, the
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voltage at the receiving bus remained within acceptable levels and stabilized at 1.075 pu

volts following UFLS operation at 58.5 Hz.
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Figure 6.2: Voltage and frequency response for loss of 75 MW unit

6.4 UVLS on the Test System

The considerations associated with development of an UVLS scheme are the total
amount of load shed, the time delay associated with loadshedding and the location of the
shedable load. The operatir contingency for which UVLS will be applied is the loss of
one of the ~~0kV transmission lines. Figure 6.3 depicts the P-V curves of the test system

measured at the receiving 230kV bus and indicates the total amount of loadshedding
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required to compensate for the line loss contingency. Inspection of the figure reveals that
the maximum load transfer capability has been restricted as a consequence of tripping a
line from approximately 100 MW at a voltage of 0.97 pu to approxim :ly 80MW at 0.97
pu following loss of the line. The location of the shedable load will > the 13.8kV bus
since this is the principal load center for the system. The time delay associated with the
UVLS schedule is arbitrarily set to zero and the intention is to explore the application of
UVLS in the short-term time frame since the test system is unlikely to be affected by long
term voltage issues due to the lack of OLTC or a relative scarcity of reactive reserves.
The undervoltage trip threshold is assumed to be 0.91 pu. The test UVLS schedule is
presented in Table 6.2.

Note that the values used to indicate the required amount of loadshedding for the
line loss contingency are a__ ‘oximate and correspond to a voltage of 0.97pu. This was
necessary because the load flows used to construct the P-V curves would not converge

for voltages less than 0.97pu.

Table 6.2: UVLS schedule for test system

Voltage Time
Th hold |Loadshed| Delay
I\Inlt) (MW) _ Ienc)

N

vl : N




Voltage (pu)

1.16

Bus: 227 [CBC B1B2 230.00)

112

1.08

0.96

0.92

Transmission Line Trip

Base Case

70

0 20

40 80 80

Load (MW)

Figure 6.3: P-V curve for test system
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Figure 6.4: Voltage response following loss of transmission line and UVLS

Figure 6.4 depicts the system response for the application of the UVLS scheme to
the test system following the line loss contingency. Inspection of the figure reveals that
the receiving voltage decreases significantly (to approximately 0.90 pu) following the
contingency and recovers to near nominal values following curtailment of 20 MW of load
at the receiving bus. However, inspection of the figure reveals that the receiving end

voltage stabilized at less than 0.98 pu following load curtailment and indicates that
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additional loadshedding or other corrective action may be required to restore the voltage

to precontingency values.

6.5 Summary

The application of a load curtailment strategy in response to a low frequency or
low voltage is demonstrated for a simple test system. The effectiveness of the strategy is
evident from the restoration of voltage and frequency stability following either a

generation or transmission loss contingency.
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Chapter 7

Application: UFLS Methodology on the Newfoundland System

7.1 Introduction

The interconnected island power system of Newfoundland is electrically isolated
from the North American power system and is significantly smaller in respect to total
inertia. The principal generation sources for the Newfoundland system are hydralic and
thermal with hydralic sources providing approximately 65% of the peak generation. The
system is depicted in detail in F* ire 7.1. The 230 kV system interconnects all primary
generators and forms the voltay backbone of the system. Other transmission voltages,
138 kV and 69 kV, comprise the remainder of the system and interconnect other load
centers on the island. The inset of Figure 7.1, showing the Labrador interconnected
system, is not electrically connected to the island grid and is not considered in this thesis.

For the current thesis, it is assumed that the « =zratii  philosophy of the
interconnected island system is to operate all generators at maximum efficiency. The
system cannot rely upon external sources of generation to meet demand during
contingencies and therefore 1 =~ a limited of ating reserve. These operating
characteristics require implementation of an UFLS schedule to maintain juency
stability followir tion loss contingencies since the system cannot recover from a

significant generation deficiency throt | reliance on external sources.
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7.2 System Description

The electrical grid of the island of Newfoundland operates as an isolated power
system and has a total combined peak generating capacity of approximately 1700MW.
There are other smaller generation sources connected to the system but these units are
synchronized only during emergency conditions and, for the present work, are not
considered as part of the peak system inertia. The interconnected island system under
consideration is comprised of a thermal generati plant, two gas turbines and nine
hydraulic plants with a combined inertia of some 8500 MJ. The hydraulic generation
assets include plants at Bay d ._.poir (616 MW), Hinds Lake (7SMW), pper Salmon (84
MW), Cat Arm (127 MW), Paradise River (8 MW) and Granite Canal (42 MW) as well
as other smaller non-dispatchable hydraulic generation.

The two gas turbines, Stephenville on the west coast and Hardwoods on the east
coast, have a combined generation capacity of 108 MW, and are used primarily during
periods of peak operation as active generation sources but routinely function as
synchronous condensers and thereby contribute to system voltage regulation. The 500
MW thermal facility, situated on the east coast, contains three generators and functions as
an important source of active generation for the system as well as providing voltage
support for the east coast. Further, one of the units at Holyrood is capable of operation as
a synchronous condenser and has a rated output of approximately 150 MVAr. The
transmission system contains approximately 3800 km of high voltage transmission lines

and includes 1600 km of 230 kV lines, 1500 km of 138 kV lines and 650 km of 69 kV
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7.3 Spinning Reserve

During a generation deficiency the action of the system govi s will increase
total system generation output and compensate for any deficiency within the limits of the
remaining online generation capacity. In general, the system govert s will attempt to
increase or decrease generation output with time in direct proportion to the generator
droop setting and the system load/generation imbalance. The governor will increase the
speed of the generator by o] ng the machine wicket gates and allowing more water to
pass through the turbine, for a hydraulic generator, or through additional opening of the
steam values for a thermal unit. The variability in generator droop settings and possible
generation dispatch scenarios implies that the response of spinning reserve capacity will
be variable for every generation loss contingency and depends on which generators are
online and their percentage loading. Some of the factors affecting governor/generator
response and reaction time e the generator loading, gate opening times, water start
times, boiler conditions and the ger itor governor droop setting. Deviations from the
nominal operating frequency of 60 Hz occur in response to load variation and the
continual efforts of the system governors to match the generator output to the current
system loading. Generator turbines are massive devices and may weigh in excess of 100
tonnes, therefore speed and frequency variation occur continuously since frequency
control through the action of the governor system is not instantaneous.

The generator droop settings for the Newfoundland interconnected system are
listed in Table 7.2. Droop in an operating characteristic of generators, expressed in

_'rcent, which relates the char : in turbine input power to the change in turbine
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rotational speed. For example, a 2% droop setting implies that the machine will increase
turbine input power from 0% to 100% for a 2% change in speed (assuming the machine is
initially at a no load condition) and that machines with lower droop setti ~ will respond
more quickly to speed deviations than machines with larger droop settings. Inspection of
Table 7.2 reveals that the droop settings on the Newfoundland system vary between 2%
and 7% and that the BDE and USL generators function as the primary frequency
regulators for the system.

In general, the compensation required following a generation loss contingency is
equal to the sum of the total amount of loadshedding and the contribution from spinning
reserve. However, the active pow  contribution of spinning reserve is not instantaneous
and is dependent on the system in question. Hence, the benefits of spinning reserve may
not significantly offset the amount of load curtailment required following generation loss

contingencies but will contribute to frequency restoration.

Table 7.2: Newfoundland island system governor droop settings

DULC O I yurv 1L U.ucy 1
DNC o IL Lidra ] N AN ||
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It is therefore necessary to simulate the response of the power system for all
possible operating scenarios in order to ensure that the system remain intact following
generation loss contingencies of various magnitudes. .o that end, several possible
generation loss contingencies, ranging from 50 MW to 175 MW will be investigated in
accordance with seasonal variation in the system loading as represented in Table 7.3 to
Table 7.7. These operating scenarios are summarized in Table 7.8 and will be utilized in
evaluating the performance of all test UFLS schedules for variable generation loss
contingencies.

Table 7.3 contains a listing of the maximum generation capability of the principal
generators on the island system as well as the extreme light load case. The actual loading
of the generators is detailed as well as the generation dispatch required to satisfy the load
demand. Also noted is the total spinning reserve available for the operating scenario and
the total stored energy in the system generators (the total inertia). The remaining tables,
Table 7.4 through to Table 7.7 contain the detailed generation dispatch required to meet
the load demand for the other variations possible in the system loading. Inspection
reve ~ that actual genc t loadis tl total inertia d the available spinnii reserve
are noted for the sprir ~ 1, spring 2, si 1, summer 2, fall 1, fall 2, wint 1 and
finally, winter 2 cases. It was necessary to divide the seasonal cases into two disparate
parts to accommodate maintenance cycles and to identify the variation that is possible
with respect to the dispatch of the thermal units at Holyrood. ..iese units are operated
only if required and preference is given to operation of the hydraulic units provided

sufficient water resources  available.
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Table 7.8 contains a summary of the scenarios that will be used to evaluate the
performance of potential UFLS schedules. The effect of seasonal load variation on the
systemn generation dispatch and total system inertia is represented by 35-generation loss
contingencies. Also indicated in Table 7.8 is the percent of maximum system loading.
This parameter has a significant effect on the performance of UFLS schedules since it
partially determines the total amount of load that will be shed by an UFLS schedule
during a generation loss contingency.

Consider case 1 through case 5 of the winter 1 scenarios in Table 7.8. Recall that
the winter 1 scenario, as presented in Table 7.7 corresponds to 1480 MW of total system
load and 7432 MJ of system inertia. Case 1 represents the effect of a generation loss
contingency for one of the thermal units at Holyrood loaded at 175 MW. Inspection
reveals that for the winter 1 scenario, the system is loaded at 0.87 pu of peak (where peak
loading is assumed to be 1700 MW) and therefore it is assumed that the distribution
feeders on the system are also loaded at 0.87 pu of maximum. Hence, the load available
to trip for the purpose of loadshedding will be 0.87 pu (of the peak value assigned to a
specific loadshedding schedule) since the load associated with each frequency threshold
is represented at its peak value. Similarly, case 2 represents the generation loss scenario
for unit 7 at BDE loaded at 150 MW. Also indicated in Table 7.8 is the initial df/dt for
the system frequency subsequent to the corresponding generation loss contingency. For
example, in case 2, the initial df/dt is 0.67 Hz/sec ((30)(150)/(7432-690)) as per equation

4.1.
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7.5 Methodology Application

The UFLS methodology applied will be to disconnect predetermined amounts of
load at specific frequency thresholds in response to a generation loss contingency. The
load will be disconnected from the | ywer system following the activation of frequency
relays at specified tripping thresholds as the system frequency declines. The sequence of
relay operations will continue until the decay of the system frequency is arrested and the
balance between the available generation and connected load has been restored.
Typically, the final restoration of a nominal operating frequency will be achieved through
the action of AGC (automatic generation control) on the system generators. The
methodology described previously in section 4.4 will now be applied to the
Newfoundland island system.

The total load assigned to the UFLS schedules is primarily determined based on
the magnitude of the worst case N-1 generation contingency. For the island system, this is
the loss of a 175 MW unit at HRD and therefore any proposed UFLS schedule must have
at least 175 MW of load assigned to the schedule. However, this assignment is
complicated by load v ation on the system : " :e ° load assigned to the UI" 3
schedule will ct - from 1.0 pu to 0.5 pu (for example) in proportion to a
corresponding variation in the system load; that is, the amount of load assigned to the
schedule varies in proportion to the percent loading of the distribution feeders on the
system. Therefore, there must be 175 MW of load assigned to the schedule whenever a
175 MW generator is online. If the system is at 0.5 pu of max 1m loading, this dictates

t the amount of load ass _ :d to the schedule (for an N-1 contir :ncy) must be 350
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MW (i.e. 175/0.5) to ensure system recovery during a 175 MW generation loss
contingency. Inspection of the test UFLS schedules in Table 7.9 reflects this fact in that
there is a total of 350 MW of load allocated to counter an N-1 contingency. Furthermore,
when the system is at 0.5 pu of maximum load, twice as many load shedding trip points
will be reached since the frequency excursion will penetrate twice as far into the schedule
(this is assuming an absence of | leration recovery due to spinning ‘serve) when
compared to system operation at maximum loading. A final block of load . added to the
lowest stages of the UFLS schedules and is intended to trip only during unusual
generation contingencies. This final block of loadshedding functions as a “safety net” for
the power system and is intended to safeguard the system during N-2 or greater
contingencies and therefore is expected to operate infrequently.

The trip levels (i.e. frequency relay trip settings) are established by referencing
the maximum and minimum acceptable levels for normal frequency operation. In the case
of the Newfoundland interconnected system, these levels are assumed to be 59 Hz and
57.7 Hz. The rationale for these choices is that for less severe generation contingencies
(i.e. less than 50 MW), the system may recover sufficient generation from stored energy
and spinnii reserve to maintain an operating freq :y greater than 59.0 Hz. The
minimum acceptable frequency is established through consideration of the damage curves
for the HRD thermal units. To avoid damage caused by operation at reduced frequency,
these units will trip instantaneously at 57 Hz and with a inverse time-delayed

characteristic at 57.6 Hz.
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The separation of the frequency thresholds is established through consideration of
the maximum expected df/dt following the worst case N-1 contingency (i.e. a 175 MW
generation loss) and the operating time of circuit breakers and auxiliary relaying. When
the system is at full load, this contingency will result in a df/dt of approximately 0.7
Hz/sec and implies that the system frequency will require 1.43 sec to decay by 1 Hz.
Assuming that circuit breaker operation and all auxiliary relaying requires 200 mSec to
operate implies that the minimum separation of the loadshedding trip frequencies is 0.139
Hz to ensure proper co-ordination of the stages. If the tripping thresholds are not
coordinated, a lower threshold may operate before the effect of loadshedding at a
previous stage is realized and excess loadshedding will occur. At 0.5 pu loading, a 175
MW generation contingency will result in an ir  ased df/dt due to the reduced inertia.
For example, at approximately 5000 MJ, a 175 MW deficiency results in a df/dt of 1.05
Hz/sec and requires a minimum separation between tripping stages of 0.21 Hz. It is
reasonable therefore, to conclude that the minimum separation of the loadshedding
thresholds is 0.2 Hz.

In order to increase the selectivity of the UFLS schedules and to derive maximum
benefit from spinning reserve, tt number of frequency thresholds will be the maximum
number possible. The schedule selectivity is increased by this approach since the greater
number of load blocks offer increased variation with respect to the total amount of load
shed in response to the variation in possible generation contingencies. Similarly, the
greatest possible number of loadshedding blocks will result in more gradual decreases in

df/dt following circuit breaker operations and Il maximize the total amount of time
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available for online spinning reserves to become active. Furthermore, the shedding of
smaller amounts of load at each frequency threshold will be less disruptive for system
voltage integrity than shedding larger blocks of load. For the present . plication, the
number of tripping thresholds is (59 Hz — 57.7 Hz)/0.2 Hz = 6 if the minimum separation
is 0.2 Hz for all stages. In addition, any loadshedding that occurs at higher stages of the
schedule will decrease the df/dt and will permit a decreased separation of the tripping
thresholds at lower stages of the schedule. Hence, 6 tripping thresholds is the minimum
number required but if the threshold separation is decreased tc .1 Hz in the lower stages
of the schedule, a slightly greater number of stages may be possible.

To achieve a uniform load distribution in the loadshedding stages, the load
assigned to each trip level is simply 175 MW divided into three partitions for the 1.0 pu
system loading occurrence and 175 MW divided into six partitions for the 0.5 pu system
loading occurrence. Otherwise stated, the load assigned to trip for the upper six stages of
any test schedule is 350 MW at full load and 175 MW at 0.5 pu loading and therefore, the
schedule can accommodate the loss of the largest online unit (i.e. 175 MW) at 0.5 pu
loading while still maintaining security of the UFLS schedule. However, the LOU is
restricted to 175 MW when the system is at 0.5 pu of maximum loading. As the system
load decreases to values less that 0.5 pu, the size of the largest online unit (LOU) must be
reduced proportionately since there will insufficient load available in the underfrequency
loadshedding schedule to counter a generation loss contingency involving this unit. The
worst case N-1 contit ncy, the loss of 175 MW, will not require activation of the

schedule “safety net” since t* e should be sufficient load available for loadshedding in
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the higher stages of the schedule if the system load is greater than or equal to 0.5 pu of

maximum,

7.5.1 UFLS Evaluation Schedules

Six UFLS schedules were selected for evaluation and will permit a comparison of
schedule variation and performance. These choices were felt to provide an adequate
exploration for variation in trip frequencies and amount of load shed (i.e. Ld) per
frequency trip point. The schedules are proportionate in that the load assigned to shed at
the respective trip frequencies is twice the LOU sizing (i.e. 175 MW) divided by the
number of loadshedding levels. The total amount of load available to shed during
underfrequency events is arbitrarily preset at 620 MW (approximately 36% of the peak
system loading) for each of the six schedules and is a conservative figure representative
of the loss of either the BDE or HRD generation facilities. The result is a variation in the
amount of load shed at each of the trip frequencies between of 2.9% to 4.1% of the peak
system loading and will permit the LOU to be 175 MW for all cases when the system
load is between 50% and 100% of maximum capacity. For those cases when the system
loading is less than 0.5 pu, the size of the LOU will be proportionately reduced.

Consider the load distribution in Schedule 1 (Table 7.9). The loss of the LOU will
result in a frequency excursion which will be countered prior to tripping the schedule
“safety net” at 57.9 Hz and 57.8 Hz assuming that the system is at st 0.5 pu of

loading. When at maximum loading, the loss of the LOU will be countered

after tripping the 58.6 Hz load block. Clearly, the loss of a second generating unit will
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result in loadshedding beyond the normal contingency loadshedding and may initiate
operation of the safety net. The loadshedding stages are equally spaced at 0.2 Hz for the
normal contingency cases and generally at 0.1 Hz for the safety net levels. The separation
of the trip frequencies (i.e. 0.1 Hz) is justifiable since the df/dt will be eatly reduced
through activation of the upper levels of the UFLS schedule. In addition, generation
increases due to spinning reserve are expected to further decrease the required separation
of the safety net trip settings. ...e upshot is that the system frequency will require an
increased amount of time to traverse the schedule thresholds for the safety net settings
due to a reduced df/dt.

To reiterate, the primary function of UFLS is to correct the imbalance between
generation and load through the timely application of a loadshedding methodology. The
secondary function of UFLS is to minimize service interruptions and requires that the
schedule not shed more load than is necessary. ..ie variation in the system »jading has a
significant effect on the des 1 and functioning of UFLS schedules. The loading values
represented in the UFLS schemes (Table 7.9) are peak values and decrease in proportion
to the system load. In this thesis, it is assumed that the load blocks associated with an
UFLS schedule contain 1.0 pu MW at _ ‘ak load and dec 1 in proportion to the
decreased system loading such that the UFLS schedule contains 0.5 pu MW at 0.5 pu of
peak load. Hence, the effect of a generation loss is exa bated during light loading since
there is reduced load available in the UFLS schedule and fewer online generators to

provide spinning reserve and rotating inertia.
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of overshedding. The minimum amount of overshedding is desirable since this represents
a minimum load loss for the utility and a minimum power disruption for customers. In
addition, the average load shed per schedule is computed and serves as a secondary
indicator of schedule performance. Finally the average minimum frequency and absolute
minimum freq 1cy are noted to indicate the relative frequency penetration into the
schedule.

The “overshed” is the amount of load that was disconnected from the system in
response to the particular generation loss contingency. A negative value of overshed (that
is, undershed) indicates that the amount of loadshed was less tt  the initial generation
deficiency whereas a positive value indicates loadshedding in excess of the initial
generation deficiency. The minimum frequency is the lowest frequency reached during a
particular case and is the point where the df/dt char :s from negative to positive.
Simulation results for each of the schedules are presented in Tables 7.10 through Table

7.12 and are summarized in Table 7.13.
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'dule 4 (case 1)

Figure 7.3 depicts the frequency response for loss of a unit at Holyrood loaded at

175 MW. The total connected system inertia after the loss contingency was 6930

MW=+*sec. The frequency is depicted at DLK, BDE and WAV. Note the presence of

synchronizing oscillations at WAV following the generation loss contingency. The

minimum frequency following loadshedding of 149 MW was 58.35 Hz and indicates that

26 MW was recovered due to governor action during the event.
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Figure 7.4: Voltage variation for sc! lule 4 (case 1)

Figure 7.4 indicates the voltage variation encountered at the DLK, BDE and

WAV busses following loss of the Holyrood unit loaded at 175 MW. All voltages return

to nominal following the event with the maximum variation occurring the WAV bus.

0.907 pu. The voltages at Deer Lake, BDE and WAV subsequent to the loadshedding

event had minimum values of 0.993 pu, 0.979 pu and 0.907

respectively.
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Figure 7.5 depicts the frequency response for loss of a unit at Holyrood loaded at
175 MW. The total connected system inertia after the loss contingency was 6488
MW#*sec. The frequency is depicted at DLK, BDE and WAV. Note the presence of
synchronizing oscillations at WAV follow " 3 the generation loss contingency. The
minimum frequency following loadshedding of 167 MW was 58.17 Hz and indicates that

8 MW was recover¢ ~ ~ eto_ / Oraction durir - the ever
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Figure 7.6: Voltage variation for schedule 4 (case 6)

Figure 7.6 indicates the voltage variation encountered at the ~ _K, BDE and
WAV busses following loss of the Holyrood unit loaded at 175 MW. /  voltages return
to nominal following the event with the maximum variation occurring at the WAV bus.
The voltages at Deer Lake, BDE and WAV subsequent to the loadshedding event had

minimum values of 1.005 pu, 1.003 pu and 0.957 pu respectively.
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Figure 7.7: Frequency variation for schedule 4 (case 11)

Figure 7.7 depicts the frequency response for loss of a unit at Holyrood loaded at
175 MW. The total connected system inertia after the loss contingency was 6529
MW#*sec. The frequency is depicted at DLK, BDE and WAV. Note the presence of
synchronizing oscillations at WAV following the generation loss contingency. The
minimum frequency following loadshedding of 155 MW v 58.16 Hz and indicates that

20 MW was recovered due to governor action during the event.
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Figure 7.8: Voltage variation for schedule 4 (case 11)

Figure 7.8 indicates the voltage variation encountered at the DLK, BDE and
WAY busses following loss of the Holyrood unit Ic led at 175 MW. All voltages return
to nominal following the e 1t with ~ e maximum variation occurring at the WAV bus.
The voltages at Deer Lake, BDE and WAV subsequent to the loadshedding event had

minimum values of 1.005 pu, 1.003 pu and 0.957 pu respectively.
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Figure 7.9: Frequency variation for schedule 4 (case 16)

Figure 7.9 depicts the frequency response for loss of a unit at Holyrood loaded at
175 MW. The total connected system inertia after the loss contingency was 5300
MW#*sec. The frequency is depicted at DLK, BDE and WAYV. Note the presence of
synchronizing oscillations at WAV following the generation loss contingency. The
minimum frequency following loadshedding of 16¢ [W was 58.07 Hz and indicates that

7 MW was recovered due to governor action during € event.
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Figure 7.10: Voltage variation for schedule 4 (case 16)

Figure 7.10 indica . the voltage variation 1countered at the DLK, BDE and
WAV busses following loss of the Holyrood unit loaded at 175 MW. All voltages return
to nominal following the event with the maximum variation oct  ‘ing at the WAV bus.
The voltages at Deer Lake, BDE and WAV subs 1ent to the loadshedding event had

minimum values of 1.018 pu, 1.014 pu and 0.988 pu respectively.0.988 pu.
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loaded at 150 MW. The total connected system i

iia after the loss ¢
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Figure 7.11 depicts the frequency response for loss of a unit at Bay d’Espoir

ontingency was

4028 MW*sec. The frequency is depicted at DLK, BDE and WAV. Note the absence of

synchronizing oscillations following the generation loss contingency. The minimum

frequency following loadshedding of 135 MW was 58.01 Hz and indicates that 15 MW

was recovered due to governor action during the event.
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Figure 7.12: Voltage variation for schedule 4 (case 21)

Figure 7.12 indicates the voltage variation encountered at the DLK, BDE and
WAYV busses following loss of the Bay d’Espoir unit loaded at 150 MW. All voltages
return to nominal following the event with the maxi variation occurring at the WAV
bus. The voltages at Deer Lake, BDE and WAV subsequent to the loadshedding event

had minimum values of 1.02 pu, 1.009 pu and 0.972 pu respectively.
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Figure 7.13: Frequency variation for schedule 4 (case 25)

Figure 7.13 depicts the frequency response for loss of a unit at Bay d’Espoir

loaded at 100 MW. The total connected system inertia after the loss contingency was

3955 MW#*sec. The frequency is depicted at DLK, BDE and WAYV. Note the absence of

synchronizing oscillations following the generat

| loss contingency. The minimum

frequency following loadshedding of 90 MW was 58.17 Hz and indicates that 10 MW

was recovered due to governor action during the event.
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Figure 7.14: Voltage variation for schedule 4 (case 25)

Figure 7.14 indicates the voltage variation encountered at the DLK, BDE and
WAY busses following loss of the Bay d’Espoir unit loaded at 100 MW. All voltages
return to nominal following the event with the maxi um variation occurring at the WAV
bus. The voltages at Deer Lake, BDE and WAYV subsequent to the loadshedding event

had minimum values of 1.02 pu, 1.009 pu and 0.972 pu respectively.
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Figure 7.15: Frequency variation for hedule 4 (case 28)

Figure 7.15 depicts the frequency response for loss of a unit at Bay d’Espoir
loaded at 100 MW. The total connected system i1 tia after the loss contingency was
3357 MW*sec. The frequency is depicted at DLK, BDE and WAV. Note the absence of
synchronizing oscillations followir the generati 1 loss contingency. The minimum
frequency following loadshedding of 105 MW was 58.09 Hz and indicates that S MW of

overshedding occurred for this case.
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Figure 7.17: Frequency variation for schedule 4 (case 31)

Figure 7.17 depicts the frequency response for loss of a unit at Bay d’Espoir
loaded at 100 MW. The total connected system i tia after the loss contingency was
2441 MW*sec. The frequency is depicted at DLK, DE and WAYV. Note the absence of
synchronizing oscillations following the generation loss contingency. The minimum
frequency following loadshedding of 97 MW was 57.96 Hz and indicates that 3 MW was

recovered due to governor action during the event.









117

I I [ I I R e
o] ry (%] 5l
sl o @ ‘
gl & 8 j
— — c
S
2
WAV 2
B4
— — Al v}
= c
[ [
. m -
. ’ 2 |2 % - w
=
CESE - v — = . X
‘ VI VI 4
o - 2
« < [T |< v
— IR "
—~ = - - “
2 3
5] — (R ™
o - 4
b= A 2
- " = 3 Lg
—
[=) A R W 4
> L b o/*
Y
L=
o ry ro o
g [ B @
o o "o v
R w
B g b
| i [=}
: c
| : -
! :
! B
. »
._‘ M 3 8
af & a
. 1 | . | 3 & 8§
—I— l_ 4 1.1
0.9 R N. o000 b.00__ _. 044 10,004
t. 0000 3.0000 56060 7.0000 9 0000

MON. JRAN 26 2009 10:24

CASE3Y

TIME (SECONDS}

Figure 7.20: Voltage variation for schedule 4 (case 34)

Figure 7.20 indicates the volt: : variation encountered at ! DLK, BDE and
WAV busses following loss of the Bay d’Espoir unit loaded at 75 MW. All voltages
return to nominal followir the event with the max um variation occurring at the WAV
bus. The voltages at Deer Lake, BDE and WAV subsequent to the loadshedding event
had minimum values of 1.26 pu, 1.068 pu and 1.15 1 respectively. Note that the voltage
on the west coast (at DLK) rises following the e 1t whereas the voltage at BDE and
WAV return to nominal values. This can be attributed to a lack of voltage regulation

since the unit at BDE has been removed from the system.
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Inspection of the plots in F ires 7.3 through 7.20 reveals the effect of UFLS as
per the extreme cases of schedule 4 on the system voltage and frequency. The dynamic
variation of the system variables following a trip of either a unit at Bay d’Espoir or
Holyrood is presented for different points on the wer system and is intended to
encompass the range of possible system response for the worst case operating scenarios.
The voltage variation at Western Avalon (WAV) experiences the greatest variation with
the bus voltage reaching a minimum value near 0.90 | for a trip of aun at Holyrood on
a heavily loaded system. The minimum frequency w: 57.96 Hz for case 31 that involves
a trip of a unit at Bay d’Espoir loaded at 100 MW. In all cases, the system variables
(voltage and frequency) return to near nominal values subsequent to operation of the
underfrequency schedule.

Table 7.14 provides a listing of the largest  1erating unit (LOU) which can be
synchronized to the system for variable system loadings and should not trip the UFLS
safety net at 57.9 Hz and 57.8 Hz for normal generation loss contingencies. For example,
for the 422 MW loading, the LOU is 84 MW since (0.24*350MW=84 MW); that is
schedule 4A has 84 MW of shedable load at 0.24 pu of maximum system loading
b een58.8 Hz and 58.0 ~

The setting of the largest online unit is critical to maintaining the predictability of
the UFLS schedule and is instrumental in maintaining system frequency stability
following generation loss scenarios. The am mt of load shed for generation
contingencies will increase significantly if the limits in Table 7.14 are exceeded since the

reserve thresholds of the schedule (at 57.9 Hz and 57.8 Hz) may be required to



compensate for normal generation loss contingenc
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. Since the purpose of UFLS is to

preserve system stability, it is prudent to be cautious and to advocate a predictable

response from any UFLS scheme.

Table 7.14: Largest synchronized generator summary for schedule 4

System System Lost System Largest
Load Inertia Inertia Loading | Online Unit
(MW) M0 (MJ) (pu) (MW)
1480 7432 502 0.86 175

| 10 6pon 690 0.72 175

1150 7001 690 nay 175

0ar _mno 502 u.o8 175

. 690 0.47 164

ooy 4645 502 0.39 136
624 4047 502 0.36 125
483 3131 502 0.28 98
422 2733 690 0.24 84

7.6 Rate of Change of » requency Loads edding

An alternative loadshedding methodology is to shed load based upon a

determination of the rate at w' " °

the system frequency is decli

rather than at

specific frequency thresholds. The rate of change of frequency (df/dt) relay can detect the

relative severity of a generation deficit through

f/dt measurement and can initiate

proactive loadshedding immediately instead of delaying until the frequency decline

reaches other threshold trip setti

. For example, the df/dt relay could sense a relatively

large generation deficiency through detection of a high df/dt and initiate loadshedding

prior to the frequency declining to 58.8 Hz. ...e rate of frequency decay (i.e. the df/dt) is
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decreased immediately after loadshedding and the )y increases the time available for
spinning reserves to act and provide compens: on for the generation deficiency
(provided df/dt loadshedding occurs prior to loadsh ding at other frequency thresholds).
While it is possible to develop an . .S schedule that is based on df/dt assessment only,
it is preferred to implement the df/dt function as a logical AND with a specific frequency
trip point, as shown in section 4.3, in order to minimize the possibility of relay
misoperation. In effect, the df/dt function is not enabled until the frequency decays to a
predetermined frequency threshold.

Loadshedding based on df/dt assessment sh: |d be graded in a manner similar to
frequency initiated loadshedding such that an incri ;ing amount of load is shed for an
increasingly severe df/dt. This approach will min ize overshedding due to potential

misoperations and will improve schedule selectivity.

7.6.1 df/dt Loadshedding Schemes

The design constraints for the development of df/dt L. .S schedules include the
separation of the df/dt trip settings, the amount of | 1 assigned to each setting, and the
initial tripping frequency (if the df/dt is utilized in concert with a frequency trip setting).
The separation of the df/dt loadshedding stages is limited by the accuracy of modem
frequency relays. A typical accuracy is 0.1 Hz/sec and therefore s cessive tripping
stages of the df/dt function cannot be less than 0.1 H iec in separation.

The ~ 'tial tripping frequency of the df/dt fu :ion should be made with reference

to the possible df/dt variations among the system busses following a generation loss
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contingency; particularly those closest to the area of the failed generator. For the case of
the island interconnected system, df/dt (and frequency) variation in the short term time
frame is more pronounced nearest the Holyrood ge: ators following a thermal unit trip
(reference Figure 7.3) but appears to be sufficiently damped when the frequency has
decayed to approximately 59.5 Hz. Therefore, this frequency, 59.5 Hz, will be designated
as the maximum frequency forming part of the /dt tripping con tion in that the
frequency decay to! 5 Hz occur concurrently with 2 adopted df/dt setting.

The trip settings and the amount of load assigned to trip upon df/dt activation
require consideration of the results obtained for schedule 4. Inspection of Table 7.8
reveals that UFLS was not required for Cases 5, 10, 15 and 20 (as evidenced by a total
load shed of 0 MW). For these ; eration loss scen 0s, the system was able to recover
the lost generation through spinning reserve. Clearly, loadshedding would be undesirable
for these cases and it would be | 1dent therefore to not establish df/dt trip settings for
values less than 0.3 Hz/sec since 0.3 Hz/sec was the maximum df/dt value observed for
these generation loss contingencies. Similarly, the greatest df/dt that is likely to occur on
the system is approximately 1.23 Hz/sec (case 31), during an extreme light system
loading.

The approach adopted for df/dt integration w | schedule 4 is to shed a portion of
the load associated with a specific frequency thres] .d in concert with df/dt activation
and to shed load incrementally using graded df/dt settings. To this end, constant amounts
of load will be tripped usii  a df/dt trip point in conc t with the logical AND (i.e. df/dt +

f) that is supervised by a 5] ific f |uency setpoint (i.e. 59.5 Hz) as outlined in Table
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7.15. The df/dt schedule is an addendum to Schedule 4 and will function in concert with
it. For example, schedule 4 will trip 58 MW at each of the six initial frequency thresholds
and inspection of the minimum frequency for case 1 in Table 7.11 is 58.35 Hz (with an
associated df/dt of 0.76 Hz/sec). Therefore, the loadshedding blocks at 58.8 Hz, 58.6 Hz
and 58.4 Hz will all trip regardless of whether or not df/dt initiated tripping is
implemented. Furthermore, tripping some of the load from either of these load blocks
utilizing a df/dt trip setting will not increase the total load shed and it is proposed to trip
10 MW or 20 MW from each of the thresholds at 58.8 Hz, 58.6 HZ and 58.4 Hz in
response to a measu 1 df/dt value = eater than 0.3 Hz/sec) at 59.5 Hz. The selection of
the amount of load to shed (i.e. 10 MW or 20 MW) is an arbitrary selection and for the
current application is derived from the existing schedule.

Consider Table 7.15. The amount of load shed following an un  frequency event
will be cumulative for increasingly severe df/dt values. A df/dt of 0.6 Hz/sec will shed,
for the 10 MW case, 30 MW in total since a df/dt of 0.6 I™ “sec will also activate all
lesser df/dt values (at 0.5 Hz/sec and 0.4 Hz/sec). Similarly, a df/dt of 1.0 Hz/sec, for the
10 MW case, will shed 70 MW of load in total resu from df/dt activation. The results
for this schedule operating in conjunction with Schedule 4 are summarized in Tables 7.16
and Table 7.17.

The load that is tripped using the df/dt will not exceed that which would have
been tripped through schedule 4 acting alone. The inclusion of a df/dt function with
schedule 4 in the manner indicated will increase the selectivity of the schedule with

respect to variable generation loss contingencies 1t is dependent on the action of
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spinning reserve for any reduction in loadshedding uantity. Furthermore, if the system
spinning reserve does not increase generation output to compensate for the indicated
generation deficiency, the total amount of load shed will be identical to that found for

schedule 4.

Table 7.15: Proposed df/dt loadshe ling for schedule 4

Frequency df/dt Loads d | Loadshed
(Hz) (Hz/sec) (Mpn (Man
59.5 0.4 1( 2v
595 nec 4I‘I [o7aY
59.5 U.0 W T
59.5 0.7 10 20
59.5 0.8 10 20
59.5 0.9 10 20
59.5 1.0 10 20
59.5 1.1 10 20

7.6.2 Simulation Results

Inspection of Table 7.16 reveals that in eve case the amount of load shed does
not exceed that of Schedule 4 and that shedding load at 59.5 Hz using the df/dt function
will require that less load be shed to compen e for a specific generation loss
contingency. Note * it all measured | meters im >ve in proportion to the amount of
load shed using the df/dt and indicates that df/dt incorporation will i1 »ove schedule
performance. For the variables examined, the optimum choice would be to assign 20 MW
to shed on df/dt activation at 59.5 Hz. Relative to schedule 4, the average minimum
frequency and the minimum frequency increase by 3 Hz, the total amount of load shed

decreases by 120 MW and the ave  :loadshed dec ses by 3.4 MW.
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Figure 7.21: Frequency variation for df/dt implementation in case 6 at WAV
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Figure 7.21 illustra : the difference in system frequency response for case 6 with
and without implementation of the df/dt function at the Western Avalon bus (the WAV
bus and case 6 are chosen for the pr _»>ses of illustration). This result indicates that
proactive loadshedding through df/dt implementation has enabled the system to correct
the generation loss contingency (175 MW loss at Holyrood) with a reduced amount of
loadshedding and greater minimum frequency.

However, df/dt enabled trippir resulted in a reduced amount of total load shed in
only a fraction of t| possible test cases. ...ose cases which a sl led in Table 7.16

1 ., sent the occasions in which df '~ ~ plementation resulted in a reduced amount of









127

on the system subsequent to generation loss scenarios and thereby minimize the potential

for unexpected loadshedding.

7.7 Summary

This chapter presented the application of the UFLS methodology developed in
Chapter 4 to the island interconnected system of Newfoundland. Evaluation scenarios
based on seasonal load variation were developed and several possible UFLS schedules
were considered for multiple generation loss scen: os. Time domain simulations were
presented for the probable worst case scenarios n the system and highlighted the
frequency and voltage response at different system busses. Finally, it was demonstrated
that application of df/dt initiated loadshedding, in  : manner proposed, will result in a
4.5% decrease in the total amount of load shed r the Iewfoundland island system

relative to schedule 4.
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is frequently operated as synchronous condenser (SC) and provides additional reactive
support when required. The ratings and location of the principal equipment for the eastern

section of the power system are summarized in Figure 8.1 and Table 8.1.
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Figure 8.1: Generation and transmission east of Bay d’espoir

The system under consideration will include all equipment and load east of the
Bay d’espoir generation site. ..1e equipment will include all 230 kV transmission lines
east of Bay d’espoir, the Holyrood and Hardwoods generation facilities as well as the
capacitor banks located at Oxen Por ° F Iwoods and ™ »ng Harbour. The system load

considered Il be i lich is serviced by the 23 <V lines east of Bay d’espoir and is
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As noted previously, the maximum power imported into the Western Avalon
station on TL202 and TL206 without causing unact tably low voltages east of WAV is
approximately 345 MW. This figure assumes that generation sour. ; on the Avalon
. °ninsula (i.e. at Holyrood or at Hardwoods) are offline and that the voltages at all 230
kV busses (WAYV and east) are greater than 0.95 pu. Inspection of Figure 8.3 reveals that
the limiting value for active power transfer (i.e. 15 MW at 0.95 pu voltage) is not
reached between hours 3000 and 7200 or equivalently between the months of April
through October. Similarly, the maximum reactive demand during this time (reference
Figure 8.4) is approximately 100 MVAr and is supplied by the capacitor banks without
assistance from either the HWD GT or units at HRD. Hence, it is not required that
generation sources on the Avalon be in operation between these months in order to satisfy
the load demand on the Avalon while still maintaining acceptable voltages. This is
advantageous from an operational perspective since these units are thermal units and are
more expensive to operate and are environmentally less ‘sirable than hydraulic units.
However, the reality of actual system operation is mplicated by unit availability at Bay
d’espoir and Holyrood, °:quate reactive reserves on the Avalon and by issues related to

the efficient management of water resources.






135

8.3 Development of Uy LS Schedules

The UVLS methodology employed in this thesis is analogous to that applied to
UFLS in that preselected portions of the system load will be disconnected from specific
load busses in response to a low voltage. The load will be disconnected from the system
following the activation of voltage relays at specific tripping thresholds as the voltage
declines. ...e sequence of relay operation will conti e until the decay of the bus voltage
has been reversed and nominal operating levels restored. To rei  ite, UVLS is a measure
of last resort and is applied to systems operating in the emergency or in extremis states.
The factors that must be considered during implementation of an UVLS scheme are the
total load shed, time delay and undervoltage settii s as well as the location of load to
shed.

For the current thesis, the design of the UV] scheme will rely primarily on static
analysis (P-V curves) developed from load flows on the Avalon Peninsula and will
employ dynamic s 1lation to confirm system stab ty. The design of an UVLS schedule
using P-V curves requires that determination of the amount of loadshed be based on a
comparison between the difference in the pov  demand during worst-case pre-
contingency and post-cor ~~ gency conditions at specific busses.

The variability in the system loading must  accounted for when considering the
amount of load that will actually be shed from t  power system following an UVLS
event. In a manner similar to UFLS, the load assigned to trip for UVLS is assumed to be
at a max am for the k 1d case and will * r e in proportion to the system

loading. The peak Avalon loading is at least 630 W with all major generation sources
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active and includes the effects of power imports from Bay d’espoir and generation
sources on the Avalon. Therefore, the peak load assigned to trip for UVLS will be
referenced to a maximum value of 630 MW, although Avalon loading values beyond this
point are possible as indicated in Figure 8.3.

Tripping fewer loads than necessary will . avert a voltage collapse whereas
tripping more load than necessary may result in f juency instability. Consequently, a
partial justification for the partitioning of loadshedding blocks in UVLS schedules such
that preselected loads are ass _ 1 to trip at p elected voltage thresholds is that
disconnection of smaller amounts of load will decrease the severity of voltage and
frequency variations and possible instability issues during the system transition to a stable
operating state. Hence it is desirable to divide any required loadshedding among
successive tripping thresholds. Another desirab consequence of grading the total
amount of loadshed is that it will enable any proposed UVLS schedule to function for a
variety of contingencies and system dispositions 1ile minimizing the total load shed.
Another justification for limiting the change in __e voltage magnitude as a result of
UVLS is that sheddir large amounts of load will crease the resistive load demand and
will exacerbate any voltage instability.

The time delay required before UVLS can e enabled should be greater than the
time required for other voltage regulation and  npensation devices to operate. For
example, OLTC will typically require 4-5 minutes before tapping out and it would be
counterproductive to initiate UVLS prior to the completion of this process. Hence, for the

purposes of long term voltage instability due to load buildup, all other system options for
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improving voltage will ideally have been exhausted; specifically generators have reached
their excitation limits, all reactive sources have been deployed, all OLTC have tapped out
and all reactors (if present) have been tripped. However, the trip conditions are met,
UVLS will occur regardless of whether or not OL Z, or other system resources, have
reached their maximum limits.

It is optimal that UVLS occur at or near the point of low voltage instability and
that there be load available at that bus to shed. The tripping of load at locations near the
point of instability can also have a limited benefit since the disconnection of load will
reduce generation active power output and will 0 oad transmission lines and thereby
reduce losses and improve the eiving voltage. This effect is clearly dependent on the
network topology variation following the loadshed and the generation dispatch or system
loading at the time. The identification of voltage 1sitive busses can be made through
construction of V — Q curves. One method for p¢ >rming this analysis is to connect a
fictitious synchronous condenser to a bus and to en increase the reactive demand by
iteration in order to determine the sensitivity of the bus voltage to increased loading.
Those buses that more voltage sitive will display a greater : e of change of
voltage with respect to VAr demand (dV/dQ) and s at these busses that UVLS may be
employed (provided there is nearby load to shed) [6]. However, for the purpose of the
current thesis, dV/dQ analysis was not performed since there : only two busses on the
Avalon that contain an appreciable and potentially useful block of load for the purposes

of UVLS.
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8.4 Methodology Application

In contrast to the time delay inherent in the increase in generator active power
output due to spinning reserve, adjustment of synchronous generator or synchronous
condenser reactive output is virtually instantaneous due to the rapid reaction of modemn
digital excitation systems. Hence, reactive compensation increases in synchronous
generators will typically restore voltage levels to nominal values in a timely manner
(within the capability of the machine limits) after the associated dynamics have decayed.
A notable exception is when reactive reserves have been exhausted, »>ssibly due to an
operating contingency, and system loading continues to increase. In this case, the voltage
on all three phases of the power system will be depressed equally and will begin to
slowly decline.

The addition of either active or reactive generation on the Avalon will increase
the *‘baseload” figure of 345 MW at 0.95 pu vol : at the Western Avalon (WAYV)
station. Inspection of Table 8.2 and Table 8.3 indicate that the increase in the base load
value is a consequence of adding generation capacity at either HWD or HRD. Otherwise
stated, if the Avalon load exceeds 345 MW at WAV, additional Avalon generation is
required. As indicated in ..gure 8.3, the additional generation would be required
approximately between the months of November and March while the actual dates are
based upon real time consideration of the power system and implies a specific generation
dispatch on the Avalon (at HRD or HWD) to meet seasonal increases in demand.

The base case loading of 345 MW at WA  represents the system characteristics

durir the relatively light loading period in sumr - and requires only the insertion of



139

four capacitor banks into the Avalon system. Th measure is sufficient to maintain
acceptable voltages for the summer loading cond on. There are, in fact, five static
capacitor banks on the Avalon with the fifth bank representing reserve capacity. For fall
and springtime loading additional reactive support is initially dispatched at either HWD
or HRD. As the winter season prc _ sses, additio.  generation at HRD is required to
m« the load increase and maintain acceptable voltages. The maximum loading will
generally occur in February and requires that all HRD generators be online at that time.

The present investigation into the voltage stability of the Avalon region will
involve the assessment of three potentially problematic operatir cont 3zencies: loss of a
capacitor bank in summer, loss of a generating unit HRD and the loss of a transmission
line which transfers power to the Avalon (i.e. TL202 or TL206).

The most onerous operating contingency that could occur on the Avalon is the
loss of a generation unit at HRD. This N-1 contingency will result in severe voltage and
frequency excursions and requires mitigation in the form of loadshedding. This
loadshedding will be initiated by underfrequenc relaying rather than undervoltage
relayin since frequency  ‘lity will be compromised to a greater extent than voltage
stability. Furthermore, applic “)n of undervolta; loadshedding for this contingency
may not provide adequate compensation for the restoration of a nominal system
frequency and the action of underfrequency loadshedding will provide a sufficient
decrease in demand to permit voltage restoration. Inspection of the time domain
simulations contained in chapter 7 supports this conclusion since voltage stability is

restored subsequent to underfrequency loadshedding for all cases investigated. In a
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similar manner, the tripping of a capacitor bank will not require UVLS (for the N-1
contingency) since the available reserves are adequate to meet the increased reactive
demand.

The final contingency, the loss of transmission line TL202 may be a source of
potential voltage instability depending on the available generation reserves on the Avalon
and the system loading. If the load displaced by t  trip of ...202 is absorbed by the
generation units at HRD, or at other smaller sources of generation on the Avalon, voltage
stability should be assured. However, if the system is near peak loading and there is a
scarcity of generation available on the Avalon, and e displaced load is transferred to the
remaining line (TL206), the voltage may begin to decay on the Avalon and voltage
stability may become a conc Inspection of the results contained in Table 8.2 and
Table 8.3 indicate that the difference between the maximum loading for the base case
minus the maximum loading for the ..202 co ingency at 0.95 pu voltage varies
between approximately 65 MW (for case 1) to : jroximately 100 MW (for case 5).
Therefore, the total amount of load that will be shed for UVLS will be 100 MW for peak
Avalon loading and, analogous to U™ 3, will decrease to 65 MW for minimum Avalon
loading in proportion to actual system load.

As noted, the total amount of load that will be shed for the UVLS application is
100 MW at either OPD or HWD. These are the most heavily loaded busses and represent
reasonable locations for any proposed loadsheddir to occur; this is especially applicable
since there are not other locations on the Avalon where such a load concentration exists.

The typical emergency voltage levels for power system operation are between 0.9 pu and
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1.1 pu of rated voltage and the lower limit will similarly constitute the initial UVLS
thresholds for the current thesis.

As noted in previous sections, the time frame associated with a voltage collapse
will range from a few seconds to several minutes or more and it is difficult to predict the
exact nature of any voltage problem since the available reserves will vary with the system
generation dispatch as will ability of the system to rec ‘er from a stressed voltage
condition. Therefore, the time delay that is proposed should provide adequate time for
system operators to act for longer-term voltage problems and correct any system
deficiency threatening voltage stability. However, if active or reactive reserves are
unavailable, the only recourse to preserve voltage stability will be UVLS. However, it is
vital that undervoltage loadshedding schemes not ¢ rate during three phase faults on the
system. To prevent this occurrence, a time delay will be introduced for all tripping

thresholds.

8.4.1 UVLS Evaluation

P-V curves are developed for the WAV and OPD busses from a series of load
flows in which the load is progressively ~ :reased. The network topology is constant,
with the exception of the transmission line contingencies, and the load power factor is
maintained at 0.9 (lag) and represents the probable worse case for the system as indicated
in Figure 8.2. Inspection of the P-V curves will permit the examination of the voltage for
a specific bus concurrent  h increases in pov transfers. As the magnitude of the

power transfer is increased, t volt: _: will decrease for busses on (or near) the power
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transfer route. For the present investigation, the )w voltage transfer limit, or the
minimum acceptable voltage, is assumed to be 0.90 pu. For additional increases in power
transfer, the voltage will eventually collapse indica 1g that the trans - capacity of the
power route has been exceeded.

Power transfers that exceed the knee point of the P-V curve may result in voltage
instability and a possible voltage collapse since is at the knee point that voltage
decreases rapidly for further increases in power flow. Hence, stable power system
operation requires that there be a sufficient margin tween the point of voltage collapse
and the normal operating point on the P-V curves. In addition, the effect of operating
contingencies (i.e. the loss of a transmission line) will be evaluated through comparison
of the P-V curves for the base case and the operating contingency under consideration.
The difference in the loading value, for a constant operating voltage, with respect to the
base case and the operating contingency indicates the magnitude of the system overload.
This difference must be subtracted from the syst 1 loading through UVLS to restore
stable operation. The contingencies evaluated with respect to voltage stability on the
Avalon are summ: ‘ed in Tables 8.2 and 8.3 with detailed P-V curves presented in
F res 8.51t0 8.14. The " : loss contingencies considered are the loss of TL202, TL201
and TL208.

The loss of TL208 will not affect the system MW loading but will instead
decrease the available reactive power on the Avalon. As discussed previously, TL208

connects a 20 MV Ar capacitor bank at Long Harbour to the Western Avalon station and
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8.4.2 Simulation Results

The schedule proposed in Table 8.4 has time graduated settings at 0.92 pu voltage
(at 5 second intervals) and also contains two voltage thresholds that will operate on a near
instantaneous basis. A shorter time delay is incorpo ed for the trip settings at the lowest
thresholds since there may be contingencies and erating conditions for which more
ag isive loadshedding is required. The intention is to minimize any required
loadshedding for both the short term and long term time frames and the expectation is
that the Avalon voltage will recover or stabilize before it is necessary to shed the entirety
of the load contained in the schedule. In addition, note that a 0.25 sec delay is introduced
for the 0.90 pu trip to prevent tripping during any three phase faults on the transmission
line. The expectation is that distance protection will operate to clear the fault prior to

operation of the 0.90 pu threshold.

Table 8.4: Potential UVLS schedule

rVoItaae I I I
u.Iv pu l U.£0 l “4U Vivy l
Note Mnu:-—.. Toe, Iaadshe‘d 4NN AAMAT 1

There is a margin of error associated with e analysis for the P-V curves in that
the load flows quired to construct these urves would not converge below

approximately 0.95 pu. This error will * troduce some uncertainty with respect to the
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total amount of loadshedding required for operating contingencies that result in voltages

of 0.9 pu on the Avalon. Hence the UVLS schedule indicated in Table 8.4, although

viable, should be regarded as tentative and subject to change.
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Figure 8.15 depicts the operation of the UVLS schedule for case 1 following the
TL202 trip operating conting cy. Immediately after the line contingency, the voltage
drops to 0.77 pu and results in a loadshed of ...6 MW after a 0.25 sec time delay.
Additional operations of the schedule occur | at the 0.91 pu and 0.92 pu trip settings

resulting in a total additional loadshed of 19.2 MW. The total loadshed was 36.8 MW and
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restored the operating voltage to 0.97 pu at the WAV bus. The maximum frequency

resulting from schedule operation was 61.17 Hz.
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Inspection of Figure 8.16 reveals that ope ion of the UVLS schedule was not
required for the transmission line contingency f case 2. Following the trip of the
transmission line, the voltage decreased to approximately 0.92 pu and stabilized at 0.95
pu. The frequency at WAV increased to a maximum value of 60.21 Hz. The presence of
the Holyrood | 1eration was sufficient to stabil” : the voltage and prevent schedule

operation.
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Figure 8.17: Voltage and frequency plot for case 3

Inspection of Figure 8.17 reveals that ope ion of the UVLS schedule was not
required for the transmission line contit :ncy for case 3. Following the trip of the
transmission line, the voltage decreased to approx ately 0.96 pu and stabilized at 0.973
pu. The frequency at WAV decreased to 59.. ., Hz with a peak value of 60.08 Hz. UVLS
was not required for this operating scenario and the presence of the )lyrood generation

was sufficient to stabilize " : voltage and prevent schedule operation.
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Inspection of Figure 8.18 reveals that ope
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ion of the UVLS schedule was not

required for the transmission line contingency for case 4. . ullowing the trip of the

transmission line, the voltage decreased to approximately 0.96 pu and stabilized at 0.973

pu. The frequency at WAV decreased to 59.96 Hz with a peak value of 60.09 Hz. UVLS

was not required for this operating scenario and the presence of the

was sufficient to stabilize the voltage and prevent schedule operation.

yrood generation
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Inspection of Figure 8.18 reveals that operation of the UVLS schedule was not
required for the transmission line contingency { case 5. Following t1 trip of the
transmission line, the volt: : decreased to approx™ tely 0.95 pu and stabilized at 0.972
pu. The frequency at WAV was not significantly perturbed and stabilized at 59.82 Hz
with a peak value of 60.06 Hz. UVLS was not required for this operating scenario and the
presence of the Holyrood generation was sufficie to stabilize the voltage and prevent

schedule operation.
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In summation, Figure 8.15 reveals that the »ltages decreased at the WAV bus
following the TL202 contingency for case 1 (zero generation on the Avalon) to
approximately 0.77 pu and activated the lower stages of the UVLS sct ule at 0.9 pu and
0.91 pu. The loading on TL202 at the time of the line contingency was approximately
175 MW and the loadshedding required (i.e. 36 MW) corresponds to the values indicated
in Figure 8.5 at 0.97 pu voltage. The voltage on the Avalon (at WAV) did recover
following activation of the UVLS thresholds and resulted in a total load shed of
approximately 36 MW relative to the peak value of 100 MW. The final time delayed
threshold (0.92 pu at 5 seconds) associated with 2 schedule did not trip since the
voltage had recovered sufficiently to stabilize above the trip setting. If the final threshold
had operated, the voltage would have recovered to minal values. For this loss scenario,
other control actions, such as s, ‘hronizing a ¢ turbine (i.e. GT) or other human
intervention would provide the final required ¢ ipensation necessary to restore the
system voltage.

The loss contingency involving the trip of TL.202 is the most onerous in terms of
n  aining voltage stability on the Avalon (not thstar ° the loss of a generation

") since the only available generation source (at BDE) is far removed from the
principal load center. This system constraint will result in increased line losses in
proportion to increased loadit and is especially prevalent following the loss of either
TL202 or TL206; which constitute the double circuit from Bay d’Espoir to Sunnyside.
The application of UVLS, as per the schedule of Table 8.4, is effective at restoring the

integrity of the voltage at WAV (and therefore on the Avalon) and is demonstrated to be
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an effective countermeasure for voltage instability. Figure 8.16 to Figure 8.19 indicate
that undervoltage loadshedding was not required following a line loss contingency due to
the influence of active and reactive reserves contributed by the HRD thermal units.
Therefore, UVLS will not1 required for every prol »>le loss contingency on the Avalon
but will function if required to preserve voltage stability during periods of depleted
system reserves or following unusual operating contingencies. Furth inspection of
Figures 8.16 to Figure 8.19 reveal the variation in frequency at t WAV bus and
illustrates the synchronizing oscillations required before the HRD units and the BDE

units redistribute the system demand.

8.5 Summary

This chapter has outlined a methodology for application of an UVLS scheme for
the eastern section of the Newfoundland island power system. P-V curves have been
employed as the primary analysis tool to determine the loading limits for the
representative cases discussed and the amount of loadshedding required for the principal
load busses on the Ay “)n Peninsula at Oxen Pond d Hardwoods. Dynamic simulations
of the voltage and frequency are included for the worst case contingencies and
demonstrate that voltage stability is maintained following operation of the proposed load

curtailment schedule.
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Chapter 9

Conclusion

9.1 Contributions of the Research

The requirement that power systems operate in a predictable and reliable manner
is fundamental for the power utility and necessa vy includes the correct and reliable
operation of the system protection. A significar aspect of this requirement is the
identification and isolation of abnormal operating conditions on the system.

Concurrent with the advances in relaying technology over the past several
decades have been improved modes of application by designers to  zguard the power
system and to preserve safe and reliable operation. The current research has applied
modern digital relaying utilizing a methodology for UVLS and .. LS to the island
system of Newfoundland in an attempt to preserve continuity of service and system
stability following severe ope ing contingencies.

The methodologies employed in the current research are based on the detection of
an emergency or in extremis state of operation with mitigation of the contingency and
restoration of stability achieved through load curt ment. The loading variation possible
on the Newfoundland system was modeled using variable generation dispatch scenarios
repres of seasonal loading variation on the system. This was the | . 1l means

to enst  the chosen UFLS schedule would function for all possible generation loss
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contingencies. In addition, an UVLS schedule was developed using P-V curves and
dynamic analysis to ensure continued voltage stability on the Avalon Peninsula. The
protection scheme will respond following a period of low voltage (at a monitored bus)
resulting from operation of the system during periods of insufficient reserves. Both UFLS
and UVLS schedules are designed to respond overload conditions that threaten
frequency or voltage stability.

The developed protection schemes are simple, effective and provide timely and
decisive compensation following overloads resulting in either low frequency or low
voltage. Although the methodology is applied to the island system of Newfoundland, it is

sufficiently general in design to be applied to any i lated power system.

9.2 Suggestions for Future Work
The work reported in this thesis can be extended in the following areas:

e The methodologies developed for determinati | of the optimum UFLS schedule in
section 7.5.2 and the UVLS schedule in sectic 8.4.2 are based on general principles
and observation and may not represent the optimum choices. Additional research
could be conducted to develop a method for se” :tion of a load curtailment schedule
based on specific performance indicators or general statistical methods.

e The UFLS schemes outlined in the present search are “reactionary” in that the
response of the SPS occurs after the system variables have reached specific levels. It
would be preferred if the required extent of load curtailment could be determined

before the system frequency experiences a s _ ficant change from nominal. The
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development of a dynamic and adaptive UFLS scheme would potentially offer
improved performance with respect to minimizing the total amo 1t of load that is
shed during a load curtailment event. Neural networks and other adaptive schemes
have been developed (by different authors) that attempt to minimize the extent of
loadshedding required during operational contingencies and relies upon continuous
assessment of the df/dt. A possible refinement to such a scheme would be to develop
a neural net (or other adaptive scheme) which would effect the desired amount of
loadshedding based on determination of the frequency and df/dt for the system center
of inertia in concert with a maximum acceptal : operating frequency. The usage of
the COI may be desirable depending on the size of the system since there may be
frequency and df/dt variation at different gen ition busses following a generation
loss contingency and will thereby prevent the tivation or operation of an adaptive
scheme which is based on a df/dt value calcula | at a single point on the system. The
incorporation of a maximum acceptable operating frequency will ensure that the SPS
does not become active for generation loss con 1gencies that can be mitigated by the
system spinn’  reserve. Furthermore, contim 1s monitoring of the loading on all
system feeders would enable load curtailment at near the optimum amount. This
scheme would require the use of an extensive communication and control network
since remote control and monitoring of the lo shedding feeders will be required as
well as the use of a central computer or coordinating relay. The central relay could
trip specific increments of load in proportion to the contingency until the load

generation balance has been restored. Ideally the relay will determine the required
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amount of loadshedding in response to a gen tion deficiency and implement the
decision to trip at various parts of the system as )nstrained by the severity of voltage
changes at the busses near the sites of feeder br  ter operation. Finally, the amount of
loadshedding required could be adapti* in that the size of the incremental loadshed

will increase in response to generation loss contingencies of increasing severity.
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Appendix-A

Overview of the PSS/E Software Package

PSS/E (power system simulator) is a software package marketed by Siemens that
is widely used in industry for transmission planning. The capabilities of the software
include power flow, contingency analysis, probabilistic contingency analysis, dynamic
simulation, short circuit analysis as well as optimal power flow and small signal stability
analysis. The power system models are based on differential equations and numerical
solution techniques utilizing a FORTRAN com ler. Models for all elements of the
power system are available and include exciter and governor models, protective relaying
models, transmission line models (including the inductances and capacitances of
transformers and shunt devices), symmetrical cc ponent representation for analysis of
unbalanced faults as well as a myriad of other fez res. Power systems as large as 50,000
or more buses may be analyzed following solutic of the nonlinear differential equations
associated with the power system models. Furt r details are available in the PSS/E
documentation [35].

The analysis required in this thesis is based on dynamic and static representations
of the power system. The static analysis was employed for load flow cases and the
development of power-voltage curves to determine maximum Avalon loading whereas

the dynamic analysis was employed for frequency and voltage simulations.















