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Abstract

Power system blackouts have been observed increasingly frequent and severe. As an emergency
control action to rescue the system from complete blackout, under-frequency load shedding (UFLS)
technique can disconnect a part of the load when a disturbance occurs and an excessively low
frequency is detected.

Traditional UFLS scheme is widely adopted in present power systems. However, it usually has several
pre-defined steps and corresponding frequency thresholds without sufficient consideration of the
actual system characteristics and the disturbance situations. This can result in inaccurate load
shedding or even unsuccessful protection.

In comparison, advanced UFLS schemes proposed in the literature can dynamically adjust the shedding
steps based on the specified algorithms and thus are advantageous over traditional UFLS scheme in
frequency recovery and other aspects such as reducing total shedding amount and improving voltage
stability.

In the thesis, a set of models are developed using PowerFactory and Python for advanced UFLS schemes.
Then three schemes are implemented and verified. Simulation results show that these schemes can
successfully arrest frequency decline along with specified optimizations. Several factors such as load
characteristics are observed to have significant impact on the UFLS performance. For one of the
considered schemes, a step correction method is proposed in the thesis to improve the frequency
performance for more disturbance scenarios.

Key words: Under-Frequency Load Shedding, Power Imbalance Estimation, PowerFactory, Python
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1 Introduction

Chapter Summary: This chapter introduces the background of the thesis. Then the motivation of the
study on advanced under-frequency load shedding is justified. Finally, the thesis objective and
structure are provided.

1.1 Power System Blackouts

Over the past few decades, electric power systems around the globe have seen massive changes such
as rapid growth of installed capacities, restructuring and deregulation of the electrical industry, and
extensive integration of renewable energy sources. These changes have been accompanied with more
frequent and severe occurrence of cascading failures and blackouts.

The North America blackout that happened on 14 August 2003 was one of the worst cascading failures
in the history of power system around the world [1]. The cascading failure can be traced back to the
morning of that day when there was a reactive power supply issue, which unfortunately did not raise
sufficient early awareness due to software problems. The event gradually unfolded when several tree
contacts consecutively occurred and one generator tripped due to overexcitation. Until this moment,
the blackout could have been prevented by under frequency load shedding or system readjusting [2].
But when the Sammis-Star 345kV line tripped due to a zone 3 relay action, the widespread cascading
reached a no-return point, hundreds of other lines tripped, and 5 minutes later the whole north-east
system collapsed.

In the same year two other major blackouts happened on the European continent. One of them that
occurred on 23 September in the Nordic system began with several system components out of service
for scheduled maintenance. The critical event was a nuclear plant outage due to a valve problem and
an ensuing double bus bar fault 5 minutes later. This directly led to a collapse of both frequency and
voltage. Consequently, a region of southern Sweden and eastern Denmark was separated and collapsed
to blackout in a matter of seconds.

The other blackout happened in Italy on 28 September 2003 and resulted in the entire Italian power
system collapsed. The cascading outage began with a heavy power import from Switzerland to Italy.
When two transmission lines were tripped within seconds because of a tree contact, the heavy power
flow was shifted to the adjacent lines that connected Italy and France, Austria, and Slovenia. As a result,
all major tie lines of Italy were tripped in minutes, leading to a nation-wide loss of power.

The exact mechanics of power system blackouts is complex and varies dramatically in different
situations. But many blackouts observed in the literature such as [3] and [4] progressed in a common
patter as shown in Figure 1-1.
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Figure 1-1: A Generalized Blackout Pattern

It can be roughly generalized that most of cascading failures started with a stressed operation [5] due
to scheduled maintenance or peak hour situation that may cause the system safety margin to be
narrowed. Once a triggering event occurs, such as a natural disaster or an unscheduled outage of
components, an overload situation may arise in the area. Accompanied by maloperation of protection
schemes thatare in duty, the situation can escalate rapidly and lead to a cascading tripping of elements.
Before the cascading failure reaches the point of no return, which is elaborated in reference [6], fast
and appropriate protection schemes are still able to rescue the system before the collapse. But
complete blackout becomes unavoidable once major generation units and tie lines are tripped due to
excessive under-frequency and under-voltage.

1.2 Under-Frequency Operation

Equation (1-1) is the swing equation that describes the mechanical motion of a generator.

2H dw
PP P,—P, (1-1)
where H is Inertia constant [s]

w; is Synchronous rotational speed [rad/s]

w is Rotational speed [rad/s]

P,, is Input mechanical power [p.u.]

P, is Output electrical power [p.u.]

Power systems and all its components are designed to run at nominal frequency. From equation (1-1),
it can be easily noticed that when the system operates with a shortage of generation (mechanical)
power as compared to load (electrical) power, the electrical frequency will decrease. Although most
devices can withstand a small frequency deviation, the magnitude and duration of the deviation is
strictly limited especially for costly units such as synchronous generators. Generator turbines are
vulnerable to abnormal frequency operation due to excessive vibration that can result in blade fatigue
and acceleration of aging. According to [7], a steam turbine can persist no more than 100 minutes when
there is a 2% change of rotational frequency from the nominal value, as shown in Table 1-1.



Table 1-1: Operation Capability of an Example Steam Turbine

Frequency Deviation at Full Load Maximum Operating Time
Af = 1%f, Continuously
Af = 2%f, 100 minutes
Af =3%f, 10 minutes
Af = 4%f, 1 minute
Af = 5%f, 0.1 minutes
Af = 6%f, 1 second

In addition, power plant auxiliary devices such as induction machines in the cooling system heavily
rely on a stable frequency. Lower frequency results in less rotational speed and less effective
ventilation.

1.3 Conventional UFLS and the Limitations

Currently there are several known solutions to mitigate cascading outages and rescue the power
system before the complete blackout. These solutions include out-of-step tripping and blocking, line
switching, generator rescheduling, controlled system separation, load shedding, etc. Among them
under-frequency load shedding (UFLS) has been widely adopted in power systems as an emergency
action for arresting the frequency decline and thus preventing cascading failure due to abnormal
network conditions. The principle of UFLS is to intentionally curtail a part of power system load when
an excessively low electrical frequency is detected in order to mitigate or eliminate the power
imbalance and thus to help frequency recovery.
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Figure 1-2: A Four-Step Conventional UFLS Scheme

Conventionally, UFLS involves several pre-defined load shedding steps, each of which is associated
with a frequency threshold. Once the measured frequency reaches one of the thresholds, the
corresponding under-frequency relay will be given the order to disconnect a certain percentage of load
on a bus. Figure 1-2 from reference [8] shows a typical 4-step load shedding scheme.



Although the conventional UFLS scheme is widely implemented in existing power systems [9], it has
the following several main drawbacks that can result in malfunction and inability to prevent the
cascading failure, examples of which can be found in [10].

1. Conventional UFLS ignores dynamic behavior of power system loads. During the cascading outage,
frequency decline is accompanied by voltage decrease, which in turn decreases the active power
consumption of voltage dependent loads. In this way, the load dependency on voltage seems to
have alleviated the over-load situation, but the actual generation deficiency is larger than what
appears to be. Even if UFLS has curtailed a part of the load, voltage instability issues remain
unresolved.

2. Conventional UFLS ignores the disturbance location in the load shedding decision process.
According to the observation of reference [11], frequency falls faster in the adjacency of
disturbance than in the undisturbed area. But the conventional UFLS sheds the same fraction of
load at each bus at the same time, which may lead to unwanted redistribution of power flow and
excessive increasing of the loading on major tie lines.

3. Fixed steps of the conventional UFLS cannot dynamically adapt itself to the power imbalance, thus
unable to proceed an accurate load shedding. This can lead to over-shed or under-shed which may
cause an unsatisfactory frequency excursion after the load shedding process.

1.4 Thesis Objective and Structure

Due to the deficiencies of conventional UFLS schemes, many advanced UFLS schemes have been
developed to improve the protection effectiveness. In the literature, proposed schemes use various
external signals and algorithms to change the load shedding pattern in a dynamic way to not only arrest
frequency decline, but also enhance other aspects such as reduction of the shedding amount and
improvement in voltage stability margin. In addition, recent development of the Supervisory Control
and Data Acquisition (SCADA) system and the Wide Area Measurement (WAM) system has made
immediate access to the power system state easy and fast calculation available.

Based on the above-mentioned facts, the objective of the thesis is to develop a set of models using
PowerFactory and Python for several selected advanced UFLS schemes. The performance and
limitations of the schemes will then be verified with respect to various disturbance scenarios using the
developed models in the IEEE 39-bus test system.

The thesis consists of six chapters. Chapter 2 is a literature review on the development of UFLS schemes
and a brief description of their principles. Chapter 3 introduces the methodology in the implementation
of the schemes including software environment, general process and basic assumptions. Chapter 4
implements and investigates one selected advanced UFLS scheme with adaptive steps. To improve the
performance of this scheme, a correction method is proposed in this chapter. Simulation results show
that the proposed correction method can effectively find a balance point between satisfying the IEEE
objectives and reducing the total shedding amount in various disturbance scenarios and load
conditions. Chapter 5 is concerned with two other advanced UFLS schemes which use the power flow
tracing method and the voltage-reactive power sensitivity method respectively to distribute the load
shedding amount. In this chapter, simulations are also conducted which showed that the power flow
tracing method is better than the voltage-reactive power sensitivity method in terms of voltage
stability and computational effort. Chapter 6 gives the conclusions of this thesis research and an
outlook into future works to continue the present development.



2 Literature Review

Chapter Summary: This chapter consists of a literature review on the development of UFLS schemes.
Section 2.1 introduces the development of the conventional UFLS schemes. Section 2.2 focuses on the
state-of-the-art schemes and various algorithms involved in optimization of protection processes.

2.1 Development of Conventional UFLS Schemes

In 1950 the UFLS problem was reviewed by the Operating Committee of the Northwest Power Pool
[12]. At that time, some basic principles, as well as generally allowed frequency swing ranges and
regular protection methods, of solving the UFLS problem were suggested. Later in reference [13] the
rate of change of frequency (ROCOF) was proposed to be related to the severity of the disturbance and
relays that can act on ROCOF are suggested to be implemented along with under-frequency relay.

The prototype of UFLS in the USA as disconnecting in steps was not readily developed until 1971 when
a guideline was proposed in the East Central Area Reliability Agreement [14]. In this guideline, it
specifically indicates what percentage of load should be shed and at which level of frequency should
the load shedding actions take place.

Benefiting from the modernization of electrical power systems as well as other knowledge fields, UFLS
schemes have been under constant development to improve system stability and frequency
performance. Reference [8] proposed an improved load shedding program based on the load power
reduction due to frequency reduction, namely load dependency on frequency. It is suggested in that
paper that the number of shedding steps between 3 and 5 will provide the best shedding accuracy. In
reference [15] it is concluded that the initial steps of the load shedding program should be adjusted to
alarger size compared to the last few steps to improve the frequency recovery process. Reference [16]
also strengthens the idea of increasing the amount of the first three steps, in addition to an improved
coordination with the spinning reserve to achieve a better frequency excursion.

Many other authors ([17]-[22]) have proposed their own improved versions of the traditional UFLS,
all verified in their specific test systems. These schemes use various technologies such as fuzzy logic
and gradient projection and should be well acknowledged. However, these schemes operate
independently from the disturbance neglecting the disturbance magnitude and the load characteristics.
The fixed load shedding steps are not able to adapt itself in accordance with the actual over-load
situation and system characteristics, and thus should be further improved.



2.2 Development of Advanced UFLS Schemes

Distinct from traditional UFLS, the advanced schemes investigated in the thesis can estimate the
generation deficiency immediately after the disturbance and accordingly change the shedding schedule
in order to achieve an acceptable frequency recovery as well as other optimization aspects. Due to the
recent development of the Supervisory Control and Data Acquisition (SCADA) system and the Wide
Area Measurement (WAM) system, more power system state information becomes instantly accessible,
making the connection between the estimation of disturbances and load shedding process possible.

2.2.1  Power Deficiency Estimation

As a common characteristic of the considered advanced ULFS schemes, power deficiency estimation is
based on the aggregated frequency response model that was proposed in [23]. In that paper, the
authors proposed a simplification method which significantly reduced the complexity of frequency
response model of a synchronous generator. The method considered only the midrange frequencies,
and neglected some components of the generator model including the boiler thermal system and the
generator frequency response. The active power deficiency of a generator that causes the initial
decrease of frequency can be expressed as [23].

_2Hdw

2-1
ws dt li—g (2-1)

where AP is Active power deficiency of a generator [p.u.]
w is Rotational speed [rad/s]
w, is Synchronous rotational speed [rad/s]

An improved algorithm was proposed [24] for the estimation which considered the load active power
dependency on voltage as a parameter. The power consumed by the loads is generally not constant and
may be changed dynamically with the voltage and frequency. A commonly adopted method to model
the relationship between the load voltage and the consumed power is to use an exponential equation,
as shown below in equation (2-2) and (2-3) [25].

_ Vi 9.9
P = Py v (2-2)
L0i
Vi Bi
Qri = Qro; <—V l) (2-3)
Loi

where Pjy; is Pre-fault active power of ith load [p.u.]
Qpo; is Pre-fault reactive power of ith load [p.u.]
P;; is Active and reactive power of ith load [p.u.]
Q; is Reactive power of ith load [p.u.]
V,; is Voltage of ith load [p.u.]
Vioi is Pre-fault voltage of ith load [p.u.]
a; is Voltage dependency on active power of ith load
B;  is Voltage dependency on reactive power of ith load

For composite system loads, the exponent a usually ranges between 0.5 and 1.8, and the exponent f is
typically between 1.5 and 6 [25]. In special cases, when a is equal to 0, 1 and 2, the model is regarded
as being of constant power, constant current, and constant impedance, respectively. Reference [26]
estimated the exponent values a and £ of various loads based on the measured voltage and current, as
shown in Table 2-1.



Table 2-1: Estimated Values for Power Dependency Factors of Different Types of Loads

Load a B
Radiator 1.96 -

LED bulb 0.83 0.92

Fan 2.66 3.60

Idling induction motor 4.05 3.29

Induction motor with

2.61 2.53
frequency converter

Through a series of calculation, the improved power deficiency estimation for a multi-machine system
is expressed as equation (2-4) [24]. Here the power deficiency is assumed to be a fraction of the total
pre-fault load power for convenience.

N @
Poy = “HaysSays Aeor | iz P [(ﬁ) _ 1] (2-4)
Ppofn dt Py e Vioi
Ng
Ssys = Z S; (2-5)
j=1
N,
1 G
Hgys = s—z H;S; (2-6)
sys =

where Sy is Equivalent apparent power of the system [MVA]
H,y is Equivalent apparent inertia constant of the system [s]
S;  is the rated apparent power of jth machine
H;  isthe inertia constant of jth machine based on its own rated apparent power
P,y is Total pre-fault load power in the island [MW]
Pyer is Generation power deficiency (fraction of Pyg)
fn  is Nominal frequency [Hz]
fcor is Center of Inertia electrical frequency [Hz]
N; is Number of loads in the system
N; is Number of generators in the system

This estimation method is adopted in the present thesis as the basis for implementing the advanced
UFLS schemes. Simulations showed that the estimation has an acceptable accuracy in various
disturbance scenarios and load conditions. The results will be displayed in section 3.2.3.

With the help of the improved estimation of power deficiency, modern UFLS schemes proposed in the
literature are theoretically capable of optimizing frequency recovery and maintaining system stability.
This capability is achieved in two ways. First, the initial total shedding amount is assigned as the
estimated power deficiency instead of a pre-defined fixed value to achieve a more accurate UFLS
process. Second, the actual shedding amount is dynamically adjusted according to certain external
signals so that other considerations such as the minimization of the load shedding amount or voltage
stability can be included during the load shedding process.

In order to dynamically adjust the load shedding steps, the advanced UFLS schemes in general are
designed in two directions, which are named in this thesis as step-oriented adaptation and topology-
oriented adaptation, respectively. The step-oriented adaptation is to alter each step according to
external signals such as rate of change of frequency (ROCOF). These schemes usually assume that every
under-frequency relay in the affected area will disconnect the same percentage of the associated load
on a bus. The topology-oriented adaptation is to distribute the total shedding amount among all the
loads differently based on the individual load behavior. The UFLS schemes designed in this direction



usually include only one shedding step of the size equal to the estimated power deficiency for simplicity
in analysis.

2.2.2  Step-Oriented Adaptation

Reference [27] introduces a method to adjust the shedding steps from the total available system
spinning reserve. It has the advantage of simplicity. But the algorithm assumes that all the generators,
including the lost ones and the undisturbed ones, have the same fraction of rating power as the
spinning reserve. This may not always hold true in real power systems because generators’ power
rating and working condition may vary with time and space.

Reference [28] proposed a phase-plane based method to visualize the system status for designing the
UFLS scheme and coordinating with speed governor control. The phase plane consists of frequency and
ROCOF as the two dimensions and a calculated boundary which indicates whether a system status on
the phase-plane needs to proceed load shedding or not. The paper shows that the scheme withstands
a test of a series of losses of generation and has been implemented in practice.

Another adaptive UFLS schemes are proposed in reference [29], where the combination of frequency
and ROCOF as an indicator for load shedding step adaptation is used. Results show that the scheme is
viable for large penetration of renewable energy resources.

Several other novel UFLS scheme are proposed using various methods to make the load shedding steps
more adaptive. For example, the authors of [30] proposed an adaptive UFLS scheme that involves fuzzy
logic in distribution system. Reference [31] proposed a curve-based load shedding decision mechanics
using frequency and voltage of local load to determine whether the system status satisfies the next
shedding step. In reference [32] the second derivative of frequency is used to predict the frequency
behavior.

In the present thesis, the scheme proposed in [24], i.e. the step adaptation based on the change of rate
of change of frequency (ROCOF) is modeled and implemented in detail as a representative of the
advanced, step-oriented UFLS. The implementation process and simulation results are shown in
chapter 4.

2.2.3 Topology-Oriented Adaptation

While some advanced UFLS schemes assume that all the involved loads shed the same amount
(percentage) on each frequency threshold, some others are designed to focus on the individual
behavior of each load. A major common characteristic in these schemes is that there is only one step
and only one set point, which simplifies the analysis. The main idea of the topology-oriented adaptation
is that the calculated total shedding amount should be distributed in such a way that the loads with
shorter distance to the disturbance location, which is reflected in different voltage or frequency
behavior, should be cut off by a larger proportion, so that the spreading of the disturbance can be
prevented and pre-fault power flow can be maintained.

Different topology-oriented adaptation methods have different ways to decide the distance between
each load and the disturbance location. But the principle involved in the calculations is generally the
same. The principle is expressed in equation (2-7) which shows what the schemes have in common
during the adaption process.

K;
Pshea,i = ZivL K, Pshea (2-7)
where Pspeq,; is Shedding amount of ith load [MW]
Pspeq is Total shedding amount [MW]

K; is Distribution factor

With the total shedding amount that is pre-determined from the power deficiency estimation, each
topology-oriented adaptation method has its unique algorithm to evaluate the distribution factor K;.
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For example, reference [32] uses the frequency deviation to distribute load shedding amount, as
expressed in equation (2-8).

K; = Af1iPro; (2-8)

where Af;; is Frequency deviation of ith load immediately after the disturbance [Hz]
P,o; is Pre-fault active power of ith load

In reference [33], the distribution factor is assumed to be directly the voltage deviation immediately
after the disturbance.

K; = AV,; (2-9)

The author in reference [34] uses a so-called voltage reactive power sensitivity (VQS) as the
distribution factor, which is shown in equation (2-10).
AV,
LT ygs;
where VQS; is Voltage reactive power sensitivity factor at ith load

(2-10)

In reference [35], the pre-fault active power contribution of the lost generators to a load is used.
K; = AfLiPtracing,i [2'11)
where Pirqcing,i is Pre-fault total active power at ith load bus received from the tripping generators

Among these considered topology-oriented adaptation UFLS schemes, the VQS method and power flow
tracing method will be modeled and implemented in detail in chapter 5.
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3 Methodology

Chapter Summary: In this chapter, the basic implementation aspects of advanced UFLS are introduced.
Firstly, the software environment is introduced. Secondly, the implementation process in
PowerFactory using Python is described in detail along with four sub-processes. Finally, the main
assumptions involved in the implementation are discussed.

3.1 Simulation Environment

3.1.1 Software

The implementation of advanced UFLS schemes are processed in DIgSILENT PowerFactory. To verify
the performance in a wider range of disturbance scenarios, multiple outage events are created in the
software, thus Python is used to achieve a more dynamic and flexible implementation. During the
implementation, Python sends commands, such as creating study cases, executing load flow (LDF) and
RMS simulations, to PowerFactory. Then PowerFactory proceeds necessary calculations and writes
data to csv files, which is later read by Python for graphical output. Figure 3-1 shows this interaction
between PowerFactory and Python.

DIgSILENT

PowerFactory Data

Calculations

Commands Output

Results
Python

Figure 3-1: Python and PowerFactory Interaction for the Implementation

3.1.2 IEEE 39-Bus Test System

The UFLS schemes are implemented in the IEEE 39-bus test system [36], as shown in Figure 3-2. During
the implementation, various system separation scenarios are created to form islands with generation
deficiency.
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Figure 3-2: IEEE 39-Bus Test System

3.2 Implementation Process

The general implementation process is described graphically in Figure 3-3, which includes four sub-
processes. These sub-processes serve the purpose of the preparation stage for the UFLS verification.

As the input of the program, outage events are designed to be user-defined for two reasons. First it can
mimic the randomness and unpredictability of power system disturbances. Second the island
topological information can be gathered from the outage event prior to the real verification stage,
which can mimic the instant accessibility of topological data of real power system.
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Figure 3-3: Implementation Process of Advanced UFLS Schemes
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3.2.1  Sub-process 1: Detect Islands and Extract Topological Data

/ Detect Islands \

Input event name

v

Convert to
elements for tripping

Including:
A 4 Connected buses,
Turn off switches of Generators
tripped elements Lgads,
Lines etc.

. . Island topological
N,
Find all islands 7 data

v

Turn on switches of
tripped elements

= /

Figure 3-4: Sub-process 1: Detect Islands and Extract Topological Data

Before simulating UFLS schemes, the post-fault topological information of the system is unknown. In
practice, island detection is done by the control center using data from PMUs [35]. To imitate this
function, the program includes two switch manipulation steps, between which the system is manually
separated and islands are found by a Python program.

The topological data generated from this sub-process is then passed to the second sub-process for
collecting pre-fault data of elements that belong to the detected islands.
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3.2.2  Sub-process 2: Collect Pre-fault Data

/ Collect pre-fault data \

Including:
Load power
Load voltage
Bus voltage
Actual Pdef etc.

Input island
topological data

v

Pre-fault
\/
Calculate load flow 7 data of islands

o /

Figure 3-5: Sub-process 2: Collect Pre-Fault Data

In sub-process 2 a load flow calculation is executed for collecting pre-fault data, which includes active
and reactive power of generator bus and load bus. The actual power deficiency is also calculated for
later comparison.

3.2.3  Sub-process 3: Estimate Power Deficiency

/ Estimate Pdef \

Input pre-fault
data of islands

v

RMS simulation for Post-fault means immediately
a short time window after the disturbance.
Including:
¢ Frequency deviation

Voltage deviation

Export to csv file Initial ROCOF
Estimated Pdef

Read from csv and \/ Output island
calculate Pdef 7 post-fault data

. )

Figure 3-6: Sub-process 3: Estimate Power Deficiency

The third sub-process contains a short simulation for 3 seconds that serves the purpose of getting post-
fault data of the island from a time window. Here, post-fault data means the load voltage and ROCOF
value immediately after the disturbance that is assumed to be instantly accessible in real power system
with the help of phasor measurement units (PMU).
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Using equation (2-4), power deficiency can be estimated along with the initial ROCOF value, which is
the lowest recorded value in the time window, and the voltage deviation, which is extracted at the end
of the time window when voltage deviation is settled down. Figure 3-7 shows an example plot of the
time window during the estimation stage.

Because ROCOF is calculated using the backward derivative in PowerFactory, the ROCOF curve is one
calculation period (0.01s) delayed compared to the COI frequency signal.
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Figure 3-7: An Example Estimation Time Window

Here, the length of the time window is 0.4s for imitating the calculation delay in practice.

Figure 3-8 shows the estimation error after the simulation of four different outage events and three
different load conditions. As will be mentioned in section 3.5, it assumes that all loads have the same
power dependency on voltage in order to have a better observation on this estimation process. In
addition, the estimation error is calculated using the following equation.

Pyer(Estimated) — Pyep(Actual)

%1009
Pyer(Actual) %

Error =

From the results, it can be observed that:
1. The estimation method is in general accurate in various situations.

2. Larger a value leads to smaller error. This is because a larger « reflects a stronger dependency of
load power on load voltage. When a disturbance occurs, the electrical frequency decreases along
with load terminal voltage. Larger a can result in a larger load power decrease due to that voltage
decrease, which temporarily mitigate the power imbalance, thus making the estimated Py.f

relatively smaller.

3. When «a is equal to 0, the estimation method can be considered as a simplified version of equation
(2-4), i.e. the following equation without considering load characteristics.
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Pdef_
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_ 2Hsysssys dfCOI

dt

(3-1

Under this circumstance, the estimation error becomes as large as 8%. This observation further
confirms the advantage of introducing load power dependency on voltage into the estimation
process.
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Figure 3-8: Simulation on the Accuracy of Power Deficiency Estimation

Sub-process 4: Create Models and Assign Data

Using the data obtained previously, models can be created following the sub-process 4 as shown in
Figure 3-10. Figure 3-9 shows an example block diagram created in PowerFactory. In the example the
UFLS scheme is implemented on an island that consists of three generators and three loads.

At the start of the diagram, generator speed, instead of electrical frequency at the machine terminal, is
used as the frequency signal because the electrical frequency does not well represent mechanical speed
of the generator during transient phenomenon [24].

Generator
1

Rotational
Speed

Generator|
2

Generator|
3

Center
of
Inertia

Frequency

—>

ROCOF

UFLS
Relay

Scaling
Factor

P
T) Load
——>{ !
P
T) Load
e
P
T) Load
>

Figure 3-9: Example Block Diagram of a UFLS Scheme for 3 Generators and 3 loads
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Figure 3-10: Sub-process 4: Create Models and Assign Data

The speed signals are gathered at a center of inertia (COI) block to calculate an average frequency of
the whole island using the following equation.

Ng
feor= ) fiHjeq (3-2)
j=1
H;S;
H: =__J9
J.€eq N
z:j=61 Hij

where H; is Inertia constant of jth generator based on its own rated capacity [s]

Hj,eq

S; is Apparent power of jth generator [MVA]

is Equivalent inertia constant of jth generator based on the system rated capacity [s]

fi is Frequency measured from speed of jth generator [Hz]
N;  is Number of generators in the system

Along with ROCOF, COI frequency is then sent to the relay block to calculate the scaling factor according
to different UFLS schemes. Finally, the scaling factor is delivered to the load and converted to the power
consumed by each load.
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3.3 PowerFactory Models

3.3.1 Dynamic Load Model

Considering the assumption thatload power dependency on frequency is ignored, dynamic load model
in PowerFactory is simplified as shown in Figure 3-11. The value ¢, is the load dynamic time constant
which is 0.1s by default.

l Vioi PLoi
AV; P...if connected
o1 s (Vu )“f - .
1 + tls VLiO
. 1 ( VLi )BL [
1+t;s Vo
Lio
QL01'
Vioi (Qextif connected)

Figure 3-11: Simplified PowerFactory Dynamic Load Model

3.3.2 Load Gain Model

In the developed models, two signals P,,; and Q,,; are calculated from the load gain models, which is
shown in Figure 3-12.

Scaling factor Pexti
—T—» PLoi |
Qext,i
—» Qo ———»

Figure 3-12: Load Gain Block Diagram

This block serves the purpose of proceeding the load shedding actions. The input signal scaling factor
indicates what fraction of the pre-fault load power is remaining. The product of scaling factor and pre-
fault power is the actual power consumed by the load. For example, scaling factor changes from 1 to
0.9 at a time instance means 10% load is curtailed as a shedding step.

3.3.3  UFLS Relay Model

As several advanced UFLS schemes are implemented, the detailed model of each UFLS relay will be
shown respectively in the following chapters.

3.4 Implementation Objective

In the following chapters, several advanced UFLS schemes are modeled and implemented. To verify
their performance and set an evaluative criterion, the IEEE UFLS objectives in [37] are used in the
thesis as the main implementation objective. There are two goals for the frequency recovery for a
generation deficiency of up to 25% of the load.

1. Frequency reaches no less than 58.5Hz in 10 seconds;

2. Frequency reaches no less than 59.5Hz in 30 seconds.
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A UFLS scheme can be considered satisfactory if both goals are met under the specified operation
condition and outage events without violating system stability. In addition, a UFLS scheme can be
considered improved if the total shedding amount is reduced while remaining compliant with the IEEE
guidelines.

3.5 Assumptions and Discussions

During the implementation process in chapter 4 and 5, there are several assumptions considered and
discussed as follows.

1.

Frequency is measured from generator rotational speed.

As introduced in section 3.2.4, the frequency signal used in the implementation is obtained from
generator rotational speed rather than terminal voltage. The purpose is to mitigate the influence
induced by transient and sub-transient phenomena. As there appears various technologies in
monitoring generator shaft speed at a high accuracy and linearity [[38],[39][40]], this assumption
can be regarded as valid.

Center of inertia is used to evaluate the average frequency in the island.

The calculation method is expressed in equation (3-2). Since many advanced UFLS schemes are
based on a centralized control system, an average frequency is necessary to represent the behavior
of the whole island. Individual frequency swing of a generator from the average frequency reflects
the power imbalance of that generator, which is weighted by the equivalent inertia constant of the
machine, as can be seen in equation (3-2).

Generator inertia constant is time-invariant.

Inertial constants of generators may vary according to the operation status and the kinetic energy
stored in the turbine. However, the time from the detection of frequency decay to protection action
taken by UFLS relays is usually within 0.3 second [35]. Because synchronous turbines have a
relatively large time constant, it is acceptable to assume the inertia constant to be time-invariant
during the emergency control process.

Load characteristics are time-invariant and frequency dependency is negligible.

For the same reasons as mentioned above, load characteristics can also be considered constant.
Besides, active and reactive power of induction machines usually depend on terminal frequency.
However, the estimation of power deficiency is based on ROCOF immediately after the disturbance,
rather than frequency itself. Even though in practice there is unavoidable delay time of control and
measurement system, frequency decrease is generally negligible during a measurement interval.
Therefore, load frequency dependence is neglected in the thesis.

All loads have the same characteristics, i.e. power dependency on voltage.

In practice power system loads have different characteristics. As mentioned in section 2.2.1, both
a and B vary in certain ranges. But the thesis assumes a uniform factor have a better observation
of the impact of load dynamics on UFLS performance. Nevertheless, to imitate the real variation of
load dynamics, random « are assigned to the load models during the implementation in the
following chapters.

All loads are equally and continuously reducible.

To investigate and verify the performance of selected UFLS schemes, the assumptions are made
throughout the following implementation to avoid impact of other factors such as load priority,
even though this may not hold in practice and should be adjusted accordingly.

The length of time window as 0.4s can be justified.
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As the first frequency threshold is selected to be 1% lower than the rated value, the time window
should not be so long that the first threshold has already been reached when the estimation
process is ended. Besides, a security margin should be applied. During the implementation, the
margin is chosen to be 0.3Hz, meaning that at the end of the time window the COI frequency should
be above 59.7Hz.

TrwROCOF,,;, < 0.3Hz

Here T;y, is the length of time window in seconds. For simplicity, load power dependency on
voltage is ignored. Combining equation (2-4), the following relation can be obtained.

PdefPLO

—— Ty < 0.005
2HysSsys

Considering the IEEE guideline which indicates that the power deficiency dealt with UFLS can be
up to 25% of the total pre-fault load power, the maximum Ty, is expressed using the above
equation as

HsysSsys

Toy <
™ =" 25P,,

Although the value of Hy,,sS,,s and P o vary according to different island topology, the simulation
results of multiple events show that the maximum Ty, is generally greater than 0.5s. For example,
in the four events in Figure 3-8 the values are calculated as 0.56s, 0.53s, 0.62s, 0.66s, respectively.
Considering the safety margin of 0.3Hz, the length of time window of 0.4s can be considered valid.
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4 Implementation of Step-Oriented UFLS

Chapter Summary: In this chapter, an advanced UFLS scheme that uses ROCOF to dynamically adjust
load shedding step is selected and implemented. First the load shedding principle and mechanics are
introduced. Then the scheme is implemented in several separation scenarios to verify the performance
with various influential factors such as the load characteristics. Finally, a step correction method is
proposed in order to improve the load shedding effectiveness.

4.1 Introduction

Chapter 2 introduces several state-of-the-art step-oriented UFLS schemes. Based on an accurate power
deficiency estimation, these schemes distribute the shedding amount to each step in various ways
while making all the loads disconnect the same percentage when a step takes place. To develop a set of
PowerFactory models for general implementation, it is necessary to choose one scheme as a base that
has the following features.

1. Sufficient flexibility for a wider range of operating conditions. The scheme should be useful for
multiple systems and disturbance scenarios.

2. Appropriate compatibility in PowerFactory. Implementation of the scheme should be well
supported by available PowerFactory functions and models.

3. Extendibility to other UFLS schemes. With minor change in certain block definitions the set of
models can be suitable for implementation of another scheme.

For the above reasons, the scheme proposed in reference [24] is selected to be modeled in the IEEE 39-
bus system to verify its performance under different operation conditions.

The principle of this scheme is that, along with UFLS, speed governor and other controllers contribute
to the power balance recovery as well. During the interval of two steps, these controllers may have
already recovered certain amount of power that results in the increase of ROCOF. This increase is
recorded and converted to the reduction of the subsequent step so that the total shedding amount is
minimized.

Same as in other advanced UFLS, the initial total shedding amount is the estimated power deficiency.
Even if there is no available spinning reserve (ROCOF does not increase before a step), the under-
frequency relay can still disconnect the initial shedding amount, leading to the elimination of power
imbalance. Detailed mechanics are described below.
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4.2 Load Shedding Mechanics

According to [24], UFLS relays is configured immediately after the power imbalance estimation stage.
Necessary parameters for the relay configuration are shown in Table 4-1.

Table 4-1: Configuration Parameters for the UFLS Relay Model

Parameter Type Unit Description
feni Input Hz  Frequency threshold of the ith step
p Inout 1 Initial total shedding amount, equal to estimated power
shed fpu deficiency: Pspeg = Paey
Taelay Input s Time delay
ROCOF,,;, Input Hz/s Recorded minimum ROCOF within the time window
Shedding amount of the ith step (as a fraction of the total
Pstep,i Input 1 .
shedding amount, the sum of all steps equals to 100%)
S'tep,i Intermediate 1 Adjusted shedding amount of ith step*
Relative R F ch f i th fracti f
A, Intermediate 1 elative ROCOF change before ith step (as a fraction o

ROCOF ;)

As suggested in [24], the UFLS scheme uses four steps that bring the ROCOF from the minimum value
back to zero, assuming that the available spinning reserve in the system is sufficient to gradually
recover the frequency to the nominal value after the load shedding steps.

“fcol [Hz] t1 ty t3 ts R
fin1
fenz
fin3
fina S—

A

ROCOF [Hz/s]
0 3 >
Actual shedding step
is reduced accordingly
ROCOF increased by A1(df/dt)min due to
ROCOFmin I generation recovered from spinning reserve

Figure 4-1: lllustrative Mechanics of the UFLS Scheme

1. Att =0, a contingency occurs in power system and induces a power imbalance situation. The
center of inertia frequency begins to decrease. Before the time window ends, the minimum ROCOF
is captured by the control center.
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2. Att =ty, frequency drops to the first threshold f;;, ;. Due to the power restored from spinning
reserve, ROCOF has increased by A;ROCOF,,;,, before t,.

3. Under-frequency relays are given the order to execute load shedding, but the shedding amount is
re-calculated. Here the linear relation between ROCOF and power imbalance is assumed, i.e.

ROCOF (t) o« Pger(t) (4-1)

Based on this assumption, the value A; that represents the relative change of ROCOF increase can
also reflect A; of power deficiency decrease because of the contribution of spinning reserve.
Therefore, the first shedding step is adjusted accordingly, i.e.

/ —
step,1 — Pstepl - Al-

It is noteworthy that two unexpected situations may occur. First, due to excessive frequency
oscillation or other controller effects, the change in ROCOF before the first step can be larger than
the initial step. Thus, a limit is added to the equation to regulate the output signal.

Ps,tep,l = max(Pstep,l — A4, 0) (4-2)

Second, if the overload situation is aggravated, ROCOF can further decrease, resulting in a negative
change (A;< 0). However, the adjusted step becomes larger than initial value and will bring the
system to the safe side.

4. After a delay time T4y, the first step takes place, making the ROCOF rise to the value that is
planned by the initial size of the first step.

ROCOF | i=t,47 4010y = (1 = Pstep,1JROCOF (4-3)

5. The next three steps follow the same pattern to adjust the steps according to the ROCOF change.

As the contribution made by spinning reserve is actively involved, the shedding amount at every step
is no more than its planned value, making the overall shedding amount less than the actual generation
deficiency.

4.3 Implementation in PowerFactory

The implementation of the UFLS scheme proposed in [24] is written in code using DIgSILENT
Simulation Language (DSL) inside PowerFactory models. The input signal of the relay is center of
inertia (COI) frequency and its first derivative. The output signal is the scaling factor that is sent to each
load gain block. Detailed code that fully represents the load shedding mechanics is shown in appendix.
Figure 4-2 is a graphical expression of the mechanics.
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Figure 4-2: Graphical Mechanics of the UFLS Proposed in [24]

Some key functions in Figure 4-2 are described below. Here, the input and output of the functions are
x(t) and y(t), respectively, where t is time.

1. Function 1: Trigger. This function is used as the decision stage whether the frequency has reached
a threshold.

_ (0 ,x(t) <0
ﬂ”‘h x(t) = 0
2. Function 2: Lower limit. This function is the same as equation (4-2).
_ (0 ,x(t) <0
ﬂ”‘h@ x(£) = 0

3. Function 3: Delay. This function imitates the delay time in a real control system. The initial value
equals to 1 because the scaling factor starts at 1.

1 L0 St <Tyy
y© ={ye_1 3Ty
x( delay) i = ldelay

During the implementation, it is observed that the performance of the UFLS scheme is affected by
several factors, including load dynamic characteristics and under-frequency relay settings. Among
them, the initial step size and the load power dependency on voltage have more significant impact on
the frequency behavior. In the following sections these influential factors are investigated with
simulation results.
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4.4 Influential Factor: Initial Step Size

The first factor to be investigated is the initial shedding amount distribution within the four steps. As
can be assumed, frequency decline should be stopped as soon as possible, thus the size of the first
shedding step presumably has a significant impact on the frequency excursion. In [24], it is suggested
to divide the estimated power deficiency equally into four steps, each of which accounts for 25% of the
total shedding amount.

Pstep,l = Pstep,z = Pstep,S = Pstep,4 = 25%

To verify this step distribution, four different distribution cases are simulated and compared. Specific
values are listed in Table 4-2 where Py, ; is the percentage of the total shedding amount.

Table 4-2: Four UFLS Step Distribution Cases

Pstep, Pstep,2 Pstep3 Pstep,a
Case 1 100% 0% 0% 0%
Case 2 75% 15% 10% 0%
Case 3 50% 20% 15% 15%
Case 4 25% 25% 25% 25%

Other factors are temporarily assumed constant, as listed in Table 4-3. Two system separation
scenarios of different magnitude of disturbance are created to form the islands where the UFLS scheme
is implemented.

Table 4-3: Assumed Constant Values for Comparing Initial Step Sizes

Name Value
Frequency thresholds fy, 5, fin 2, finz: fena 59.4Hz, 59.1Hz, 58.8Hz, 58.5Hz
Delay time Ty¢;qy 0.3s
Active power dependency on voltage a 1
Reactive power dependency on voltage 2

4.4.1 Separation Scenario A: Two Transmission Lines Tripped

The tripping of transmission line 15 - 16 and line 16 - 17, are created in PowerFactory as a disturbance,
resulting in the actual Py.; equal to -12.1% in one of the two islands, which is shown in Figure 4-3.
Figure 4-4 shows the simulation results for comparing the four step distribution cases.
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Figure 4-4: Comparing Four Distribution Cases in Separation Scenario A

From Figure 4-4, it can be observed that only when the initial step equals to Py, can the frequency
recovery satisfy the two IEEE objectives. However, the other three cases can also successfully arrest



the frequency decline and have less total shedding amount. These step distribution cases can be
considered valid if the UFLS objectives are less strict.

4.4.2 Separation Scenario B: Four Transmission Lines Tripped

For this scenario, four transmission lines, namely Line 15 - 16, Line 16 - 17, Line 26 - 28 and Line 26
- 29, are tripped to create a more severe separation as shown in Figure 4-5 and Figure 4-6. The
disturbance causes a 22.6% as power deficiency of one of the three islands. Since the other two islands
have generation surplus compared to the load, they are not considered here.
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Figure 4-5: Separation Scenario B (Four Transmission Lines Tripped)
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Same as in scenario A, all four different step distribution cases in scenario B can successfully prevent
the COI frequency from decreasing below 58.5Hz, but only case 1 can satisfy the IEEE objectives.

4.4.3 Conclusion on the Influence of Initial Step Size

From the previous investigation on the influence of initial step size, the following conclusions can be
drawn.

1. In various step distribution cases, the UFLS scheme is in general successful in two ways. First, it
can arrest frequency decline. The minimum value of COI frequency observed in the results is equal
to the last frequency threshold, i.e. 58.5Hz. Second, the total shedding amount of the scheme is kept
less than the actual power deficiency.

2. Theinitial step has a significant influence on the COI frequency behavior. A larger step, such as 75%
or 100%, makes the frequency recovery faster, while a smaller step results in a slower frequency
recovery. Only in case 1 can the COI frequency behavior satisfy both the IEEE objectives.

3. Interms oftotal shedding amount, a larger initial step leads to a smaller steady-state scaling factor,
which means a larger load shedding percentage.

For simplicity in later implementation and analysis, the step distribution case 1 is chosen to be the step
configuration of the UFLS scheme proposed in [24].

4.5 Influential Factor: Load Active Power Dependency on Voltage
In section 3.2.3 the estimation of power imbalance is proved to be accurate in various system

separation events. However, the accuracy is influenced by the load active power dependency on voltage,
i.e. &, which raises the necessity to investigate the impact of a on the overall load shedding process.
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The same two events as in section 4.4 are simulated. Other parameters are also the same as in Table
4-3 except that the first shedding step is equal to the estimated power deficiency.

4.5.1 Separation Scenario A: Two Transmission Lines Tripped

Simulation result of COI frequency, ROCOF and the scaling factor is shown in Figure 4-7.

600
N
==
Z 59.8
c
[}
=}
S 596
X
3 594 IEEE objective 2
| |
0.0 (
)
N
I
= 01
o —— a =0, Total Shed: 10.9%P, o
8 M/ —— a =1, Total Shed: 9.1%P,
€ oo , :9.1%PLo
’ / —— a =2, Total Shed: 7.1%P, o
| |
1.00
S
Q
£ 095
L 0.
£
=
A
0.90 |-
1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Time [s]
Figure 4-7: Comparing Load Power Dependencies on Voltage in Separation Scenario A

For different « values, the UFLS scheme operates well to prevent the frequency from decreasing and
successfully recovers it to compliance with IEEE objectives.

Apparently, higher a leads to less shedding amount of the adjusted first step. This is because a reflects
the connection between load voltage and load active power. A larger @ means a stronger active power
dependency on the terminal voltage, and can lead to a greater active power decrease when the voltage
decreases. Immediately after the disturbance, load bus voltages drop to a certain level, and a larger a
causes a larger reduction in load active power, which is seen by the UFLS relay as less severity of the
power imbalance. According to the load shedding mechanics introduced previously, the shedding step
is adjusted to be smaller when « is larger, causing the total shedding amount smaller.

4.5.2  Separation Scenario B: Four Transmission Lines Tripped

The second event, which is the same as in Figure 4-5, is simulated to strengthen the reasoning above
that a larger value leads to a smaller shedding amount. Results are shown in Figure 4-8.
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Figure 4-8: Comparing Load Power Dependencies on Voltage in Separation Scenario B

In this event where the power imbalance becomes worse, the previous conclusion that larger « leads
to smaller shedding step is observed valid. Again, the total shedding amount is less than the actual
power deficiency and the recorded minimum COI frequency is greater than 59Hz. Judging from this
phenomenon, it can be concluded that the ability of the UFLS to arrest the frequency decline while
reducing the total shedding amount does not depend on « value.

However, when a is equal to 2, the reduction of load active power due to the voltage decrease is so
large that the shedding step is reduced to a level that is insufficient for UFLS relay to recover the COI
frequency to compliance with IEEE goals, as can be seen from the red curve in Figure 4-8.

4.5.3 Conclusion on the Influence of Load Active Power Dependency on Voltage

In conclusion, load active power dependency on voltage does not affect the UFLS ability to rescue COI
frequency, but it influences the load shedding performance in such a way that larger a results in less
shedding amount and thus slower recovery of frequency. This phenomenon has a two-fold effect on
frequency recovery behavior depending on the specific power imbalance scenario.

First, if the disturbance is relatively small, for example as in scenario A, less shedding amount means
better performance while keeping the IEEE goals.

Second, if the disturbance is large, for example as in scenario B, less shedding amount may lead to an
excessively small step that makes the frequency behavior not compliant with I[EEE objectives.

As both « and Py, f take part in frequency excursion for the UFLS scheme, in section 4.7 a correction
method that takes these two parameters into account is proposed to improve the load shedding
performance.
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4.6 Other Influential Factors

The performance of UFLS schemes are affected by some other factors such as the relay setting and load
reactive power dependency on voltage, i.e. 5. Simulation results show that, although the impact exists,
these factors have negligible influence on the overall frequency excursion. Different values generally
lead to very similar results. Thus, they will not be further considered.

4.7 Load Shedding Step Correction

Previous implementation results have demonstrated the swing equation in a simulative way that the
load shedding amount is a trade-off factor against frequency recovery. The more amount of load is
disconnected at a step, the faster COI frequency can be recovered. As observed before, both a and Py, ¢

have significant impact on UFLS scheme performance. When the power system disturbance is small, a
large a helps frequency recovery positively by decreasing the shedding amount without violating the
IEEE objectives. But when the disturbance is large enough the reduced shedding amount can result in
an overly-slow recovery of frequency that is incompliant with the [EEE objectives.

Based on this observation, the adjusted step mechanics can be further improved by taking a and Pg,f
into account. The objective of this improvement is to re-calculate the initial step size during the power
deficiency estimation stage and find a balance point between the trade-off factors, meaning that
shedding amount is minimized while the IEEE objectives are satisfied. The formula is shown below in
equation (4-4). After the recalculation, the new step size P, is assigned to the relay model.

Pstepr = Ky + Ky Pger + Kza + Ky Pgepa (4-4)
where K; is Off-setvalue as the basis of the shedding amount
K, is Effect of @, which represents the impact of system response
K; is Effect of P4, s, which represents the impact of magnitude of disturbance
K, is Combined effect of a and Py, ¢

A trial-and-error method is used to decide the value of each factor. As a result, the following setup is
tested to be acceptable for effective correction in various simulated cases.

K, =05  K,=33  K;=025 K,=-12

4.7.1 Testing Step Correction in Scenario A and B

The step correction method is applied to the UFLS schemes and verified in separation scenario A and
B, as shown in Figure 4-9 and Figure 4-10, respectively. It can be observed that in both situations the
corrective method is effective in improving the frequency performance for different a values.
Compared to the uncorrected step, the new step is better in terms of finding the balance point in the
trade-off between reducing shedding amount and satisfying the IEEE objectives.
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Figure 4-10: Testing Step Correction in Scenario B
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4.7.2  Testing Step Correction in Scenario C and D

To verify the validity of the correction method, another two separation scenarios are created. In
scenario C, as shown in Figure 4-11, the actual power deficiency is -8.6%. In scenario D, as shown in
Figure 4-13Figure 4-11, the actual power deficiency is -22.6%. Results are shown in Figure 4-12 and

Figure 4-14.
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Figure 4-14: Testing Step Correction in Scenario D

From the simulation results in the above four separation scenarios, the correction step is generally
effective in balancing the two trade-off factors, namely reduction in total shedding amount and
compliance with the IEEE objectives. However, as observed in scenario C and D, the corrected step is
not as effective as in other cases when «a value is low (i.e. equals to 0). This is partially because the
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estimation error is larger when « equals to 0, which may lead to an inaccurate correction. How to
reduce these errors remains to be further investigated.

4.7.3  Testing Step Correction with Random Load Power Dependency Values

It should be noted that in the simulation all the loads in the system are assumed to have the same
voltage dependency factor, which is mentioned as an important assumption in section 3.5. To weaken
this assumption and extend the simulated validity to practice, another set of simulations where all the
loads a values are randomly selected (in the range from 0 to 2 with an increment of 0.1) are also
proceeded.

Results of scenario C and D with random « value are shown below. In these figures, the “average” a is
calculated using the pre-fault load power as the weight factor.
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Figure 4-15: Testing Step Correction in Scenario C (Random Load Power Dependency on Voltage)
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From Figure 4-15 and Figure 4-16, it is observed that the step correction method is effective on a
system with random « distribution. For small disturbance (scenario C), the correction can improve
frequency behavior by reducing the shedding amount, while in a more sever situation (scenario D) it
slightly increases the shedding amount so as to satisfy the IEEE objectives.

4.8 Conclusion

The UFLS scheme [24] that uses ROCOF change to dynamically adapt the shedding step is modeled and
implemented. Simulation results show that it can successfully arrest the frequency decline in various
power system separation scenarios, and meanwhile reduce the total shedding amount to a certain
degree.

It is also observed that the load shedding performance is affected mainly by two factors, i.e. the initial
step size and the load power dependency on voltage. From the simulative comparison of different step
distribution cases, it is found that only when the first step is equal to the estimated power deficiency
can the UFLS comply with both the IEEE objectives. However, other initial step sizes can also prevent
the frequency decrease below 58.5Hz and can be considered valid if the evaluation criterion is less
strict.

In terms of the influence of load power dependency on voltage «, simulation results show that larger
a leads to smaller total shedding amount because the load power decrease due to voltage decrease is
interpreted by the UFLS relay as a temporary mitigation of the power imbalance. This phenomenon
has a two-fold effect. For a power imbalance scenario that is less severe, it can reduce the total shedding
amount. But for a greater disturbance, the frequency behavior may not be able to comply with the IEEE
goals.

Thus, a step correction method is proposed to re-calculate the step size taking both the magnitude of
disturbance (Pger) and load characteristics (a) into account. Results show that the corrected UFLS

scheme has improved performance in different separation scenarios and load conditions.
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5 Implementation of Topology-Oriented UFLS

Chapter Summary: In this chapter two topology-oriented UFLS schemes are implemented to compare
their load shedding performance. The first scheme uses power flow tracing as the main factor to
distribute the load shedding amount among all the loads, while the second uses the bus voltage
sensitivity on reactive power to achieve the distribution of load shedding amount. Then these two
schemes are simulated in various scenarios.

5.1 Introduction

Apart from the step-oriented advanced schemes, some UFLS programs proposed in the literature focus
on how to allocate a pre-calculated shedding amount to the loads in the island with power deficiency.
For simplicity in analysis, the proposed schemes assume to have only one shedding step, which takes
place when frequency reaches the corresponding threshold (59.4Hz in the thesis case). Different
allocation methods result in different distribution of shedding amount within all the loads in an attempt
to decide the distance between each load and the disturbance location. From chapter 2 it is known that
the distribution is based on equation (2-7) where the ith load shares a K; proportion of the total
amount.

In the thesis, the method proposed [34] and [35] are introduced and analyzed. They use power flow
tracing method and voltage sensitivity method respectively to calculate the distribution factor K;.

5.2 Power Flow Tracing Method

Power flow tracing method was originally introduced to enhance the transparency in operation of the
transmission system [41]. The methodology is based on a so-called proportional sharing assumption,
which, although has not been proven, can be rationalized and results in optimal operation cost
allocation [42]. Through a series of matrix calculation and rearrangement, the power contribution to a
load bus can be traced back to each of the member generation buses.

The principle of the scheme using power flow tracing method is to distribute the shedding amount, i.e.
to calculate K; according to the active power received by each load from the lost generators. Loads that
are near the disturbance location will disconnect more percentage of pre-fault value when frequency
reaches the threshold. The general process for calculating traced power is introduced below.

1. As the inflow of power equals to the outflow at any bus, the outflow of bus i can be defined as
equation (5-1).
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2.

Poutflow,i = Z |Pflow,ij| + Z |Ploss,ij| + PLOi (5-]_)
JEDG J€EDG
where DG is Set of buses supplied by bus i, also known as the downstream buses of i

Priow,ij is Active power flow from bus i to bus j
Pyyss,ij  is Active power loss of line connecting bus i and bus j

Then a downstream distribution matrix A, is defined with corresponding entries [A4];; as per
equation (5-2). The matrix is square with dimension of Ny XNz where Ny is the number of buses
in the island.

1, ifj=i
_|Pflow.ij| P
[Aqlij =4 ==L, ifjeDG (5-2)
| Poutflow,j
0, otherwise

The active power contributed by generators on bus j to the load at bus i is calculated.

_ PgojPro;

PojLi = e/ Az'e (5-3)

Poutflow,j
where Pgoj is Active power supplied by the generators at bus j
e; s Unit column vector where the gth element equals to 1 and others are zeros

The above the equations tracing power flow from generators to loads can be used to define the
load shedding amount distribution.

Ptracing,i = Z PGj,Li (5-4)
GJETG
where Piracing,: is Pre-fault total active power at ith load bus received from TG

TG is Set of tripped generators

The distribution factor is calculated using the combination of traced active power and frequency
deviation.

K = Afiptracing,i (5-5)
As for reactive power, it is assumed that the power factor of each load remains constant, thus

Qroi
Qshed,i = Fshed,i P_l (5-6)
LOi

5.3 The Voltage Sensitivity Method

The method proposed by D. Prasetijo involves bus voltage-reactive power sensitivity (VQS) as the
distribution factor. Its principle is to obtain the voltage change of each bus due to the change of reactive
power flow. It is calculated with the following steps.

1.

Obtain the Jacobian matrix using equation (5-7).
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2. To extract the relation between reactive power and voltage magnitude, here it is assumed that
AP; = 0. According to reference [25] and [43], a J; matrix can be obtained.

AQ = [Jov —Josl 73] pv]|AV = JgV = AV = J5'AQ (5-8)

3. Instead of calculating J5! directly, a decomposition method is applied. Then the above equation
can be written as

EgE;;
AV=EE‘1EAQ=§7‘ ]
R L i P (5-9)
ov; Hijnji
V S = = — -
05 =55 2 7 (5-10)

where Ey is Right eigenvector matrix of J
E; is Left eigenvector matrix of Jp
¢ is Diagonal eigenvalue matrix of J
Eg; is ith column of Ep;
E,; isithrowof E} ;
A; is ith eigenvalue of Jp
K;j isithrow, jth column element of Ep
nji is jthrow, ith column element of E;

4. The distribution factor for VQS method is calculated.
K, = Vi
LTS,

(5-11)

5.4 Implementation in PowerFactory

To simulate the above two UFLS schemes, the same block diagram as shown in Figure 3-9 is used. Some
variations of the previous PowerFactory models are introduced to the relay and gain blocks.

First, the original “scaling factor” as the output of the relay block serves as a trigger signal in this case.
When measured center of inertia frequency reaches the pre-defined threshold f, ,, this trigger signal
changes from 0 to 1.

Accordingly, the input of load gain block becomes the same trigger type. Four parameters are assigned
to each corresponding load gain block (P.;, Qrois Pshea and K;). Pspeq is the total initial shedding
amount in MW. When trigger signal changes from 0 to 1, the dual output of gain blocks changes from

(Proi» Qo) 10 (Proi — Pshea,i» Qroi — Qshea,i)-
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Figure 5-1: Graphical Mechanics of the Topology-Oriented UFLS Schemes

Same as in chapter 4, the frequency threshold equals to 59.4Hz and delay time is 0.3s for the topology-
oriented UFLS relay.

5.5 Comparing Two Schemes in Separation Scenario A

In the simulation, the two methods mentioned above, i.e. voltage sensitivity and power flow tracing
methods are compared in scenario A, which is shown in Figure 4-3. The frequency recovery is shown
in Figure 5-2, while in Figure 5-3 the load shedding percentage is listed as bar graph to compare the
two schemes. During the simulation, As the load shedding amount distribution is very similar when «
changes, therefore only one a case is shown in Figure 5-3.

In terms of frequency, these two schemes have very similar outcome, mainly because the total shedding
amounts are the same, which is the estimated value prior to the triggering of the UFLS scheme. Even
though load voltage dependency factor a changes from 0 to 2 in the simulations, the overall frequency
behavior remains stable and acceptable.

In terms of load shedding distribution, it can be observed that power flow tracing has a more polarized
distribution of the shedding amount. Load 15 and Load 18, which are nearest to the disturbance
location (Bus 16) compared to other loads, have the highest shedding amount. In comparison, the
voltage sensitivity method has a flatter distribution, with every load shedding a certain percentage that
ranges from 5% to 25%.
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Figure 5-2: Comparing Frequency Behavior of Two Schemes in Scenario A
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Figure 5-3: Comparing Load Shedding Amount Distribution of Two Schemes in Scenario A

As Jr matrix represent the voltage sensitivity of island buses, the minimum eigenvalue of J represents
the smallest voltage stability among all the island buses. A positive eigenvalue means the bus voltage
is stable, and negative value means it is unstable [35]. In the figure, A,,;,, is calculated at the end of the
simulation time since at this stage the system frequency and voltage no longer have significant
oscillation and can be regarded as a steady state. From the result, it is observed that power flow tracing
method in general has a larger A,,;, than voltage sensitivity method, meaning that it has a better
voltage stability after the load shedding process.
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5.6 Comparing Two Schemes in Separation Scenario B

The two schemes are also implemented in scenario B which is introduced in Figure 4-5. The power
imbalance is more severe in this situation and the same conclusion can be drawn from the following
results. Again, the two schemes have very similar frequency behavior, and power flow tracing has a
better system voltage stability, regardless of a values.

During the implementation, another significant difference between these two methods is the
computational effort that is involved in calculating the shedding amount distribution index K;.

The calculation of voltage sensitivity costs up to several minutes in the simulation environment. As the
simulation step size in PowerFactory is 0.01s, the total number of time stamps is more than 4000,
considering starting time is -0.2s (slightly ahead of the separation time to avoid initial error). At each
time stamp the program proceeds a decomposition for the voltage sensitivity matrix Jp, whose
dimension depends on the number of buses in the island. Therefore, the calculation time is significantly
longer when the formed island contains more buses.

On the contrary, because power flow status in a system does not change abruptly, the pre-fault data
can be regarded as readily accessible. This feature makes the power flow tracing method advantageous
over the voltage sensitivity method in terms of computational effort.
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Figure 5-4: Comparing Frequency Behavior of Two Schemes in Scenario B
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Figure 5-5: Comparing Load Shedding Percentage Distribution of Two Schemes in Scenario B

5.7 Conclusion

As introduced in the literature review, topology-oriented UFLS schemes mainly deal with the
distribution algorithm for the load shedding amount among the loads. The principle is to find the
distance between each load and the disturbance location from the signals of individual load such as
voltage or power flow. Therefore, the set of models developed can be used for multiple such schemes
if the relay definition is changed accordingly.

In the thesis, two schemes, namely power flow tracing method and voltage sensitivity method, are
chosen to be implemented and compared. It is found that they are both successful in arresting the
frequency decline, but power flow tracing method has better performance than voltage sensitivity
method in two ways. First, power flow tracing results in a better system voltage stability, which can be
seen from the eigenvalues. Second, the computational effort required in power flow tracing method is
much smaller than that of voltage sensitivity method.

However, for topology-oriented UFLS schemes, there is a hidden assumption that has not been
sufficiently dealt with. The fact that the disconnected power of aload cannot be larger than its pre-fault
value is not mentioned in equation (2-7). If the planned shedding amount surpasses the maximum
power a load can consume, the actual total shedding amount will be less than the plan and may result
in a slower frequency recovery. This phenomenon can be seen from the highest bar in Figure 5-3 and
Figure 5-5. The actual shedding amount of Load 18 is 100%, meaning that the initially calculated value
is no less than its pre-fault active power. In addition, it can also be seen that the blue lines are slightly
lower than the green lines.

Due to this hidden assumption, further improvement on topology-oriented UFLS schemes can be
developed. For example, shifting the “overflowing” part of the initial shedding amount to other loads is
possible to solve the issue.
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6 Conclusion and Future Work

Chapter Summary: This chapter summarize the thesis content and resulting observations. Several
different UFLS schemes are modeled and implemented using PowerFactory and Python. Their ability
to arrest frequency decline are verified. Based on the present implementation and associated
assumptions, the chapter suggests some directions that future work may follow.

6.1 Conclusion

Traditionally, under-frequency load shedding scheme consists of several pre-defined steps and
frequency thresholds. But load characteristics and specific power imbalance situations are usually
ignored when designing the load shedding steps, which can result in inaccurate or unsuccessful
protection. In comparison, advanced UFLS schemes are based on an estimated power deficiency and
an optimal load shedding amount distribution that can not only help frequency recovery, but also
improve other aspects such as reducing total shedding amount, reducing computational effort, and
increasing in system voltage stability.

In the thesis, a set of PowerFactory models are developed using Python for the implementation and
verification of advanced UFLS schemes. The models are created in a dynamic way that can enhance the
adaptability and flexibility for various advanced UFLS schemes and power imbalance scenarios.

Three representative UFLS schemes are implemented using the developed models. The first scheme,
as proposed in [24], uses the real-time change of rate of change of frequency to dynamically adjust the
load shedding steps and thus can reduce the total shedding amount. Simulation results show that this
scheme can successfully arrest frequency decline and keep the minimum recorded frequency above
the last threshold, i.e. 58.5Hz. But it may not always comply with the IEEE load shedding objectives due
to the influence of both « (load power dependency on voltage) and P,y (magnitude of the disturbance).
Thus, in section 4.7 a step correction method is proposed to improve the performance of the UFLS
scheme. The correction method proves to be effective in various simulated cases.

The implementation also includes another two advanced UFLS schemes, namely power flow tracing
method [35] and voltage sensitivity method [34]. These two methods prove to be effective in load
shedding process and can comply with IEEE objectives under multiple circumstances. However, it is
observed that power flow tracing is advantageous over voltage sensitivity in terms of both voltage
stability and computational effort.
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6.2 Future Work

During the implementation process, there are some issues that can be potentially improved. Future
work can be focused on dealing with the following problems.

1.

Improvement of power deficiency estimation.

Figure 3-8 shows the estimation error under different conditions. In some situations, the error can
be up to 9%. Since there are other factors that can affect the estimation process such as the load
voltage dynamic time constant (0.1s by default in PowerFactor), they can be involved to enhance
the accuracy.

Improvement of step correction method in section 4.7

The step correction for the initial step in section 4.7 proves to be effective in several simulated
events. However, it involves four parameters which are difficult to decide individually. In addition,
when the consumed power of loads is less dependent on voltage, the correction method becomes
less effective. In this matter, other approaches such as the neuro network algorithm can be used
for better and more adaptive parameter configuration.

Improvement of the topology-oriented schemes

It is mentioned in section 5.7 that the considered topology-oriented schemes do not sufficiently
deal with the hidden assumption that the shedding amount of a load cannot be larger than its
maximum power consumption. Thus, it may cause the actual shedding amount less than the
planned value. Regarding this problem, further improved can be focused on the shifting of the
“overflowing” part of shedding amount to other loads.

In conclusion, the thesis has developed a systematic and dynamic model for advanced UFLS schemes.
By simulating and investigating several selected schemes, feasibility and implementability of both the
model and the UFLS schemes are verified to have substantial improvement.
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8 Appendix

8.1 Step-Oriented UFLS Relay Definition in PowerFactory

PowerFactory models are created by a Python program, which writes necessary parameters and
equations in the corresponding window. Although the mechanics of the UFLS relay is described
graphically in chapter 4, the actual definition in PowerFactory is written in DSL by Python. Figure 8-1
shows the screenshot of the parameter window of the definition of the UFLS relay that is implemented
in chapter 4.

Block Definition - User Defined Models\Relay_Rudez.BlkDef *

General lAdva.nced ]

0K
Equations Hame |Relay Rudez Usage: Model Definition Canoel
. Title |Rudez Relay with 4 adjusted Steps
Description
Check
Model tupe
f* DSL model [~ Macro Equations

" Compiled model

(" MATLAE M—file model lacro equat.

Variables

Output =signals |scale

Input signals |f, ROCOF

LR El

State variables |

Parameters

Internal wariahl |&fa, dle, d2c, d3c, ddc, dlp, 425, d3p, d4p, pla, pPa, p3a, pda

Limi ting parameters;‘rinput si g:nals

Upper limitation Lower limitation

Parameters | Parameters |

Input =izmals | Input sizmals |
DEL info

Checksum: &FCZ-EEOE-DI3F4—F42C Caleulate

Figure 8-1: Screenshot of Step-Oriented UFLS Relay Definition Window in PowerFactory

In the “Equation” page, the mechanics of the UFLS relay, as described in chapter 4, is written in DSL as
listed below.

! Relay definition proposed in ref [24]

dfa=select (time () >=0, ROCOF, 0)
fa to avoid the initial




dlc=aflipflop (dfa-ROCOFmin, f<=£f1,0) *flipflop (f<=£1,0)

d2c=aflipflop
d3c=aflipflop
d4c=aflipflop (dfa-ROCOFmin* (1-pshedl-pshed2-pshed3), f<=£f4,0)*flipflop (f<=£4,0)

dfa-ROCOFmin* (1-pshedl), f<=£2,0) *flipflop (£<=£2,0)

(
(
(dfa-ROCOFmin* (1-pshedl-pshed2), f<=£3,0) *flipflop (£<=£3,0)
(

dlp,d2p,d3p d4p are relative change w.r.t. ROCOFmin

dlp=max (dlc/ (0-ROCOFmin), 0)

d2p=max
d3p=max

d2c/
d3c/

( (
( (0-ROCOFmin), 0)
( (0-ROCOFmin), 0)
( (

d4p=max (d4c/ (0-ROCOFmin) , 0)

1stec oad t pping amount

pla=max ( (pshedl-dlp),0)*flipflop (f<=£f1,0)

p3a=max

((
p2a=max ( (pshed2-d2p),0)*flipflop (f<=£f2,0)
((

pshed3-d3p),0)*flipflop (£f<=£3,0)

pda=max ( (pshed4-d4p),0)*flipflop (f<=£4,0)

scale=delay(lim(l1+Pdef* (lim(pla,0,1)+1lim(p2a,0,1)+1lim(p3a,0,1)+1lim(p4a,0,1)),0,1),td)
inc (f)=60

inc (ROCOF) =0

inc (scale)=1

Notes:

1.

PowerFactory standard functions are shown in blue color; comments are in green, and numbers
are in red.

Standard function: select (booleanexpr, x, V)

Returns x if booleanexpr is true, else return y.

Standard function: aflipflop (x, boolset, boolreset)
Returns the old x value when boolset=1 and boolreset=0;
Else returns the current value of x.

Standard function: £1ipflop (boolset, boolreset)
Changes from 0 to 1 if boolset=1 and boolreset=0
Changes from 1 to 0 if boolset=0and boolreset=1
Remains unaltered in other situations.

Standard function: 1im (x, min, max)

Returns min if x<min;

Returns max if x>max;

Else returns x.

Standard function: inc (x)

Initialize the signal x.

Standard function: delay (x, Tdelay)

Delay function. Stores the value x (Tnow) and returns the value x (Tnow-Tdelay). Tdelay
must be given in seconds. In the case that it is smaller than the integration step size, the latter is
used. The expression Tdelay must evaluate to a time-independent constant and may therefore
only consist of constants and parameter variables. The expression x (t) may contain other
functions.
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8.2 Topology-Oriented UFLS Relay Definition in PowerFactory

As mentioned previously, the considered topology-oriented UFLS schemes assume to have only one

shedding step for simplicity of analysis. Therefore, the model definition needs less commands. The

parameters window is shown in Figure 8-2.
Block Definition - User Defined Models\Rel.BIkDef *

General l)’.dvanced ]

0K
Equations Usage: Model Definitioem Concel
Description Title |Topology UFLS Relay —
Model type
& DSL model [~ Macro Equations

" Compiled model
" MATLAE M—file model

Tacro equat.

Yariables

Output siznals |scale

Input signals |E, ROCOF

did a0

State variables |

Parameters |fth1, td

Internal wariab] |

Limiting parameters/input signals

Upper limitation Lower limitation
Parameters | Farameters |
Input siznals | Input signals |
DEL info

Checlzum: EF35—C45C-2FO3-E340 Calculate

Figure 8-2: Screenshot of Topology-Oriented UFLS Relay Definition Window in PowerFactory

In the “Equation” window, the commands are written as follows.

scale=delay (flipflop (f<=£fthl, 0),td)
! Initialize signals

inc(scale)=0

inc (£)=60

inc (ROCOF) =0
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