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ABSTRACT

This dissertation addresses the problem of designing robust and efficient
underfrequency load-shedding (UFLS) schemes of small isolated power systems. UFLS
schemes are a well-established remedy against frequency instabilities.

Frequency stability is a major issue for small isolated power systems. In small
isolated power systems, frequency instability occurs in the form of continuous
frequency decay or of sustained frequency swings leading to tripping of generating
units. Main reasons for the continuous frequency decay are insufficient spinning reserve
or the loss of a major generating unit. However, the ultimate reason for frequency
instability comes from the fact that generating units are equipped with underfrequency
protection devices which trip the generating units in case of underfrequency conditions.
Thus, if additional counter-measures, such as UFLS, fail, underfrequency protection
devices trip the generating units and the power system collapses due to frequency
instability. In addition, increasing penetration of decoupled power generation enhances
the risk of frequency instability due to its negligible frequency-control capabilities and
the absence of inertial response. Decoupled power generation refers to those solar and
wind-power generating units which are mechanically decoupled form the power system
through a stage of power electronic converters.

UFLS schemes are implemented to avoid system collapses. These schemes trip
loads to restore the power equilibrium and to arrest frequency decay. UFLS schemes
can be grouped in conventional and advanced schemes. This dissertation is concerned
with conventional UFLS schemes which trip predefined amounts of load at specified
frequency thresholds. The instant of tripping is determined by underfrequency and rate
of change of frequency (ROCOF) relays, monitoring continuously frequency and
ROCOF and comparing them to underfrequency and ROCOF thresholds.

The design of such UFLS schemes is usually based on the evaluation of the
responses of the power system to a set of contingencies. These evaluations in turn are
realized by means of simulations of a model of the power system of interest. A simple
but still accurate model has been developed to simulate frequency dynamics of a power
system. This so-called non-linear multi-generator system frequency dynamics (SFD)
model is a low-order model which reduces the computational cost with respect to a fully
detailed model maintaining the essential frequency dynamics of the original model. The
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ability of the non-linear multi-generator SFD model to accurately reproduce short-term
frequency dynamics has been checked by comparing the SFD model with more detailed
power-system models.

Several methods have been reported in literature to design conventional UFLS
schemes, but there exists no generally accepted method for the design of UFLS
schemes. These methods are mostly based on simulations of a set of operating and
contingency scenarios. However, these operating and contingency scenarios are usually
determined by the common practice of scenario selection, which does not necessarily
guarantee the selection of the most appropriate operating and contingency scenarios.
Furthermore, some design methods do not guarantee an optimal UFLS scheme
performance in terms of shed load. Thus, a method for the design of robust and efficient
UFLS schemes of small isolated power system has been elaborated. Efficiency is
tantamount to shedding a minimum amount of load, whereas robustness denotes
efficiency for a set of operating and contingency scenarios. This proposed method for
the design of robust and efficient UFLS schemes is based upon the SFD model
approach.

To guarantee a robust UFLS scheme design, adequate operating and contingency
scenarios need to be selected. A method based on Data Mining has been proposed to
identify and select representative operating and contingency scenarios. Several Data
Mining techniques such as K-Means, Fuzzy C-Means and KSOM have been applied.
Efficiency of the UFLS scheme can be achieved by applying an optimization algorithm
to adjust the parameters of the UFLS scheme, corresponding with the tunable
parameters of the underfrequency and ROCOF relays. The main objective of the
optimization stage is to minimize the amount of shed load without jeopardizing the
system stability. Adaptive Simulated Annealing algorithm has been suggested as
optimization algorithm.

The proposed method for the design of efficient and robust UFLS schemes
comprises thus two tasks: the selection of adequate operating and contingency scenarios
by means of Data Mining techniques and the optimal tuning of the UFLS parameters by
means of adaptive Simulated Annealing optimization algorithm. To confirm the
feasibility of the approach, the proposed method has been applied to the design of the
UFLS schemes of the La Palma and the Gran Canaria power systems. In addition, the
proposed UFLS scheme has been compared to a simply optimized UFLS scheme which
uses operating and contingency scenarios determined by the common practice of
scenario selection.

Finally, methods for the design of UFLS schemes are in general based upon certain
assumptions concerning design conditions and power-system behavior and in particular,
variability of UFLS scheme step sizes. Usually, implemented step sizes do not
correspond with actual step sizes due to changing operating conditions. Thus, the
impact of varying design conditions and varying step sizes has also been extensively
studied.

The analysis of varying design conditions is addressed by designing different UFLS
schemes resulting from a variation of one of the design conditions. These design
conditions can be roughly classified into those affecting the selection of operating and
contingency scenarios and those affecting the formulation of the optimization problem,
i.e. the objective function, the constraints, the decision variables or the optimization
algorithm. Some of these modified design conditions coincide with other design
methods proposed in the literature.
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In order to address step-size variations and step-size reduction in particular, a
method for the design of UFLS backup steps has been proposed which first designs
several combinations of different backup steps settings heuristically, based on
simplified variations of UFLS scheme step sizes, and in a second step, the proposed
designs are validated using a Monte-Carlo simulation approach. Monte-Carlo
simulations make use of a probability density function, modeling step-size variation as
combination of feeder-load variation and feeder outages and breaker failures. The
necessity of backup steps has been reaffirmed by the Monte-Carlo simulation approach.
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CHAPTER ONE

INTRODUCTION

1-1 PROBLEM STATEMENT

This dissertation addresses the problem of designing underfrequency load-shedding
(UFLS) schemes of small isolated power systems. UFLS schemes are a well-established
remedy against frequency instabilities. Frequency stability is a major issue for small
isolated power systems.

Several power-system blackouts occurred during the past few years around the
world, characterized inter alia by frequency instabilities and involving underfrequency
load-shedding actions. A summary of large frequency disturbances and blackouts can be
found in [CIGRE'99] and in [Bonian'05], including the 1965 blackout in New York or
the Malaysian blackout of 1996. Recent blackouts of small isolated power systems have
been reported in Oahu (Hawaii, USA) [POWER HECOQO'09] and in Mallorca-Menorca
(Spain) [Endesa'09], both in 2008, and in Tenerife (Spain) in 2009. For example, the
short-circuit-based disconnection of more than 50% of total power generation in the
Mallorca-Menorca power system instigated a very fast frequency decay, which could
not be successfully stopped by load-shedding actions, and the system finally collapsed
due to cascading outage of the remaining generating units. More successful load-
shedding actions during the partial blackout in 1995 of Israeli power system could, at
least, stabilize the northern island after splitting into two subsystems [Hain'97]. The
southern island collapsed among other things because a protection-initiated power
station tripping prevented load-shedding automatics from stabilizing this island.

These incidents show the importance of underfrequency load shedding in protecting
power systems against frequency instability. Unsuccessful load-shedding actions
necessarily implicate a review of designs of currently installed UFLS schemes. This
dissertation focuses therefore on the design of robust and efficient UFLS schemes of
small isolated power systems.

1-1-1 Frequency stability in small isolated power systems

A power system needs to be reliable and secure. Reliability is defined as the probability
of the satisfactory operation of a power system, whereas security denotes the degree of



Introduction 2

risk in the ability of a power system to survive imminent disturbances. Stability is
related to both reliability and security [Elgerd'82; IEEE/CIGRE'04]. In fact, stability
refers to the continuance of intact operation following a disturbance. Further, it is a
concept used in assessing system robustness’.

According to [IEEE/CIGRE'04], power-system stability can be defined as “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.” This
definition applies to a power system as a whole. Often, however, the stability of a
particular generator or group of generator can also be of interest. Furthermore, due to
the non-linear nature of power systems and due to a constantly changing environment,
stability depends on the operating conditions as well as the nature of the disturbance.
Congruously, power-system stability can be further classified based on the following
considerations:

* The physical nature of the resulting mode of instability as indicated by the main
system variable in which instability can be observed.

e The size of the disturbance considered which influence the method of calculation
and prediction of stability.

* The devices, processes, and the time span that must be taken into consideration in
order to assess stability.

Figure 1-1 (taken form [IEEE/CIGRE'04]) summarizes the classification of the power-
system stability problem, identifying its categories. Power-system stability is divided
into rotor angle, voltage and frequency stability, according to its underlying physical
nature. Furthermore, a distinction is made between small disturbance and large
disturbance stability as well as between short-term and long-term stability. A
disturbance is large when the non-linear differential equations that describe the power
system dynamic behavior cannot be linearized for analysis purposes. Small disturbances
continually occur in the form of load changes, whereas large disturbances comprises
short-circuits, generator outages, etc. Unlike small disturbances, large disturbances may
lead to structural changes in the power system topology. Short-term stability is
determined by the dynamics of the generators, their prime movers and the primary
controls. Long-term stability is largely affected by the dynamics of the energy sources
of the generators (boilers, nuclear reactors, hydro stations with complicate hydraulic
circuits, etc) and the secondary controls. Note that in the case of frequency stability,
there is no distinction between small disturbance and large disturbance stability. In fact,
frequency stability is always a large disturbance stability problem since it depends on
specified operating and contingency scenarios.

"In fact, security is often also referred as the robustness against one, two, or several contingencies.

* Inhere, the terms disturbance and contingency are considered as synonyms. For the sake of
completeness, disturbance refers generally to an action of disturbing, whereas contingency refers to a
future event which is possible but cannot predicted with certainty.
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Figure 1-1: Classification of power-system stability [[EEE/CIGRE'04].

Frequency stability refers to the ability of a power system to maintain frequency
within an acceptable range following a severe system upset resulting in a significant
imbalance between real-power generation and load demand [IEEE/CIGRE'04]. Severe
system upsets have their origin in the generation and transmission system. The ability to
maintain frequency within an acceptable range is tantamount to maintain or restore
equilibrium between real-power generation and load demand. As previously mentioned,
frequency stability can be further divided into short-term and long-term frequency
stability, according to the involved dynamics®’. Focus is on short-term frequency
stability, which is predominantly determined by the dynamics of the prime movers and
their primary controls.

In case of an imbalance between real-power generation and load demand, frequency
deviates from its nominal value of 50 Hz. Frequency decreases, if load demand exceeds
power generation, whereas frequency increases, if more active power is generated than
consumed. In both cases, primary frequency controls try to restore the power
equilibrium. However, in general, the situation of lack of generation (i.e. load demand
exceeds power generation) is more problematic with regard to possible equipment
damages due to limited spinning reserves. Thus, attention is principally paid to
situations of lack of generation and consequently, to underfrequency conditions.

In large interconnected power systems, significant frequency deviations normally
occur only when the system is split into several islands with substantial power excess or
deficit. By contrast, small isolated power systems are very sensitive to power
imbalances, usually originating from outages of generating units. From a frequency
stability point of view, a small isolated power system can be described as a system
which is not interconnected to any other power system and in which any individual

? Sometimes, a third distinction with respect to the time span considered is reported. Apart from short-
term and long-term stability, also mid-term stability has been analyzed. Mid-term stability studies connect
short-term and long-term frequency dynamics. In other words, both generators, especially their turbine-
governor systems, and energy supply systems are modeled in detail. Two software tackle the mid-term
dynamics: EPRI T/M Stability program and EUROSTAG [EPRI'79; Antoine'92]. They differ in the fact
that EPRI uses a manually controlled step-size integration algorithm (the trapezoidal rule), whereas
EUROSTAG is based upon a variable step-size integration algorithm.
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generating unit in-feed presents a substantial portion of the total demand [Horne'04].
This directly implies that the number of generating units involved in power generation
is relatively small compared with a large interconnected power system.

In small isolated power systems, instability occurs in the form of a continuous
frequency drop or of sustained frequency swings leading to tripping of generating units
[IEEE/CIGRE'04]. A typical example of short-term frequency instability is the
unaltered drop of frequency due to insufficient spinning reserve and/or insufficient
underfrequency load shedding, which finally causes a system collapse within a few
seconds due to underfrequency generator tripping. Another origin of instability might be
a huge loss of power generation, albeit enough spinning reserve is available. In a small
isolated power system, a huge loss is given by the loss of the largest generating unit*. A
huge loss instigates a very rapid decay of frequency for which primary control is unable
to act in due time — even if sufficient spinning reserve is available. Figure 1-2 illustrates
short-term frequency instabilities. The horizontal line describes the minimum allowable
frequency before generating units are tripped by underfrequency protection.
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Figure 1-2: Causes of frequency instability.

Hence, frequency stability problems are associated with inadequacies in equipment
response or insufficient generation reserves. However, the ultimate reason for frequency
instability lies in poor coordination of control and protection equipment. In fact,
generating units are equipped with underfrequency protection devices which trip the
generating units in case of an underfrequency conditions. The main problem of
underfrequency frequency operation is the excitation of resonant conditions of
mechanical components such as turbine blades and compressor airfoils of steam
turbines and combustion engines. Further problems arise due to reduced output of
power-plan auxiliaries such as fans and pumps which reduce the power generation
further and may cause thermal overload. Thus, if additional counter-measures such as

* This is a common incident in small isolated power systems. A single generating unit may provide up to
50% of the total load demand as in the case of the La Palma (Canary Islands) power system. The loss of
50% of the total generation as in Mallorca-Menorca on November 13, 2008, could jeopardize a power
system and lead to a system collapse.
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underfrequency load shedding fail, underfrequency protection devices trip the
generating units and the power system collapses due to frequency instability. Failures in
counter-measures usually originate in poor designs and/or coordination.

1-1-2 Underfrequency load shedding

The magnitude of a frequency excursion mainly depends on the magnitude of the power
imbalance and on the way the power system behaves following the disturbance. To
avoid damages of generation and load-side equipment, it is crucial to operate the power
system within an established, acceptable frequency range or at least, to prevent longer
frequency excursions out of this established range. This is achieved by restoring as fast
as possible power equilibrium.

In theory, the equilibrium between power generation and load demand can be
regained or by readjusting the power generation by means of primary frequency control
or by readjusting the load demand. However, for large disturbances, primary frequency
control action is usually not fast enough to restore the power equilibrium and to confine
frequency excursions to acceptable values. Furthermore, the available spinning reserve
could be insufficient to cover the lost power generation. An efficient alternative consists
therefore in readjusting the load demand by shedding load.

Underfrequency load-shedding (UFLS) schemes are a last-resort tool to protect the
power system in case of a severe contingency, giving rise to a dangerous
underfrequency condition. Their primary objective is to arrest frequency decay. UFLS
schemes provide an initial underfrequency protection for generating units to prevent a
possible cascading power outage. If a small isolated power system collapses in
consequence of frequency instability, system restoration takes long, in the order of
several hours. In addition, power outages negatively affect utilities by damaging the
equipment and causing a substantial loss of revenue, and they may also lead to a loss of
costumer confidence [Cote'01]. By contrast, if the system survives as a result of
successful load shedding, fewer customers are affected and system restoration is
accomplished within a much shorter time (in the order of minutes). Hence, UFLS
schemes not only protect generation and load-side equipment, but they also improve
power-system reliability and security and they minimize the socio-economical impact
on utilities and customers.

In a first stage, UFLS schemes can be divided into manual and automatic UFLS
schemes. Manual UFLS actions are generally applied to frequency restoration problems
and rarely intervene in the confinement of frequency excursions’. By contrast,
automatic UFLS schemes are used to arrest frequency decay. In fact, there exist
different types of automatic UFLS schemes according to their mode of operation. Figure
1-3 resumes the classification of different UFLS schemes.

> In general, UFLS schemes are also used for frequency restoration. Frequency restoration refers to
additional load-shedding action to bring back frequency to an acceptable steady-state value. Frequency
restoration actions take place after primary UFLS action to stop frequency decay. Thus, frequency
restoration is rather a long-term problem and is consequently not considered.
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Figure 1-3: Classification of UFLS schemes.

Two UFLS schemes can be distinguished: conventional and advanced UFLS
schemes. Conventional UFLS schemes continuously measure frequency and eventually
the rate of change of frequency (ROCOF) and shed a predefined amount of load in case
of frequency and/or the rate of change of frequency fall below a certain threshold. By
contrast, advanced UFLS schemes also use additional information and measurements
such as power generation, voltage, etc. to compute the amount of load which needs to
be shed. In addition, advanced UFLS schemes are highly adaptive in the sense that they
adjust their reaction in function of the actual power-system conditions. However,
utilities still use conventional UFLS schemes to protect the power system. Thus, the
focus of this dissertation lies on conventional UFLS schemes.

An important task before implementing an UFLS scheme is the adequate design of
the UFLS scheme. The design is usually divided into two steps: first, a set of possible
operating and contingency scenarios is selected and then, the UFLS scheme parameters
are tuned according to some specified criteria. For example, the UFLS scheme should
act such that the system integrity is guaranteed for all possible disturbances including
worst-case scenarios. In addition, to reduce to impact on customer, overshedding should
be avoided and the curtailed amount of load reduced to a minimum. To date, there exists
no generally accepted method for the design of UFLS schemes. Some methods have
been proposed, but there is no guaranty for an optimal UFLS scheme performance in
terms of shed load. As a consequence, there is a need for a systematic method which
should lead to robust and efficient UFLS schemes. Finally, the impact of varying UFLS
scheme step sizes should also be considered since a reduction of the step sizes might
have a jeopardizing impact on system stability.

1-1-3 Review of load-shedding practices

Underfrequency load-shedding practices vary from power system to power system,
depending on the characteristics of the system and its operation criteria imposed by the
system operator. For the purpose of reviewing load-shedding practices, two larger, a
medium-size and two smaller power systems are contemplated. First operating criteria
are resumed and subsequently, load-shedding practices are compared.

The larger power systems are the British NGET and the Nordel system, which
coordinates power-system operation in the Scandinavian countries as well as in
Denmark and Iceland. Both NGET and Nordel power systems are part of the UCTE
system and comply with UCTE operation rules. These specify among other things
amount and availability of spinning reserve and locate critical underfrequency operating
condition at 47.5 Hz [UCTE'04]. Nordel requires generating units to operate within the
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frequency band of 50 to 47.5 Hz for 30 minutes, including a possible output reduction
of 15% at 47.5 Hz [Nordel'07]. For frequencies lower than 47.5 Hz, large thermal plants
start to disconnect. NGET (National Grid of Electricity Transmission) grid code is more
demanding in this regard since it requires continuous operation for frequencies even
between 47.5 and 47 Hz for 20 s [NGET'09]. Similar conditions are imposed by
EirGrid, Irish system operator and owner of the system operator of Northern Ireland
[EirGrid'09]. In fact, generating units are required to remain synchronized during 60
minutes for frequencies between 52 and 47.5 Hz and during 20 s for frequencies within
47.5 and 47 Hz. Both NGET and EirGrid grid codes determine the amount of available
spinning reserve in accordance with the loss of the largest power generation station.
Knowing that Iceland’s Landsnet conditions on underfrequency operation of generating
units comply with Nordel requirements and resemble those of EirGrid, it seems that
Northern European system operators impose quite similar conditions.

By contrast, grid codes of Spanish and Hawaiian isolated power systems are less
demanding with respect to extended underfrequency operation of generating units. In
fact, Hawaiian system operator (HECO) requires continuous operation for frequencies
below 56 Hz for only 6 s [HECO'08; Matsuura'09]. Similar conditions are imposed by
the Spanish system operator (REE) where generating units need to continue operating
during 3 s for frequencies below 47.5 Hz [MITyC'06]. This is mainly due to the reduced
size of these power systems. As in the case of EirGrid, spinning reserves are also
determined in function of the loss of the major generating unit. It is noteworthy at that
time that the Hawaiian power systems of Maui and Hawaii do not carry spinning
reserve capacity but only a regulating reserve of 3 to 5 MW.

Some comments can be made with regard to these requirements. First, they apply in
general for thermal generating units which are more sensible to frequency deviations.
Diesel engines, for example, can withstand transitory frequency levels as low as 43 Hz
[Rodriguez'09]. Further, all these requirements on generating units might not be
satisfied during real disturbances because grid codes are not retroactive and older
generating units are excluded from new requirements. Moreover, generating units have
to comply with these requirements only if equipment safety is not jeopardized and
finally, action of other protection devices (such as overcurrent relays) could trip the
generating unit before critical frequency values are reached.

Operation criteria and especially underfrequency operation requirements on
generating units define underfrequency load-shedding practices since turbine
underfrequency protection and UFLS scheme need to be coordinated. Table 1-1
compares UFLS practices according to the grid codes of Nordel, NGET, EirGrid,
HECO and REE system operator. Settings attributed to the NGET coincide with the
settings of the NGET power system and do not include settings of the SPT (Scottish
Power Transmission) and SHETL (Scottish Hydro-Electric Transmission) systems.
Further, EirGrid settings are those of the ESB (Electricity Supply Board) [IEEE'07].
Finally, it should be kept in mind that this is only a sample of possible settings. UCTE
recommendations have also been included.
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Table 1-1: Underfrequency load-shedding practices (partially taken from [IEEE'07]).

UFLS scheme

Entity Anticipated actions Step1 Step2 Step3 Step4 StepS5 Step6 Step 7 Step 8
UCTE . Quick-.start turbi'nes, . 49Hz 10- 48.7Hz 48.4Hz

disconnection pumping units  20%  10-15% 10-15%
Nordel Quick-start turbines, HVDC 48.8Hz 48.6Hz 48.4Hz 48.2Hz 6. 48Hz

emergency action 6-10% 6-10% 6-10% 10%  6-10%
Quick-start turbines,
NGET' |disconnection pumping units,
interruptible loads
Disconnection pumping  48.5Hz 48.4Hz 48.3Hz 48.2Hz

48.8Hz 48.7Hz 48.6Hz 48.5Hz 48.4Hz 48.2Hz 48Hz 47.8Hz
5% 15% 15% 7.5% 7.5% 7.5% 5% 5%

EirGrid’ Lo . 0 0 0 0
units, interruptible loads 12% 12% 12% 12%
. 585Hz 58Hz 57.7Hz 57.4Hz 57.2Hz 57.0Hz
Int tible 1
HECO erruptible loads 5%  10%  10%  10%  10% 5-10%
REE Interruptible loads UF and ROCOF  Frequency thresholds within 50-47Hz
"NGET settings only

*ESB settings

It can be inferred from Table 1-1 that load under relief is usually divided into three
to six discrete blocks with frequency thresholds in the range of 48 to 49 Hz in the case
of larger systems and with frequency thresholds comprised between 47 and 49 Hz for
smaller power systems. Further, these discrete blocks correspond to step sizes of 5% to
15% of system demand per step. NGET’s UFLS scheme exhibits slightly more steps,
but, as in the case of EirGrid’s settings, steps can be divided further in substeps. In any
case, settings are determined by the system operator. A difference between smaller and
larger systems can also be made with respect to anticipated actions. In fact, smaller
systems only shed interruptible loads as an anticipated measure, whereas larger systems
also dispose of anticipated measures such as disconnection of pumped storage units or
connection of quick-start power plants. NGET and EirGrid grid codes plan to manually
disconnect demand and to reconnect load shed by the UFLS scheme, if load restoration
of load shed by the UFLS is not restored within reasonable a period of time. The
purpose of such action is to ensure that a subsequent fall in frequency will again be
contained by the operation of the UFLS scheme. Finally, only REE grid code proposes
the use of rate of change of frequency (ROCOF) steps due to the small size of the
isolated power systems and their inherent sensitivity to large disturbances. Although not
presented in Table 1-1, ROCOF relays are also employed by Argentinean system
operator CAMMESA [Cammesa'08] and the operator of the central Chilean system
CDEC-SIC [CDEC-SIC'08].

Clearly, underfrequency load-shedding practices vary from power system to power
system, depending on the characteristics of the system and its operation criteria imposed
by the system operator, but most of UFLS schemes exhibit some common
characteristics such as step size or number of steps. Differences can be explained by
different operation constraints on generating units or the size of the power system.

1-1-4 Increasing decoupled power generation

With increasing intermittent power generation, the impact of intermittent power
generation on power-system stability increases as well. For small isolated power
systems, typical intermittent energy sources are wind and solar energy. For example, the
installed capacity of solar and wind-power generation of the Canary Islands amounts to
271 MW, corresponding to 9.5% of the totally installed capacity [REE'08]. Decoupled
power generation refers to a particular intermittent power generation, characterized by
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mechanical decoupling of the generating unit from the power system through power
electronic converters.

The impact of intermittent power generation on power-system stability depends on
the wind-turbine and solar technology employed. Wind-turbine technologies can be
classified into two categories: variable speed and constant speed wind turbine
technologies. Variable speed wind turbines exhibit higher efficiency than constant speed
wind turbines. Variable rotor resistance generators, doubly fed asynchronous generators
and full-converter units fall in the first category. Conventional induction generators
belong to the second category. Most common are nowadays variable speed generators.

Solar-power technologies can be grouped into photovoltaic and solar-thermal
technologies [SolarPACES'01]. Photovoltaic power plants generate power by means of
solar panels consisting of several solar cells. The photovoltaic effect creates a direct
current and thus, inverters are necessary at the point of connection. By contrast, solar-
thermal power plants focus a large area of sun light into a concentrated beam to heat a
working fluid. The heated working fluid disserves then as a heat source for conventional
power generator. To date, in small isolated power systems, photovoltaics are typically
used to provide electric power.

The commonly employed solar and wind-power technologies, i.e. doubly fed
asynchronous generators and full-converter units as well as photovoltaics, strongly
affect frequency stability of small isolated power systems. These solar and wind-power
technologies are characterized by a connection to the power system through a stage of
power electronic converters and thus, the actual generating unit is mechanically
decoupled from the power system. Generation based on these commonly employed
solar and wind-power technologies can be referred as decoupled power generation
[Koczara'04].

As seen before, frequency dynamics depend on the magnitude of the power
imbalance, the available spinning reserve and the overall system response. Essentially,
two problems arise due to decoupled power generation. First, frequency control is
usually limited. In fact, a margin between available intermittent power at any instant
and actual delivered power must be maintained to be able participating in frequency
control. Usually, this margin, and consequently the reserve, is small’. The second
problem is concerned with the fact that the commonly used decoupled power generation
technology does not contribute to system inertia due to the mechanical decoupling
[Rouco'08]. The mechanical decoupling provokes that the power systems does not
percept any inertial reaction of these commonly used generators’.

Both the negligible frequency control and the fact that decoupled power generation
can be considered as generation without inertia, have a negative impact on frequency
stability. In fact, the initial rate of change of frequency increases with decreasing inertia.
Recalling the typical frequency instabilities due to insufficient spinning reserve or due
to a huge loss of power generation as depicted in Figure 1-2, decoupled power
generation enhances the risk of frequency instability.

S If spinning reserve is provided, primary frequency control of wind-power generator is generally faster
than the primary frequency control of conventional generators.

7 Some grid operator require wind farms to contribute to primary frequency control [Ackermann'05], but
this will be difficult to realize as the energy source (wind) is not directly controllable. Some methods to
implement primary frequency control and to emulate inertial response are reported in [Morren'06;
Vittal'07].
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1-2 OBJECTIVES

The investigation reported in this dissertation focuses on the problem of short-term
frequency stability, its associated underlying dynamics and the emergency control
actions to be taken to avoid frequency instability. UFLS schemes are a common remedy
against frequency instabilities. However, their performance fundamentally depends on
their design. UFLS schemes should be both efficient and robust. Efficiency is
tantamount to shedding a minimum amount of load, whereas robustness denotes
efficiency for a set of operating and contingency scenarios. Efficiency is achieved by
using an appropriate optimization algorithm to determine the optimal value of the
decision variables, i.e. underfrequency relay and ROCOF relay parameters. Robustness
is guaranteed by applying the optimization algorithm to a set of appropriate operating
and contingency scenarios. This dissertation deals with a systematic method to design
efficient and robust conventional UFLS schemes. The proposed method is applied to
real isolated power systems. In addition, designs of UFLS scheme are analyzed
considering varying design conditions and taking into account the variability of UFLS
step sizes. More precisely, the objectives are:

* A suitable power-system model will be developed which is able to represent the
frequency dynamics in small isolated power systems for short-term frequency
stability.

* A method based on Data Mining will be proposed to identify representative
operating and contingency scenarios, i.e. to find those contingencies which
represent best all other possible contingencies. The impact of decoupled power
generation is also addressed.

* The efficient tuning of UFLS scheme parameters will be formulated as an
optimization problem, which can be resolved by well-known meta-heuristic
algorithms.

* The impact of varying design conditions will be addressed by designing different
UFLS schemes resulting from a variation of one of these design conditions.

* A method based on Monte-Carlo simulations will be proposed to tackle the
problem of changing UFLS step sizes and to design possible backup steps of
UFLS schemes.

1-3 OUTLINE

The dissertation contains 7 chapters and 3 appendixes. Chapter 2 reviews the impact of
abnormal frequency operation on power-system equipment. Particular attention is paid
to distinct turbine types such as steam turbines, combustion turbines and hydraulic
turbines, and to turbine underfrequency protection. Thereafter, a survey on conventional
underfrequency load-shedding (UFLS) schemes is given outlining the principles,
performances criteria and implementation. Finally, the design of conventional UFLS
schemes is reviewed and a description on advanced UFLS schemes is given.

In chapter 3, a simple non-linear multi-generator system frequency dynamics (SFD)
model is derived. This SFD model is a low-order model which reduces the
computational cost with respect to a fully detailed model maintaining the essential
frequency dynamics of the original model. A simple but still accurate model can be
obtained which allows simulating a power system with a very low computational cost.
The non-linear multi-generator SFD model is used to simulate short-term frequency
dynamics of small isolated power systems. In addition, this power-system model is used
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to study the influence of different model parameters, including the UFLS scheme, on
short-term frequency dynamics and on frequency stability.

Chapter 4 addresses the proposed method for the design of efficient and robust
conventional UFLS schemes. In particular, a method to select adequate operating and
contingency scenarios for the design of robust UFLS schemes is presented. These so-
called representative operating and contingency scenario are those scenarios which
represent best all other possible scenarios. Furthermore, an optimization-based method
for the efficient tuning of the UFLS parameters is outlined. The proposed method for
the design of a conventional UFLS scheme comprises then two steps: first, several
operating and contingency scenarios, ideally with different degrees of severity, are
selected and then, the parameters of the UFLS schemes are tuned such that an objective
function is optimized with respect to the previously selected operating and contingency
scenarios and to some constraints on system operation and UFLS scheme performance.

In Chapter 5, an extensive analysis of conventional UFLS scheme designs is carried
out. In fact, designs of UFLS schemes are based on certain assumptions concerning
design conditions and variability of UFLS scheme step sizes. Design conditions
influence directly the performance of the resulting UFLS scheme and different design
conditions might result in distinct final UFLS scheme designs. Percentaged values of
actual step sizes vary from the implemented step sizes due to changing system-
operating conditions. Step-size variations can affect negatively UFLS scheme
performance since, for example, less load might be shed than necessary to stabilize the
system. Monte Carlo simulations are used to simulate step size variations and to address
the design of backup steps.

Chapter 6 provides the conclusions of the present dissertation and also highlights its
principal contributions. Hints for future research are also given.

Chapter 7 contains the references.

Appendix A resumes the main features of the Matlab toolbox prototype that has
been developed in order to simulate, design and analyze UFLS schemes of small
isolated power systems under numerous operating and contingency scenarios. The
Spanish system operator currently uses the Underfrequency Load-Shedding Scheme
Applications (UFLSA) toolbox. The main goal is to be able to simulate fast numerous
operating and contingency scenarios and to design and analyze in an automated manner
UFLS schemes.

Appendix B presents several frequency protection schemes based on o—dw/dt
phase-plane analysis and on the definition of frequency stability boundary in particular.
A simple function is derived to describe frequency stability boundary, which can be
considered as a separatrix describing a region of frequency stability. Due to their nature,
these frequency protection schemes belong to advanced UFLS schemes.

Finally, Appendix C contains block diagrams of commonly used turbine-governor
system models of the PSS/E software package model library.






CHAPTER TWO

AUTOMATIC UNDERFREQUENCY LOAD SHEDDING

2-1 INTRODUCTION

Imbalances between power generation and load demand lead to frequency excursions.
Frequency decreases, if load demand exceeds power generation, whereas frequency
increases, if more active power is generated than consumed. In general, the situation of
lack of generation (i.e. load demand exceeds power generation) is more problematic
[Anderson'92]. The loss of power generation which instigates an underfrequency
condition depends on the power system. In small isolated power systems, the lack of
generation is mostly due to generator outages, whereas in large interconnected power
systems, the lack of generation is usually due to system separation into islands because
of line tripping. Furthermore, small isolated power systems are more sensitive to power
imbalances than interconnected power systems mainly because of the reduced number
of generating units involved in power generation. To avoid damages of generation and
load-side equipment, it is crucial to operate the power system within the established,
acceptable frequency range or at least, to prevent longer frequency excursions out of the
established range. This is achieved by restoring as fast as possible power equilibrium by
the action of automatic underfrequency load-shedding (UFLS) schemes.

Foremost, the impact of abnormal frequency operation on power-system equipment
is discussed. Particular attention is paid to underfrequency behavior and protection of
distinct turbine types such as steam turbines, combustion turbines and hydraulic
turbines. These are the most typical turbine types in small isolated power systems.
Thereafter, a survey on conventional UFLS schemes is given outlining the principles,
performance criteria and their implementation. UFLS schemes can be considered as the
initial turbine underfrequency protection. Finally, the design of conventional UFLS
schemes is reviewed and a description of advanced UFLS schemes is given.

2-2 IMPACT OF ABNORMAL FREQUENCY OPERATION ON POWER-
SYSTEM EQUIPMENT

Frequency reduction not only affects turbine-governor systems but also generators and
transformers [IEEE'87]. Nevertheless, turbine-governor systems are more sensitive to
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frequency deviations. Furthermore, the underfrequency condition is more critical than
the overfrequency condition.! Underfrequency relays are used to protect generating
units against low frequency levels because the highest natural frequency of mechanical
turbine components is close to synchronous speed. If no additional counter-measure
exists, pronounced frequency deviations may cause to trip generating units due to
underfrequency protection, which accelerates the frequency decay further. This may
lead to a cascading outage of generating units and consequently, to a system blackout.

Subsequently, the impact of abnormal frequency on steam turbines, combustion
turbines and hydroelectric turbines is discussed.” These turbine systems are the most
typical ones in small isolated power systems. Moreover, the impacts on power plant
auxiliaries, such as pumps and fans, and on the generator are also shortly described.
Finally, the principles of turbine underfrequency protection are outlined.

2-2-1 Turbine system behavior

2-2-1-1 Steam-turbines

Steam turbines comprise several stages of blades: short blades in high-pressure sections
and long blades in lower pressure sections. Each blade displays several natural bending
modes of oscillations with different natural frequencies. The principal risk in abnormal
frequency operation of steam turbines is the vibration and probable resonance of the
long blades in the lower pressures sections. Stress due to the blade vibration depends on
the magnitude of the exciting forces and the structural characteristics of the blade. Blade
vibrations are caused by the steam-flow variations with a fundamental frequency equal
to the turbine operating speed and to harmonics (multiples) of this speed. With an
increased steam flow, the magnitude of excitation increases as well. This also implies
that at low load levels, stress due to blade vibration is relatively small, although there is
some danger of high stress during start up.

The blade vibration principally depends on the proximity of the frequency of the
excitation to the blade natural frequency and on blade damping. Resonant peak
amplitude occurs when a frequency of the exciting force or some multiple of it is equal
to the natural frequency of the blade. If the frequency of the exciting force approaches
the natural frequency of the blade, the vibratory stress is extremely high and several
hundred times greater than during normal operating conditions. The most critical blades
are the long blades in the lower pressure sections of the steam turbine, usually the ones
in the last three rows of the low pressure section and in some cases, the last row in the
intermediate pressure section since it has been found that it is not reasonable to design
theses blades to withstand the stress of a resonant condition [Kundur'94]. These blades

' For the sake of clarity, overfrequency should not be mistaken for overspeed [REE'95]. Overfrequency is
a system-related phenomenon and its protection acts within a range of 51 to 52 Hz in a 50 Hz system,
whereas overspeed is a turbine-related phenomenon, occurring when the turbine is tripped at full load and
depending on the rotor inertia and the response of the governor. Overspeed protection is a mechanical
protection situated between 65 and 70 Hz. In this sense, overspeed protection could be considered as a
backup protection to the overfrequency protection. For example, if a generating unit is isolated from the
power system due to overfrequency, overspeed could occur if turbine speed control fails, and the
overspeed protection would trip the turbine.

* Since vast majority of technical literature on abnormal frequency operation of turbine-governor systems
deals with 60 Hz systems, discussion and graphics are given on the basis of a 60 Hz system. The
extension to a 50 Hz system can be easily accomplished.
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have their natural frequency tuned so that their vibration modes will not be in resonance
at normal frequency operation.

The effect of the natural frequencies of blade oscillation for different rotor speeds is
illustrated in the diagram shown in Figure 2-1, known as the Campbell diagram. This
diagram shows how turbine speed changes can excite the natural frequency of the blade
by means of a variation in steam flow. The heavy, nearly horizontal bands represent the
three natural vibration modes of a long, tuned turbine blade. These three modes
correspond to a tangential mode, an axial mode and a torsional mode [Akers'68]. The
diagonal lines represent the multiples of rotor speed which coincide with the frequencies
of the steam-flow variations (e.g. at rated speed of 60 Hz, the second multiple is
120 Hz, the third one 180 Hz, etc.). The intersection of a diagonal line with a vibration
mode band is tantamount to a resonant condition. Turbines are designed such that the
natural blade frequencies fall between these multiples of rotor speed. If the rotor speed
departs from rated speed, the multiples of rotor speed approach one or more of the blade
natural frequency with the resulting higher vibratory stresses. The failure mechanism is
related to the endurance of the material when subjected to many cycles of high stress
vibrations.
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Figure 2-1: Typical Campbell diagram showing blade vibration characteristics [Kundur'94].

Operation at abnormal frequencies is time-restricted. Figure 2-2 schematically
depicts the composite steam turbine abnormal-frequency limitations of several turbines
built by several manufacturers. Usually, the diversity of turbine designs results in high
diversity of abnormal-frequency limitation curves [[EEE'87]. According to Figure 2-2,
steam turbines can continuously operate within the band of 59.5 Hz to 60.5 Hz without
loss of life due to turbine blade vibrations. In the light gray area, operation of the steam
turbine is limited in function of the frequency, whereas operation in the dark gray area is
not recommended. For example, steam turbines might be operated at a frequency of
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58.5 Hz for several minutes, but if frequency falls below 57 Hz, the generator is tripped
within some seconds.

The time-restricted operation at abnormal frequency as shown in Figure 2-2 is due
to the fact that the number of cycles of vibration that can be endured decreases with
increasing vibratory stress (speed deviation). In other words, the effect of abnormal-
frequency operation in a given frequency band is cumulative, but independent of the
time accumulated in any other band associated with a vibration mode. During
generating unit start up or shut down, blade life will not be significantly affected if
proper procedures are followed.

Frequency (Hz)

0.01 0.1 1 10 100 1000

Time (min)

Figure 2-2: Steam turbine partial- or full-load operating limitations during abnormal frequency
[IEEE'87; Kundur'94].

2-2-1-2 Combustion turbine

Combustion turbines and steam turbines behave in a similar way during abnormal
frequency conditions. Combustion turbines differ from steam turbine primarily in the
medium used to drive the turbine and in the fact that they contain both compressor and
turbine stages. Inlet air is compressed, mixed with fuel and fed into a combustion
chamber. The exhaust gases from the combustion chamber are routed through the
turbine blades causing shaft rotation.

Just as in the case of steam turbines, abnormal frequency stresses both turbine
blades and compressor airfoils due to vibration. Like the steam turbine, blade and airfoil
vibrations are caused by variations of exhaust-gas flow (turbine stage) and variations of
the airflow (compressor stage), respectively. However, there are two additional
categories of airfoil vibration: flutter and rotating stall [Giampaolo'06]. Flutter denotes
the self-excited vibration usually initiated by the airfoil approaching stall. Rotating stall
occurs as each blade row approaches its stall limit. In fact, a blade row does not
instantly or completely stall, but rather stalled cells are formed. These cells tend to
rotate around the flow annulus at about half the rotor speed. Operation in this region is
relatively short and usually proceeds into complete stall. Rotating stall can excite the
natural frequency of the airfoils.
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Stalling can be described as a disrupted or separated airflow on the airfoil shaped
compressor blades resulting in a reduction in the air volume beneath the blade. Stalling
is then a consequence of a too high angle of attack of the airfoil. The change in air
pressure can cause deformation of the airfoils as well as reverse flow in compressor.
Some combustion turbine generators have a unique operational control capability that
protects the turbine generator during underfrequency conditions. These controls will
automatically reduce output when an attempt is made to maintain full output during
underfrequency conditions because a combustion turbine may suddenly lose airflow due
to stall.

Possible blade vibrations and stalling conditions force the operation at abnormal
frequencies to be time-restricted. Figure 2-3 represents the combustion turbine
abnormal-frequency limitations [Butler'54; IEEE'87]. According to Figure 2-3,
combustion turbines can continuously operate within the band of 58 Hz to 61 Hz
without loss of life due to turbine blade vibrations or stalling conditions. In the light
gray area, operation of the combustion turbine is restricted, whereas operation in the
dark gray area is not recommended. For example, combustion turbines might be
operated at a frequency of 64 Hz for several minutes (unlike steam turbines), but if
frequency falls below 58 Hz, the generator is tripped within some seconds.
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Figure 2-3: Typical combustion turbine operating limitations during abnormal frequency
[IEEE'87].

In case of gas turbines and apart from vibratory stresses of turbine blades and
compressor airfoils, another critical aspect needs to be considered. During low
frequency operation, gas turbine output might be negatively affected by the reduced
shaft speed [Kunitomi'0Ol; Kakimoto'03]. In fact, underfrequency conditions affect
compressor performance and may cause temperature control to intervene. Temperature
control limits the exhaust temperature by reducing the fuel flow as the airflow decreases
with shaft speed (reduced compressor performance). This reduces power output in a
situation when power output should be increased.’ By contrast, Diesel engines are less

3 The Malaysia black-out on August 3, 1996 has been largely affected by the reduced gas turbine power
output due to reduced airflow. The initial loss of generation has also been deteriorated by the fact that
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sensitive to underfrequency conditions. Experiences on the Canary Islands showed that
Diesel engines could withstand transitory frequency levels as low as 51.6 Hz (43 Hz on
50 Hz basis) [Rodriguez'09].

2-2-1-3 Hydraulic turbines

Hydraulic turbines can usually tolerate much larger frequency deviations than steam or
combustion turbines. Underfrequency protection of the hydraulic turbine is normally not
required. Generally, hydraulic turbine generators are designed to withstand more severe
overspeed than steam and combustion turbines, in some cases up to 100% overspeed.
This overspeed is caused by the limited closing speed of the gate in case of sudden loss
of load. Thus, bucket designs are more rugged than the tapered blade designs found on
other turbines. The abnormal frequency capability for continuous operation of a
hydraulic turbine is generally outside of the range of 57-63 Hz [IEEE'87].

2-2-2 Behavior of power-plant auxiliaries

The ability of the steam supply system to continue operating during an extended period
of underfrequency operation is a function of the margin in capacity of the auxiliary
motor drives and shaft driven loads. Some pumps and fans are powered by adjustable
speed drives, and can be used to withstand frequency variations. The most limiting
auxiliary equipment components of steam power plants are the motor driven boiler feed
pumps, circulating water pumps, condensate pumps and boiler fans since a percentage
of reduction in frequency (speed) causes major percentage of loss of capacity
[Dalziel'59]. Critical frequency, at which the pump and fan performance affects power
output, varies from plant to plant depending on its design. Experimental results
determined that plan capability starts to decrease for frequencies at 57 Hz. In general,
other plant auxiliaries in fossil-fueled power plants have less influence on plant
capability [IEEE'87]. For example, induced draft fans can usually operate at frequencies
of 54 Hz before plant output is affected [Lokay'68].

The auxiliaries of combustion turbines and hydraulic turbines are, in general, minor
loads [IEEE'87]. The output of the auxiliary loads at low frequencies does not affect the
performance of theses turbines.

Apart from blade vibration, nuclear power plants are also sensitive to low
frequency levels due to the reduced power output of the induction motors that drive the
reactor coolant pumps. Reduced coolant flow may be detrimental to equipment and
eventually, the reactor might be tripped deteriorating further the underfrequency
condition.

Finally, the operating limitations at abnormal frequencies of power plant auxiliaries
are less restrictive than the ones of the turbines. In fact, frequency levels for which
power output of auxiliaries is affected significantly (below 57 Hz) are prohibitive for
the turbine operation (see for example Figure 2-2 and Figure 2-3).

2-2-3 Generator behavior

There are two principal considerations associated with operation of synchronous
generators outside of the standard frequency range: accelerated aging of mechanical
components and thermal considerations [IEEE'87; IEEE'05]. However, low frequency

additional gas turbines tripped out due to temperature limits or flame-out when picking-up the lost
generation [CIGRE'99].



Design of UFLS schemes of small isolated power systems 19

operating limits of generators are less restrictive than low frequency operating limits of
turbines [IEEE'95].

Low frequency levels coincident with high negative-sequence levels can excite
mechanical resonances, particularly double-frequency torsional resonances of rotating
components. System negative sequence provides a forcing torque on the generator
rotating components at twice the system frequency of quite high magnitude (e.g. at
120 Hz for a 60 Hz system). Although the risk to operate at abnormal frequencies and in
presence of a high negative sequence seems unlikely, it is a possible condition which
needs to be taken into account in determining the amount of time a unit can operate
beyond the continuous operating range.

A decrease in frequency also reduces cooling of the generator due to a reduce speed
of rotation; therefore, operation at reduced frequency is only admissible at reduced
power output [IEEE'87]. Nevertheless, this is dependent of the power-plant size
[Akers'68]. The kilovolt-ampere capability of smaller power plants which have
conventional cooled generators is affected by reduced voltage and thus, the kilovolt-
ampere output needs to be reduced in proportion to the frequency. However, the
kilovolt-ampere capability of larger power plants which have conductor-cooled
generators is affected by both reduced voltage and reduced current and thus, the
kilovolt-ampere output needs to be reduced in proportion to 1.5 times the reduction in
frequency (e.g. 92.5 percent kilovolt-ampere for 95 percent frequency). In addition, the
possibility of thermal overload of both the stator and the rotor raises, apart from the
reduced cooling, because of increased loading during underfrequency conditions.
Problematic is after all an extended underfrequency operation because thermal
capability of a generator could be exceeded.

Finally, low frequency levels can damage the cores of both generators and
transformers due to overexcitation. Overexcitation occurs whenever the ratio of Volts
per Hertz (V/Hz) exceeds design limits of the equipment. However, overexcitation is

usually not caused by lack of generation situations".

2-2-4 Turbine underfrequency protection

Abnormal frequency conditions can be divided in overfrequency and underfrequency
conditions. Overfrequency is mostly due to a sudden increase of generator power or to
partial load reduction. Underfrequency is directly related with a loss of power
generation. Underfrequency operation of steam and combustion turbines normally poses
a more critical problem than overfrequency operation since generation cannot be
arbitrarily increased due to turbine-governor system limitations. Furthermore, speed
governing or specific operator actions are usually effective enough in reducing the
generation in case of overfrequency and thus, to bring frequency back to an acceptable
value. To avoid heavy blade vibration stress, underfrequency protections must be
implemented.

* In fact, the majority of overexcitation incidents are caused by generator run-up or run-down, self-
excitation, overexcitation control malfunction, or by load shedding in systems supplied by overhead-lines
or cables [IEEE'87; IEEE'95]. In general, generators and transformer are equipped with V/Hz relays to
protect them from excessive magnetic flux density levels due to overexcitation. Additionally, a V/Hz
limiter is implemented within automatic voltage regulators that limits generator field currents in order to
hold the generator output voltage to a safe V/Hz value. Obviously, this control feature is only available in
the automatic control mode.
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Underfrequency protection can be classified into two categories: system-based
UFLS schemes and turbine underfrequency protection. The former sheds specific
amounts of load to restore frequency and is generally considered as an initial turbine
underfrequency protection. The latter trips generating units to limit the possibility of
turbine damage in underfrequency conditions and is therefore considered as the last line
of protection. The major objective of turbine underfrequency protection is then the
protection of equipment from damage and the prevention of accidental tripping if
limiting conditions are not reached during the abnormal frequency condition [IEEE'S7;
IEEE'07].

To satisfy the aforementioned objectives, the design and performance of the turbine
underfrequency protection should follow certain criteria [IEEE'87]. The tuning of the
protection is based on the turbine abnormal frequency operation limitations. The turbine
underfrequency protection needs to be coordinated with other underfrequency
protections such as UFLS schemes. Certain redundancy needs to be provided to avoid
accidental opening or no-operation of an underfrequency relay. Figure 2-4 illustrates the
tuning of a turbine underfrequency protection [Anderson'99]. The system response in
terms of frequency following an incident is plotted against the turbine cumulative
damage curve and the turbine underfrequency protection. Note that the turbine
cumulative damage curve represents the total life of the turbine, not the amount of
damage that can be sustained in a single event, whereas the system response in terms of
frequency is for only one such event. According to Figure 2-4, the turbine
underfrequency protection settings are slightly higher than the turbine abnormal

frequency limits (e.g., the abnormal frequency limit is 58 Hz and the protection setting
is 58.2 Hz).
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Figure 2-4: Comparison of system response in terms of frequency and turbine underfrequency
protection.

The total amount of time the frequency is below the 58.2 Hz setting is about 3 s,
whereas the protection setting is set for tripping the unit after about 7 minutes (420 s)
totally accumulated in this band. In other words, the single excursion has not even used
1% of the total turbine life. A simple comparison between the system response and the
turbine protection will ensure that the unit is not tripped due to exceeding the turbine
underfrequency limits for the considered underfrequency excursion.
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2-2-5 Summary

Turbine systems are most sensitive to frequency deviations. Albeit abnormal
frequencies also affect power-plant auxiliaries and generators, operating limitations on
abnormal frequency operation of turbine system are much more restrictive than those of
auxiliaries and generators. In general, operation of 60 Hz steam turbines at frequencies
below 57 Hz is restricted to some seconds, whereas hydraulic turbines can operate
continuously at frequencies below 57 Hz. Operation of combustion turbines and
particularly of gas turbines at frequencies below 58 Hz is restricted to some seconds. In
a 50 Hz system, critical frequencies of steam and gas turbines are around 47.5 Hz and
48.3 Hz, respectively.

2-3 SURVEY ON UNDERFREQUENCY LOAD SHEDDING (UFLS)

Automatic underfrequency load-shedding (UFLS) schemes are a last-resort tool to
protect the power system in case of a severe contingency [Maliszewski'71;
Thalassinakis'04]. UFLS schemes provide an initial underfrequency protection for
generating units which finally prevents a cascading power outage [IEEE'07]. This
implies that both UFLS and turbine underfrequency protection schemes need to be
coordinated. They should be simple, quick and effective to avoid possible black-outs
[Concordia'95; Delfino'01].

According to the section 1-1-2, there exist different types of automatic UFLS
schemes, which can be roughly classified into conventional and advanced UFLS
schemes. Conventional schemes can be further differentiated in static and semi-adaptive
schemes. Static schemes use only underfrequency relays, whereas semi-adaptive
schemes also employ ROCOF relays [Delfino'01; Mohd Zin'04]. Advanced UFLS
schemes comprise adaptive and centralized UFLS schemes’. Adaptive schemes
principally work like their conventional counterpart, but instead of shedding a
predefined amount of load at each stage, they determine the quantity of load which
needs to be curtailed at each stage. The structure of centralized schemes is completely
different to the one of adaptive and conventional UFLS schemes. Unless these schemes,
centralized UFLS schemes lack stages and they determine and shed load in function of
specific system variables such as frequency, ROCOF, voltage, power generation, etc.

A further distinction can be made with respect to the architecture of conventional
and adaptive UFLS schemes [Blackburn'06; IEEE'07]. Their architecture can be local or
distributed. In the case of local schemes, one or more underfrequency relays are
installed on buses at a distribution substation and for an underfrequency condition,
feeder breakers are tripped based on logic incorporated into the circuitry at the
substations. By contrast, in the case of a distributed scheme, each feeder is equipped
with its own underfrequency relay. Such schemes have grown in popularity with the
availability of microprocessor-based relays.

2-3-1 Conventional UFLS schemes

Today, most of the UFLS schemes are conventional (i.e. static and/or semi-adaptive)
schemes and are based upon a local or distributed architecture. Although advanced
UFLS schemes improve load-shedding performances, their implementation is delayed
since they require considerable data and communication facilities operating at high
speeds, which is costly [Blackburn'06]. After all, for large utilities, the installation and

> Adaptive UFLS schemes are sometimes also called dynamic UFLS schemes.
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implementation of advanced UFLS schemes would require big investments.
Furthermore, the technical and technological feasibility is questionable for large power
systems. Hence, utilities and energy councils such as NERC, UCTE, etc., still
recommend and use conventional static and semi-adaptive UFLS schemes to protect
power systems against contingencies [[EEE'07; NERC'08].

Static UFLS schemes are characterized by the fact that they only measure the
frequency deviation and act according to this frequency deviation. Off-line contingency
simulations determine the relay parameters and the amount to be shed. Even though
UFLS schemes are very quick and simple to implement, they present disadvantages
such as over- or undershedding in presence of contingencies these schemes were not
designed for. For example, in case of a large disturbance, underfrequency relays may
not shed enough load to stop the frequency drop and hence, to avoid a total blackout. In
[Ait-Kheddache'88], the constancy property of the time delay in underfrequency relays
is viewed as one of the chief causes of the overshedding or undershedding problem,
which can be circumvented by ROCOF relays.

Semi-adaptive UFLS schemes present an improvement with respect to the
disadvantages of static UFLS schemes [Delfino'01; Mohd Zin'04]. These schemes also
measure the rate of change of frequency (ROCOF). The ROCOF threshold may be
implemented in a separate step or in combination with an existing step of the static
UFLS scheme. The measurement of the ROCOF enables semi-adaptive UFLS schemes
to distinguish between smaller and larger disturbance. In addition, they improve the
frequency response due to the fact that they shed loads earlier in case of larger
disturbances. As a consequence, nowadays the majority of conventional UFLS schemes
are usually a combination of both static and semi-adaptive schemes. However, the
problem of overshedding still persists.

The application of ROCOF relays also presents new problems. In fact, both
frequency and ROCOF are not uniform, but differ from area to area and even from bus
to bus. However, the ROCOF measurement is more delicate since ROCOF is more
distorted by local dynamics [Concordia'95]. The ROCOF is strongly affected by inter-
machine oscillations. A possible solution is to measure the frequency close to the center
of inertia [Terzija'06]. Unfortunately, the center of inertia changes with changing
power-system conditions. Furthermore, the computation of the ROCOF is inexact and
slow for ROCOF measurements with low frequency oscillations [Novosel'96]. In fact,
low inertia values give rise to increased ROCOF oscillations and hence, decrease the
computation time. However, increased oscillations lead to higher peak-to-peak values
which deteriorate the precision of the ROCOF measurement. These disadvantages can
be improved or using an integrated ROCOF value which is less sensitive to the ROCOF
oscillations [Li'06] or measuring an average ROCOF value with respect to a time
window corresponding to two consecutive threshold crossing times.

2-3-2  Principles of conventional UFLS schemes

Conventional UFLS schemes disconnect a predefined amount of load by means of
underfrequency relays to reestablish the power balance between power generation and
load demand. The instance of shedding depends on imposed frequency and eventually
ROCOF thresholds (wmsnia, de/dtyrsnia) as well as intentional time delays (#;). The
imposed thresholds and time delay then define a stage (or step). At each stage, some
percentage of the total load is shed. This fraction of load is associated to high
voltage/medium voltage transformers in case of large systems or to medium voltage
feeders in the case of small systems. Once the frequency has fallen below the threshold,
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load is shed, if, after the intentional delay has elapsed, the frequency is still below this
threshold. This is illustrated in Figure 2-5 where the imposed frequency threshold
wmrshia of 48.5 Hz is crossed at time 2 s and shedding occurs after the intentional time
delay #;,, of 1 s because frequency is still below 48.5 Hz.
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Figure 2-5: Load shedding due to the action of a conventional UFLS scheme.

Two consecutive stages can be differentiated (or coordinated) using different
frequency or different intentional time delay settings [Treewittayapoom'90]. Usually,
frequency and time coordination have distinct purposes. Frequency coordination is
applied to stop frequency declines, whereas time coordination is used to guarantee that
frequency restores to an acceptable value [Min'91]. Hence, the performance of an UFLS
scheme mainly depends on the following parameters which are tuned in function of a
set of disturbances [Maliszewski'71; Concordia'95]:

* Frequency and/or ROCOF thresholds

* Intentional time delay

*  Amount of load under relief

*  Number of steps and the corresponding step size

The first frequency threshold should not be set too high to avoid unnecessary load
shedding during transients or small disturbances. The frequency thresholds should be
coordinated to reduce the risk of overshedding [Treewittayapoom'90]. In addition, it is
important to coordinate UFLS protection with the turbine underfrequency protection
[Anderson'92; Chuvychin'96]. Frequency threshold values typically lie in the range of
49.5 to 48 Hz [IEEE'68; Lokay'68]. ROCOF threshold depends strongly on the power
system considered, its inertia, etc. Values range between -1 to -2 Hz/s.

A minimum time delay is normally introduced to override transients. Earlier papers
[Maliszewski'71; Concordia'95] recommend to minimize the time delay or at least, to
apply them cautiously. Nevertheless, time delays may improve the UFLS performance
when correctly adjusted. In fact, an intentional time delay is mostly introduced in order
to avoid overshedding in less severe events while raising the frequency set point of the
successive (usually the second) stage to start it earlier for more severe events
[ Treewittayapoom'90].
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Since UFLS schemes are an emergency tool, they must be effective and not timid
with respect to the amount of shed load [Concordia'95]. A sufficiently large amount of
load under relief needs to be considered. The amount of load under relief is variable and
depends strongly on the power system under consideration. Isolated power systems use
until 80% of the total load demand whereas in interconnected systems 30-50% of the
total load is under relief [IEEE'68; Concordia'95]. Loads are normally divided into
critical (typically public safety and health, large industrial customer, etc.) and non-
critical loads (typically residential, commercial and smaller industrial customers). Due
to the priority, non-critical customers should be shed first [Horowitz'71]. In addition,
distributed generation is normally tripped under underfrequency conditions and in
general, the settings of the underfrequency relay associated to distributed generation are
such that tripping occurs before UFLS happens. In this case, additional load should be
considered for UFLS to account for the amount of tripped distributed generation
[Blackburn'06].

The number of steps and the corresponding step size are also critical with respect to
the performance of an UFLS scheme. Normally, three to six steps are implemented
[IEEE'68; Anderson'92]. If the number of steps is increased, the risk of overshedding
and the frequency overshoot are reduced, but a poorer frequency performance is
obtained than with fewer steps. In other words since the step size decreases with
increasing step number (the amount of load under relief is constant), less load is shed at
each stage and the arrest of frequency decay might be slower than with a smaller
number of steps. Furthermore, with an increasing number of steps, also the number of
relays increases. However, if the settings of the steps are too close, too many steps
could be involved in load shedding, causing possible overshedding because more load is
shed than necessary. This makes sense since many smaller steps with very similar
settings correspond somehow to one larger step with unique setting. The step size has
even more influence on the UFLS performance. Typical values are 5-15% per step
[IEEE'68] (see also Table 1-1 in section 1-1-3). If the step size is too large,
overshedding occurs for small disturbances, whereas if the step size is too small,
undershedding occurs for large disturbances. However, the implemented step size
normally differs of the actual step size due to changing power-system conditions. In
fact, the predefined step size associated to each step during the design process might
considerably vary from the actual step size if for example a customer is offline or
consumes a larger amount of energy than expected, etc. To gain some insight in the
behavior of the customers and to strengthen the assumption of the step size, a statistical
analysis of the historical data of the consumption could be carried out [Sigrist'10a]. To
date, the impact of varying step sizes on the performance of UFLS schemes have not
been studied.

2-3-3 Criteria for conventional UFLS schemes

The relay parameters are tuned such that the UFLS scheme fulfills some specified
performance criteria. These criteria mainly concern frequency levels and the amount of
curtailed load and are strongly related to the power system of interest. For example,
small isolated power systems are more sensitive to power outages than large
interconnected systems and therefore, the relay parameters of the respective UFLS
schemes might differ considerably. Typical criteria for an UFLS scheme of a small
isolated power system include:

* The minimum possible quantity of load should be shed [Anderson'99].
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* The frequency deviation should be as small as possible. The earlier load is shed,
the less is the frequency deviation [Anderson'92; Lukic'98].

* The frequency should not stay below a minimum allowable value for more than a
certain amount of time. Typically, the frequency should not stay below 47.5 Hz
for more than 3 s [IEEE'87; REE'05].

* The frequency overshoot should be less than a maximum allowable value (e.g.
51.5 to 52 Hz).

Additional criteria sometimes reported are:

* The post-transient steady-state frequency value should be higher than predefined
value (e.g. 49.5 Hz) [Thompson'94].

e The UFLS scheme should respect the priority of the load [Blackburn'06].
* Load shedding should take place where the disturbance occurs [Prasetijo'94].

Another criterion, which can be taken into account to improve UFLS scheme
performance and which has not been reported in the literature, states that no load should
be shed once the frequency has passed its minimum value. By virtue of this criterion,
unnecessary load shedding should be reduced.

The most important criteria are those with respect to the amount of load to be shed
and with respect to minimum and maximum allowable frequency. The amount of shed
load should be as small as possible provided that the system does not collapse.
Obviously, for any disturbance and if sufficient spinning reserve exists, the maximum
amount of load to be shed is lower than or equals the amount of lost power generation.
The minimum and maximum allowable frequencies may vary from one system to the
other. Large systems usually use a minimum allowable frequency of 48 Hz [UCTE'04].
In either case, older generating units may be more sensitive to frequency variation and
disconnect at higher frequencies than foreseen [MITyC'06]. The criterion on the
location of load shedding normally applies only for large power systems. The criterion
on load shedding after the instant of minimum frequency has not been reported in the
literature. However, shedding after the instant of minimum frequency is useless since
frequency already starts recovering and in addition, might cause a critical frequency
overshoot.® Finally, for the design of an UFLS scheme, criteria on minimum and
maximum allowable frequency values are usually hard coded, i.e. the UFLS scheme has
to fulfill them always, whereas criteria on the instant of load shedding or on the priority
might be soft coded.

2-3-4 Implementation of conventional UFLS scheme

Underfrequency load shedding is accomplished by applying underfrequency relays at
distribution or transmission stations where major load feeders can be controlled by
automatically tripping breakers when frequency relays reach the setting threshold
[IEEE'07]. Power system bus stations are often the focus of automatic UFLS schemes
because they present access to tripping devices (line and feeder breakers) that supply
blocks of load, and they include necessary infrastructure to support frequency-sensing
relays. More recently, with the development of digital relays, even partial feeder load
shedding or even individual customer load shedding can be performed.

% Note that shedding after the instant of minimum frequency only is necessary if frequency is unable to
exceed the predefined post-transient steady-state frequency. This can be usually accomplished by
shedding manually load.
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Figure 2-6 illustrates in a simplified way the application of an underfrequency relay
to a distribution feeder. The relay measures the frequency of a signal provided by the
current (CT) or the voltage transformer (VT) and acts upon a circuit breaker (52) if the
frequency is below the threshold. Usually, the voltage signal is preferable to a current
signal [Moore'96]. In Figure 2-6 (b), the relay is presented in more detail. In fact, it
consists of the underfrequency relay (81U) and the circuit breaker control circuit,
formed by the circuit breaker trip coil (52TC) and the circuit breaker auxiliary contacts
(52a). During normal operation, the circuit breaker and the auxiliary circuit break
contacts are closed. If an underfrequency condition is detected, the underfrequency
relay closes its contact that causes current to flow in the circuit breaker trip coil, tripping
the circuit breaker main contacts and also the auxiliary contacts.
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Figure 2-6: Typical relay connection and control logic of an underfrequency relay.

Underfrequency relay performance is normally supervised by some additional input
signals such as voltage, current, directional power or rate of change of frequency. These
input signals avoid malfunction of the relay. For example, during transient conditions
(short-circuit, etc), a rate of change of frequency detector blocks tripping of the
underfrequency relay for very fast frequency changes (>10 Hz/s), but permits tripping
for typical power system frequency decay rates (<10 Hz/s).

The evolution of underfrequency relays has been described by three generations of
equipment designs: electromechanical, solid-state and microprocessor relays
[Anderson'99; IEEE'07]’. Nowadays, after all microprocessor underfrequency relays are
used since they are more versatile due to their programmable nature, the capability of
self-monitoring, their adaptivity and the forward software compatibility [Anderson'99;
Blackburn'06]. Microprocessor relays apply digital signal processing techniques to
sampled input signal quantities. The main advantages in digital signal processing are the
standards allowing exchanging data between devices of different manufacturers, the
large inventory of digital signal processing software and finally, the low cost of
memory.

Several frequency estimation and tracking techniques exist for microprocessor-
based underfrequency relays. According to the assumption on the signal type, two
groups can be identified: non-stationary and quasi-stationary signal-based techniques.
The former estimate the instantaneous frequency for example by means of FIR filter

7 The classification of underfrequency relays may vary in literature. Sometimes solid-state relays are also
called static, digital or numerical relays. Similarly, microprocessor relays may be called digital relays. To
avoid confusion, microprocessor-based relays are those relays of which the input signal passes through an
A/D converter and is thus strictly digital.
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orthogonalized input signal components or by an algorithm based on the estimation of a
function related to the frequency from three samples of single-phase or three-phase
voltage signals [Moore'96; Lopez'08]. Quasi-stationary signal-based techniques are
more common and various estimation alternatives exist to measure frequency such as
zero-crossing techniques [McLlwaine'86; Morrow'91; Backmutsky'93], least-square
techniques [Sachdev'85; Pradhan'05], fast Fourier transformation based leakage
techniques [Girgis'82; Ham'85], discrete Fourier transformation based phasor
computation techniques [Phadke'83; Dawei'07] or Kalman filter techniques [Girgis'90;
Routray'02; Chien-Hung'08].

The principal problem in frequency estimation is the presence of harmonics and
noise. With an increasing application of power electronics, the presence of harmonics
increases as well, corrupting the purity of the 50 Hz sine wave. The inherent simplicity
of zero-crossing techniques cannot be matched by any other technique. However, zero
crossing is sensitive to noise and harmonics and thus, the input signal should be filtered
to reduce harmonics. Zero crossing in combination with polynomial fitting or with
orthogonal components of Fourier series reduces the sensitivity to noise [Begovic'93;
Duric'05]. Sliding windows increase the accuracy. Fourier transformations are
inherently insensitive to harmonics but vulnerable to noise. The application of
polynomial fitting with least squares method smoothes the effect of noise [Begovic'93].
Kalman filter methods seem to be insensitive to noise but not to harmonics which can
be reduced by an extended Kalman filter. In general, efficient pre- and postfilters yield
to suppress the effects of noise and harmonics, increasing the computation effort
[Moore'96; Thomas'01]. Adequate frequency estimation occurs within 50 to 100 ms,
depending on the algorithm used [Moore'96; Routray'02; Duric'05]. Thus, operating
times of underfrequency relays are about 100 to 200 ms [Blackburn'06].

Several manufacturers offer microprocessor-based relays [Cooper'99;
GElIndustrial'02]. Both zero crossing techniques and multiple filter functions are applied
to a sampled voltage input signal. Frequency measurement of ABB’s SPAF 340
underfrequency relay is based on measuring the time between zero crossings [ABB'04].
Frequency is then calculated as a moving average. Siemens’ SIPROTEC 7RW600 relay
measures frequency by means of various filter functions [Siemens'97], whereas
Attaché’s RV-UTF applies measurement techniques based on Fourier transformations
[Arteche'06].

2-3-5 Advanced UFLS Schemes

Apart from conventional static and semi-adaptive UFLS schemes, also advanced UFLS
schemes can be found in the literature; in particular, adaptive and centralized UFLS
schemes. These schemes use additional information to compute the amount of load
which needs to be shed. Advanced UFLS schemes adjust their reaction in function of
the actual power-system conditions.

2-3-5-1 Adaptive UFLS schemes

Adaptive UFLS schemes use the ROCOF as an additional input signal to compute the
load to be shed and to accelerate the load shedding process [Anderson'92;
Thompson'94; Lukic'98; You'02; Parniani'06]. In fact, the initial ROCOF is proportional
to the amount of lost power generation. Adaptivity refers then to the fact that the
amount of load to be shed is computed in function of the lost power. In a further step,
the computed amount of load needs to be distributed over the steps of the adaptive
UFLS schemes. In general, the first step sheds half of the amount of load, whereas the
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other half is distributed over the remaining steps [Anderson'92; Lukic'98]. Another way
is to shed one third in the first step and two thirds in the second step [Parniani'06]. A
further possibility is to distribute the amount of load uniformly over the steps
[Terzija'06]. Moreover, the relay settings could be adaptively adjusted improving the
UFLS performances [Chuvychin'96; Terzija'06]. For example, to protect against
consecutive disturbances, the relay settings of the steps which did not actuate during the
first disturbance, can be adjusted to improve the performance for a possible consecutive
disturbance [Chuvychin'96].

In larger power systems, load shedding should take into account the disturbance
location [Terzija'06]. In fact, due to the larger extension of the power system, frequency
decay is not immediate everywhere throughout the system. Thus, shedding in a location
remote to the disturbance might not alter frequency decay. Adaptive UFLS schemes
permit to recollect additional information where the disturbance took place. One
possibility is to analyze the voltage reduction due to the disturbance [Prasetijo'94].
Another method consists in using information provided by SCADA [Parniani'06].

Adaptive UFLS schemes need modern and sophisticated techniques [Thompson'94;
Novosel'96; Parniani'06; Terzija'06]. Only the application of microcomputer-based
relays, SCADA and the installation of high-speed communication allow implementing
adaptive UFLS schemes. High-speed communication is important to initiate quickly
load shedding in presence of a possible power imbalance. Furthermore, high-speed
communication plays a central role in the transmission of SCADA data on the system
status and the power-system characteristics. Microcomputers permit to implement the
frequency and ROCOF measuring and computation algorithms as well as to adjust
adaptively the relay settings.

However, adaptive UFLS schemes present several drawbacks. A primary
disadvantage is given by the fact that adaptive UFLS schemes are based on the
assumption that sophisticated techniques and high-speed communication are available
[Apostolov'94]. This is normally not the case. In addition, to compute the amount of
load to be shed, certain power-system parameters must be known. In general, these
parameters are unknown and consequently, it is difficult to tune and reliably operate
adaptive UFLS schemes [Larsson'02]. Finally, the estimation of the amount of lost
power generation is based on ROCOF measurements. These measurements, as pointed
out earlier, are however distorted, possibly yielding to a wrong estimation.

2-3-5-2 Centralized UFLS schemes

Centralized schemes continuously measure critical system variables such as frequency,
real power generation, etc. and, in case of a contingency, act according to the actual
power-system condition [Apostolov'94; Larsson'02; Shokooh'05]. A centralized system
initiates the load shedding process depending on the received measurements.
Measurements are carried out by means of SCADA, WAMS, and PMU etc. Centralized
schemes require advanced technologies. For example, a programmable logic controller
(PLC) can send specified load-shedding signals to the relays of interest [Rodriguez'05;
Shokooh'05]. Underfrequency relays are wusually used as backup elements
[Mitchell'00b].

Early application of centralized load-shedding schemes shed a specified amount of
load immediately after detection of a contingency [Nirenberg'92]. Nowadays, an
substantial effort is made to minimize the amount of load to be shed according to the
actual power-system condition [De Tuglie'00; Bonian'05; Sanaye-Pasand'06]. Other
methods shed load such that the steady-state frequency is higher than a critical steady-
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state frequency threshold or such that an uncritical ROCOF threshold is met after load
shedding [Larsson'02; Rodriguez'05]. Further studies take into account the difference
between power loss and system reserve or between the post-fault generation capability
and the maximum amount of power which can be imported through interconnections
[Apostolov'94; Shokooh'05]. In general, the feeders and the corresponding relays to
shed load are selected by simple iterative methods, if the number of feeders is limited
[Larsson'02], or by optimization algorithms, if the number of feeders is large
[Apostolov'94; Rodriguez'05].

Centralized UFLS schemes have, apart from the ability to quickly shed an adequate
amount of load, several advantages. They are able to include additional constraints on
voltage and angular stability, on bus voltage levels and line flows, etc [De Tuglie'00;
Bonian'05; Sanaye-Pasand'06]. In addition, load-shedding action could be applied
within 0.1 to 0.3 s depending on the measurement techniques applied and the
computation time required. Nevertheless, the principal drawback resides in the need for
modern and fast communication infrastructure.

2-4 DESIGN OF CONVENTIONAL UFLS SCHEMES

Several methods have been reported in literature to design conventional UFLS schemes,
but there exists no generally accepted systematic method for the design of UFLS
schemes [Thalassinakis'04]. Power utilities adopt different approaches to this problem,
which are mainly based on their experience and the robustness of the system
[Concordia'95; Thalassinakis'04] and usually follow typical design criteria on the
number of steps, step size, frequency thresholds, etc [IEEE'75; Anderson'92;
Concordia'95; Delfino'01]. Principally, two design approaches can be distinguished to
date: experimental and optimal designs. Experimental designs employ trial-error
procedures or choose the best scheme of a set of candidate schemes. Optimal designs,
by contrast, make use of optimization techniques to adjust the parameter settings of the
UFLS schemes.

Most of the proposed methods, either experimental or optimal, are based upon
simulations of the power system’s dynamic behavior. These simulations evaluate the
responses of the power system to a set of hypothetical disturbances®. In the literature,
previous to the papers [Sigrist'08; Sigrist'10b], little attention has been paid to the
selection of these hypothetical disturbances. Various models with distinct degrees of
complexity have been reported in the literature. However, simplified models are usually
employed to reduce computational cost. Recent publications also suggest the use of
artificial neural networks (ANNs) to estimate frequency dynamics, avoiding time-
consuming simulations [Kottick'96; Mitchell'00b].

2-4-1 Experimental design of conventional UFLS schemes

In [Lokay'68], a trial and error procedure is outlined. The procedure is applied for a
hypothetical maximum overload situation and is somehow similar to the one outlined in
section 2-2-4. First the amount of load to be shed is estimated and subsequently, the
number of steps and the step size. The choice of the number of steps and the step size is

% Apart from response-based design methods, there also exist event-base methods [Seyedi'09]. In this
case, the decision of shedding load is based on the state of specific elements in the system such as
important transmission lines or generators. This method usually requires a communication link to transmit
the information to the relays. However, event-based methods are rather applied to restoration problems
and their design is addressed by load-flow computations [Subramanian'71; Mostafa'97; Seyedi'06].
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still rather arbitrary and mainly depends on the utility’s experience. Initially, frequency
thresholds are determined such that the difference between two consecutive thresholds
is somehow proportional to the step size, with the first step at about 49.5 Hz. Then,
coordination between steps is checked one by one considering an overload that would
lead the frequency to settling out at the frequency threshold of the following step. This
process is repeated until the coordination between each step and between the UFLS
scheme and the turbine underfrequency protection is guaranteed. For a different set of
initial frequency threshold values, better final results might be obtained. During the
design process, time delays are maintained constant. An improved and automated
version of this trial and error procedure is described in [Jones'88]. In fact, the major
difference consists in calculating the frequency threshold of a given load-shedding step
instead of an initial estimation as in [Lokay'68], using the frequency at which the
previous step actuated.

In [Concordia'95], the design of UFLS schemes is based upon a screening process.
The design consists then in determining the best scheme of a set of manually selected
candidate UFLS schemes. Candidate schemes are subjected to low, medium and large
generation losses for low, medium high load-demand levels. The performance of each
UFLS scheme is evaluated by means of some statistical measures of the minimum
frequency deviation, the post-shedding steady-state frequency, etc. No consideration has
been given to a possible reduction of the amount of load to be shed. Instead several
experiments have been carried out with extending time delays for final stages. During
the screening process, a lumped model and simplified grid model are consecutively
applied to explore and test various UFLS schemes. A full transient-stability model is
finally used to determine and verify the most efficient scheme. The experiments with
extended time delays showed that less load could be shed for some scenarios while
increasing minimum frequency deviations.

Monte-Carlo simulations have also been applied to the problem of UFLS scheme
design [Thalassinakis'04; Shrestha'05]. In [Thalassinakis'04], a linear system frequency
dynamics model has been used to represent the power system. Failure events of
generating units have been modeled by exponential distributions. The selection of the
UFLS scheme is made using computed probabilistic indices. Similar to [Concordia'95],
the design consists rather in determining the best UFLS scheme of a set of different
candidate schemes than in readjusting the UFLS scheme parameters. The different
candidate schemes are created manually by either changing the number of steps or by
changing at least one parameter. An improvement over this method consists in the
combination of artificial neural networks (ANN) and Monte-Carlo simulations to select
the appropriate UFLS scheme [Thalassinakis'06]. This method can be applied to both
static and semi-adaptive UFLS schemes. The necessary patterns to train the ANNs are
obtained from the Monte-Carlo simulation. These patterns are formed by frequency
response and load-shedding indices, which coincide with the typical UFLS design
criteria. A large set of possible UFLS scheme candidates is randomly obtained and
evaluated by Monte-Carlo simulations, giving rise to the aforementioned indices. The
ANNs define then the appropriate setting of the UFLS scheme parameters, i.e.
frequency thresholds, ROCOF thresholds, time delays and step size on the base of these
patterns. However, the method is restricted to maximally three steps. In [Shrestha'05], a
very simple procedure is outlined which combines static UFLS schemes designed for
specified outages using the probabilistic indices of these outages. Frequency threshold
settings and step sizes correspond then to the weighted average of the settings adjusted
for each individual outage, assuming known time delays. Frequency dynamics are
modeled only through the load-damping factor. Again, knowing the forced outage rate
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of generators (failure probability of generating units), Monte-Carlo simulations are
applied to evaluate the performance of the proposed UFLS scheme. Note that for small
outages with high probabilities, this procedure might lead to UFLS schemes unable to
arrest frequency in case of large outages.

A slightly different approach evaluates the UFLS scheme by means of cost-benefit
analysis [Cheng'03]. Again, the design is based upon a screening process. The selected
scheme is the one with least total cost including costs due to load shedding and due to
available spinning reserve. In other words, the resulting scheme is the one which sheds
the lowest amount of load of all candidate schemes and which has the lowest probability
of load shedding.

The preceding review of experimental UFLS scheme designs confirms the
existence of multiple design approaches adjusting distinct UFLS scheme parameters.
Which parameters need to be adjusted also depends whether a static or a semi-adaptive
UFLS scheme is considered. A generally accepted, systematic method does not exist.
Furthermore, an optimal UFLS scheme performance in terms of the amount of shed
load is difficult to guarantee. An attractive alternative to these designs is to optimize
existing conventional UFLS schemes. The parameters of the UFLS schemes are tuned
such that an objective function is optimized with respect to previously selected
operating and contingency scenarios. In the literature, several optimization strategies
have been pursued and applied to the design of UFLS schemes (e.g. [Lopes'00; Denis
Lee Hau'06]). For the sake of completeness, one must add that the use of optimization
strategies for the design of UFLS schemes has been criticized [Concordia'95] arguing
that the main objective of an UFLS scheme is to protect and save a power system.
However, adequate constraints permit to obtain an optimal UFLS scheme without
jeopardizing power system safety.

2-4-2 Optimal design of conventional UFLS schemes

The main objective of an optimal UFLS scheme is to minimize the amount of shed load.
Deterministic algorithms such as steepest descent and quasi-Newton methods, have
been applied to solve the optimization problem [Jenkins'83; Halevi'93; Denis Lee
Hau'06].

In [Jenkins'83] and [Halevi'93], only static UFLS schemes are treated, whereas in
[Denis Lee Hau'06] also semi-adaptive UFLS schemes can be implemented. In
[Jenkins'83] a simplified second-order linear model of the power system is used. The
frequency-dependency of loads has been modeled, too. It is assumed that the frequency
thresholds are known and therefore, neglecting time delays, only the amount of load at
each step is optimized by means of Newton’s method such that the amount of shed load
is minimal. A non-linear, lumped power-system model is used in [Halevi'93] to
minimize the amount of shed load and overall frequency deviation. In addition, the
optimization algorithm takes into account a set of credible contingencies depending on
different operating points and disturbance magnitudes. Further, design criteria have
been introduced as constraints to the optimization problem, too. Like in [Jenkins'83], it
assumed that the frequency thresholds are known and, even if the application to optimal
time delays is stated, only the amount of load at each step has been optimized using the
gradient-projection method. Finally, in [Denis Lee Hau'06] an analytical system
frequency dynamics model incorporating a UFLS scheme has been presented to derive
closed-form expressions of the load-frequency response, including the effect of the
UFLS scheme. In contrast to [Jenkins'83] and [Halevi'93], each generator of the power
system is modeled by a first-order linear model. It should be also noted that intentional
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time delays of the UFLS scheme have been implemented as simple delays assuming that
these time delays are small and that a step will actuate once frequency has fallen bellow
its threshold. Obviously, this assumption is not always true and a step might not act
since frequency has recovered before the time delay has elapsed. The optimization
problem includes, like in [Halevi'93], design criteria as constraints and takes into
account the possibility of a range of contingencies. In addition, all UFLS scheme
parameters, i.e. number of steps, frequency thresholds, time delay and step size, are
optimized to minimize both amount of shed load and minimum frequency deviation.
Contemplating all UFLS scheme parameters during the design process makes the
problem in general more complex, but it allows finding a more efficient solution than
when optimizing uniquely the step size.

However, a substantial drawback of deterministic algorithms lies in the fact that
they may get caught in local minima. The optimal solution is therefore highly dependent
on the initial guess of the decision variables as indicated in [Denis Lee Hau'06].
Furthermore, the assumption of linear generator models is not very realistic. At least,
the limitations of the primary reserve need to be taken into account. Similarly, the
applicability of a lumped power-system model is questionable for power systems with
diverse generation mix. Due to the problem’s non-linear (generator models) and
discontinuous (UFLS scheme) nature, heuristic algorithms seem to be more adequate
[Lopes'99; Denis Lee Hau'06].

In [Lopes'99], the use of genetic algorithms (GA) is discussed. A similar approach
is proposed in [Mitchell'00a; Mitchell'O0b], where ANNs are combined with GA to
identify optimal shedding levels of a simple single-stage UFLS scheme. The ANN is
used to estimate the frequency dynamics, whereas a GA should optimize the
performance of the UFLS scheme in real time. Solely the step size of the single-stage
UFLS scheme is optimized, whereas frequency threshold and time delays remain
constant, as in [Jenkins'83] and [Halevi'93]. Finally, in [Martinez'93], the adequate load
shedding is also determined via GA for some hypothetical contingencies. The power
system is modeled by an equivalent generator. For every hypothetical contingency, an
optimal UFLS scheme is designed, ideally in real time, taking into account typical
design criteria. Decision variables are the frequency thresholds and the corresponding
step sizes. It is however not clear how the UFLS scheme and its impact on the power
system are evaluated.

2-4-3 Operating and contingency scenario selection

To design an efficient UFLS scheme, different operating and contingency scenarios
need to be considered to guarantee the robustness of the approach. An operating and
contingency scenario is defined as a particular disturbance for a particular system
operating condition. In general, the tuning is such that the UFLS scheme protects the
power system against the maximum disturbance [Lokay'68; Anderson'92;
Thompson'94]. However, the design taking into account only the maximum disturbance
may cause overshedding for smaller, less critical disturbances. On the contrary, if the
scheme has been designed for smaller disturbances, it may not shed sufficient load to
avoid a system collapse in the case of a large disturbance. Thus, it is crucial to select
credible, appropriate operating and contingency scenarios [Lokay'68; Concordia'95].

In general, many contingency scenarios under many power-system conditions can
be considered (line tripping, generation outages, etc). In large interconnected power
systems, an underfrequency condition is usually caused by system separation into
islands because of line tripping. By contrast, in small isolated power systems, outages of
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generating units lead to pronounced frequency deviations since any individual
generating unit in-feed presents a substantial portion of the total demand; therefore, only
generator outages are usually considered as contingency scenarios for isolated power
systems [Concordia'95]. However, it is computationally not very efficient or even
impossible to design an UFLS scheme for all possible generator outages and for all
power-system conditions.

Traditionally, after a major disturbance, settings of protection devices and control
actions are revised and possibly readjusted to enable the system to withstand the same
disturbance next time [Jung'02]. The principal drawback of a design based on a worst-
case scenario is the possibly poor performance of the UFLS scheme for less severe
disturbances. In [Denis Lee Hau'06], four different contingency scenarios of distinct
severity have been considered. However, severity alone is not sufficient since other
factors such as available spinning reserve, system inertia or generation mix, all
dependent on the operating point, influence the system response as well. This can be
resolved selecting an appropriate set of possible operating and contingency scenarios
since the power system may behave in the same way for different operating and
contingency scenarios. A common practice is therefore to determine the system
conditions corresponding to different load-demand levels (e.g. minimum and maximum)
and to design the UFLS scheme taking into account the outages of the largest, the
smallest and eventually a medium-size generator for each of these system conditions
[Thompson'94; Concordia'95]. Nevertheless, this kind of scenario selection does not
necessarily guarantee a selection of representative scenarios, i.e. those scenarios which
resume best the patterns in frequency dynamics due to power imbalances. For example,
it is possible that only smaller and very large disturbances, in terms of relative power
imbalance, are considered, whereas medium-size disturbances are neglected, decreasing
the robustness of the resulting UFLS scheme.

2-4-4 Summary of design methods of conventional UFLS schemes

Table 2-1 shows a summary of the most relevant methods for the design of conventional
UFLS scheme described in the literature. Different methods consider different UFLS
parameters as decision variables. The mark corresponding to the tuning of the
intentional time delays for the method presented in [Denis Lee Hau'06] is between
parentheses since this intentional time delay has been simply modeled as a delay,
neglecting its time-dependent character. Some methods are based upon trial and error or
screening processes, others use different optimization algorithms. Mostly linear SFD or
lumped models are used. Interrogation points denote that authors did not clarify what
kind of model has been used. However, it can be supposed that an ANN-GA-based
method as proposed in [Mitchell'00b] makes use of a detailed power-system model,
whereas in [Martinez'93] the reference to an equivalent generator model suggest the use
of a lumped model.

Thus, according to the résumé given in Table 2-1 and compared to the dissertation’s
objectives (see also section 1-2), there exists no design method based upon a non-linear
multi-generator SFD model. The basic idea of SFD models is to provide low-order
models that retain the essential frequency dynamics of the original systems. Further, no
design method makes uses of Simulate Annealing or any other heuristics to tune all
UFLS scheme parameters. In fact, a partial, more industry-oriented optimization
strategy, which uniquely adjusts frequency and ROCOF thresholds and intentional time
delays, as well as a complete optimization strategy, which also adjusts step size, will be
pursued. Mostly, the partial strategy is applied since in small power systems, it is
difficult to find feeder blocks that finally sum up to a desired step size (i.e., determined
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by a complete strategy). It can also be inferred from Table 2-1 that the application of
Data Mining techniques to the problem of operating and contingency scenario selection,
which has attracted less attention in the literature, is also unique. In addition, the
problem of varying design conditions and varying step sizes has not been addressed so
far. Finally, the impact of decoupled power generation, either wind or solar power, on
the design of UFLS schemes has not been considered.

Table 2-1: Résumé of conventional UFLS scheme designs.

References

[Lokay'68]
[Concordia'95]
[Thalassinakis'04]
[Thalassinakis'06]
[Jenkins'83]
[Halevi'93]

[Denis Lee Hau'06]
[Mitchell'00b]
[Martinez'93]
Dissertation

>

Model Linear SFD X X X X

Lumped X X ?

Detailed X ?

Non-linear SFD X

Experimental Trial & error X

Screening X X

ANN X

Optimal Newton X

Projected gradient X

quasi-Newton X

GA X X

SA

Decision variables | ®gyshia X X

tine X)

do/dtiprspig

T | A A

A | A A
~

Al R | A A

Pstep

Disturbances Maximum X

Common practice X

Severity X

Monte Carlo X X

Representative X

Objective Xpshd X X

Y(Aomin + pshd) X X

2(JAn(t)dt + pshd) X

?: not clearly defined

(X): not actual parameter (see section 2-4-2)

2-5 SUMMARY

This chapter has reviewed the impact of abnormal frequency operation on power-system
equipment and automatic UFLS schemes. Precisely, the principles, performances
criteria and implementation of conventional UFLS schemes have been detailed.
Advanced UFLS schemes have also been briefly exposed. Finally, a survey on the
design of conventional UFLS scheme has been given.
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Abnormal frequency operation not only affects turbine-governor systems but also
generators and transformers, but turbine-governor systems are more sensitive to
frequency deviations. Furthermore, the underfrequency condition is more critical than
the overfrequency condition. This chapter reviewed the impact of underfrequency
condition on several, for small isolated power system typical turbine systems. In
particular, steam turbines, combustion engines and hydraulic turbines have been
considered. The principal problem of underfrequency condition is the excitation of
resonant conditions of mechanical components such as turbine blades and compressor
airfoils of steam turbines and combustion engines, respectively. Hydraulic generators
are far less sensitive to underfrequency conditions. Further problems arise due to
reduced output of power-plan auxiliaries such as fans and pumps which reduce the
power generation further and may cause thermal overload.

To protect generating units against low frequency levels, underfrequency relays are
used. Turbine underfrequency protection trips generating units to limit the possibility of
turbine damage in underfrequency conditions and is therefore considered as the last line
of protection. The major objective of turbine underfrequency protection is then the
protection of equipment from damage and the prevention of accidental tripping if
limiting conditions are not reached during the abnormal frequency condition. However,
if no additional counter-measure exists, pronounced frequency deviations may then
cause to trip generating units due to underfrequency protection, which accelerates the
frequency decay further and may result in a system blackout.

UFLS schemes are implemented to avoid black outs. These schemes shed load to
restore the power equilibrium and to arrest frequency decay. UFLS can thus be
considered as the initial turbine underfrequency protection. UFLS scheme can be
grouped in conventional and advanced UFLS schemes. Main attention is paid to
conventional UFLS schemes. They principally shed a predefined amount of load at a
specified frequency threshold. Some performance criteria such as, for example,
minimum and maximum allowable frequency values or criteria on the amount of load to
be shed are considered for the design of UFLS schemes. UFLS schemes are
implemented, on the majority, by means of microprocessor-based underfrequency and
rate of change of frequency relays.

In the literature, several methods have been reported to design conventional UFLS
schemes. Some are based on iterative adjusting methods; others apply optimization
algorithms to the design of existing UFLS schemes. The main objective of an optimal
UFLS scheme is to minimize the amount of shed load taking into account different
constraints focusing on the system stability and the UFLS scheme performance.
Different types of optimization algorithms such quasi-Newton based algorithms or
Genetic Algorithms have been used. However, independent of the design method
applied, the tuning of the UFLS parameters is based on a set of hypothetical
disturbances. The adequate selection of these disturbances guarantees a robust UFLS
scheme. The selection of these disturbances, however, has attracted less attention in the
literature. The common practice of disturbance selection does not necessarily guarantee
an adequate selection.

Finally, this chapter also reviewed advanced UFLS schemes. Advanced UFLS
schemes are grouped into adaptive and centralized schemes. The former maintains the
structure of a conventional UFLS scheme but determines the amount of load to be shed
adaptively, i.e. in function of the power imbalance which is estimated by the initial rate
of change of frequency. Centralized schemes continuously measure critical system
variables such as frequency, real power generation, etc. and, in case of a contingency,
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act according to the actual power-system condition. Measurements are carried out by
means of SCADA, WAMS, and PMU etc. Although advanced UFLS schemes improve
load-shedding performances, their implementation is delayed since they require
considerable data and communication facilities operating at high speeds, which is
costly.



CHAPTER THREE

MODELING AND SIMULATION OF SMALL
ISOLATED POWER SYSTEMS

3-1 INTRODUCTION

Power systems are highly complex systems consisting of many individual elements. The
interconnections between these elements give rise to a large set of possible dynamic
interactions. Normally, power-system dynamics are divided into four groups: wave,
electromagnetic, electromechanical and thermodynamic phenomena. Short-term
frequency dynamics are generally classified as slower electromechanical phenomena. In
fact, rotor dynamics still play an important role in short-term frequency dynamics, but
the dynamics associated to the turbine-governor system influence to a much greater
extent [Machowski'97].

The classification of power-system dynamics is closely related to the location in the
power system where these dynamics originate. The origin of the power-system
dynamics in turn influences the modeling detail of the involved elements
[Machowski'97]. Short-term frequency dynamics, for example, are mainly affected by
the generator rotor and the turbine-governor system and primarily, these elements need
to be represented. However, modeling of generating units also depends on other factors
such as the problem statement or the time horizon considered. For example, short-term
frequency dynamics studies assume lumped turbine-generator inertias, whereas for the
analysis of subsynchronous oscillations, a more detailed turbine-generator shaft model
must be considered. Or, boiler models, with time constants of hundreds of seconds, are
not represented for studies of short-term frequency dynamics with a time range of
several seconds, in contrast to long-term frequency dynamics.

In this chapter, a suitable power-system model is obtained to analyze short-term
frequency stability in small isolated power systems. This model should be sufficiently
simple to reduce computational cost but still accurate enough to reflect short-term
frequency dynamics since many simulations need to be run to design a UFLS scheme as
will be shown in chapter 4. In section 3-2, it will be shown that for short-term frequency
stability analysis, it is possible to represent the generating units by their turbine-
governor systems and the power system by a single bus assuming constant loads. At the
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same time it will be shown that frequency can be assumed uniform, i.e., inter-machine
oscillations can be neglected. In section 3-3, the complexity of the generating unit
models is further reduced assuming that the turbine-governor system can be represented
by a non-linear first-order or second-order model including generator output limitations.
Parameter estimation of these non-linear first-order or second-order models is addressed
in section 3-4. These considerations merge into a non-linear multi-generator system
frequency dynamics (SFD) model presented in section 3-5. The basic idea of SFD
models is to provide low-order models that retain the essential frequency dynamics of
the original systems. Finally, section 3-6 outlines the numerical integration method to
simulate this power-system model, whereas in section 3-7, the SFD model is used to
study the influence of the different model parameters, including the UFLS scheme, on
short-term frequency dynamics and on frequency stability. This also includes an
analysis of the impact of decoupled power generation on frequency stability. A toolbox
based on Matlab has been developed to run the simulations of single and/or multiple
outages. In the appendix A, the main features of the prototype of the toolbox are
outlined.

3-2 A SIMPLIFIED POWER-SYSTEM MODEL

In this section, it will be shown that for the purpose of short-term frequency dynamics
analysis, the power system can be modeled by a simplified model. This model assumes
that all generating units and loads are connected to a single bus, neglecting therefore the
network. Inter-machine oscillations are also neglected, resulting in uniform frequency.
In the case of two isolated power systems connected by a tie line and depending on the
disturbance, this assumption reduces the accuracy of the model. Furthermore,
generating units are represented by their turbine-governor systems. Finally, loads are
voltage and frequency independent and thus constant. In addition, for large and possibly
interconnected systems, the large amount of system inertia slows down frequency
dynamics and secondary control systems should be considered as well.

The response of a power system to a power imbalance can be described in four
stages [Machowski'97]. The transition between these stages is smooth and a real
distinction does not exist, but this differentiation helps studying and determining the
principal elements participating in frequency dynamics. Figure 3-1 illustrates these four
stages.
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Figure 3-1: Four stages of frequency dynamics.

In the first stage, during the first few seconds, the system’s behavior is dominated
by rotor swings due to rotor angle oscillations. The share of each generator in meeting
the power loss depends on its electrical distance to the disturbance. The following two
stages lasting from a few seconds to several seconds consecutively describe the
frequency drop (with constant rate of change of frequency) and the action of the turbine-
governor system. In fact, it has been tacitly supposed that generators remain in
synchronism during the first stage. Thus, after the first stage, the power imbalance
instigates an increase or a decrease in frequency depending whether load or generation
has been lost. During the second stage, frequency increases or decreases with a constant
slope since still no primary frequency control action takes place. The participation of
each generator during this stage depends on its inertia. The lower the inertia, the faster
is the frequency decay or its increase. Subsequent to the second stage, primary controls
of turbine-governor systems intervene and try to balance power generation and load
demand. Turbine-governor systems provide a means of controlling power and
frequency. The contribution of each generator is basically a function of its governor
speed drop, the speediness of the turbine-governor system response and the amount of
available spinning reserve. In fact, the amount of available spinning reserve is not
unlimited which might have a destabilizing effect on short-term frequency dynamics.
Finally, within a time frame of one or several minutes, secondary control action and
energy supply system dynamics prevail in frequency dynamics.

Short-term frequency dynamics are affected by the aforementioned first three
stages, i.e. by the rotor swings, the inertial response and the turbine-governor system
response. Figure 3-2 portrays the functional relationship between the elements involved
in short-term frequency dynamics. The principal elements involved are the turbine-
governor system, the generator and particularly its inertia and the electrical system
including other generators units, loads, etc. Secondary control system and the energy
supply system do not intervene in short-term frequency dynamics for being too slow
and are therefore neglected [Chan'72; Anderson'99].
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Figure 3-2: Elements involved in short-term frequency dynamics.

As a consequence, it seems reasonable to assume that short-term frequency
dynamics are mainly affected by the turbine-governor system and the generating unit’s
inertia. Consequently, for short-term frequency stability analysis, generators could be
represented by their turbine-governor systems. Moreover, when short-term frequency
stability phenomena are studied, the models of the excitation system and the
synchronous machine can also be neglected since their associated dynamics are usually
too fast and therefore, hardly influence the response of the generating unit. Even if
voltage is affected by the loss of a generating unit, the response of the excitation
systems of the remaining generating units restores voltage in a relative short time to its
prefault value (compared to turbine-governor systems) [Elgerd'82]. In addition, as seen
in chapter 2, frequency dynamics influence to much lower extent generators,
transformers or excitation systems. Finally, for small isolated power systems, it is
possible to neglect the transmission network and to assume uniform frequency. Loads
can be considered voltage and frequency independent.

3-2-1 Representation of generating units by their turbine-governor systems

The assumption that the generator can be represented by its turbine-governor system is
verified by considering for small isolated power systems typical turbine-governor
systems. In particular, Diesel engines, gas turbines and steam turbines are analyzed.

For this purpose, generating unit responses to a step at the governor reference are
compared with the responses to an equivalent rise in load power. The response to a rise
in load power involves the dynamics of the turbine-governor system, the excitation
system and the synchronous machine, whereas by applying a step at the governor
reference, only dynamics of the turbine-governor system and the rotor are decisive. By
comparing the responses to a step at the governor reference and to an equivalent rise in
load power, it can be shown that turbine-governor systems mainly affect short-term
frequency dynamics. These responses are simulated by means of PSS/E software
package. Figure 3-3 shows the test system used to simulate the response to a rise in load
power by closing the breaker between buses 2 and 4. The responses to a step at the
governor reference are obtained by using GRUN activity of PSS/E.
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Figure 3-3: Test system used to simulate a rise in load power (bus 4).

For this problem, turbine-governor systems are represented by commonly used
standard models from the PSS/E software package model-library [Siemens'05b]. In
other words:

* Diesel-based turbine-governor systems are modeled by the DEGOV1 model.

* QGas-based turbine-governor systems are modeled by the GAST2A or the
GASTWD model.

* Steam-based turbine-governor systems are modeled by the [EEEG1 model.

The block diagrams of these four turbine-governor system models are shown in the
appendix C.

Figure 3-4 shows and compares the simulated responses to a rise in load power and
to a step at reference of the turbine-governor system. The simulations have been carried
out using PSS/E software package. A low initial power of 0.4 pu has been chosen to
avoid interferences with saturation and to ease the comparison. Obviously, for higher
initial values, saturation intervenes and distorts the response. Step in load power has
been applied at t = [ s. From Figure 3-4, it can be inferred that there exists only a
negligible difference between the model of the full generating unit and the detailed
model of the turbine-governor-rotor system. Hence, the generators can be fully
represented by the associated turbine-governor system.
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Figure 3-4: Comparison of the responses of (a) a Diesel-based power plant (DEGOV1), (b) a Gas-
based power plant (GAST2A), (c) a Gas-based power plant (GASTWD) and (d) a Steam-based
power plant IEEEG1).

3-2-2 Reduction of the transmission network to a single bus and uniform
frequency

Figure 3-4 shows that by merely considering the unit response to a step at the governor
reference, the generating unit can be approximately modeled by its turbine-governor
system. The response of the power system is driven by the response of all connected
generating units and depends furthermore on the extension of the network, connected
loads, etc. However, in small isolated power systems, the influence of the network on
short-term frequency dynamics and especially on inter-machine oscillations is usually
negligible. This finally results in a uniform frequency.

Figure 3-5 shows the inter-machine oscillations of the system with transmission
network. The outage of a 3.15 MW Diesel generator of the La Palma power system has
been simulated. It can be deduced from Figure 3-5 that inter-machine oscillations
quickly die out.
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Figure 3-5: Inter-machine oscillations of a system with transmission network.

Figure 3-6 compares the power-system frequency once modeling the network and
once omitting the network by concentrating load demand and power generation on a
single bus. Frequencies at different buses are shown for the case including the network.
It results that that the average frequency does not significantly differ from one case to
the other and thus, the network has a negligible impact on the system frequency.
Furthermore, without network, the connections between the generators (and the loads)
are absolutely rigid and consequently, as shown in Figure 3-6, the oscillations in
frequency tend to disappear.
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Figure 3-6: Comparison of the frequency variation of a system with and without transmission
network.

Neglect of inter-machine oscillations in short-term frequency dynamics by
neglecting synchronizing power and transmission performance results in an average or
uniform frequency. In fact, frequency dynamics have been simulated using the concept
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of uniform frequency (or “dynamic energy balance” [Crevier'75]) to reduce the
complexity of the model of a large power system and to eliminate the effect of inter-
machine oscillations [Stanton'72]. Inter-machine oscillations are avoided by setting up
dynamic models which allow relative movement between generator rotors without
representing the transient slow-down-speed-up process associated with oscillatory
transfer of kinetic energy from rotor to rotor.' Consequently, the center of inertia for the
system and the associated frequency of the center of inertia can then be used. Frequency
dynamics are described by an aggregate equation of motion of the center of inertia
reducing the total number of equations of motion of each generator. The complexity can
be further reduced developing dynamic equivalents of different generating units by
applying delay or canonical models [Chan'72] or by identifying coherent generating
units [Germond'78]. For small isolated power systems, it is verifiable, as seen in Figure
3-6, that short-term frequency dynamics are accurately described by the average system
frequency.

3-2-3 Constant power loads

In general, power-system loads are a composite of a variety of electrical devices and
depend on voltage and frequency. Voltage dependency can be neglected since voltage
varies modestly and is usually restored in a short time. Resistive loads such as lighting
and heating are usually frequency independent, whereas motor loads such as fans or
pumps depend on frequency due to changes in motor speed. The overall frequency-
dependent behavior of loads is described by means of the load-damping factor. The
UCTE uses a load-damping factor of 1 [UCTE'04]. However, an accurate value of the
load-damping factor is difficult to estimate. Furthermore, the impact of the load
variation on short-term frequency dynamics is extremely small compared to the impact
of the turbine-governor system [Anderson'99]; therefore, it is reasonable to consider
voltage and frequency independent loads [Chan'72; Chuvychin'96].

3-3 A SIMPLIFIED TURBINE-GOVERNOR SYSTEM MODEL

From Figure 3-4, it can be inferred that the generating unit responses to a step at the
governor reference resemble the responses of a second-order or third-order closed-loop
system. This closed-loop system is actually formed by the lower loop of Figure 3-2 or in
other words, by the interaction of the speed-governor and the shaft rotation by means of
the equation of motion. A closed-loop second-order model implies a first-order open-
loop model since the retroaction, governed by the relationship between angular speed
and power described by the equation of motion of a rigid body (inertia), is a first order
loop. Similarly, a second-order open-loop model leads to a third-order closed-loop
model.

Figure 3-7 shows a block diagram of a turbine-governor system G(s) and its
associated backward loop depending on the inertia H;. If G(s) is a first-order transfer
function, the reduced transfer function between Aw,,, and Ap,; is a second-order
transfer function. Analogously, if G(s) is a second-order transfer function, the reduced
transfer function is a third-order transfer function. As a consequence, first-order and
second-order models are studied to represent the distinct turbine-governor systems.

' The key feature for eliminating inter-machine oscillations is the assumption that variation of speed of
each generating unit with respect to the variation of speed of the center of inertia is zero and therefore, the
equation of motion of each generating unit reduces to an energy balance.



Design of UFLS schemes of small isolated power systems 45

Typically, steam-driven turbines can be modeled by first-order transfer functions,
whereas gas-driven or diesel-driven combustion turbines might require second-order
models [Anderson'90]. In addition, by simplifying the model of the turbine-governor
system, the computational cost can be remarkably reduced. However, the model-order
reduction also implies a reduction in the accuracy of the model.

Ao, 1
2H s

¢

Aw, —b »(G(s) »Ap,,

Figure 3-7: Block diagram of the interaction between turbine-governor system and rotor.

Figure 3-8 shows the block diagram of a generic second-order model of a turbine-
governor system. With respect to Figure 3-7, the governor reference is constant since
there is no secondary control and therefore, frequency deviation is directly fed, with
positive sign, into turbine-governor second-order block. This model also includes the
generator power-output limitations Ap; i, and Ap; payr. A first-order model can be readily
deduced from this generic model.

The parameter K; represents the gain of the turbine-governor system, which is
usually the inverse of the governor droop and is not tunable. The parameters a;; and az;
and b;; and b,; correspond to the dominant poles and possible zeros of the turbine-
governor system. The tunable parameters of the second-order model, i.e. a;;, az;, by,
and b, ;, are adjusted such that the response of the model resembles as much as possible
the response of the complete model of the turbine-governor system. Optionally, these
parameters can also be obtained from field tests, i.e. the response of the simplified
model is adjusted in order to resemble as much as possible the actual test responses.

Api,ma)c

1+b s+b, s°
A(()i _» _K,' l,zs 2,1s2 /_ »Apm’
l+a,s+a,,s J '

Api,min
Figure 3-8: Generic second-order model approximation of the turbine-governor system.

3-4 PARAMETER ESTIMATION OF SIMPLIFIED TURBINE-GOVERNOR
SYSTEM MODELS

The parameters of the simplified first-order and second-order models, i.e. the time
constants corresponding to poles and zeros, are tuned such that responses of the
simplified model and of the detailed model of the turbine-governor system are as similar
as possible. Five different model types are initially considered:

e a first-order model without zeros (Order 1.0)

* a first-order model with one zero (Order 1.1)

¢ asecond-order model without zeros (Order 2.0)

* asecond-order model with one zero (Order 2.1)

¢ and a second-order model with two zeros (Order 2.2)
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These model types seem to be adequate to represent distinct turbine-governor systems.
Tuning consists then in minimizing the difference between the simplified model
response and the response of the detailed model of the turbine-governor system, which
is basically a parameter estimation problem. Well-known algorithms exist for parameter
estimation problems [Ljung'87; Bates'88]. The estimation process used here is similar to
the one proposed in [Criado'94] and [Rouco0'99], where model responses are given by
time-domain responses and the model parameters are determined by means of a
nonlinear estimation algorithm.

The present parameter estimation problem essentially depends on four factors: the
accuracy of the detailed model, the time interval chosen to simulate the simplified and
the detailed model, the model structure (open loop or closed loop) and the selection of
the simplified model type®. Detailed models usually include several non-linearities.
However, in many cases the response of the detailed model fits well with the response
of a linearized version of the detailed model and thus, the linearized version is used in a
first instance to tune the abovementioned parameters [Egido'10]3. A linearized version
of the detailed model maintains the order of the detailed model, but it neglects non-
linearities such as saturations, etc. Figure 3-9 (a) shows such a case for a DEGOV1
turbine-governor system. Moreover, this circumvents the need for simulations of the
detailed turbine-governor model with programs such as PSS/E. However, in some
occasions, the response of the linearized turbine-governor model might not be accurate
enough and the detailed model or even field test data must be used. A typical example is
the concurrence of a significant delay and a speed-dependent turbine-governor system
output. In an underfrequency condition, the turbine output initially decreases (due to the
decreasing frequency) before the governor action takes place to increase the output.
Figure 3-9 (b) shows an occasion where the response of the linearized version of the
detailed model does not coincide with the response of the detailed model of a DEGOV1
turbine-governor system due to a significant delay and the speed-dependent output (see
also appendix C). The output of the detailed model initially decreases due to the non-
linearity causing a slower response than the one of the linearized version of the
DEGOV1 model.

* Although the initial guess of the tunable parameters is also relevant, this is minor problem. In fact, if the
simulation time and the simplified model to be adjusted are carefully chosen, common curve-fitting
algorithms find the most appropriate parameter settings.

? Linear models are widely used to describe approximately the behavior of real systems. In fact, many real
processes with non-linear dynamics may be adequately modeled over suitable time and spatial scales by
linear models [Levine'99]. The ability to approximately reproduce the essential system dynamics allows
tuning simplified low-order models using linearized versions of complex models. Furthermore, it is easier
to implement linear models (e.g. by means of LTI transfer functions) than their non-linear counterparts.
Moreover, the tuning of the simplified model will depend on the output and the step size of the
simulation, if non-linearities influence the response of the complete model. Fortunately, this is not usually
the case.
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Figure 3-9: Comparison of the detailed and the linearized version of two different DEGOV1
turbine-governor systems.

The parameter estimation procedure is either based on an open-loop or closed-loop
structure. An open-loop structure only considers the turbine-governor system G(s),
whereas a closed-loop structure also contemplates the feedback loop depending on the
rotor dynamics as shown for example in Figure 3-7. The choice of the model structure
normally depends on the response the simplified model should be adjusted for. Field
tests, for example, can be either carried out with the generating unit online or offline,
depending on the signal to be measured and on the test applied [Hannet'93; Pereira'03].
Speed deviations due to changes at the governor reference can only be measured with
the generating unit offline [Berube'99], resulting in a closed-loop parameter estimation.
By contrast, online tests can be carried out, if active power deviation due to a step at the
governor reference is measured as in [Tor'04], requiring an open-loop structure. If
parameters of detailed turbine-governor systems are available, both open-loop and
closed-loop structure could be used.

In [Egido'10], parameters of several first-order models have been estimated
applying a step input to the first-order model and the linearized detailed model and
minimizing the difference of the open-loop outputs. A step input seems appropriate, if
online measurements to a change at the governor reference are used. Another possibility
consists in applying a ramp input since the response of the turbine-governor system and
the system frequency could be represented by a ramp during the first few instants after a
system-wide disturbance [Rouco'08]. In fact, the impact of primary control on the
frequency is still negligible and frequency falls with a constant rate. Based on the open-
loop responses to a ramp input, various adjustments have then been realized with
different simulation times ranging from one to four seconds. This time range usually
comprises points in time when minimum frequency occurs. These points in time are of
particular interest for the analysis of short-term frequency dynamics and especially, for
the design and analysis of UFLS schemes. As an example, Table 3-1 displays the
parameters of the first-order model approximations of an IEEEGI turbine-governor
system using three different simulation time settings (i.e. 1's, 3 s and 5 s). Figure 3-10
(a) compares the closed-loop responses of the four first-order models with the closed-
loop response of the linearized complete IEEEG1 model. Clearly, with increasing
simulation time, the accuracy of the first-order model increases as well. This is due to
the fact that the considered IEEEGI turbine-governor system is a rather slow system.
For faster turbine-governor systems, shorter simulation time settings lead to more
accurate low-order models as in the case of the DEGOV1 model and its first-order
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model shown in Figure 3-10 (b) and Table 3-1. In fact, due to the extended simulation
time, more weight has been given to post-transient data, distorting the curve-fitting
problem.

Table 3-1: Comparison of parameter turnings with different simulation times.

Is 3s 5s
K la(s) K Ja(s)| K |a;(s)
IEEEGI | 16.66]11.00]16.66| 6.90 | 16.66] 6.10
DEGOV1]25.00f 0.51 |25.00] 0.75 |25.00| 0.92
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Figure 3-10: Comparison of the responses of (a) the linearized IEEEG1 model with the responses of
the simplified models and (b) linearized DEGOV1 model with the responses of the simplified
models adjusted using different simulation times to a step of 0.1 pu.

Along with the tuning of simplified models based on open-loop responses to step or
ramp inputs, closed-loop responses to step inputs could also be used to adjust the
simplified models. The feedback is formed by the interaction of the turbine-governor
system and the rotor dynamics as shown in Figure 3-7. With this model structure, the
tuning process is still dependent on the simulation time, but to a much lesser extent. For
example, too long simulation time led to misleading results in the case of the open-loop
adjusted DEGOV1 model because adjustments between detailed and simplified model
towards the end of the simulation time outweighed the initial differences. Usually,
simulation time settings around three to five seconds lead to good results and allow
representing the dynamics of the turbine-governor system. A good estimation for the
simulation time is given by twice the point in time of the maximum of the output of the
complete turbine-governor system®. In addition, the closed-loop structure delivers a
more appropriate input in terms of frequency deviation to the turbine-governor system
than the ramp input. This could be important since the input should resemble as much as
possible those inputs for which the model should be most accurate [Levine'99]. Figure
3-11 compares the closed-loop responses of the simplified models adjusted by means of

* It has been found that shorter simulation time settings determined, for example, by the point in time of
the maximum of the output of the turbine-governor system yielded to stable simplified open-loop models
but to unstable closed-loop models since not the entire dynamics could have been considered. For
instance, for a GAST2A turbine-governor system, the following parameters have been obtained (see
Figure 3-8): K = 25, b; = b, = 0, a; = 0.26 and a, = 0.14. The closed-loop model (with H = 6.5 s),
however, presented the following poles: p; =-1.9009 and p, 3 = 0.02194j2.688. This is clearly an unstable
system. A stable result has been obtained by increasing the simulation time.
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a closed-loop (CL) structure with the responses of the linearized turbine-governor
systems. In addition, the results are compared to the ones obtained when using an open-
loop (OL) structure. For both the DEGOV1 and the GASTWD turbine-governor system,
the CL-based parameter estimations seem to be more accurate.
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Figure 3-11: Comparison of the responses of (a) the linearized IEEEG1 model with the responses of
the simplified models and (b) linearized DEGOV1 model with the responses of the simplified
models adjusted using different simulation times to a step of 0.1 pu.

Finally, the parameters of the five different first and second-order model types are
estimated by using both OL and CL structures. The most accurate simplified models are
then selected and compared. The most accurate model type is the one which minimizes
the parameter estimation problem, i.e. which minimizes the difference between the
responses of the simplified and the original turbine-governor system model. Figure 3-12
compares the responses of the most accurate simplified models, adjusted by using both
OL and CL structures, with the responses of the linearized models of DEGOVI,
GASTWD and GAST2A turbine-governor systems.
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Figure 3-12: Comparison of the responses of (a) the simplified and the linearized DEGOV1 model,
(b) the simplified and the linearized GASTWD model and (c) of the simplified and the linearized
GAST2A model to a step at the reference of the turbine-governor system.

For the turbine-governor systems shown, the results of the tuning process using
either an OL or a CL model structure differ and in general, the adjustment based on a
closed-loop model structure seems to be more accurate. Different turbine-governor
systems require different models. For example, the GASTWD model of Figure 3-12 (b)
seems to be best represented by a second-order model with one zero (CL — Order 2.1),
whereas the DEGOV1 model of Figure 3-12 (a) can be modeled by a second-order
model without zeros (CL — Order 2.0). The GAST2A model also seems to be best
represented by a second-order model without zeros (CL — Order 2.0). It is interesting
that in the case of the DEGOV1 model, the open-loop structure yields to a second-order
model with one zero, whereas the closed-loop structure gives rise to a second-order
model without zeros. By any means, it seems that the simplified model represents the
complete turbine-governor system model quite accurately.

3-5 SYSTEM FREQUENCY DYNAMICS (SFD) MODEL

Frequency dynamics are mainly affected by the speed-governor action; therefore, for
short-term frequency stability analysis, it is possible to represent the generator by its
turbine-governor system. Furthermore, compared to turbine-governor dynamics,
excitation and generator transients can be neglected for being much faster. In small
isolated power systems, the transmission network has a negligible impact on short-term
frequency dynamics and thus, the power-system network can be reduced to a single bus
ignoring the dynamics between generating units, i.e. the oscillatory nature of frequency
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due to electromechanical inter-machine oscillations. This implies a uniform frequency.
Finally, loads are assumed to be voltage and frequency independent. All these
considerations merge into the so-called system frequency dynamics (SFD) model
[Anderson'90].

3-5-1 Review of SFD models

The principal idea of SFD models is to provide low-order models that retain the
essential frequency shape of a system with typical time constants and active turbine-
governor systems [IEEE'73; IEEE'91]. An important feature of SFD models is the
assumption of uniform frequency.

Several SFD models have been proposed in the technical literature. First SFD
models only considered the impact of the load-damping factor on short-term frequency
dynamics [New'77]. Thereupon, a simple linear single-bus SFD model has been
developed, where the generating units are represented by a single first-order model of
the turbine-governor systems [Anderson'90]. This model was based upon the
assumption that the generating units are predominantly driven by steam turbines. In
[Denis Lee Hau'06], a general linear SFD model is outlined allowing the representation
of several first-order models of turbine-governor systems. A similar SFD model is
presented in [Egido'10]. However, these SFD models are all linear and do not take into
account the generator output limitations. For short-term frequency dynamics in small
isolated power systems, it is important to be aware of the finite reserve. In fact, the
assumption of a linear model is only valid for small disturbances and is therefore
questionable for the design of UFLS scheme of a small isolated power system. In
addition, the first-order models of the generating units adopted in [Anderson'90] and
[Denis Lee Hau'06] correspond to steam turbines. In general, the generation mix
contains also gas-driven and Diesel-driven turbines. Thus, a non-linear SFD model
needs to be defined which enables to implement different turbine types. Mainly delays
in the response of generating units demand for a higher order model. A first step in this
direction is given in [Egido'10] by adjusting the first-order models in function of
different turbine-governor systems. Finally and as seen in section 3-3, the order of the
simplified model of each generating unit may vary in function of the turbine type and its
parameters and therefore, the model adopted to represent a particular generating unit
should be the one which represents best the detailed turbine-governor system.

3-5-2 Proposed non-linear multi-generator SFD model

A complete model consists of n generators with n equation of motions and » different
turbine-governor models. The equation of motion of the ith generator is given by:

2Hia)i =Pn;i " Pa, (3.1)

or uniquely considering deviations:
2HAw = Apm,i _Apd,i (3.2)

where H; is the inertia in (s), Aw; the frequency deviation in pu, Ap,,; the mechanical
power deviation in pu and Ap,; the load power deviation in pu. Equation (3.2) is given
on the base of the rating of the ith machine Mj,. ;. Assuming that the equations are
normalized to the size of the isolated power system, the system base, Spyse, 1s the sum of
the ratings of all generating units. Thus:

M, . M, .
2Hi base.i Aa)l - SbaseAz (Apm,i _Apd,i) (33)

base base
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with
Sbase = Z Mbase.i
i=1

Summing the n equations of motion yields to:

2i H[ Mbase.i Aa)l - i Aébasej Apm,i _ i Mbasej Apd,i (34)
i=1 base i=1 base i=1 base

At this stage, the equivalent inertia H can be defined as:

- Hi wbase,i

H:;S— (3.5)

base

Combining equation (3.4) and equation (3.5), the uniform frequency deviation is
described by the average frequency deviation Aw given in equation (3.6).

2HAw=D0p,, ,, —Bp, ., (3.6)

where Ap,, o and Apg ., are the total power generation and total load demand deviation,
respectively.

Figure 3-13 details the power-system model proposed to design robust and efficient
UFLS schemes of small isolated power systems of n generating units. This is a SFD
model with equivalent inertia where the whole generation and load demand is assumed
to be connected to the same bus. Generators can be represented by a non-linear first or
second-order turbine-governor model approximation as shown Figure 3-8. Load is
constant in quantity as long as the UFLS scheme does not intervene’. The UFLS
schemes permits to implement both underfrequency relays and ROCOF relays.

> For the sake of completeness, the load-damping factor has been included in the SFD model shown in
Figure 3-13 as in [Anderson'90]. The reason for this is to show its negligible impact with respect to the
gain of the turbine-governor system in subsequent analysis. Later, the load-damping factor is not
contemplated as discussed in section 3-2-3.
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Figure 3-13: Non-linear multi-generator SFD model of a small isolated power system.

Finally, writing the equation of motion of the center of inertia in the base of the
system rating Sy, requires the gain of the first-order or second-order generator model
K; to be expressed according to Spuse:

M base,i U<i
k, =———— (3.7
S

base

3-5-3 Extension of the SFD model to decoupled power generation

Currently, decoupled power generation essentially suffers from two drawbacks: its
limited primary frequency control capacity and its negligible inertial response. Both the
lack of primary frequency control and the lack of inertial response have a negative
impact on frequency stability. Substituting conventional generation by decoupled power
generation further weakens system ability to withstand large disturbances. In fact, the
initial rate of change of frequency increases with decreasing inertia. Furthermore,
availability of sufficient spinning reserve is critical for system stability. Thus, the
smaller the inertia and the smaller the available spinning reserve, the larger are
frequency deviations.

The differences between the characteristics of conventional and decoupled power
generation and the prevision of an increasing amount of installed capacity of decoupled
power generation require contemplating scenarios with different levels of decoupled
power generation penetration for the analysis of short-term frequency dynamics. Due to
its specific characteristics, decoupled power generation can be represented as a negative
load omitting any dynamics. In other words and in terms of the non-linear multi-
generator SFD model of Figure 3-13, decoupled power generation is modeled like a
generating unit, but with zero inertia H; and zero gain K.

3-6 SIMULATION OF SMALL ISOLATED POWER SYSTEMS

Short-term frequency dynamics are simulated using the non-linear multi-generator SFD
model shown in Figure 3-13. Several software packages such as Matlab offer powerful
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simulation tools which implement different methods of numerical integration of non-
linear differential equations. The system of non-linear differential equations, which can
be deduced from Figure 3-13, is non-stiff and thus, well-known numerical integration
methods such as Heun’s method can be applied®.

Heun’s integration method, also known as Modified Euler’s method, is used to
numerically solve systems of differential equations. It can be seen as an extension of the
Euler method into a two-stage second-order Runge-Kutta method [Kendall'09]. In fact,
Heun’s method divides the numerical integration into a predictor and a corrector step.

Consider for example the system of differential equations given in equation (3.8)
X, () =1, x,(2), x,(Z)=x, (3.8)

where x; is a vector of state variables and x;, its initial values and f(*) a vector of
functions of time ¢ and x;. Here, the vector of functions f(*) implements the system of
non-linear differential equations, describing the SFD model. Heun’s method resolves
the initial value problem of equation (3.8) as follows

is,k+l =Xt hi(z,, Xs,k)

h . (3.9)
X, p — Xok +E [Qf(fk X, ) HE(, Xs,k+1))

where / is the integration step and k is the iteration number. First, a predictor X, is
calculated using Euler’s method and subsequently the corrector x,; is determined by
means of an explicit trapezoidal method.

Heun’s method is a fixed-step solver, working well for non-stiff problems and with
low computational cost. The integration step is usually defined as a fraction of the
smallest time constants in order to guarantee accuracy and since Heun’s method like
other explicit Runge-Kutta methods is not stable for any integration step. If very small
time constants are present, variable step-size solver such as the Dormand-Prince method
might be more appropriate. However, if UFLS scheme intervene and irrespective of the
numerical solver applied, small integration steps are required to determine accurately
frequency crossing instants and opening times.

A toolbox based on Matlab has been developed to simulate short-term frequency
dynamics. This toolbox makes use of Heun’s method. In the appendix A, the main
features of the prototype of the toolbox are outlined. Among others, PSS/E software
package also applies Heun’s numerical integration method to solve non-linear
differential equations [Siemens'05a].

Subsequently, Heun’s method is applied to simulate the SFD models of two real
power systems. Figure 3-14 and Figure 3-15 compare the system frequency obtained by
the SFD model with the system frequency obtained by the detailed power-system
model. In Figure 3-14, the loss of 66.68 MW (corresponding to 21.9 % of total demand)
of the Gran Canaria power system has been simulated, whereas in Figure 3-15 the loss
of 2.35 MW (corresponding to 13 % of the total demand) of the La Palma power system
has been simulated. Clearly, the response of the SFD model of the Grand Canaria
system fits very well the response of the detailed power-system model.

% A stiff equation is a differential equation for which certain numerical methods for solving the equation
are numerically unstable, unless the step size is taken to be extremely small [Kendall'09]. Stiffness is
usually associated to some terms in the differential equation that can lead to rapid variations in the
solution [Hoffman'01].
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Figure 3-14: Comparison of the responses of the detailed Gran Canaria power-system model and
the SFD model.

In case of the La Palma power system, the response of the SFD model, as shown in
Figure 3-15, also fits the response of the detailed model satisfactorily. Hence, taking
into account the inherent simplicity of the SFD model compared with the detailed
power-system model, the results are very satisfactory and encourage the use of SFD
models for the design of UFLS schemes.
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3-7 SENSITIVITY OF THE MODEL RESPONSE WITH RESPECT TO
MODEL PARAMETERS

In this section, the sensitivity of the SFD model response with respect to variation of its
model parameters is analyzed. First, the impact of the SFD generator model parameters
on the frequency is studied, neglecting the UFLS scheme. In a second step, the impact
of the UFLS scheme on the frequency is analyzed. This simple analysis permits to
illustrate the influence of generating units and UFLS scheme on short-term frequency
dynamics. Finally, the impact of decoupled power generation on frequency stability is
studied. These impacts are evaluated by means of system responses in terms of
frequency.

3-7-1 Impact of the SFD generator model parameters

Subsequently, the impact of the equivalent inertia, of the generator gains and time
constants and the impact of generator output limitations as well as of the load-damping
factor on frequency are evaluated. In [Anderson'90], a similar analysis has been carried
out with regard to the inertia, generator gain and pole time constant. However, a linear
single-generator first-order model has been used there and no attention has been paid
therefore to zero time constants or to the generator output limitations. For this purpose,
the SFD model of Figure 3-13 is supposed to represent two generating units, with each
generating unit represented by a first-order model. An initial power imbalance of
0.15 pu is applied. The load-damping factor is neglected except for the analysis of its
impact. Likewise, generator output limitations are also neglected except for the analysis
of their impact. Table 3-2 resumes the assumed SFD model parameters.

Table 3-2: SFD model parameters.

Generator H(s) K a;(s) b, (s) Mbase MW) Ap,in  APmax

1 3 25 3 0 130 - -
2 5 25 5 0 70 - -

The integration step should be defined as a fraction of the smallest time constant of
the model formed by the two generators. An appropriate choice for the integration step
s 0.1 s.

3-7-1-1 Inertia

By inspecting the non-linear multi-generator SFD model of Figure 3-13 and by applying
the final value theorem, the well-known expression for the steady-state frequency
deviation can be obtained:

Doy, =P (3.10)
>k +D
i=1

where 7 is the number of generators, D the load-damping factor and &; the gain of the ith
generator expressed according to the system base Spqe. In a similar way, applying the
initial value theorem to the derivative of frequency yields to the initial value of the rate
of change of frequency [Anderson'90]:

. __Apd —_ Ap,
Ady = i D H M (3.11)

2 base,i
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where H; is the inertia of the ith generator and Mp,.; 1s its base rating.

Figure 3-16 shows the impact of the inertia on frequency. According to equation
(3.11) and to Figure 3-16, the most pronounced effect of increasing H; (which increases
in turn the equivalent inertia) is to reduce the initial rate of change of frequency, and to
delay and reduce the minimum frequency deviation. The equivalent inertia does not
affect the final steady-state value of frequency as stated in equation (3.10). Higher
inertia values result in a slower drop in frequency, which is logical, and also in a slower
recovery. Since the response is slower for higher inertias, the governor has more time to
respond and therefore limits the minimum frequency deviation to smaller values.
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Figure 3-16: The impact of varying the inertia H; on frequency.

3-7-1-2 Generator gain and time constants

To show the effect of the generator gain, different K; are considered, corresponding to
governor droops of 0.04, 0.05, 0.06 and 0.07 pu. In fact, actual observed system
responses have sometimes shown the net system regulation to differ from the value of
0.04 or 0.05 pu [Anderson'90]. Figure 3-17 shows the resulting impact on frequency.

As seen in Figure 3-17 and as stated in equation (3.11), the generator gain has
absolutely no effect on the initial rate of change of frequency. Even if all governors are
at the extreme valve-closing end of the individual backlash limits, as in following a
gradual load decrease, a sudden power imbalance would require a rapid change to a
valve or gate open condition. However, this cannot occur instantaneously. Higher
generator gains shorten the recovery time and reduce the steady-state frequency
deviation. In addition, the minimum frequency deviation is also reduced with increasing
generator gains.
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Figure 3-17: The impact of varying the generator gain K; on frequency.

Figure 3-18 and Figure 3-19 depict the impact of the generator time constants a;
and b; for different values. The time constants a; of 1s, 3s, 5s and 7 s are typical for
gas, diesel and steam turbines, respectively. The major effect of the generator time
constant a; is to produce a lag in the response of the frequency following its initial dip.
This lag also increases the minimum frequency deviation and delays the peak values of
this maximum in proportion to the size of the time constant. In other words, this
parameter has an effect on the response and the total time of exposure to low
frequencies. Higher values also cause a larger frequency overshoot as seen in Figure
3-18. Similar conclusions can be drawn for a second-order model.
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Figure 3-18: The impact of generator time constant a; on frequency.

The major effect of the generator time constant b; is to accelerate the response of
the turbine-governor system and to decrease both the frequency deviation and the peak
values of its oscillation in proportion to the size of the time constant. In other words,
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this parameter has an effect on the response and the total time of exposure to low
frequencies. The accelerated response with higher values of b; is due to the fact that this
parameter represents the sensitivity of the model to the rate of change of its input, i.e.
the frequency. It is interesting that for b, larger than a,, the oscillatory behavior of the
response disappears.
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Figure 3-19: The impact of generator time constant b; on frequency.

3-7-1-3 Generator output limitations

Previous SFD models omitted generator output limitations for the analysis of short-term
frequency dynamics. This assumption is however not valid for small isolated power
systems where large disturbances can occur. Usually, spinning reserve is limited and
covers for the outage of the largest generating unit. Figure 3-20 shows the impact of
finite reserve on frequency. In fact, the generator output limitation 4p,,,, has been set to
0.17 pu and 0.1 pu, which is slightly above and clearly below the amount of lost real
power. Furthermore, for the case of 0.17 pu, both uniformly and non-uniformly
distributed finite spinning reserve have been considered.

Obviously, the generator output limitation slowed down the frequency recovery. In
addition, in the case of non-uniformly distributed reserve, frequency reduced further and
gained its minimum value later than in the case of uniformly distributed spinning
reserve. Thus, in multi-generator systems, generator output limitations could also retard
the overall primary frequency control action if spinning reserve is non-uniformly
distributed. Finally, if the amount of spinning reserve is lower than the amount of lost
power, frequency decay cannot be arrested and the system goes frequency unstable.
This is also illustrated in Figure 3-20. Thus, generator output limitations significantly
affect short-term frequency dynamics and frequency stability and must be taken into
account in the power-system model of small isolated power systems.
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3-7-1-4 Load-damping factor

60

The effect of the load-damping factor D on frequency can be illustrated by plotting the
system response for various values of this parameter. Figure 3-21 compares the impact
on frequency for three different values. The UCTE, for example, recommends a load-
damping factor of 1 [UCTE'04].

Comparing Figure 3-17, which shows the variation of K, and Figure 3-21 and
taking into account equation (3.10), it results that the effect of varying D and K is much
the same, but K plays a much more important role than D. Usually, K amounts to 25 pu,

whereas D ranges between 0.5 to 1 pu. Thus, even though the load has a frequency

dependent component, it is not nearly as important as the generator gain with respect to
the impact on short-term frequency dynamics. Consequently, it is justified to neglect
load-damping factor in SFD models as discussed in section 3-2-3.
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3-7-2 Impact of UFLS schemes

UFLS schemes protect power systems against underfrequency conditions; therefore, the
impact of an UFLS scheme on short-term frequency dynamics is evaluated. Again, the
SFD model of Figure 3-13 is supposed to represent two generating units, with each
generating unit represented by a first-order model as displayed in Table 3-3. A power
loss of 0.15 pu is applied. The maximum generator output limitation is lower than the
amount of lost real power.

Table 3-3: SFD model parameters.

Generator H(s) K a; (s) b; (s) Mbase MW)  Appin APmax

1 3 25 3 0 130 - 0.05
2 5 25 5 0 70 - 0.05

Figure 3-20 has shown that for the SFD model defined by Table 3-3, the system
turns frequency unstable since there is not enough spinning reserve available to cover
the loss of 0.15 pu. Clearly, such an underfrequency condition would lead to a system
blackout due to underfrequency turbine tripping. As a consequence, a simple single-
stage UFLS scheme is implemented. Table 3-4 displays the parameters of the UFLS
scheme. The value of the step size has been chosen such that the step size and the
amount of available spinning reserve at least equal to the amount of lost power.

Table 3-4: UFLS scheme parameters.

Stage Threshold (Hz) Intentional delay (s) Delay (s) Step size (pu)
1 49 0 0 0.08

Again, the integration step could be set to 0.1 s as seen in section 3-7-1. However,
due to the UFLS scheme, integration step should be smaller in order to obtain more
accurate threshold crossing times, etc. Thus, for the first 5 seconds, where load shedding
usually occurs, an integration step of 0.01 s is applied, whereas for the remaining
simulation time, the calculated integration step (e.g. 0.1 s) is used.

Figure 3-22 shows the impact of the UFLS scheme on both the frequency and the
power imbalance. The amount of 0.08 pu is shed 0.43 s after the contingency occurred.
Clearly, the system remains stable. In fact, frequency is far away from the allowable
minimum frequency of 47.5 Hz.
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Figure 3-22: The impact of an UFLS scheme on frequency and real power.

Figure 3-23 depicts the effect of the UFLS scheme in the phase plane w—dw/dt.
Initial rate of change of frequency is -1.014 Hz which corresponds with the theoretical
amount determined by equation (3.11). Furthermore, the UFLS action at 49 Hz is also
clearly observable due to the abrupt change in the rate of change of frequency. Phase-
plane analysis can be, as will be seen in appendix B, a powerful tool to study frequency
stability.
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Figure 3-23: Phase-plane representation.

3-7-3 Impact of decoupled power generation

To analyze the impact of decoupled power generation (DPG) penetration on short-term
frequency dynamics, consider the power system shown in Figure 3-24, consisting of a
conventional generator (CG) and for example, a wind farm represented by an equivalent
generator (DPG) [Rouco'08]. This system can be represented by a SFD model, where
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the DPG is represented as a generator without inertia and zero gain. Table 3-5 displays
the parameters of the SFD model.

CG

O_
g_

Figure 3-24: Simple power system with decoupled power generation.
Table 3-5: SFD model parameters.

Generator H(s) K a;(s) b;(s) Mbase

CG 5 25 3 0 100
DPG - -

Apmin Apmax

- - 100 -

According to equation (3.5), the equivalent inertia of the simple power system is
2.5 s. Figure 3-25 shows the impact of the presence of DPG on short-term frequency
dynamics and compares the responses with and without decoupled power generation
(see Table 3-2). Clearly, the initial rate of change of frequency increases due to
reduction of equivalent inertia. Furthermore, primary frequency control capacity is
equally affected since the gain is reduced according to equation (3.7) to 12.5 pu. Thus,
scenarios with decoupled power generation penetration need to be taken into account for
the analysis of short-term frequency dynamics and for the design of UFLS schemes in

particular. The proposed SFD model allows including DPG by simply adjusting its
parameters.
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Figure 3-25: The impact of decoupled power generation on frequency.

3-7-4 Summary of the model response sensitivity

The response of the proposed SFD model depends very much on its parameter settings.
The impact of these parameter settings has been studied and evaluated by means of SFD
model responses in terms of frequency. The following points merit highlighting:
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* It has been shown that lower generator model gains (larger droop values) and
smaller pole values result in larger frequency deviation. In addition, lower inertia
lead to steeper initial rate of change of frequency and to more pronounced
frequency oscillations.

* The limit case is given by the actual characteristics of DPG. This kind of
generation does not contribute to the system inertia and it does not participate in
primary frequency control. Simple substitution of conventional generation by
DPG could eventually jeopardize system stability.

* Finally, the impact of limited spinning reserve has also been studied. If available
spinning reserve is smaller than the amount of lost generation, the system turns
frequency unstable unless load is shed. It has also been shown that non-uniformly
distributed spinning reserve could have a negative impact on frequency
dynamics.

3-8 PARTIAL CONCLUSIONS

In this chapter, a simple non-linear multi-generator system frequency dynamics (SFD)
model has been derived. This SFD model is a low-order model which reduces the
computational cost with respect to a fully detailed model maintaining the essential
frequency dynamics of the original model. A simple but still accurate model has
therefore been obtained which allows simulating a power system with a very low
computational cost. The non-linear multi-generator SFD model is used to simulate
short-term frequency dynamics of small isolated power systems.

The SFD model is based on the following assumptions: (1) the generating units can
be represented by their turbine-governor systems, (2) the network can be neglected and
reduced to a single bus, (3) loads are voltage and frequency independent and (4)
turbine-governor systems can be represented by non-linear first-order or second-order
models. These assumptions have been confirmed for a real power system. The first
assumption is a consequence of the fact the short-term frequency dynamics
fundamentally depend on the turbine-governor responses, which limit frequency
deviations by restoring the power equilibrium. Due to the reduced size of small isolated
power systems, the impact of the network on frequency dynamics and frequency
dynamics propagation can also be neglected. Neglecting the network implies also
neglecting inter-machine oscillations. Frequency is then described by the average
system frequency. The third assumption on load modeling can be justified by the fact
that voltage dependency is negligible since voltage varies modestly and is usually
restored in a short time. Furthermore, frequency dependency can be omitted because the
load-damping factor, which describes the frequency dependency of loads, is small
compared to the droop of the turbine-governor systems. Thus, the total load connected
is constant unless the UFLS scheme does intervene and sheds a fraction of the
connected load. Finally, from the shape of the turbine-governor system responses, it can
be deduced that they approximately behave like a first-order or second-order models.

Several SFD models have been described. First SFD models only considered the
impact of load. A second generation extended the approach on linear single-generator
and multi-generator SFD models. However, the assumption of a linear model,
neglecting non-linearities such as generator output limitations, is only valid for small
power imbalances. For larger imbalances, which are likely to occur in a small isolated
power system, non-linearities need to be considered. Further, apart from first-order
models, also second-order generator models should be considered. The ability of the
proposed non-linear multi-generator SFD model to accurately reproduce short-term
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frequency dynamics has been validated comparing the SFD model output with
simulations run with PSS/E software package.

The non-linear multi-generator SFD model has been implemented in a toolbox
specialized in the analysis of short-term frequency stability (see appendix A for further
information on the toolbox). This power-system model is then be used to study the
influence of the different model parameters, including the UFLS scheme, on short-term
frequency dynamics and on frequency stability. In particular, effects of the inertia, of
the parameters of the first-order model approximation of the turbine-governor systems
and the effects of the generator output limitations have been analyzed. It has been
shown that the inclusion of generator output limitations has a significant impact on
short-term frequency dynamics. It has also been shown that the load-damping factor can
be neglected. In addition, the positive impact of UFLS scheme on frequency stability
has also been illustrated. Finally, decoupled power generation has been studied from a
frequency stability point of view. Both the lack of primary frequency control and the
lack of inertial response of decoupled power generation require that scenarios with
decoupled power generation penetration need to be taken into account for the analysis
of short-term frequency dynamics and for the design of UFLS schemes. Decoupled
power generation can be included in the proposed SFD model by simply adjusting its
parameters.






CHAPTER FOUR

METHOD FOR THE DESIGN OF UFLS SCHEMES

4-1 INTRODUCTION

Today, most of the UFLS schemes are conventional schemes applying underfrequency
and rate of change of frequency (ROCOF) relays. Although advanced UFLS schemes
improve load-shedding performances, their implementation is delayed since they require
considerable data and communication facilities operating at high speeds, which is costly
[Blackburn'06]. After all, for large utilities, the installation and implementation of
advanced UFLS schemes would require big investments. Furthermore, the technical and
technological feasibility is questionable for large power systems. Hence, utilities and
energy councils such as NERC, UCTE, etc., still recommend and use conventional
UFLS schemes to protect power systems against contingencies [IEEE'S87; IEEE'07;
NERC'08].

Several methods have been reported in literature to design conventional UFLS
schemes, but there exists no systematic, generally accepted method for the design of
UFLS schemes [Thalassinakis'04]. Conventional UFLS schemes can be separated into
experimental and optimal designs. Experimental designs employ trial-error procedures
or choose the best scheme of a set of candidate schemes, whereas optimal designs make
use of optimization techniques to determine the settings of the UFLS schemes. Common
to all of them is the fact that simulations are indispensable. These simulations evaluate
power system responses to a set of hypothetical disturbances. However, no attention has
been paid to the selection of these hypothetical disturbances. This chapter focuses thus
on a method for the design of robust and efficient UFLS schemes covering both
selection of hypothetical disturbances and optimal tuning of UFLS scheme parameters.

This chapter proposes a method for the design of efficient and robust UFLS
schemes comprising two tasks: the selection of adequate operating and contingency
scenarios and the application of an optimization algorithm. Efficiency is tantamount to
shedding a minimum amount of load, whereas robustness denotes efficiency for a set of
operating and contingency scenarios. In section 4-2, a method to select adequate
operating and contingency scenarios for the design of robust UFLS schemes is
presented. This method consists in applying Data Mining techniques to the problem of
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representative operating and contingency scenario identification. Then, the adaptive
Simulated Annealing optimization algorithm is applied to the optimal tuning of the
UFLS parameters. This optimization algorithm should determine the optimal setting of
the UFLS parameters and thus, achieve an efficient performance of the UFLS scheme.
The formulation of the optimization problem for the design of UFLS schemes is
described in more detail in section 4-3. The proposed method for the design of efficient
and robust UFLS schemes has been implemented in the Matlab toolbox presented in
more detail in the appendix A. Finally, section 4-4 applies the proposed method for the
design of UFLS schemes to two real power systems. Chapter 5 discusses the robustness
of the designs achieved and provides a sensitivity analysis of the proposed method.

4-2 SELECTION OF OPERATING AND CONTINGENCY SCENARIOS

To design a robust UFLS scheme, different operating and contingency scenarios need to
be considered to guarantee the robustness of the approach; therefore, it is crucial to
select appropriate operating and contingency scenarios [Lokay'68; Concordia'95].
Operating and contingency scenarios consist in a set of credible disturbances for
different operating points, which could be described by their corresponding generation
dispatch scenarios. For example, if the scheme has been designed for smaller
disturbances, it may not shed sufficient load to avoid a system collapse in the case of a
large disturbance. On the contrary, a scheme that has been designed for larger
disturbances may shed too much load in cases of smaller disturbances.' In small isolated
power systems, outages of generating units are usually considered as disturbances
because they are likely to occur and they lead to pronounced frequency deviations.
Finally, not only N-1 outages have to be considered, but also multiple outages of
generators must be assumed, similar to the contingency which led to the Mallorca-
Menorca system collapse; therefore, also simultaneous outages of several generators
should be taken into account in the selection process of adequate operating and
contingency scenarios.

The common practice consists in determining system-operating conditions
corresponding to different load-demand levels (e.g. minimum and maximum) and to
design the UFLS scheme taking into account the outages of the largest, the smallest and
eventually a medium-size generating unit for each of these system conditions.
Nevertheless, this kind of scenario selection does not necessarily guarantee a selection
of adequate operating and contingency scenarios. Thus, a method based on Data Mining
is proposed to identify the representative operating and contingency scenarios, i.e. to
find those scenarios which represent best all other possible scenarios, reducing the
computational cost and increasing the efficiency of the UFLS scheme design
[Sigrist'08]. Figure 4-1 illustrates the method of finding representative operating and
contingency scenarios. Two representative operating and contingency scenarios (bold
lines) describe in this example two clearly distinct groups of power system responses
given in terms of frequency (dashed lines). These representative scenarios are real
disturbances given by the outage of a particular generating unit for a particular
operating scenario. In fact, this method is based upon the assumption that the power
system behaves in a similar way for different disturbances of different operating

! The definition of a credible disturbance is somehow vague and strongly depends on the power system

and the operator’s experience. In connection with UFLS scheme design, a credible disturbance is a
possible disturbance that causes a real-power imbalance, that is related with short-term frequency
dynamics and that has predictable consequences (e.g., the outage of a generating unit).
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conditions. It should be therefore possible to find different patterns in the behavior of
the power system.
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Figure 4-1: Illustration of representative operating and contingency scenarios.

The problem of power-system security assessment presents somehow similarities
with the problem of representative operating and contingency scenarios selection. In
fact, power-system security assessment is based on contingency analysis determining
and classifying contingencies. Contingency analysis is in general only performed on a
list of credible contingency cases which are selected by means of so-called contingency
selection algorithms [Stott'87]. Contingency selection can be carried out by means of
ranking indices, which try to approximately evaluate the load level of transmission lines
and transformers after a disturbance, or by dint of contingency screening techniques,
which approximate the state of the power system after a contingency by running one or
two iterations of a load flow and check for branch overloads and out-of-limit voltages
[Gomez-Expobsito'08]. Clustering techniques such as artificial neural networks (ANN),
Kohonen self-organizing feature maps (KSOM), etc, seem to be well suited to the
problem of contingency selection since it is essentially a pattern-recognition problem
[Rodrigues'99].

In [Chow'90] an improved Little-Hopfield neural network has been used to classify
contingencies since at that time learning algorithms and internal architectures which
guaranteed convergence were not available for multiperceptron ANNs. The procedure
for classifying contingencies is divided into two stages: the off-line design of the ANN
using AC power flows and the on-line classification using real-time measurements. In
[Fidalgo'96] and [Mansour'97], multiperceptron feedforward ANNs are used to perform
dynamic security evaluation. The ANN carries out contingency screening and ranking.
The static and dynamic features were applied as inputs, and the selected outputs were
frequency deviation or energy margin and maximum swing angle. In [Niebur'91],
KSOM has also been applied to the classification of line-loading patterns after
contingencies for power-system static security assessment. KSOM determines
similarities of system states in an unsupervised manner. Finally, classification is
achieved since KSOM maps secure operating points to a different region of the neural
net than insecure operating points. The problem of representative operating and
contingency scenarios selection differs from contingency selection as stated by the
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contingency analysis by the fact that, instead of approximate power-flow computations,
transient power-system simulations are used to quantify contingencies for ranking
purposes.

Subsequently, K-Means, Fuzzy C-Means and KSOM algorithms are shortly
presented and finally applied to the selection of representative operating and
contingency scenarios. These algorithms are very common techniques used in Data
Mining [Michie'94; Rojas'96; Hand'01].

4-2-1 Operating and contingency scenarios

An operating and contingency scenario is defined as the outage of a single generator G;
or multiple simultaneous outages of generators [G; Giij,...] for a particular system
operating condition. For convenience, a system operating condition will be henceforth
described by its corresponding generation dispatch scenario. Thus, representative
operating and contingency scenarios are those single or multiple outages of a particular
system operating condition which represent all other possible operating and contingency
scenarios. In other words, representative scenarios are those scenarios which describe
best the patterns in frequency dynamics due to power imbalances.

The non-linearities introduced by the generator-output limitations require a suitable
simulation tool to analyze operating and contingency scenarios. Simulations are carried
out using the non-linear multi-generator SFD model presented in chapter 3. The
operating and contingency scenarios are then given by the corresponding responses of
the system frequency to the considered outages:

Q=0 .. 0,0 .. ©,0]

where ®;(?) is the response of the system frequency to jth operating and contingency
scenario and M is the number of scenarios. The simulation time and the integration step
are fixed to ensure that all vectors ®;(?) are of the same length. This is important
because clustering algorithms employ distance measures (e.g. Euclidean distance)
which require vector inputs of equal length.

However, it is not necessary to simulate the SFD model over a longer period since
the time window of interest only contains the first few seconds after a contingency. It is
during these first seconds the UFLS scheme has to act. Thus, the necessary time
window can be reduced, but differences due to slower or faster turbine-governor
response or insufficient spinning reserve should still be perceptible [Sigrist'10b]. A
solution is to set the simulation time equal to the maximum instant of minimum
frequency of all operating and contingency scenarios. Or

L =MAX(40 )5 J =1, M 4.1)

where #,min 1s the instant of minimum frequency of scenario j. In practice, the instant of
minimum frequency is unknown, but it can be estimated. A possible solution is based
upon the assumption of a linear SFD model with only one equivalent generator and
without generator output limitations. The equivalent generator is represented by a first-
order model. In this particular case, the system frequency follows a damped sinusoidal
oscillation [Anderson'90]. The oscillation frequency is given by:

w
Sy = o 1-¢’ (4.2)

where w, is the natural frequency and ¢ the damping. Equation (4.2) can be rewritten in
function of the first-order SFD model parameters as:
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Once the oscillation frequency is known, the instant of minimum frequency can be
approximated as a quarter of the oscillation period.2 With typical power system data, the
instant of minimum frequency occurs after two to three seconds after the contingency.
For example, the smallest K, and the largest a; and H could be chosen to calculate, with
enough safety margins, the instant of minimum frequency. If second-order generator
models were used, either their corresponding first-order generator models could be
derived or the parameter a; of the second-order model could be employed, being usually
the dominant time constant.’ However, this approximation is based in either case on a
linear model. For a non-linear system, the impact of the generator output limitations
have to be taken into account and the instant of minimum frequency (i.e., a quarter of
the oscillation period) can be estimated by:

tml-n = klim (Api,min ’Api,max) (44)

4L,

where kj, is a parameter depending on the generator output limitations Ap; ., and
Apimax- Thus, according to equation (4.4), the instant of minimum frequency and
consequently, the simulation time are determined as a quarter of the oscillation period
(the inverse of oscillation frequency) multiplied by a constant k;;, taking into account
generator output limitations (see also section 3-7-1-3). Experiments showed that &,
ranges between 1 and 2. The integration step is determined as outlined in section 3-7-1.

4-2-2 Data Mining techniques

The identification of representative operating and contingency scenarios can be realized
by means of several Data Mining techniques. Data Mining techniques emerged in the
early nineties and they allow processing and extracting relevant information from large
data bases. Cluster Analysis forms part of Data Mining. Cluster Analysis refers to the
partitioning of a data set into clusters, so that the data in each subset ideally share some
common trait and differ from the data in other subsets. There exist different methods

% Note that the simulation time could also be calculated using the methodology outlined in [Egido'10]
where the response of a generator i is a linear function in time, i.e. the output is approximated by an
average ramp C,. In this special case, the instant of minimum frequency is given by the quotient of twice
the inertia and the sum over all average ramps C;. Again, the value of the average ramp C; must be
adjusted according to the generator model.

3 The time constant for a first-order model corresponds to the time need for its associated exponential
term to decrease from a value of 1 to a value of 1/e. This definition of time constant is also applicable for
undamped (0 < g < 1) and critically damped (¢ = 1) second-order models and in special occasions even for
overdamped second-order models (¢ > 1) [Cha'00]. With ¢ =0.5a,/\a, and (on=1/\/az, the time constant 1, is
defined as:

. CSI
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based on advanced statistical and modeling techniques such as K-Means, Fuzzy C-
Means and KSOM, which are commonly employed.
4-2-2-1 K-Means

The K-Means algorithm attempts to cluster N objects into Ky partitions. The main
objective is to find Ky clusters such that the quadratic quantization error (QE) is
minimal:

min(QF)
with
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In general, the Euclidean distance is used as a distance measure between clusters
and the input data vectors. The input vectors x, belong to the learning set € and thus,
correspond here to the simulated system-frequency responses ®; associated to the
operating and contingency scenarios. ¢, is the centroid which is computed by averaging
the w; associated to the cth cluster. The operating and contingency scenario ®; closest to
the centroid c. is then a representative operating and contingency scenario. The number
of clusters Ky is a priori unknown and needs to be estimated. Furthermore, K-Means
strongly depends on the initial solution due to its inherent gradient-based optimization
algorithm to solve QE. Nevertheless, K-Means is a fast algorithm.

4-2-2-2 Fuzzy C-Means

The Fuzzy C-Means algorithm attempts to cluster N objects into Cy partitions. In
contrast to the K-Means algorithm, an object can belong to several clusters, with a
different degree of membership [Abonyi'07]. The main objective is to find Cy clusters
minimizing the Fuzzy C-Means objective function:

min(J)

with
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where m is any real number greater than 1, u,. is the degree of membership of x, in the
cluster c. The degree of membership is determined by

u, = ! , Ue, Ocand m >1

“Q ( J Y

Note that for m approaching 1, Fuzzy C-Means reduces to K-Means. The input
vectors X, correspond here to the simulated system-frequency responses ®; from the
learning set Q. ¢, is the centroid which is the weighted mean of ®;, where the weights
are the membership degrees. The operating and contingency scenario ®; closest to the
centroid ¢, is then a representative operating and contingency scenario. The number of
clusters Cy is a priori unknown as in the case of K-Means algorithm. The inconvenience
with regard to the minimization problem is minor than in the case of K-Means since
fuzzy logic allows an input vector belonging to several clusters, improving global

x, —¢ |/|Ix. —¢|

k=1
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performance of the algorithm. However, in the absence of overlapping partitions, K-
Means and Fuzzy C-Means show similar performances.

4-2-2-3 Kohonen Self-Organizing Maps (KSOM)

KSOM learns to classify input vectors according to how they are grouped in the input
space [Niebur'91]. The Kohonen network is an array of S neurons. For each simulated
system-frequency response ®; randomly chosen form the learning set €, the KSOM
algorithm identifies a winning neuron by an appropriate distance measure such as the
Euclidean distance. The winning neuron and all neurons within a certain neighborhood
are then updated according to the Kohonen-rule [Rojas'96]. As more and more input
vectors are presented, the winning neurons and their neighboring neurons shift towards
these vectors and learn vectors similar to each other. That is, the neurons learn to
recognize similar profiles within the system-frequency responses of the learning set €.
The operating and contingency scenario ®; closest to a winning neuron is then a
representative operating and contingency scenario. However, just as for K-Means, the
number of neurons S is a priori unknown and needs to be estimated. Furthermore, the
KSOM algorithm is computationally heavier than K-Means. By contrast, it is less
sensitive to the initial solution [Michie'94].

4-2-3 Application example

To illustrate the process of operating and contingency scenarios selection, K-Means,
Fuzzy C-Means and KSOM algorithms are applied to the clustering of all possible
operating and contingency scenarios of the La Palma power system. The La Palma
power system is a very small system and consists of eleven generators. Table 4-1
summarizes the generator model parameters. These parameters have been obtained by
applying the parameter estimation procedure discussed in section 3-3 and using a
closed-loop model structure.

Table 4-1: Parameters of the generator models of the La Palma power system.

Generator H(s) K bl (s) b2 (s) al (s) a2 (s) Pmin (MW) Pmax (MW)

Gl11 1.75 20 144 0 18.6 398 2.5 4
G12 1.7 20 144 0 18.6 3.98 2.5 4
G13 1.75 20 144 0 18.6 398 2.5 4
Gl4 1.73 20 144 0 18.6 3.98 3 4.5
G15 216 20 132 0 184 27 3.5 7
Gl16 1.88 20 143 0 187 3.85 3.5 7
G17 21 20 132 0 183 271 7 12
G18 6.5 2125 089 0 566 348 0 22.8
G19 21 20 132 0 183 271 7 12
G20 21 20 132 0 183 271 7 12
G21 21 20 132 0 183 271 7 12

Table 4-2 displays the different generation dispatch scenarios of the La Palma
power system without considering decoupled power generation (DPG).
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Table 4-2: Generation dispatch scenarios of the La Palma power system without decoupled power

generation.

S.0.C. G11 G12 G13 G14 G15 Gl16 G17 G18 G19 G20 G21 &, =5,
1 235 0 235 0 3.29 3.69 1041 O 0 0 0 22.09
2 0 0 235 0 329 426 926 O 0 0 0 19.16
3 0 0 235 0 329329 955 0 0 0 0 1848
4 0 0 235 0 329 369 896 O 0 0 0 18.29
5 0 0 235 0 329329 935 0 0 0 0 18.28
6 0 0 235 0 329 329 961 O 0 0 0 18.54
7 235 0 235 0 3.29 329 1002 O 0 0 0 213
8 253 0 253 0 584 584 0 0 663 4 0 27.37
9 235 0 235282492 492 0 0 6.63 67 0 30.69
10 241 0 241 282 559 559 0 0 663 67 0 32.15
11 246 0 246 2.82 569 569 O 0 6.63 67 0 3245
12 249 0 249 282 577 577 O 0 6.63 67 0 32.67
13 258 0 258 282 596 596 O 0 663 67 0 3323
14 24 0 24 282 556 556 0 0 663 67 0 32.07
15 235 2.35 235 282 5.12 512 O 0 6.63 4 0 30.74
16 2.35 2.35 235 282 474 474 O 0 6.63 4 0 29098
17 2.35 235 235 282 422 422 0 0 663 4 0 2894
18 235235235 0 329329 921 0 6.63 0 0 2947
19 235235235 0 329 329 868 0 663 0 0 2894
20 235235235 0 329 329 935 0 663 0 0 29.61
21 235235235 0 3.71 371 1138 0 6.63 0 0 3248
22 235235235 0 3.58 3.58 11.38 4.85 6.63 0 0 37.07
23 235235235 0 3.63 3.63 1138 0 6.63 0 0 3232
24 235235235 0 329 329 663 0 6.63 0 0 26.89
25 0 0 235 0 329 329 916 O 0 0 0 18.09
26 235 235235 0 3.58 3.58 11.38 4.85 6.66 0 0 371

The installed capacity of solar and wind-power generation of the Canary Islands
amounts to 271 MW, corresponding to 9.5% of the totally installed capacity [REE'08].

For example, on the La Palma island, 5.58 MW of wind power and 0.09 MW of solar

power have been installed to date [MITyC'09]. On average, about 5 to 10% of the total
demand is covered by solar and wind-power generation [REE'09], which corresponds to
an average use of 40% of the installed capacity. Table 4-3 shows the generation

dispatch scenarios with 40% of the total installed capacity of DPG in the La Palma

power system. To accommodate actual demand coverage by DPG, conventional
generation is substituted by DGP. In other words, generating unit G13 of Table 4-2 is

substituted by 40% of the installed DPG and the remaining generation of G13 is added

to generating unit G15 due to technical minimum of G13. Obviously, solar power is not

available at night.
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Table 4-3: Generation dispatch scenarios of the La Palma power system with 40% of the total
installed capacity of decoupled power generation.

S.0.C. Gl1 G12 G13 G14 GI5 Gl6 G17 G18 G19 G20 G21 DPG £, =5,

1 235 0 0 0 3.41 3.69 1041 0 0 0 0 223 2209
2 0 0 0 0 341 426 926 O 0 0 0 223 19.16
3 0 0 0 0 341329 955 0 0 0 0 223 1848
4 0 0 0 0 3.41 3.69 89 0 0 0 0 223 1829
5 0 0 0 0 341 329 935 O 0 0 0 223 1828
6 0 0 0 0 3.41 329 961 0 0 0 0 223 1854
7 235 0 0 0 341 329 1002 O o o0 0 223 213
8 253 0 0 0 61 584 0 0 663 4 0 227 2737
9 235 0 0 282 5 492 0 0 6.63 67 0 227 30.69
10 241 0 0 28257355 0 0 663 67 0 227 3215
11 246 0 0 282 588 569 0 0 6.63 6.7 0 227 3245
12 249 0 0 282599 577 0 0 6.63 6.7 0 227 32.67
13 258 0 0 282627 59 0 0 663 67 0 227 3323
14 24 0 0 282 569 556 0 0 6.63 6.7 0 227 32.07
15 235235 0 282 52 512 0 0 663 4 0 227 30.74
16 235235 0 282482474 0 0 663 4 0 227 2998
17 235235 0 282 43 422 0 0 663 4 0 227 2894
18 235235 0 0 337329 921 0 663 0 0 227 2947
19 235235 0 0 337329 868 0 663 0 0 227 2894
20 235235 0 0 341329 935 0 663 0 0 223 29.61
21 235235 0 0 383371 1138 0 6.63 0 0 223 3248
22 235235 0 0 3.7 358 1138 485663 0 0 223 37.07
23 235235 0 0 375363 1138 0 663 0 0 223 3232
24 235235 0 0 341329 663 0 663 0 0 223 26.89
25 0 0 0 0 341 329 916 O 0o 0 o0 223 18.09
26 235235 O 0 3.7 358 11.38 485 6.66 0 0 223 37.1

To select representative operating and contingency scenarios, all possible scenarios
are considered, i.e. all possible individual generator outages for all possible generation
dispatch scenarios according to Table 4-3*. Figure 4-2 shows the response of the SFD
model to all possible operating and contingency scenarios of the La Palma power
system.

* 1t could also be possible to determine representative operating and contingency scenarios taking into
account actual probabilities of the operating scenarios, i.e., the generation dispatch scenarios, and failure
rates of the generating units. However, some operating and contingency scenarios could be missed. This
might be critical after all in cases where improbable but severe operating and contingency scenarios are
not taken into account. Finally, UFLS schemes are used to protect a power system, including worst-case
scenarios with a small probability to occur.
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Figure 4-2: SFD model response to all possible operating and contingency scenarios of the La
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Palma power system.

Clearly, the responses of the SFD model follow some certain patterns. According to
(4.4) and with K = 20, a; = 18.3s and H = 3 s, the maximum instant of minimum
frequency occurs after about 3.5 seconds after the contingency. Thus, the simulation
time for the clustering process is set to 4 s (the additional 0.5 s comes from the fact that

the outage occurs at 0.5 s).

Clustering techniques depend on the number of clusters to be formed; therefore,

10
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first the number of clusters needs to be decided. A common way to determine the

number of clusters is to iteratively apply the K-Means or Fuzzy C-Means algorithm.
Figure 4-3 plots the number of clusters against the quadratic quantization error and the
Fuzzy C-Means objective function. It can be inferred that four clusters seem to be
sufficient. In what follows, the scenarios are grouped according to four clusters.
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Figure 4-3: Determination of the number of clusters using the K-Means and the Fuzzy C-Means

algorithm.
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Figure 4-4 shows the results obtained applying K-Means algorithm. It also indicates
by the number of vectors or NVR the amount of operating and contingency scenarios
belonging to a specific cluster. Figure 4-4 reveals that cluster 3 and cluster 4 of the K-
Means algorithm cover the scenarios with smallest and largest frequency deviations,
respectively. Furthermore, it can be inferred from clusters 2 and 3 that their respective
scenarios seem to have different inherent oscillation frequencies, e.g. the instant of
minimum frequency in cluster 3 occurs later than in cluster 2. Finally, outstanding
scenarios can be detected in cluster 1. These scenarios have been added to cluster 1
because they are closest to cluster 1 and because there are possibly not enough similar
scenarios to lower the cluster. If the scenarios were grouped according to five clusters,
these scenarios would form a separate cluster.
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Figure 4-4: Representation of the four clusters formed by K-Means and the associated scenarios.

Table 4-4 and Figure 4-5 give some additional information on the K-Means
clusters, showing the distribution of the clusters and the allocation of the scenarios to
the four clusters. Remember that representative scenarios are finally described by real
disturbances given by the outage of a particular generating unit for a particular
operating scenario that are closest to the cluster. As seen from Table 4-4, most of the
scenarios belong to cluster 3 (49.4%). Furthermore, it is interesting to note that cluster 4
comprises only the scenarios due to the outages of generator G17 which, if connected,
provides more than one third of the total demand (see also Table 4-3), whereas DPG
outages are grouped within cluster 3.



Method for the design of UFLS schemes 78

Table 4-4: Number of generator outages associated to the K-Means clusters.

Cluster Occurence (%) G11 G12 G13 G14 GI5 Gl6 G17 G18 G19 G20 G21 DPG

1 232 7 3 6 16 6

2 22.6 13 16 2 2 4

3 49.4 20 11 9 6 7 2 26
4 4.9 8

Figure 4-5 (a) compares the principal component analysis (PCA) of the six clusters
and of all possible operating and contingency scenarios’. PCA is a useful tool to
visualize data distributions. According to the two-dimensional space describe by the
first and second PCA components, the distribution of the clusters seems to reflect well
the distribution of all possible operating and contingency scenarios. The silhouette plot
in Figure 4-5 (b) confirms this®. Note that the silhouette plot is able to detect the
outstanding scenarios in cluster 1 which have clearly lower and inclusively negative
silhouette values. It will be shown in chapter 5 that an additional cluster, which covers
these outstanding scenarios, does not significantly improve the UFLS scheme design.
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Figure 4-5: (a) Principal component analysis and (b) silhouette plot of the six clusters formed by K-
Means and their associated scenarios.

Figure 4-6 compares the clusters obtained by applying different clustering
algorithms. From Figure 4-6 it is readily identifiable that not only the K-Means and
Fuzzy C-Means algorithms but also KSOM algorithm yielded to nearly the same results,
i.e. extremely similar clusters have been identified. The most perceptible differences can
be detected for the last cluster, covering scenarios with the largest frequency deviations,
and for the second cluster. However, the differences are small shortly after the

* PCA is mathematically defined as an orthogonal linear transformation that transforms the data to a new
coordinate system such that the greatest variance by any projection of the data comes to lie on the first
coordinate (called the first principal component), the second greatest variance on the second coordinate,
and so on [Hand'01].

% The silhouette plot displays a measure of how close each point in one cluster is to points in the
neighboring clusters [Kaufmann'90]. This measure ranges from +1, indicating points that are very distant
from neighboring clusters, through 0, indicating points that are not distinctly in one cluster or another, to -
1, indicating points that are probably assigned to the wrong cluster. Thus, the more rectangular and the
closer to +1 the silhouette of a particular cluster is, the better describes this cluster its associated
scenarios.
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contingency and increase only after about five seconds in the case of the last cluster. A
potential UFLS scheme would have acted during the first two seconds.
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Figure 4-6: Comparison of clusters obtained by K-Means, Fuzzy C-Means and KSOM.

In view of these results, different Data Mining techniques yield to similar results.
This is mainly due to the fact that problem posed by the application example seems to
be well conditioned in terms of a clear definition of a minimum of the optimization
problem inherent to the clustering algorithms. Similar conclusions could have been
drawn for other systems. However, the computational cost of different clustering
algorithms differs: KSOM is computationally heavier than the Fuzzy C-Means or K-
Means; therefore, it is preferable to use Fuzzy C-Means or K-Means with regard to the
computational cost. However, KSOM have the advantage that it does not get stuck in a
local minimum as it might happen in the case of K-Means or Fuzzy C-Means. The
performance of Fuzzy C-Means and K-Means are similar, but Fuzzy C-Means is an
improvement over K-Means if the data set is not clearly subdivided into underlying
partitions (when clusters overlap). Finally, it must be mentioned that these algorithms
define the membership of a particular operating and contingency scenario to a cluster in
function of a distance measure. In general, the more operating and contingency
scenarios are close to a potential centroid, the more it is possible that they form a
cluster. This has a negative impact on a few but clearly distinct operating and
contingency scenarios. These scenarios might be grouped into a “wrong” cluster, even if
they intuitively form an own cluster. This might be a drawback in cases where
extremely severe operating and contingency scenarios were grouped into a cluster
describing a less severe scenario.

Finally, Figure 4-7 compares the proposed approach of representative scenario
identification with the common practice of manual scenario selection. Generation
dispatch scenarios 25 and 26 from Table 4-3 have been chosen (valley and peak
demand) and the outages of the largest and the smallest generator for each of these
system conditions have been simulated. The representative scenarios correspond to the
scenarios obtained by means of the K-Means algorithm. It can be seen from Figure 4-7
that the proposed approach of representative scenario identification covers a wider
range of system responses than the common practice of scenario selection. As a
consequence, an UFLS scheme designed with operating and contingency scenarios
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which have been selected by means of clustering might be more robust than the same
UFLS scheme designed with operating and contingency scenarios selected via the
common practice.
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Figure 4-7: Comparison between (a) representative scenarios (continuous line) and (b) scenarios
selected manually (dashed line).

4-3 OPTIMIZATION OF UFLS SCHEMES

The efficiency of the UFLS scheme depends on the tuning of the UFLS scheme
parameters. Tuning of the UFLS parameters is carried out in function of the selected
scenarios. The problem of UFLS tuning can be stated as an optimization problem.

In the literature and as presented in chapter 2, several optimization strategies have
been pursued and applied to the design of UFLS schemes (e.g. [Lopes'00; Denis Lee
Hau'06]). These strategies include among others steepest descent and quasi-Newton
methods such as Sequential Quadratic Programming (SQP) as well as meta-heuristics
such as Genetic Algorithms. A substantial drawback of gradient and Hessian-based
algorithms lies in the fact that they get caught in local minima. The optimal solution is
therefore highly dependent on the initial guess of the decision variables. Furthermore,
these algorithms have been created for continuous problems. The optimization of an
UFLS scheme, as will be seen later, is a highly discontinuous problem due to step-like
behavior of the UFLS scheme. For discontinuous problems, it is difficult to define
gradients or even Hessians. Thus, due to the problem’s non-linear (generator models)
and discontinuous (UFLS) nature, heuristic algorithms seem to be more adequate to
optimize an UFLS scheme [Lopes'99; Denis Lee Hau'06]. Several candidate heuristic
algorithms exist such as Simulate Annealing (SA), Genetic Algorithms (GA), Tabu
Search, Particle Swarm Optimization (PSO), Pattern Search, etc., but most common are
SA and GA. Henceforth, adaptive Simulated Annealing algorithm will be used in order
to optimize real UFLS schemes. Adaptive Simulated Annealing is an effective
optimization algorithm [Ingber'93] that can be easily implemented and that showed
good performance in terms of computational effort and optimal solutions found and in
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comparison with GA and Patter Search when applied to a simple UFLS scheme design’.
In addition, this optimization algorithm has not been applied to the design of UFLS
schemes so far. In Chapter 5, designs obtained by adaptive Simulated Annealing are
compared with GA-based and SQP-based designs.

Equation (4.5) gives a generic formulation of an optimization problem:
minimize f(x,) s.t.
Ib<x,<ub
h(x,)=0, [=1..,m,

g(x,)<0, I=m,+1,...m

(4.5)

t

where x; are the decision variables bounded above and below by ub and [b, f() is the
objective function, /,(¢) and g/() are the equality and inequality constraints,
respectively, and m, and m;, are the number of equality constraints and the total number
of constraints, respectively. The decision variables are in the case of UFLS scheme
optimization the parameters of the underfrequency and eventually, the ROCOF relays.
In particular:

* The frequency threshold wpsnia. and the intentional time delay ¢, of the
underfrequency relays.

* The frequency threshold wrshidrocor, the ROCOF threshold daw/dt|ipsna and the
intentional time delay #; rocor Of the ROCOF relays.

This selection of the underfrequency and ROCOF relay parameters as decision variables
1s tantamount to a partial, more industry-oriented optimization of the UFLS scheme.

In fact, in most optimization strategies applied to the design of UFLS schemes, the
step size of each UFLS stage, psiep,ur OF Psiep,rocoss T€SPectively, has been considered as a
decision variable, too [Halevi'93; Martinez'93; Lopes'99; Denis Lee Hau'06]. However,
for rather small power systems it does not make sense to adjust the step size. De facto,
the step size is usually defined by the utility and also depends on the feeders connected
to the relays defined by a particular stage and on the priority of the associated loads;
therefore, in smaller power systems such as the La Palma power system, it will be
difficult to find feeder blocks which finally sum up to the desired step size.
Nevertheless, even if the step size is not a decision variable for rather small power
systems, step size of a stage can be varied since it is possible to combine adjacent stages
without compromising the priority constraint. Another possibility could consist in
relaxing priority of stages which allows rearranging stages, similar to a somehow rough
step size optimization. By contrast, in case of bigger systems such as the Gran Canaria
power system, it is possible to adjust the step size since feeder blocks are usually a
small fraction of the total load under relief and thus, can be readily grouped to sum up
to the desired step size. In either case, it is supposed that the implementable step size
coincides with actual step size, neglecting thus step-size variations. The latter is studied
in more detail in chapter 5.

The efficiency of the UFLS scheme firstly depends of the tuning of the relay
parameters and ultimately, on the objective function and constraints imposed to the

7 Note that since heuristics usually depend on their algorithm parameter settings and because not all
existing heuristic algorithms have been tested, this is not equivalent to say that adaptive Simulated
Annealing is the best algorithm.
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optimization problem. Subsequently, the objective function, the constraints and the
applied optimization algorithm are described in more detail.

4-3-1 Objective function

The principal objective of an UFLS scheme is to protect a power system against
instability by curtailing a minimum amount of load. Equation (4.6) formulates a
possible objective function complying with the principal objective:

Si(x,)= Zaf,jpshd,j (x,) (4.6)

where oy is a weighting factor, psq; the amount of shed load in pu for the jth
contingency and M is the total number of contingencies. For example, the weighting
factor ay; could be inversely proportional to the amount of lost power generation in pu.
This is,

a - p loss ,max - p loss ,min

S
p loss, j

This way, load shedding for smaller outages outweighs load shedding for larger
outages, which finally should reduce or even avoid load shedding for smaller outages. It
could be also possible to determine the weighting factor a;; according to the number of
operating and contingency scenarios (NVR in Figure 4-4) associated to each
representative scenario, trying to reduce, if possible, the amount of shed load for
representative scenarios with a larger number of associated operating and contingency
scenarios.® Figure 4-8 shows the shape of the objective function f; in case of a very
simple UFLS scheme with only one stage and where only the frequency threshold is
optimized, i.e. the decision variable x; contains only the frequency threshold. Clearly,
the objective function f; is discontinuous. Furthermore, the definition of gradients of
this objective function would be useless.

/A

P> X,
Figure 4-8: Shape of the objective function f;.

Another possible and more generic formulation of the objective function is given by
equation (4.7). The composite objective function f, adds to the objective function f; a
term related with the minimum frequency of each contingency j:

M M
fr(x,)= z Q; P (x,)+ z /Bf,jAwmm,j (x,) 4.7)
= =

¥ The weighting factor does not necessarily influence the final solution. In fact, the settings of UFLS
scheme parameters are not independent of the considered operating and contingency scenarios. For
example, although less load could be shed for one scenario, in presence of a second, worse scenario, the
amount of load shed in the first scenario must be increased in order to be able to comply with constraints
in the second scenario.
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where oy; and f;; are weighting factors. Again, the weighting factors could be inversely
proportional to the amount of lost power generation in pu. In this case, ay; should be
arranged in ascending order, from the smallest to the largest loss, and f;; in descending
order. In addition, f;; could be multiplied by the equivalent gain k., of the generators to
obtain numerically comparable measures. Mathematically, this can be expressed as
follows:

—_ plass,max _pluss,min

a., .
1 ploss,j
0 0 Koyt
ke M-1 O
B, = 0 ! |
0 0

This way, for example, the minimum frequency deviation outweighs the amount of
shed load for larger outages. In other words, the amount of lost load is less important
than the minimum frequency deviation. Another possibility is to choose both as; and f;;
equal to unity [Denis Lee Hau'06], enabling the definition and use of gradients. In this
case, the minimum frequency related term simply smoothes the objective function.
Figure 4-9 shows the shape of the objective function f; in case of a very simple UFLS
scheme with only on stage and where only frequency threshold is optimized. The
objective function f; is still discontinuous, but the effect of the term related with the
minimum frequency appears clearly.
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|

Figure 4-9: Shape of the objective function f,

> X,

Finally, two other possible formulations of the objective function are given by
equations (4.8) and (4.9). Again, oy, B, y;; and Oy are weighting factors of the
composite objective functions f; and f5.

M M
1
S0 =208, P () + 208, [ 5 a0 (0 (48)
J= J=
M M
ﬁl (x) = z ﬂf,jAa)min,j (Xd) + Z Jf‘,jAa)ss,j (Xd) (49)
j=1 Jj=1

The objective function f; [Halevi'93] is similar to the one stated in equation (4.7),
but instead of adding a term related to the minimum frequency, the integral of the
frequency deviation is added. The difference between the objective functions f; and f; is
then that f; attempts to minimize, apart from the amount of shed load, the overall
frequency deviation and not only the term related to the minimum frequency. The
objective function f; is rather exotic since it does not include the amount of shed load,
but instead the post-contingency steady-state frequency deviation.

Subsequently, the objective function f; given in equation (4.6) is used with a
weighting factor oy; equal to unity. This is justified by the fact that the principal
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objective of the UFLS design process is to minimize the amount of shed load. Power-
system stability can be guaranteed by adequately implementing some specific
constraints such as minimum and maximum allowable frequencies, etc. As long as
frequency deviations stay within the established range and comply with the constraints
on minimum and maximum allowable frequencies, there is little reason to shed more
load in order to reduce frequency deviations and therefore, the objective function does
not need to include frequency deviations. Note that objective functions including a
frequency-related term might lead to more conservative UFLS scheme designs in the
sense that these schemes will shed more load while reducing frequency deviations. The
impact of varying the objective function is studied in chapter 5.

4-3-2 Constraints

According to the criteria outlined in chapter 2, the constraints can be divided into two
principal categories. The first one contains the constraints imposed by the power
system, whereas the second category covers the constraints with respect to the
performance of the UFLS scheme. Here, the constraints of the first category are:

* The minimum and maximum allowable frequency values.

In general, the constraint of minimum allowable frequency is accompanied by a
maximum time delay during which the frequency can stay below the minimum
allowable frequency. Typical values for small isolated power systems are 47.5 Hz
during maximum 3 s [REE'05]. The maximum allowable frequency varies between 51.5
and 52 Hz.

The constraints with respect to the performance of the UFLS scheme used here are:

* The UFLS scheme should not act once the frequency has passed its minimum
value (or short instant of shedding).

* The UFLS scheme should respect the priority of loads (or short priority).

* The amount of shed load must be lower than or at most equal to the amount of
lost real power (or short amount of shed load).

These constraints can be mathematically formulated as inequality constraints g,(x,)<0,
for [ = m,+1,...,m; where m, is the number of equality constraints, m, the total number
of constraints and x, is a vector containing the decision variables, i.e.:

a)thrshld uf

a)thrshld Jrocof

d a/
dt thrshia

X, = t

t

intuf
int,rocof

p step uf

L pstep,racaf i

These decision variables are the frequency thresholds, the intentional time delays and
the step sizes of underfrequency and ROCOF stages. Functions gi(¢) and g»(¢) in
equation (4.10) describe the constraints of the first category, confining frequency
deviation within minimum and maximum allowable frequency values, Awuinaiiowabie
AWmax.aliowavie- NOte that the constraint on minimum allowable frequency is usually
accompanied by a maximum time delay #,,.; during which the frequency of the jth
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operating and contingency scenario (of totally M scenarios) can stay below the
minimum allowable frequency.

gl (Xd ° t) = Aa)min,allowable - Aa‘)min,j (Xd) for 1< tmax,j > ] = 1’ ’M (4 10)
gZ (Xd) = Aa)max,j (Xd) - Aa)max,allowable .

Functions g3(*), g4(*) y gs(*) in equation (4.11) implement the constraints associated
to the second category. Constraint g3(*) restricts the instant of shedding t,4; of the jth
operating and contingency scenario to the instant of minimum frequency Zumin,.
Function g4(¢) controls the priority by imposing a minimum difference of o, Hz
between the frequency thresholds w5, 0f two consecutive stages. A comment must be
made with respect to this implementation. In fact, this constraint causes that there is a
difference of o, Hz between each stage of the UFLS scheme and thus, only indirectly
controls the criterion on priority of the loads’. During the optimization process, the
constraint on priority is evaluated. Nonetheless, it might be desirable to impose a certain
difference of o,, Hz between adjacent stages. Finally, constraint gs(*) limits the amount
of shed load p,q; to the amount of lost generation py .

g,(x,) =tshd,j(xd)—twmm,j (xd) for j=1,..,.M

-1 1 0 00 0 0 0] [o,]
0 0 0
000 -11]0 0
g,(x,)= 0 11 X-
0 0
0 0 0 -1 1]0 0 0 0| |o,]

gs(x,) = Pia,j (x,)~ Pioss,j
(4.11)

Finally, the decision variables are bounded above and below as indicated in
equation (4.12). The range of the frequency threshold of the underfrequency relays
Oumrshidur 1S typically between 47 and 49 Hz, whereas the range of the frequency
threshold of the ROCOF relays @ shia rocor varies between 49.3 to 49.8 Hz. The ROCOF
threshold dw/dt| s depends on the power system and ranges usually between -
0.5 Hz/s and -2.5 Hz/s. The intentional time delays ;. and fiu rocor vary typically
between 0 and 0.5 to 1 s. The step size varies normally between 10 and 15% of the load
demand [REE'95]. In [Denis Lee Hau'06], the step size pyep.r ranges between 5 and
20% for underfrequency steps, whereas for ROCOF steps, the step size piiep,rocor Mmay
vary between 0 and 50% of the total load demand.

? Priority is guaranteed for the cases where the intentional time delay is very small and frequency
thresholds are used to differentiate the UFLS stages. In these cases, there exists no overlapping of UFLS
stages. However, time delays are not always very short and thus, the (i+1)th stage may act without the ith
stages acts.
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i a)lhrvhld uf ,min ] i a)lhrvhld uf ,max ]
lhrvhld ,rocof ,min lhrvhld ,rocof ,max
/dtthrsh[d min /dtthrsh[d max (4 12)
tint,uf,min SXs tint,uf,max .
int,rocof ,min tint,racaf,max
pslep,u ",min pslep,tg/ ,max
L pslep,mco/',miﬂ B L pslep,mcq/,max i

4-3-3 Solution by Simulated Annealing

The Simulated Annealing algorithm was independently introduced and applied to an
optimization problem by Kirkpatrick [Kirkpatrick'83] and Cerny [Cerny'85]. Simulated
Annealing is a heuristic method suited to solve complex optimization problems of
combinatorial nature. Typical examples are the travelling salesman or the component
placement problem [Kirkpatrick'83; Dowsland'03].

This classical algorithm relates the annealing of a material, i.e. finding its minimum
energy state, to the solution of an optimization problem. If a liquid material anneals too
fast, it solidifies in a suboptimal energy state. In contrast, a slow annealing process
guarantees an optimal solidification (minimum energy state). Mathematically, this has
been described by the Metropolis algorithm which simulates the energy variations of a
system of particles with decreasing temperature, until a minimum energy state is
reached [Metropolis'53].

At a certain temperature z, a new possible solution (i.e. the configuration ) is
retained with a probability following a Boltzmann distribution, even if its associated
energy state is worse than the one obtained by the previous configuration. If the energy
state of the new solution is lower than the energy state of the previous solution, the new
solution is automatically accepted. The classical Simulated Annealing algorithm tends
to find minimum energy states with progressively decreasing temperatures. Figure 4-10
summarizes the Simulated Annealing algorithm.
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1. define 7 , I
2.8etty—> 1, [)— 1,

actual
3. while 7,> T,,;, or not Stop Criterion

4. while not Equilibrium

5. create [ disturbed

6. EI = E(Factual)

7. EZZ E(F disturbed)

8. AE=E,-E,

0. ifAE <0 3
10. I disturbed I actual

11. else

12. if e AE/ 7 > Random > Metropolis
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Figure 4-10: Classical Simulated Annealing algorithm.

The algorithm starts with an initial configuration of the variables 77, commonly
random, and an initial temperature 7, (lines 1 and 2). For a given temperature 7; at
iteration k, the energy states of the current and the disturbed configuration are calculated
and compared (lines 5-8). If the energy of the disturbed configuration is lower than the
energy of the current configuration, the disturbed configuration is accepted (lines 9 and
10). In the contrary case, the disturbed configuration is accepted with a probability from
a Boltzmann distribution (lines 12 and 13). This is repeated until the energy equilibrium
has been reached. Then the temperature is lowered (line 17). With lower temperature,
fewer configurations which deteriorate the solution are accepted. The algorithm stops
when the temperature has fallen below a certain minimum or when another stop
criterion has been fulfilled (e.g. relative improvement of the objective function over a
certain number of iterations).

In an optimization problem, the temperature loses its physical meaning and only
acts as a control parameter. The initial temperature 7y should be sufficiently high to
accept most of all disturbed configurations and to guarantee somehow the independence
of the initial solution [Kirkpatrick'83; White'84; Dowsland'03]. In [Johnson'89], it is
suggested that the initial temperature is such that the initial acceptance probability is
about 40%. Clearly, if the initial temperature is set to the standard deviation of the
objective function, then the initial acceptance probability is about 40% [White'84]. It is
however also possible to iteratively determine the initial temperature in order to obtain a
desired initial acceptance probability as proposed in [Kirkpatrick'83].

The condition of the energy equilibrium can be implemented using an iteration
loop. For example, in [Johnson'89] the number of iterations L is determined by
multiplying the expected neighborhood size by a constant and after L iterations, the best
solution and its associated configuration are considered as the state of energy
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equilibrium.'® The condition of energy equilibrium can be avoided using the so-called
adaptive Simulated Annealing algorithm [Ingber'89; Ingber'93] presented hereafter.

The disturbed configuration can be obtained in various ways by changing one or
several elements of the current configuration. In either case, the neighborhoods must be
defined such that any point in the finite search space is reachable from any other point
through traversals of neighboring points. Thus, the generation probability to create a
disturbed configuration from the current configuration must be bigger than zero and the
sum of all generation probabilities from a given current configuration must equal to one.
Several generation functions have been reported:

* Randomly pick an element of the current configuration and randomly select a
value within the element’s bounds [Brooks'95]

* Add a Boltzmann-distributed perturbation to the current configuration [Szu'87]

e Add a Cauchy-distributed perturbation to the current configuration [Szu'87,
Wah'99]

* Add a Gaussian-distributed perturbation to the current configuration [Wah'99]
* Add an uniform random variable to the current configuration [Guo'05]

Commonly, to confine the neighborhood, generation functions or some of their
parameters depend on the temperature or on the rate of accepted and rejected
configurations [Ingber'93; Wah'99].

Nonetheless, most important to Simulated Annealing is the choice of the cooling
(annealing) schedule [Dowsland'03]. An infinitely slow cooling scheme guarantees the
convergence to the global optimum. However, the convergence is only guaranteed for
an infinitely slow cooling which is not realistic. In [Hajek'88], it was shown that a
cooling schedule following an inverse logarithmic function multiplied by the maximum
depth guarantees asymptotic convergence to the global optimum. However, the value of
the maximum depth to escape local optima is in practice unknown. Thus, several
cooling schedules have been proposed in the literature:

» geometric (exponential) [Kirkpatrick'83; Ingber'93]: 74+, = a,
» reciprocal [Szu'87]: 7 = 79 /k
e rational [Lundy'86]: t4+; = © A1 +b; )

In general, the geometric cooling schedule is used, with a, taking values between 0.8
and 0.97.

It is interesting to see that in function of the neighborhood function and the cooling
schedule, different Simulated Annealing algorithms can be identified. If a inverse
logarithmic cooling schedule and a Boltzmann-distributed neighborhood were used, the
classical Simulated Annealing is obtained, whereas if a reciprocal cooling schedule and
a Cauchy-distributed neighborhood were used, Fast Simulated Annealing is obtained
[Szu'87]. If a geometric cooling schedule and a specific, shrinkable uniform
neighborhood distribution were employed, one obtains the Adaptive Simulated
Annealing algorithm. This algorithm is used throughout this dissertation for the
optimization of UFLS schemes due to its good performance. It has also been

' From any given state s, there are a set of states, say N, where transitions from s are allowed, i.e. these
states must be reachable through traversals of neighboring states. N is then set of neighbors of s. If only
one element of a configuration can be changed, then the neighborhood size coincides with the number of
decision variables.
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implemented by Matlab. Adaptive Simulated Annealing includes also Reannealing
which periodically rescales the temperature in function of the sensitivity of the objective
with respect to the configuration [Ingber'89]. Reannealing attempts to stretch out the
range over which the relatively insensitive configuration elements are being searched.

Finally, the energy state is equivalent to the objective function value. A penalty
term needs to be added to the objective function to handle the constraints with Adaptive
Simulated Annealing. Equation (4.13) describes the energy function.

E(x,)=f(x,)+@g/(x,)), [=m +],...m, (4.13)

where f{*) is the objective function and @(°) is the penalty term associated to the
constraints. The simplest implementation of a penalty function consists in death
penalties, i.e., rejecting all infeasible solutions. Barrier functions offer another
possibility. This means, if a solution is infeasible, i.e. some constraints are violated, a
sufficiently large constant is added to the objective function. Such simple penalty
functions define therefore a very restrictive feasibility region. A more sophisticated
penalty function determines the degree of constraint violation and takes into account the
importance of the constraint. The degree of violation can be either the number of
constraint violation or the amount of constraint violation, or both [Yeniay'05]. Usually,
constraints can be divided into soft and hard. Hard constraints need to be fulfilled
always (e.g. the minimum allowable frequency), whereas soft constraints can be
violated in a certain degree. Thus, the penalty function should strongly penalize the
violation of the minimum allowable frequency constraints but not the constraints
corresponding to the latest shedding instant, for example. Good results have also been
obtained by including temperature dependent penalty functions [Stern'92]. In [Wah'99],
the constrained Simulated Annealing algorithm is presented which includes Lagrange
multiplier in the search space and increases their values accepting lower values similar
to the Metropolis criterion. However, due to the Simulated Annealing’s property to
accept from time to time worse solutions, relatively simple penalty function
formulations lead to feasible, satisfactory results [Zabinsky'03].

Subsequently, the adaptive Simulated Annealing algorithm 1is applied to
optimization of UFLS scheme designs. Adaptive Simulated Annealing is shown in
Figure 4-11.
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18. end

19. end

Figure 4-11: Adaptive Simulated Annealing algorithm.

The working principle is similar to the one of the classical Simulated Annealing
summarized in Figure 4-10. The initial temperature 7, is determined by the value of the
energy function of the initial configuration. The initial solution (or configuration) /7 is
given by settings of the existing UFLS scheme. The stop criterion Stall corresponds to
the satisfaction of the relative improvement of the objective function over a certain
number of iterations (line 3). This iteration number depends on the number of decision
variables. In line 4, a shrinkable, temperature-dependent uniform neighborhood
distribution is used to create the disturbed configuration (u is a uniformly distributed
random variable). Ranger is the range of the decision variables (see section 4-3-2).
Again, the Metropolis algorithm is applied to accept or reject a new configuration
I gisuurvea- The temperature at iteration k, 7z, is lowered according to a geometric cooling
scheme (line 15). Line 16-18 show the mechanism of Reannealing, activated after a
certain number of disturbed configurations Reanneallnterval have been accepted
(typically 100). Constraints are implemented via penalty functions depending on the
degree of constraint violation and taking into account the importance of the constraint.
In its most generic formulation, the penalty function is:

m;

Ax,)=H Z d, (Cl,l +C,,8 (Xd )) (4.14)

I=m,+1

where d; indicates whether the constraint / is active (i.e. 1) or not (i.e. 0), whereas C;;
and C,; are penalty constants and u an iteration dependent factor. These constants also
ensure that the importance of the constraint is taken into account. In fact, C;; is chosen
such that the sum of soft-constraint violations (e.g., instant of shedding) is always
inferior to the sum of hard-constraint violations (e.g., minimum allowable frequency).
Equation (4.14) resembles the co-evolutionary penalty function described by
[Coello'99]. If penalty constant C5; is set to 0, a penalty function uniquely depending on
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the number of constraint violations is obtained, similar to the one used in [Kuri-
Morales'02] and in [Skiena'98] for Simulated Annealing.

4-3-4 Application example

As an example, the optimization of the La Palma UFLS scheme is shown. According to
the common practice of operating and contingency scenarios selection, generation
dispatch scenarios 25 and 26 of Table 4-3 have been chosen, corresponding to valley
and peak load-demand levels, and the outages of the largest and the smallest generator
for each system operating condition, i.e., generation dispatch scenario, will be
simulated. In particular, the outages of generators DPG and G17 for generation dispatch
scenario 25 and the outages of DPG and G17 for generation dispatch scenario 26 are
considered. Table 4-5 gives some additional information on the selected operating and
contingency scenarios.

Table 4-5: Operating and contingency scenarios of the La Palma power system according to the
common practice.

Scenario Generator Pdem (MW) Ploss (MW) (%)

25 G17 18.09 9.16 (50.6)
25 DPG 18.09 2.23 (12.3)
26 G17 37.1 11.38 (30.7)
26 DPG 37.1 2.23 (6.0)

Table 4-6 details the existing UFLS scheme of the La Palma power system. This
UFLS scheme will be optimized taking into account the following constraints:

e <48 Hz for maximum 2 s
w>47 Hz and w <52 Hz

* Instant of shedding, i.e. no shedding after the instant of minimum frequency

* Priority, i.e. maintaining the priority associated to each stage
* The amount of shed load [MW] < the amount of loss power generation [MW]

Constraints imposed on minimum allowable frequency are more restrictive than those
described in section 2-3-3 (e.g. @ < 47.5 Hz for maximum 3 s). This leads to a more
conservative scheme and gives therefore a certain safety margin. Further, more
restrictive constraints might also benefit UFLS scheme performance in the case of
assumed step sizes do not correspond with actual step size due to feeder-load variation,
feeder outages or breaker failures. The latter is studied in more detail in chapter 5.
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Table 4-6: Existing UFLS scheme of the La Palma power system.

Underfrequency relays
Stage ® (Hz)  tiy (5) topn () Step size (%) Cumulative (%)
1 48.81 0.6 0.2 7.1 7.1
2 48381 0.9 0.2 0.6 7.7
3 48.66 1.3 0.2 14.5 22.2
4 48.66 1.8 0.2 3.6 25.8
5 48.66 23 0.2 7.3 33.1
6  48.00 1.2 0.2 13.6 46.7
7 48.00 1.7 0.2 12.5 59.2
8 47.00 1.8 0.2 4.2 63.4
9  47.00 2.1 0.2 15.1 78.5
10 47.00 2.4 0.2 20.5 99
ROCOF relays
Stage ® (Hz) dw/dt (Hz/s) ti, (s) topn (S) Step size (%) Cumulative (%)
1 49.50 -1.8 0.1 0.2 7.1 7.1
2 4950 -1.8 0.1 0.2 0.6 7.7
3 49.50 -1.8 0.1 0.2 14.5 222
4 49.50 -1.8 0.1 0.2 3.6 25.8

A partial, more industry-oriented optimization strategy is applied. In other words,
the decision variables are the parameters of the underfrequency and ROCOF relays; in
particular, the frequency thresholds, ROCOF thresholds and the intentional time delays.
The UFLS scheme parameters are bounded above and below as follows:

* 47 Hz < Frequency threshold of the underfrequency relays <49 Hz
* 49.3 Hz < Frequency threshold of the ROCOF relays < 49.8 Hz

* -1.5 Hz/s > ROCOF threshold of the ROCOF relays > -2.5 Hz/s

* 0 s < Intentional time delay for both relay types < 0.5 s

The step sizes of the underfrequency and ROCOF steps have not been considered here
as decision variables and therefore, the step sizes of the existing UFLS scheme have
been used. This coincides with a partial, more industrial-oriented strategy. In fact, the
step size is usually defined by the utility and also depends on the feeders connected to
the relays defined by a particular stage and on the priority of the associated loads;
therefore, in smaller power systems such as the La Palma power system, it will be
difficult to find feeder blocks which finally sum up to the desired step size. In chapter 5,
the inclusion of step sizes as decision variables is studied, i.e., a complete optimization
strategy is pursued.

The optimization is carried out using the adaptive Simulated Annealing algorithm
discussed in section 4-3-3 and shown in Figure 4-11. Parameter a, of the cooling
scheme is set to 0.95, the interval of Reannealing is set 100 and parameter u of the
penalty function has been assumed constant and set to 1. These are typical values for the
adaptive Simulated Annealing algorithm. The initial temperature 7, is determined by the
value of the energy function of the initial configuration, i.e., the settings of the existing
UFLS scheme. Assuming that the constraint on the instant of shedding is less important
than the constraint on priority which, in turn, is less important than the constraints on
allowable frequencies and amount of shed load, the penalty constant C;; for the
constraint on the instant of shedding is set to 1, C;; related to the constraint on priority
is set to 5 and C;; associated to the constraints on allowable frequencies and amount of
shed load is set to 25. In other words, the algorithm prefers that for the four considered
operating and contingency scenarios, constraints on instant of shedding and priority are
violated instead of constraints on allowable frequencies or the amount of shed load. C,;
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is adapted during the adaptive Simulated Annealing such that the amount of constraint
violation is taken into account but without distorting the importance of the constraint
imposed by C;,; These setting have been experimentally determined and led to
satisfactory results.

Table 4-7 shows the optimized UFLS scheme (adjusted steps in red bold). The
number of stages optimized depends on the maximum amount of lost power generation.
For, example, the outage of generator G17 for the generation dispatch scenario 25
implies a lost of 50.6 % of power generation. Thus, using the first six stages of the
UFLS scheme in Table 4-6, the system can be stabilized and consequently, the first six
stages have been optimized. This indicated by red bold characters. It can be inferred
from Table 4-7 that the optimization algorithm lowered the frequency threshold values
and decreased the values of the intentional time delays. Note that the new ROCOF
threshold is close to the original one, although a bit lower. Remaining steps (7 to 10)
could be used as backup steps in case of step-size variations or non-responding turbine-
governor systems (see chapter 5).

Table 4-7: Optimized UFLS scheme of the La Palma power system.

Underfrequency relays
Stage ® (Hz)  tjy () topn (8)  Step size (%) Cumulative (%)
1 48.20 0.49 0.2 71 7.1
2 48.08 0.21 0.2 0.6 7.7
3 47.98 0.23 0.2 14.5 22.2
4 47.81 0.5 0.2 3.6 25.8
5 47.60 0.15 0.2 7.3 33.1
6 4744 0 0.2 13.6 46.7
7  48.00 1.7 0.2 12.5 59.2
8 47.00 1.8 0.2 42 63.4
9  47.00 2.1 0.2 15.1 78.5
10 47.00 2.4 0.2 20.5 99
ROCOF relays
Stage ® (Hz) dw/dt (Hz/s) tiy (s) topn () Step size (%) Cumulative (%)
1 4955 -2.1 0.05 0.2 7.1 7.1
2 4955 2.1 0.05 0.2 0.6 7.7
3 4955 -2.1 0.05 0.2 14.5 22.2
4 49.55 -2.1 0.05 0.2 3.6 25.8

Figure 4-12 and Table 4-8 compare the two UFLS schemes. Figure 4-12 shows the
impact on system frequency of both, the existing and the optimized UFLS scheme.
From Figure 4-12, one can see that the minimum and maximum frequency deviations
clearly exceed the minimum and maximum allowable frequency deviations in case of
the existing UFLS scheme. Frequency overshoot also indicates overshedding. In the
case of the optimized UFLS scheme, frequency is confined within the allowable
frequency range.
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Figure 4-12: Comparison of the SFD model responses of the existing and the optimized UFLS
scheme of the La Palma power system.

Table 4-8 provides some additional information on the performance of both the
existing and the optimized UFLS scheme. Table 4-8 indicates whether the UFLS
scheme satisfies the constraints on its performance (state) and in addition, provides a
cause in case of constraint violation. For example, it can be inferred that the existing
UFLS scheme sheds too much load for the first contingency (error state with cause 2).
Furthermore, load is shed after the frequency has passed its minimum. Overshedding is
also the reason for the large frequency overshoot and the resulting frequency instability
since generators can not lower their output to the new demand level. Finally, it can be
seen from Table 4-8 that the optimized UFLS scheme sheds less amount of load than
the existing UFLS scheme and that no constraint on its performance is violated. Thus,
the existing UFLS scheme has been successfully improved with respect to considered
operating and contingency scenarios.

Table 4-8: Comparison of the performance of the existing and the optimized UFLS scheme of the
La Palma power system.

Existing UFLS scheme Optimized UFLS scheme
Scenario Generator (MW) omin (Hz) omax (Hz) #Relays Pshed (MW) State Cause|owmin (Hz) omax (Hz) #Relays Pshed (MW) State Cause
25 9.16 (50.6) 45.95 57.96 11 10.71 error 2,3 47.06 50.93 10 8.45 correct
25 2.23(12.3) 48.94 50.1 0 0 correct 48.94 50.1 0 0 correct
26 11.38 (30.7) 48.37 50.8 3 8.24 error 3 48.26 50.03 0 0 correct
26 2.23 (6.0) 49.7 50.01 0 0 correct 49.7 50.01 0 0 correct

1 priority

2 overshedding

3 late shedding

To come to full circle, both, the existing and the optimized UFLS scheme are
applied to all possible operating and contingency scenarios. Figure 4-13 compares the
performances of both UFLS schemes. According to Figure 4-13, the amount of shed
load has been remarkably reduced after implementing the optimized UFLS scheme.
This is also reflected in the lower number of relays which opened. In addition, fewer
errors (e.g. overshedding, priority, etc.) occurred thanks to the optimized UFLS scheme.
It is however interesting that the total minimum frequency deviations remained more or
less constant. This is mainly due to the fact that the optimized UFLS scheme, in contrast
to the existing UFLS scheme, does not act for less severe outages (the majority of
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outages as seen in section 4-2-3) and consequently, accepts frequency to deviate in such
cases without shedding.
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Figure 4-13: Comparison of the existing and optimized UFLS scheme of the La Palma power
system.

Finally, Figure 4-14 and Figure 4-15 show the responses of the power system to all
possible operating and contingency scenarios. Figure 4-14 depicts the effect of the
existing UFLS scheme on system frequency, whereas Figure 4-15 exhibits the effect of
the optimized UFLS scheme. It can be inferred that the existing UFLS scheme exhibits
a much worse performance with respect to the minimum and maximum allowable
frequencies than to optimized scheme. In fact, it is likely that the power system turns
unstable in the case of the existing UFLS scheme.

Frequency (Hz)

Y

45 : :

Effect of the existing UFLS design [
Allowable frequencies

1
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 4-14: Responses of the power system to all possible outages for all operating conditions with
the existing UFLS scheme of the La Palma power system.
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Figure 4-15: Responses of the power system to all possible outages for all operating conditions with
the optimized UFLS scheme of the La Palma power system.

4-4 APPLICATION OF THE DESIGN METHOD TO REAL POWER
SYSTEMS WITH PENETRATION OF DECOUPLED POWER
GENERATION

The proposed method for the design of UFLS schemes is applied to the power systems
of the La Palma and the Gran Canaria islands. La Palma and Gran Canaria power
systems are isolated systems of different size. La Palma has peak demand of about
35 MW compared to the 530 MW peak demand of the Gran Canaria power system.
Briefly, the proposed method consists in optimal tuning of the UFLS scheme parameters
based upon operating and contingency scenarios which have been selected by means of
clustering techniques. The objective is to minimize the amount of shed load as
described by equation (4.6) with respect to specified constraints. In what follows, first,
UFLS schemes are designed using the Matlab toolbox presented in more detail in the
appendix A. Afterwards, these designs are validated using more sophisticated power-
system simulation software such as PSS/E.

4-4-1 La Palma power system

Table 4-1 and Table 4-3 contain the SFD model parameters and the generation dispatch
scenarios of the La Palma system with 40% of the installed capacity of decoupled
power generation, covering around 10% of the total demand. Table 4-6 shows the
existing UFLS scheme of the La Palma power system. To show the superior robustness
of the proposed method of UFLS scheme design, the proposed UFLS scheme will also
be compared with the optimized UFLS scheme obtained in section 4-3-4 using the
common practice of scenario selection (see Table 4-7).

In a first step, the representative operating and contingency scenarios are
determined. The number of clusters is set to four according to the results obtained in
section 4-2-3. This also eases the comparison with the optimized UFLS scheme. Figure
4-16 compares the operating and contingency scenarios selected by applying the
common practice (see section 4-3-4) and the clustering-based method. Clearly, the
clustering-based method covers a wider range of possible system responses. Table 4-9



Design of UFLS schemes of small isolated power systems 97

gives some additional information on the representative operating and contingency
scenarios.
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Figure 4-16: Comparison of the operating and contingency scenarios selection applying the
common practice and the clustering-based method.

Table 4-9: Representative operating and contingency scenarios of the La Palma power system.

Scenario Generator Pdem (MW) Ploss (MW) (%)

10 G20 32.15 6.7 (20.8)
4 G17 18.29 8.96 (49.0)
16 G16 29.98 4.74 (15.8)
15 Gl1 30.74 2.35(7.6)

Again, the existing UFLS scheme of the La Palma power system of Table 4-6 will
be optimized taking into account the following constraints:

*  ® <48 Hz for maximum 2 s

* w>47Hzand w <52 Hz

* Instant of shedding, i.e. no shedding after the instant of minimum frequency
* Priority, i.e. maintaining the priority associated to each stage

* The amount of shed load [MW] < the amount of loss power generation [MW]

Constraints imposed on minimum allowable frequency are more restrictive than those
described in section 2-3-3 (e.g. @ < 47.5 Hz for maximum 3 s). This leads to a more
conservative scheme and gives therefore a certain safety margin. Further, more
restrictive constraints might also benefit UFLS scheme performance in the case of
assumed step sizes do not correspond with actual step size due to feeder-load variation,
feeder outages or breaker failures. The latter is studied in more detail in chapter 5.

Like in section 4-3-4, a partial, more industry-oriented optimization strategy is
applied, tuning frequency thresholds, ROCOF thresholds and intentional time delays of
underfrequency and ROCOF relays. The UFLS scheme parameters are bounded above
and below as follows:

* 47 Hz < Frequency threshold of the underfrequency relays < 49 Hz
* 49.3 Hz < Frequency threshold of the ROCOF relays < 49.8 Hz
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* -1.5 Hz/s > ROCOF threshold of the ROCOF relays > -2.5 Hz/s
* 0 s <Intentional time delay for both relay types < 0.5 s

Again, the step sizes of the underfrequency and ROCOF steps have not been considered
as a decision variable and therefore, the step sizes of the existing UFLS scheme have
been used. In chapter 5, the inclusion of step sizes as decision variables is studied. Table
4-10 shows the proposed UFLS scheme (adjusted steps in red bold characters). The
number of stages optimized depends on the maximum amount of lost power generation.
As indicated in section 4-3-4, the first six stages have been optimized. With respect to
the existing UFLS scheme shown in Table 4-6, frequency thresholds of the
underfrequency relays have been lowered, whereas frequency thresholds of the ROCOF
relays have been slightly increased and their time delays have been lowered. The latter
allows a faster UFLS scheme intervention. Note that the new ROCOF threshold is lower
than the one of the solely optimized UFLS scheme (see Table 4-7). The same value as
in Table 4-7 could be used without worsening the results. In fact, the adaptive
Simulated Annealing algorithm is not able to distinguish these two ROCOF threshold
settings since they give rise to the same objective function value. In addition, intentional
time delays of the underfrequency steps are smaller and the first frequency threshold is
slightly higher, whereas frequency thresholds of steps 2 to 6 are lower. Remaining steps
(7 to 10) could be anew used as backup steps in case of step-size variations or non-
responding turbine-governor systems (see chapter 5).

Table 4-10: Proposed UFLS scheme of the La Palma power system.

Underfrequency relays
Stage ® (Hz)  tin (5) topn (5)  Step size (%) Cumulative (%)
1 48.32 0.03 0.2 7.1 7.1
2 47.95 0.22 0.2 0.6 7.7
3  47.83 0.01 0.2 14.5 22.2
4 47.69 0.11 0.2 3.6 25.8
5 4758 0.05 0.2 7.3 33.1
6 4734 0.01 0.2 13.6 46.7
7  48.00 1.7 0.2 12.5 59.2
8 47.00 1.8 0.2 4.2 634
9 47.00 2.1 0.2 15.1 78.5
10 47.00 2.4 0.2 20.5 99
ROCOF relays
Stage ® (Hz) dw/dt (Hz/s) tiy (s) topn (S) Step size (%) Cumulative (%)
1 49.54 -2.4 0.04 0.2 7.1 7.1
2 49.54 -2.4 0.04 0.2 0.6 7.7
3 49.54 -2.4 0.04 0.2 14.5 22.2
4 49.54 -2.4 0.04 0.2 3.6 25.8

Figure 4-17 plots the SFD model responses for the four representative operating
and contingency scenarios after implementing the proposed UFLS scheme. Note that
the UFLS scheme only acts for the last two operating and contingency scenarios of
Table 4-9 due to their higher relative power losses.
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Figure 4-17: Performances of the proposed UFLS scheme of the La Palma power system.

To demonstrate the superior robustness of the proposed UFLS scheme, both the
optimized UFLS scheme and the proposed UFLS scheme have been consecutively
applied to the all possible outages of all system-operating conditions, i.e., all generation
dispatch scenarios. Remember that the optimized scheme has been obtained using
scenarios determined by the common practice, whereas the proposed scheme is the
result of the application of the optimization to representative operating and contingency
scenarios.

Figure 4-18 summarizes and compares the performances of both UFLS schemes.
Three important characteristics with respect to the robustness of the proposed design
can be deduced from Figure 4-18. First, the number of errors (occasions of poor
performance) is remarkably reduced in the case of the proposed scheme. Frequency
deviations have also been reduced which is indicated by the lower sum of minimum
frequency deviations (corresponding to minimum frequencies). Finally, the amount of
shed load has been significantly reduced thanks to the proposed design. This can also be
deduced from the total number of relays which have opened.
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Figure 4-18: Comparison of the optimized and the proposed UFLS scheme of the La Palma power
system.

Figure 4-19 and Figure 4-20 confirm some of the findings illustrated in Figure 4-18.
Figure 4-19 depicts the impact of the optimized UFLS scheme on system frequency,
whereas Figure 4-20 shows the effect of the proposed UFLS scheme. The lower amount
of shed load occasioned by the proposed scheme is tantamount to reduced
overfrequency. The slightly lower total frequency deviation is also observable
comparing Figure 4-19 and Figure 4-20. Note, however, that frequency falls slightly
below the 47 Hz—0 s restriction in the case of the proposed UFLS scheme. In view of
these results, it can be concluded that the proposed design guarantees a robust and
efficient UFLS scheme.
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Figure 4-19: Responses of the La Palma power system to all possible outages for all operating
conditions with the optimized UFLS scheme of the La Palma power system.



Design of UFLS schemes of small isolated power systems 101

53

52

Frequency (Hz)

461

Effect of the proposed UFLS scheme 1

Allowable frequencies

45 | | | i i i i i i
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 4-20: Responses of the La Palma power system to all possible outages for all operating
conditions with the proposed UFLS scheme of the La Palma power system.

Finally, the proposed UFLS scheme is validated using more sophisticated power-
system simulation software such as PSS/E software package. Consider the plausible and
severe outage of generating unit G17 for the valley load-demand level corresponding to
generation dispatch scenario 25 in Table 4-2. The outage of G17 is equivalent to a loss
of 50.6% of the total load demand. Figure 4-21 compares frequency once simulated
with the original PSS/E model and once simulated using the SFD model. It can be
inferred from Figure 4-21 that both simulations coincide satisfactorily. In fact, the
maximum difference in frequency is about 0.1 Hz. In either case, the same quantity of
load has been shed corresponding to the actuation of the ROCOF and the first
underfrequency stage. Thus, the presented proposed method is able to design realistic
UFLS schemes.
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Figure 4-21: Comparison between frequency simulated with PSS/E and frequency simulated with
SFD model of the La Palma power system.

4-4-2 Gran Canaria power system

Analogously to the preceding section, the proposed method for the design of UFLS
schemes is now applied to the Gran Canaria power system. The Gran Canaria system is
another isolated power system, but it is much bigger than the La Palma power system.
Table 4-11 contains the SFD model parameters Gran Canaria power system.

Table 4-11: Parameters of the generator models of the Gran Canaria power system.

Generator H(s) K bl (s) b2(s) al (s) a2 (s) Pmin (MW) Pmax (MW)

Gl 56 167 0 0 535 175  27.8 74.2
G2 56 167 0 0 535 175 278 74.2
G3 51 202 0 0 043 0.1 3.2 67.6
G4 51 202 0 0 043 0.1 3.2 67.6
G5 51 167 0 0 535 1.75 3.2 67.6
G6 50 341 239 0 399 187 5.8 32.3
G7 50 352 266 0 432 208 5.8 32.3
G8 51 202 0 0 043 0.1 9.7 68.7
G9 51 202 0 0 043 0.1 9.7 68.7
GI0 3.0 167 1.09 0 599 547 13.5 28.0
GIl 3.0 167 1.09 0 599 547 13.6 37.3
Gl2 3.0 167 1.09 0 599 547 13.6 37.3
GI3 40 167 1.12 0 606 564 266 55.6
Gl4 40 167 112 0 606 564 266 55.6
GI5 15 250 0 0 035 0 4.6 113
Gl6 15 250 0 0 035 0 4.6 113
Gl7 15 250 0 0 035 0 4.6 11.3
GI18 15 250 0 0 035 0 14.1 20.5
G19 15 250 0 0 035 0 14.1 20.5
G20 50 399 251 0 402 1.95 5.8 21.6
G21 50 320 225 0 385 175 5.8 32.3
G22 50 320 225 0 385 175 5.8 32.3

Table 4-12 displays the generation dispatch scenarios of the Gran Canaria system
with a decoupled power generation (DPG) penetration corresponding to a 40% of the
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installed capacity of DPG, covering about 10% of the total demand. On the Gran
Canaria island, 103.47 MW of wind power and 21.33 MW of solar power have been
installed [MITyC'09]. The corresponding amount of DPG has been simply added to
typical generation dispatch scenarios without DPG.

Table 4-12: Generation dispatch scenarios of the Gran Canaria power system with 40% of the total
installed capacity of decoupled power generation.
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In a first step, the representative operating and contingency scenarios are
determined. The size of the power systems requires that not only individual but also
multiple outages must be considered. Multiple outages are defined as those
simultaneous outages of generating units for which the total loss of generation is equal
to or exceeds a specified minimum threshold [Sigrist'10b]. For example, this threshold
could be set to 40% of the totally generated power. In this case, a possible multiple
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outage could be the simultaneous outages of generating units G3, G4 and G5 of Table
4-12. Similar values of this threshold are used in the literature to represent a maximum
overload (e.g. 100% corresponding to a total loss of generation of 50%) [Lokay'68].
According to (4.4) and with K = 16.7, a; = 6 s and H = 5.6 s and taking into account a
generation output limitation factor of two, the maximum instant of minimum frequency
occurs after about 6.5 seconds after the contingency. Thus, the simulation time for the
clustering process is set to 7 s (the additional 0.5 s originates from the fact that the
outage occurs at 0.5 s).

To determine the number of clusters, K-Means or Fuzzy C-Means algorithm are
again iteratively applied. Figure 4-22 plots the number of clusters against the quadratic
quantization error and the Fuzzy C-Means objective function. It can be inferred that four
to five clusters seem to be sufficient. In what follows, the scenarios are grouped
according to four clusters.
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Figure 4-22: Determination of the number of clusters using the K-Means and the Fuzzy C-Means
algorithm.
Figure 4-23 shows the results obtained applying K-Means algorithm. Figure 4-23
reveals that cluster 1 and cluster 3 of the K-Means algorithm cover the scenarios with
smallest and largest frequency deviations, respectively.
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Figure 4-23: Representation of the four clusters formed by K-Means and the associated scenarios.

Figure 4-24 (a) compares the principal component analysis (PCA) of the four
clusters and of all possible operating and contingency scenarios. According to the two-
dimensional space describe by the first and second PCA components, the distribution of
the clusters seems to reflect well the distribution of all possible operating and
contingency scenarios. The silhouette plot in Figure 4-24 (b) confirms this. Note that the
silhouette plot detects an outstanding scenario in cluster 4 due to a slightly negative
silhouette value.
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Figure 4-24: (a) Principal component analysis and (b) silhouette plot of the six clusters formed by
K-Means and their associated scenarios.

Table 4-13 gives some additional information on the representative operating and
contingency scenarios. Clearly, multiple outages have been considered which are also
responsible for low frequency levels.
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Table 4-13: Representative operating and contingency scenarios of the Gran Canaria power

system.

Scenario Generator Pdem (MW) Ploss (MW) (%)
21 G1-G4 536.21 269.47 (50.3)
23 G1, G2 517.42 140.48 (27.2)
10 DPG 527.65 49.92 (9.5)
21 G1-G3 536.21 204.97 (38.2)

In a second step, the existing UFLS scheme of the Gran Canaria power system of
Table 4-14 will be optimized taking into account the following constraints:

* <48 Hz for maximum 2 s,

* w>47Hzand v <52 Hz

* Instant of shedding, i.e. no shedding after the instant of minimum frequency
* Priority, i.e. maintaining the priority associated to each stage

* The amount of shed load [MW] < the amount of loss power generation [MW]

Again a partial, more industry-oriented optimization strategy is applied, tuning
frequency thresholds, ROCOF thresholds and intentional time delays of underfrequency
and ROCOF relays. The UFLS scheme parameters are bounded above and below as
follows:

* 47 Hz < Frequency threshold of the underfrequency relays <49 Hz
* 49.3 Hz < Frequency threshold of the ROCOF relays < 49.8 Hz

* -0.5 Hz/s < ROCOF threshold of the ROCOF relays <-1.5 Hz/s

* 0 s < Intentional time delay for both relay types < 0.5 s

Likewise, the step sizes of the underfrequency and ROCOF steps have not been
considered as a decision variable and therefore, the step sizes of the existing UFLS
scheme have been used. The number of stages to be adjusted depends on the maximum
amount of lost power generation. Since maximum outage corresponds to a 50% of total
generation, the first ten stages have been initially considered. Table 4-15 shows the
proposed UFLS scheme (adjusted stages in red bold characters). With respect to the
existing UFLS scheme shown in Table 4-14, frequency thresholds of the
underfrequency relays have been lowered, whereas frequency thresholds of the ROCOF
relays have been increased. ROCOF threshold has been reduced since with its original
setting of -0.8 Hz/s more load would be shed. The latter allows a faster UFLS scheme
intervention.
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Table 4-14: Existing UFLS scheme of the Gran Canaria power system.

Underfrequency relays

Stage Feeders o (Hz)  ty (s) topn (8)  Step size (%) Cumulative (%)
1 1001 - 1007 49.00 0.1 0.2 343 343
2 1008 - 1015 48.92 0.15 0.2 5.27 8.70
3 1016 - 1023 48.85 0.2 0.2 5.03 13.73
4 1024 - 1030 48.79 0.3 0.2 5.68 19.41
5 1031 - 1035 48.72 0.4 0.2 4.17 23.58
6 1036 - 1047 48.66 0.5 0.2 9.95 33.53
7 1048 - 1053 48.60 0.6 0.2 5.46 38.99
8 1054 - 1058 48.55 0.7 0.2 3.05 42.04
9 1059 - 1066 48.50 0.8 0.2 4.07 46.11
10 1067 - 1074 48.35 0.9 0.2 5.89 52.00
11 1075 - 1090 48 1 0.2 10.34 62.34
ROCOF relays
Stage Feeders o (Hz) dw/dt (Hz/s) tiy (s) topn (5) Step size (%) Cumulative (%)

1008, 1010, 1022 -

! 1030,1034, 1035

49.30 -0.8 0.15 0.2 9.97 9.97

Table 4-15: Proposed UFLS scheme of the Gran Canaria power system.

Underfrequency relays

Stage Feeders o (Hz)  ty (s) topn (8)  Step size (%) Cumulative (%)
1 1001 - 1007 48.66 0.08 0.2 3.43 343
2 1008 - 1015 48.28 0.08 0.2 5.27 8.70
3 1016 - 1023 48.17 0.26 0.2 5.03 13.73
4 1024 - 1030 48.05 0.04 0.2 5.68 19.41
5 1031 - 1035 47.92 0 0.2 4.17 23.58
6 1036 - 1047 48.66 0.5 0.2 9.95 33.53
7 1048 - 1053 48.60 0.6 0.2 5.46 38.99
8 1054 - 1058 48.55 0.7 0.2 3.05 42.04
9 1059 - 1066 48.50 0.8 0.2 4.07 46.11
10 1067 - 1074 48.35 0.9 0.2 5.89 52.00
11 1075 - 1090 48 1 0.2 10.34 62.34
ROCOF relays
Stage Feeders o (Hz) dw/dt (Hz/s) ti (s) topn (5) Step size (%) Cumulative (%)
1 1008, 1010, 1022 - 49.48 -1.4 0.08 0.2 9.97 9.97

1030,1034, 1035

Figure 4-25 plots the SFD model responses for the four representative operating
and contingency scenarios in presence of the original and the proposed UFLS scheme.
Both the existing and the proposed UFLS scheme comply with constraints on minimum
and maximum allowable frequencies. From Figure 4-25, it can be deduced that the
proposed UFLS scheme only acts for the first and the last operating and contingency
scenario of Table 4-13, whereas the existing UFLS scheme acts for the first, the second
and the last operating and contingency scenario. Table 4-16 gives some additional
information on the performance of the considered UFLS schemes. Clearly, the proposed
UFLS scheme sheds much less load. Furthermore, no performance error appeared as in
contrast to the existing scheme where late shedding and overshedding occurred.
However, steady-state frequencies are close to or below 49 Hz, although it is true that
system operators could manually shed load in such situation. To improve the steady-
state frequency value, an additional constraint on allowable minimum frequency could
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be implemented (e.g. @ <49 Hz for maximum 5 s) or different objective function could
be used which includes a term related to frequency deviations. Figure 4-25 also shows
the result of imposing the 49 Hz-5 s constraint on the UFLS design. Clearly, frequency
recovers 49 Hz for the four representative operating and contingency scenarios.
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Figure 4-25: Comparison of the SFD model responses of the existing and the proposed UFLS
scheme of the Gran Canaria power system.

Table 4-16: Comparison of the performance of the existing and the proposed UFLS scheme of the
Gran Canaria power system.

Existing UFLS scheme Proposed UFLS scheme
Scenario Generator (MW) omin (Hz) omax (Hz) #Relays Pshed (MW) State Cause|omin (Hz) omax (Hz) #Relays Pshed (MW) State Cause
536.208  269.47 (50.3) 47.94 50.82 87 278.92 error 2,3 47.82 50 48 126.48  correct
517.418 140.48 (27.2) 48.82 50 23 71.05 error 3 48.66 50 0 0 correct
527.65 49.92 (9.5) 49.73 50 0 0 error 3 49.73 50 0 0 correct
536.208  204.97 (38.2) 48.57 50.01 60 179.85  correct 48.49 50 20 71.87 correct

1 priority

2 overshedding

3 late shedding

As in the case of the La Palma power system, both the existing UFLS scheme and
the proposed UFLS scheme have been consecutively applied to all possible outages for
all system operating conditions, i.e., all generation dispatch scenarios. Figure 4-26 and
Figure 4-27 show the effect of the UFLS schemes on frequency. Clearly, the number of
sustained low-frequency scenarios increased with the proposed UFLS scheme. This is
an indication of reduced load-shedding activities. However, low steady-state frequency
values, as mentioned earlier, are possibly not acceptable. Figure 4-28 shows the result
of applying an additional 49 Hz-5 s constraint on the UFLS design. Clearly, steady-state
frequency deviations have been reduced with respect to the initial proposed design (i.e.
post-transient steady-state frequencies are around 49 Hz), at the expense of increased
amount of shed load.
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Figure 4-26: Responses of the Gran Canaria power system to all possible outages for all operating
conditions with the existing UFLS scheme.
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Figure 4-27: Responses of the Gran Canaria power system to all possible outages for all operating
conditions with the proposed UFLS scheme.
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Figure 4-28: Responses of the Gran Canaria power system to all possible outages for all operating
conditions with the proposed UFLS scheme with an additional 49 Hz-5 s constraint.

Figure 4-29 graphically compares the performance of the existing and the proposed
UFLS scheme as well as the proposed UFLS scheme with an additional 49 Hz—S5 s
constraint. It can be inferred from Figure 4-29 that the proposed UFLS schemes
remarkably reduce the amount of shed load, without affecting total minimum frequency
deviation (sum of minimum frequencies). The reduced amount of shed load caused then
sustained low-frequency scenarios of Figure 4-27. Figure 4-29 also confirms the fact
that the addition of the 49 Hz—5 s constraint increased the amount of shed load.
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Figure 4-29: Comparison of the optimized and the proposed UFLS schemes of the Gran Canaria

power system.

Finally, the initially proposed UFLS scheme is validated using more sophisticated
power-system simulation software such as PSS/E software package. Consider the
plausible and severe outage of generating units G3, G4 and G5 for the valley load-
demand level corresponding to generation dispatch scenario 8 in Table 4-12. The outage
of G3, G4 and G5 is equivalent to a loss of 40.7% of the total load demand. Figure 4-30
compares frequency once simulated with the original PSS/E model and once simulated



Design of UFLS schemes of small isolated power systems 111

using the SFD model. It can be inferred from Figure 4-30 that both simulations coincide
satisfactorily. In fact, the maximum difference in frequency is about 0.1 Hz. In either
case, the same quantity of load has been shed corresponding to the actuation the first
underfrequency stage. Thus, the presented proposed method is able to design realistic
UFLS schemes.
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Figure 4-30: Comparison between frequency simulated with PSS/E and frequency simulated with
SFD model of the Gran Canaria power system.

4-5 PARTIAL CONCLUSIONS

A method for the design of robust and efficient UFLS schemes of small isolated power
system has been elaborated. To guarantee a robust UFLS scheme design, adequate
operating and contingency scenarios need to be selected. Efficiency of the UFLS
scheme can be achieved by applying an optimization algorithm to tune the parameters
of the UFLS scheme. The proposed method for the design of efficient and robust UFLS
schemes comprises thus two tasks: the selection of adequate operating and contingency
scenarios and the tuning of the UFLS parameters by means of an optimization
algorithm. The proposed method has been implemented in the Matlab toolbox presented
in the appendix A. Finally, the proposed method has been applied to the design of the
UFLS schemes of the La Palma and the Gran Canaria power systems.

A method based on Data Mining has been proposed to identify and select
representative operating and contingency scenarios. Representative operating and
contingency scenarios are those scenarios which represent best all other operating and
contingency scenarios. Several Data Mining techniques such as K-Means, Fuzzy C-
Means and KSOM have been presented and applied to the problem of representative
scenario selection. It has been shown that by means of Data Mining, representative
operating and contingency scenarios can be found. The resulting representative
operating and contingency scenarios describe well the patterns among all possible
operating and contingency scenarios. Furthermore, the application to the La Palma and
the Gran Canaria power system showed that different Data Mining techniques yield to
similar results. Finally, the method based on Data Mining has been compared with the
common practice of scenario selection. Compared with the common practice of scenario
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selection, representative operating and contingency scenarios cover a wider range of
possible system responses than the manually selected scenarios.

The optimal tuning of UFLS scheme parameters has been accomplished by means
of adaptive Simulated Annealing algorithm. Simulated Annealing is a well-known
meta-heuristic optimization algorithm. The main objective of the optimization stage is
to minimize the amount of shed load without jeopardizing the system stability. As an
application example, the existing UFLS scheme of the La Palma power system has been
optimized and compared with the existing scheme. A partial, more industry-oriented
optimization strategy has been applied, tuning frequency thresholds, ROCOF thresholds
and intentional time delays of underfrequency and ROCOF relays. Optimization
constraints include restrictions on priority of loads, the instant of shedding and the
amount of shed load as well as on the minimum and maximum allowable frequencies. It
has been found that the application of Simulated Annealing yielded to a more efficient
UFLS scheme with behalf to the existing UFLS scheme of the La Palma power system.
In fact, the optimized UFLS scheme sheds less load and exhibits better performances
with respect to imposed constraints such as minimum and maximum allowable
frequencies, load priority or unnecessary late shedding. Sensitivity with respect to
imposed design constraints is studied in chapter 5.

Finally, the proposed method for the design of UFLS schemes has been
successfully applied to both the La Palma and the Gran Canaria power systems. In other
words, the optimization stage is based upon representative operating and contingency
scenarios determined by Data Mining techniques. Again, a partial, more industry-
oriented optimization strategy has been applied, tuning frequency thresholds, ROCOF
thresholds and intentional time delays of underfrequency and ROCOF relays. It has
been shown that the proposed UFLS scheme is more robust and efficient than the solely
optimized UFLS scheme of the La Palma power system, based on operating and
contingency scenarios determined by the common practice. Analogously, the proposed
UFLS schemes of the La Palma and the Gran Canaria power systems improved
remarkably the performance with respect to the existing UFLS schemes in terms of shed
load. It has also been found that additional design criteria could be necessary to avoid
low steady-state frequencies if these are unacceptably low. Simulations in PSS/E
confirmed the feasibility of the proposed method for the design of robust and efficient
UFLS schemes.



CHAPTER FIVE
ANALYSIS OF UFLS SCHEME DESIGNS

5-1 INTRODUCTION

Several methods, either experimental or optimal, have been reported in literature to
design conventional UFLS schemes. The proposed method for the design of UFLS
schemes combines the efficiency of optimization-based methods with the robustness of
representative operating and contingency scenarios selection. However, irrespective of
the method employed, the design of UFLS scheme is based upon certain design
conditions and assumptions on power-system behavior.

Design conditions directly influence the performance of the resulting UFLS
scheme. In the case of the proposed method for the design of UFLS schemes in chapter
4, these conditions can be differentiated in those which influence the selection of
operating and contingency scenarios and those which affect constraints imposed to the
tuning procedure, i.e. the adaptive Simulated Annealing optimization algorithm.
Imposing a minimum allowable frequency value implies, for example, that generating
units are supposed to withstand such frequencies. Variations of design conditions might
lead to distinct final UFLS scheme designs.

In chapter 3, some assumptions on power-system behavior have been already used
to elaborate an adequate power-system model. Inter alia, it has been shown for example
that short-term frequency dynamics are mainly affected by turbine-governor and rotor
dynamics or that small isolated power system can be represented by a single-bus model.
Another assumption made is that of voltage and frequency-independent loads. The latter
merges into the classical hypothesis of invariant (relative to load-demand) UFLS
scheme step sizes. In other words, it is tacitly supposed that the step size is known and
its percentaged value remains constant, independent of system operating conditions. In
reality, however, the percentaged values of actual step sizes vary from the implemented
step sizes due to feeder-load variations, feeder outages or breaker failures. Step-size
variations can negatively affect UFLS scheme performance.

In this chapter, the impact on the UFLS scheme of both variations of design
conditions and step sizes are analyzed. In a first step, various different design conditions
affecting either the selection of operating and contingency scenarios or the formulation

113
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of the optimization problem are studied. Some of these modified design conditions
coincide also with UFLS scheme designs proposed in the literature and thus, they allow
comparing the proposed method with other methods. In a second step, the impact of
step-size variation on UFLS scheme performance is addressed. For this purpose, the
variation of step size has to be quantified. Finally, the analysis of step-size variations
also provides a mean to adjust possible backup stages of UFLS schemes. Backup steps
are those steps of an UFLS scheme which have not been adjusted when applying the
proposed method for the design of robust and efficient UFLS schemes.

5-2 IMPACT OF VARYING DESIGN CONDITIONS

The proposed method for the design of robust and efficient UFLS schemes consists in
consecutively applying two clearly distinct tasks: first, representative operating and
contingency scenarios are selected by means of clustering techniques and subsequently,
the parameters of the UFLS schemes are tuned such that an objective function is
optimized with respect to the previously selected operating and contingency scenarios.
Robustness depends therefore on the way of selecting representative operating and
contingency scenarios, whereas efficiency depends very much on the formulation of the
optimization problem applied to the design of UFLS schemes. A change in a condition
for one of these steps (e.g. the number of representative operating and contingency
scenarios) might (but not necessarily has to) result in a different UFLS scheme design.
For example, if the number of representative operating and contingency scenarios is
cautiously chosen, an additional scenario should not significantly alter the result. By
contrast, if the objective function is significantly changed, the resulting UFLS scheme
design should have a corresponding effect on operating and contingency scenarios.

A first distinction among design conditions can be realized with respect to the step
of the proposed method they affect (i.e. selection of operating and contingency
scenarios or optimal tuning of UFLS scheme parameters). A further distinction can be
made according to the formulation of the optimization problem. By this means, five
different groups of design conditions can be identified and analyzed. These groups
describe the five design conditions defined by:

* Operating and contingency scenarios
e Optimization constraints

* Objective functions

*  Optimization algorithms

* Decision variables

Clearly, the first group belongs to the problem of operating and contingency scenario
selection, whereas the remaining groups belong to the formulation of the optimization
problem.

In what follows, different UFLS scheme designs resulting from a variation of one
of these design conditions are analyzed and compared to the base case. One can
anticipate that most of the resulting designs correspond with an intuitive solution of a
gedankenexperiment. The base case is given by the proposed UFLS scheme in chapter
4. Only the case of La Palma is presented as an example since the power system’s
reduced size allows a simple interpretation and explanation of the results. However,
most of the findings are directly applicable to larger systems such as the Grand Canaria
power system.
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5-2-1 Base case

The UFLS scheme of the Palma power system has been designed for the operating and
contingency scenarios displayed in Table 5-1. System operating conditions, i.e.,
generation dispatch scenarios, with 40% of the total installed capacity of decoupled
power generation have been contemplated. In this case, about 10% of the total demand
is covered by decoupled power generation.

Table 5-1: Representative operating and contingency scenarios of the La Palma power system.

Scenario Generator Pdem (MW) Ploss (MW) (%)

10 G20 32.15 6.7 (20.8)
4 G17 18.29 8.96 (49.0)
16 G16 29.98 4.74 (15.8)
15 Gl1 30.74 2.35 (7.6)

The existing UFLS scheme of the La Palma power system has been optimized
taking into account the following constraints:

* <48 Hz for maximum 2 s

* w>47Hzand v <52 Hz

* Instant of shedding

* Priority

* The amount of shed load [MW] < the amount of loss power generation [MW]

The optimization has been realized by means of adaptive Simulated Annealing. The
following UFLS scheme parameters have been considered as decision variables:

* Frequency threshold of the underfrequency relays
* Frequency threshold of the ROCOF relays

e ROCOF threshold of the ROCOF

* Intentional time delay for both relay types

The step sizes of the underfrequency and ROCOF steps have not been considered
as a decision variable in the base case. This corresponds to a partial, more industry-
oriented optimization formulation. The objective function is given by:

f(x,)= Zpshd,j (x,) (5.1

where M is the number of operating and contingency scenarios considered, pgq; the
amount of shed load in the j#4 scenario and x; a vector containing the decision variables.
The proposed design based upon these constraints and decision variables and the
aforementioned representative operating and contingency scenarios as well as upon the
objective function given by equation (5.1), is referred to as base case.

5-2-2 Impact of operating and contingency scenarios

Three different cases are analyzed and compared with the base case outlined in section
5-2-1. The first one, which has already been shown in section 4-4-1, corresponds to the
case where the operating and contingency scenarios are determined by the common
practice. In the second case, five (instead of four) representative operating and
contingency scenarios are contemplated. Finally, the third case corresponds to the case
where the UFLS scheme is designed with representative operating and contingency
scenarios defined for generation dispatch scenarios without decoupled power generation
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(DPG). This final case is interesting because it helps assessing the impact of DPG on
the design of UFLS schemes.

Figure 5-1 compares the selected operating and contingency scenarios of the case
with an additional fifth operating and contingency scenario with the selected operating
and contingency scenarios of the base case of the La Palma power system. It can be
deduced that an additional representative scenario allows covering an even wider
frequency range.
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Figure 5-1: SFD model response to all possible operating and contingency scenarios of the La
Palma power system.

DPG exhibits two drawbacks with regard to short-term frequency stability: its
limited primary frequency control capacity and its negligible inertial response. Figure
5-2 (a) shows the response of the SFD to all possible operating and contingency
scenarios of the La Palma power system. In addition, Figure 5-2 (a) compares the SFD
model responses to all possible operating and contingency scenarios in the cases with a
40% of the totally installed capacity of DPG, covering about 10% of the total demand,
and without decoupled power generation. Readily, system performance worsened with
respect to underfrequency levels and to frequency decay rates. Figure 5-2 (b) compares
the selected operating and contingency scenarios of the case without DPG with the
selected operating and contingency scenarios of the base case of the La Palma power
system. It can be deduced that neglecting DPG leads to less severe representative
scenarios in terms of frequency. Inclusion or disregard of DPG could therefore have an
impact on the UFLS scheme design, requiring a probable revision of an UFLS scheme
designed without contemplating DPG.
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Figure 5-2: Comparison of different selections of operating and contingency scenarios.

The impact of an additional representative operating and contingency scenario and
the impact of a set of less severe representative scenarios are shown in group 1 of Table
5-2. Figure 5-3 graphically summarizes some of the findings displayed in Table 5-2.
Table 5-2 and Figure 5-3 display the results of the three cases when applied to all
possible operating and contingency scenarios for generation dispatch scenarios with
40% of the total installed capacity of decoupled power generation. Compared with the
base case and recalling the results from section 4-4-1, a design based on the common
practice of scenario selection (case 1a) leads to worse results with relation to minimum
frequency deviation, the amount of shed load and the number of error states indicating
overshedding, late shedding, low frequency, etc. However, the effect of considering an
additional representative scenario (case 1b) is negligible compared with the results of
the base case. In fact, the slight differences are mainly caused by the objective function
give in equation (5.1), which is a flat function, giving rise to different optimal solutions
with equal objective function values (see also section 5-2-4). The same is true (except
for the number of errors) for a UFLS scheme designed taking into account
representative scenarios without decoupled power generation (case 1c¢). This is an
interesting result since one expected a worse performance of the UFLS scheme designed
without DPG when applied to operating and contingency scenarios with DPG.
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Table 5-2: Performance of the proposed UFLS scheme for different selections of operating and
contingency scenarios.

UFLS performance
Group Case Simulations £ Aomin (Hz) N°Relays Total shed (MW) N° error states
Original 164 225.43 297 528.68 164
Base case 164 218.73 128 222.75 4
a) Common practice 164 230.10 200 366.93 83
1 b) Additional cluster 164 221.59 141 220.29 18
c) No DPG 164 22411 129 226.86 22
DPG: Decoupled power generation
400
350 4
300 +
250 7 - M Base case
200 | @ a) Common practice
O b) Additional cluster
150 O C) No DPG
100 ~
50 1
0 ,
Y Aomin (Hz) N° Relays Total shed (MW) N° error states

Figure 5-3: Comparison of the performance of different UFLS scheme designs.

A reason for the similar performance in terms of shed load and total frequency
deviation of the base case design and the design without DPG could be the relatively
low degree of DPG penetration. The use of 40% of the installed DPG capacity covers
about 10% of total load demand. Another reason can be found by dint of Figure 5-2 (b).
In fact, the difference between the representative operating and contingency is biggest
for the scenarios with lowest frequency. It seems that this difference has little impact on
the amount of shed load since the worst scenario in the case without DPG seems to be
severe enough to prepare the UFLS scheme for even worse scenarios (such as in the
case with 40% of the installed DPG capacity). However, the number of error states is
distinct. The difference is mainly due to more low and high frequency errors in the case
without DPG. This can be also inferred from Figure 5-4, which compares the impact of
the base case design and the design without DPG on disturbances causing frequency to
fall below 48 Hz. It can be seen that lower and higher frequencies as well as extended
low frequency operation occur in the case without DPG.
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Figure 5-4: Comparison of the performance of (a) the base case design and (b) the design without
DPG for disturbances causing frequency to fall below 48 Hz.

46
0

In order to check the performance of a UFLS scheme in presence of DPG, the base
case design has been applied to operating and contingency scenarios with different
degrees of DPG generation. In fact, another 7 MW of DPG are projected to be installed
in the La Palma power system [CEIyC'09]. The considered cases include then no DPG,
40% and 80% of the currently installed capacity and 40% and 80% of the projected
installed capacity. This allows studying operating and contingency scenarios with a
DPG penetration varying between 0 and 40% of total load demand. Figure 5-5 shows
the performance of the base case design in terms of average amount of shed load per
disturbance and the number of error states. A clearly increasing tendency of the average
amount of shed load and the number of error states can be deduced. The lower number
of errors for the DPG penetration corresponding to 40% of currently installed capacity
with respect to the case without DPG can be explained by the fact the UFLS scheme has
been designed for this degree of DPG generation.
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Figure 5-5: Performance of the proposed UFLS scheme for operating and contingency scenarios
with increasing DPG penetration.
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A consolidated view indicates that an UFLS scheme designed with scenarios which
were determined by the common practice is less robust than UFLS scheme designed
according to the proposed method. Further and after all, for higher degrees of DPG
penetration, DPG should be contemplated when designing UFLS schemes. It seems that
a significant change in the generation structure of a power system might require, at
least, a review of the implemented UFLS scheme. Finally, if the number of
representative operating and contingency scenarios is cautiously chosen, an additional
scenario does not alter significantly the result.

5-2-3 Varying optimization constraints

Three different cases are considered to address the impact of a variation in the
optimization constraints. In particular, a relaxation on the allowable minimum
frequency and the possibility of rearranging the steps are considered. In fact, the
omission of the constraint on the priority should intuitively lead to more efficient UFLS
scheme designs since this corresponds somehow to a rough optimization of the step
size. In other words, by enabling the optimization algorithm to rearrange the stages, a
more adequate amount of load can be shed in each step of the final design. The
relaxation on the allowable minimum frequency by allowing frequency to stay below
47.5 Hz for maximum 3 s could also result in a lower amount of shed load since the
constraint is less restrictive.

Within group 2 in Table 5-3, the impact of changing one of these optimization
constraints on the UFLS scheme design is shown, by applying the obtained UFLS
schemes to all possible operating and contingency scenarios. Figure 5-6 graphically
summarizes some findings of Table 5-3. It can be readily deduced that omitting priority
(case 2c) remarkably reduces the amount of shed load as expected. However, the
relaxation on the allowable minimum frequency (case 2a) did not improve with relation
to the amount of shed load unless the minimum frequency threshold value permitted for
the design of underfrequency relays @rsnidu;min has been lowered from 47 Hz (base
case) to 46 Hz (case 2b). In the latter case, the amount of load has been reduced even
further compared with the case where steps can be rearranged, at expense of an
increased frequency deviation. By relaxing the constraint on allowable minimum
frequency by applying the 47.5 Hz—3 s constraint, one accepts very low minimum
frequencies (e.g. 46 Hz or less) although power-system responses finally comply with
the imposed constraint. This enhances the risk of tripping generating units by their
underfrequency protection.
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Table 5-3: Performance of the proposed UFLS scheme for different formulations of the
optimization problem.

UFLS performance
Group Case Simulations £ Aomin (Hz) N°Relays Total shed (MW) N° error states
Original 164 225.43 297 528.68 164
Base case 164 218.73 128 222.75 4
a)47.5Hz - 3s 164 234.07 126 219.76 3
2 b)47.5Hz - 3s (0uf>46Hz) 164 246.07 67 100.49 6
¢) No priority 164 217.98 121 187.02 10
300
250 A
200 A
] M Base case
150 M a)47.5Hz- 3s
O b) 47.5Hz - 3s (ouf>46Hz)
] O ¢) No priority
100 -
50
04 — 1

¥ Aomin (Hz) N° Relays Total shed (MW) N° error states

Figure 5-6: Comparison of the performance of different UFLS scheme designs.

5-2-4 Varying objective function formulations

In a next step, three different formulations of the objective function have been analyzed.
The contemplated objective functions also include a term related to the minimum
frequency deviation. This way, the impact of a composite objective function on the
design of UFLS scheme can be observed. In particular, three cases are considered. First,
a composite objective function with weights equal to unity is tested. This objective
function has been used in [Denis Lee Hau'06]. Thereupon, an objective function with a
more heavily weighted frequency term is used, where the weighting coefficient
associated to the frequency-dependent term is equal to the equivalent gain k., of an
operating and contingency scenario (here 20). Intuitively, both formulations should
influence the result of the UFLS scheme design such that frequency deviation reduce,
albeit the latter to a much greater extent. Finally, an objective function similar to the
base case formulation is contemplated but with weighting coefficients proportional to
the number of operating and contingency scenarios associated to each representative
operating and contingency scenario (see also section 4-3-1). This way, less load could
be shed for representative scenarios with a larger number of associated operating and
contingency scenarios.

Group 3 in Table 5-4 comprehends the results of applying UFLS schemes designed
using one of these objective function formulations to all possible operating and
contingency scenarios. Figure 5-7 graphically summarizes some findings of Table 5-4.
It can be readily deduced that by including a term related to the minimum frequency
deviation (case 3a), frequency deviations are reduced at the expense of an increased
amount of shed load. This is even truer for the more heavily weighted case (case 3b).
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Similar results have been obtained by a slightly more extensive study presented in
[Halevi'93]. Finally, weighting the amount of shed in a scenario by the number of
operating and contingency scenarios associated to this scenario (case 3c) did not
improve the results with respect to the base case design. This can be explained by the
fact that the settings of UFLS scheme parameters are not independent of the considered
operating and contingency scenarios and that, for example, the amount of shed load in
less severe scenarios needs to be increased to guarantee stability for a more severe
scenario.

Table 5-4: Performance of the proposed UFLS scheme for different formulations of the
optimization problem.

UFLS performance
Case Simulations ¥ Aomin (Hz) N°Relays Total shed (MW) N° error states
Original 164 22543 297 528.68 164
Base case 164 218.73 128 222.75 4
a) fobj = Z(Aomin + pshd) 164 209.02 177 239.03 16
b) fobj = Z(keq-Amwmin + pshd) 164 188.83 217 318.96 8
¢) fobj = Z ncont-pshd 164 220.44 129 226.95 7
350
300 A
250
200 W Base case
M a) fobj = X(Awmin + pshd)
150 - O b) fobj = Z(keq-Aomin + pshd)
O c) fobj = X ncont-pshd
100 -
50
0 | -

¥ Aomin (Hz) N° Relays Total shed (MW) NP° error states

Figure 5-7: Comparison of the performance of different UFLS scheme designs.

A final remark for the slightly weighted case can be made. Due to its step-like
nature, the objective function used for the base case is a very flat function, which could
generate different optimal solutions with equal final objective function values. Since
differences between slightly weighted case (case 3a) and base case are not too large and
since the slightly weighted objective function is an uneven function, this objective
function is a promising candidate to reduce the set of optimal solutions. Figure 5-8
shows a boxplot for repeated designs using either the base case configuration or a
slightly weighted objective function (weights equal to unity). In other words, adaptive
Simulated Annealing has been applied several times using either the base case
configuration or the modified slightly weighted objective function (case 3a). The
considered values, i.e. XAfmin and XApshd for all possible operating and contingency
scenarios, have been normalized by the mean values of the base case in order to be able
to compare them. From Figure 5-8, it can be inferred that variations in results of XAfmin
and XApshd have been clearly reduced in the case of repeated designs using a slightly
weighted objective function.
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Figure 5-8: Performance comparisons for repeated designs using either the base case configuration
or a slightly weighted objective function.

5-2-5 Varying optimization algorithms

A further analysis has been carried out with respect to the optimization algorithm
applied to the problem of designing efficient UFLS schemes. A large amount of
possible candidate algorithms exist: Sequential quadratic programming (SQP), Genetic
Algorithm (GA), Pattern Search, Particle Swarm Optimization, etc [Zabinsky'03;
Enrique'09]. Within this group, gradient or Hessian-based algorithms seem to be less
appropriate since the present problem is highly discontinuous due to the step-like nature
of UFLS schemes, unless the step size (complete optimization) is considered as a
decision variable. Heuristics algorithms are thus preferable.

Genetic Algorithm has been finally chosen, as suggested in [Martinez'93;
Lopes'99]. If algorithm parameters are properly chosen, similar results should be found.
Genetic operators and parameters correspond to those recommended in [Lopes'99;
Lopes'00]. As shown in the fourth group in Table 5-5 and in Figure 5-9, the design
obtained by applying GA has a similar (although slightly worse) impact on all possible
operating and contingency scenarios in terms of minimum frequency deviations and
amount of shed load as the base case. In other words, a different heuristic algorithm
leads to similar results with similar computation times.
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Table 5-5: Performance of the proposed UFLS scheme for different formulations of the
optimization problem.

UFLS performance
Group Case Simulations ¥ Aomin (Hz) N°Relays Total shed (MW) N° error states
Original 164 22543 297 528.68 164
Base case 164 218.73 128 222.75 4
4  GA optimized 164 218.25 128 224.77 6

GA: Genetic algorithm

250
200 -
150
M Base case
B GA optimized
100 -
50 A
0 ,

¥ Aomin (Hz) N° Relays Total shed (MW) N¢ error states

Figure 5-9: Comparison of the performance of different UFLS schemes designs.

5-2-6 Varying decision variables

Three different cases are analyzed to study a variation in the decision variables. In fact,
only partial, industry-oriented optimization strategies have been pursued so far, i.e. the
step size has not been considered a decision variable. The principal reason was that for
rather small power systems it does not make sense to adjust the step size. In fact, the
step size is usually defined by the utility and also depends on the feeders connected to
the relays defined by a particular stage and on the priority of the associated loads;
therefore, in smaller power systems such as the La Palma power system, it will be
difficult to find feeder blocks which finally sum up to the desired step size.

Hereupon, complete optimization is studied, i.e. the optimization of all possible
UFLS scheme parameters including frequency and ROCOF thresholds, intentional time
delays and step sizes. It has been supposed that underfrequency and ROCOF steps are
decoupled (i.e. no feeder is equipped simultaneously with an underfrequency and a
ROCOF relay). Three cases are considered. First, sequential quadratic programming
(SQP) is applied to the problem of optimal tuning of all UFLS scheme parameters. This
corresponds to the method presented in [Denis Lee Hau'06]. In a further step, Simulated
Annealing (SA) is used. Finally, a partial optimization based on GA is applied. In this
case and as proposed in [Martinez'93], only frequency thresholds and step sizes are
taken into account. The involvement of the step size should reduce the amount of shed
load.

Within group 5 in Table 5-6, the impact of involving the step size as a decision
variable is shown, by applying the obtained UFLS schemes to all possible operating and
contingency scenarios. These results are also graphically presented in Figure 5-10. It
can be readily deduced that the complete optimization based on SQP (case 5a) yielded
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to a design which predominantly reduces minimum frequency deviation. In fact, the
results resemble those obtained for the case of weighting heavily the frequency-related
term in the composite objective formulation in group 3. This results is however not
surprising since SQP depends strongly on the initial guess of the decision variables
which coincides with the parameters of the currently installed UFLS scheme. This has
also been stated in [Denis Lee Hau'06]. By lowering initially frequency thresholds for
example, results can be improved.

Table 5-6: Performance of the proposed UFLS scheme for different formulations of the
optimization problem.

UFLS performance

Case Simulations X Aomin (Hz) N°Relays Total shed (MW) N° error states
Original 164 22543 297 528.68 164
Base case 164 218.73 128 222.75 4
a) Complete optimization (SQP) 164 187.65 272 340.34 32
b) Complete optimization (SA) 164 220.25 83 167.05 10
c) othrshld - pstep (GA) 164 217.7 85 198.16 7
GA: Genetic algorithm
SA: Simulated Annealing
SQP: Sequential quadratic programming

400

350 A
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200 | @ a) Complete optimization (SQP)

Ob) Complete optimization (SA)
150 4 O c) othrshld - pstep (GA)
100 A
50 4
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> Aomin (Hz) N° Relays Total shed (MW) NP° error states

Figure 5-10: Comparison of the performance of different UFLS scheme designs.

By contrast, complete optimization based on SA (case 5b) achieved much better
results with respect to amount of shed load. In fact, the design halved the amount of
shed load compared with previously obtained design based on SQP, but at the expense
of increased minimum frequency deviations. At that time, it is noteworthy that UFLS
scheme design obtained through a SA-based complete optimization has similar impact
on all possible operating and contingency scenarios than the UFLS scheme designed
without considering the priority constraint (see also case 2¢ in section 5-2-3). This is
insofar an interesting finding since it shows that for smaller isolated power systems,
where complete optimization is theoretically feasible but less practical, relaxing the
constraint on priority leads to very efficient UFLS schemes with a performance similar
to SA-based, completely optimized UFLS scheme.

Finally, Table 5-6 and Figure 5-10 also display the results for the case where only
frequency thresholds and step size are considered as decision variables (case 5c). This
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case corresponds to a design proposed in [Martinez'93]. It can be inferred that this GA-
based, partial optimization is slightly less efficient than the SA-based complete
optimization. Different algorithm parameters than those suggested in [Lopes'99;
Lopes'00], including typical values for crossover and mutation probabilities, did not
significantly improve the result with respect to SA-based complete optimization.

5-2-7 Summary of design condition variations

Several variations of design conditions, corresponding either to the problem of
operating and contingency scenario selection or to the formulation of the optimization
problem, have been studied. In particular, different selections of operating and
contingency scenarios and different choices of optimization constraints, objective
functions and optimization algorithms as well as different choices of decision variables
have been considered.

The resulting UFLS scheme designs of some of these variations and their impact on
power system and UFLS scheme performance are of practical interest for system
utilities and operators. For the sake of brevity, only the most remarkable ones of these
design condition variations are restated; in particular,

* The selection of operating and contingency scenarios using the common practice
(case la)

* The disregard of decoupled power generation for the design of UFLS schemes
(case 1c¢)

* The omission of load priority for the design of UFLS schemes (case 2c)
* The inclusion of the step size as an additional decision variable (case 5b)

Figure 5-11 compares the performance of the four design condition variations with the
performance of the base case. Most significant differences between these cases can be
found in the total amount of shed load. More load has been shed in comparison to the
base case when applying the common practice to selection of operating and contingency
scenarios. Neglect of decoupled power generation worsened after all the number of
error states. Further and after all for higher degrees of DPG penetration, DPG should be
contemplated when designing UFLS schemes. It seems that a significant change in the
generation structure requires reviewing UFLS scheme designs. Moreover, clustering-
based selection of operating and contingency scenarios leads to more robust UFLS
schemes. By contrast, the amount of shed load has been reduced with regard to the base
case by omitting load priority or by considering the step size as an additional decision
variable. A comparison of cases 2¢ and 5b in Figure 5-11 leads to the conclusion that
the omission of load priority in small power systems approaches well the solution
obtained by including the step size in the optimization process. This is insofar relevant
since in small power systems it is difficult to find feeder blocks which finally sum up
the step size determined by the optimization algorithm.
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Figure 5-11: Comparison of the performance of different UFLS scheme designs.

5-3 IMPACT OF STEP SIZE VARIATIONS

The step size is critical to the performance of UFLS schemes. Usually, UFLS scheme
designs assume an invariant and known percentaged value for the step size or as in the
case of optimized step sizes, they suppose that the adjusted step size is both realizable
and its percentaged value invariant. Typical values are within 7-15% of load demand
per step [IEEE'68].

The implemented step size normally differs of the actual step size due to a number
of reasons. First, the predefined step size associated to each step during the design
process might vary considerably from the actual step size if, for example, a customer is
offline or consumes a larger amount of energy than expected, etc. A statistical analysis
of the consumption is usually carried out to gain some insight in the behavior of
customers and to strengthen the assumption of the step size [Sigrist'10a]. Apart from
rather random changes, this demand variation depends also on daily and seasonal
factors and on the customer type. Another reason for differences between implemented
and actual step size is given by the fact that feeders might also be disconnected, i.e. out
of operation, due to maintenance operations, etc. Finally, actual amount of shed load
might differ due to breaker failures [UCTE'06]. However, this last reason is less
probable because of the reliability of currently used underfrequency and ROCOF relays.
Briefly, differences between implemented and actual step size can be explained by the
following causes:

¢ Variation of feeder load
* Feeders outage
¢ Breaker failures

In what follows, causes for step-size variations are further explained and their impact on
the performance of an UFLS schemes are analyzed. It will be shown that these
variations can be modeled using statistical distributions. In a next step, the design of
backup steps of UFLS schemes is addressed. These steps should guarantee system
stability when implemented step size and actual step size significantly differ due to
feeder-load variation, disconnected feeders or breaker failures. In other words, if regular
steps, adjusted according to the proposed method for the design of robust and efficient
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UFLS schemes, fail to arrest frequency decay, backup steps enter the load-shedding
process trying to save the power system.

5-3-1 Causes for step-size variations

Feeder-load variation and its impact, and in particular changing daily load profiles of
residential, commercial and industrial costumers, is easiest explained graphically.
Figure 5-12 and Figure 5-13 show different load-demand variations during 24 hours.
Figure 5-12 illustrates daily load curve corresponding to the peak demand of Spanish
power system in 1997 [REE'98]. Although the whole system demand is represented and
no insight is gained into demand of particular distribution feeders, it can be inferred that
demand of distinct customer groups (residential, commercial or industrial) differently
evolves over the course of the day. Consider, for example, the points in time
corresponding to valley and peak demand (indicated by dashed lines). Clearly, the
proportion of residential and interruptible industrial users with respect to the whole
demand significantly varies. If step sizes were determined according to peak demand
proportions, appreciable differences could be expected for valley load-demand levels.

A
30T

[] Other industry and services
B Residential

] Commercial

I interruptible industry
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\/
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Figure 5-12: Daily load curve of 1997 peak load-demand level [REE'98].

Figure 5-13 gives some more insight into seasonal variations and different customer
groups on distribution level. Typical summer and winter load curves of the Canary
Islands are compared in Figure 5-13 (a) [REE'09]. A shift in peak demand can be
observed. Figure 5-13 (b) shows daily load profiles of industrial and residential
customers on distribution level. In addition, weekday and weekend load profiles are
compared. More extensive research on load profile determination and classification can
be found in [Jardini'00] and [Gerbec'02]. It is clear from Figure 5-13 (b) that different
customers exhibit different load profiles with, for example, different peak load-demand
instants. Another interesting observation can be made comparing weekday and weekend
load profiles. The considered industrial customer has a significantly distinct
consumption during weekdays and weekends. Again, this variation in demand due to
different customer groups or due to daily or seasonal variations might result in different
demand proportions and consequently in different percentaged values of step sizes than
foreseen.
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Figure 5-13: (a) Seasonal demand variation and (b) load profile of different customer groups.

5-3-2 UFLS scheme performance in presence of varying step sizes

It has been shown that different customer types and seasonal and daily load variations
could cause differences between implemented and actual percentaged values of step
sizes of UFLS schemes. The question arises how these variations can be modeled.

A literature review shows that research is principally focused on the application of
known statistical distributions, although it is well known that customer level load does
not generally follow a known distribution function [Seppala'95]. Some loads even lack
any regular distribution. However, according to [Seppala'95], loads are usually
distributed around a mean and in many cases the distribution has a bell shape. Thus, a
large variety of distribution functions satisfying the latter observation have been studied
and applied to actual load data, among others Weibull, beta, log-normal and normal
distributions. In [Ghosh'97], it is concluded that using appropriate parameters, the beta
function could be a possible candidate for describing load demands because of its
flexibility to adapt to the skewness in distribution. Log-normal distributions are
proposed in [Seppala'95]. Finally, comparing several distribution functions, it has been
shown that for symmetrically distributed load, normal as well as log-normal or beta
distributions accurately describe load variation, whereas for asymmetrically distributed
load, beta or log-normal distributions are preferable [Ghosh'97; Neimane'0l].
Nevertheless, the most common technique to model loads is through normal distribution
[Singh'10]. By invoking the Central Limit Theorem (see e.g. [von Lanzenhauer'74]),
normal distributions have been applied to total load demand variations or to feeder-level
variations for feeders containing a large group of different customers [Leite da
Silva'90]. Examples of actual load data and associated probability density functions are
shown in Figure 5-14. These data have been obtained by measurements at a medium-
voltage 3111bstation. Thus, normal distribution is chosen here to model variations of the
step size.

" Independent of the distribution function chosen, it must be noted that different distribution functions
may describe different periods during a day [Seppala'95]. The same is also true for different customer
types. But modeling each feeder by a different distribution functions would complicate the problem far
behind its objectives.
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Figure 5-14: Histogram and corresponding density function of actual load data.

The normal distribution only describes the variations due to demand variations.
Feeders out of operation or breaker failures are not included. These events could be
easily modeled by means of a Bernoulli distribution, i.e. according to the event the step
size corresponds with a certain probability to its actual value or is zero. The total
variation of the step sizes is therefore described by the simultaneous occurrence of two
random variables corresponding to a normal distribution and a Bernoulli distribution,
which is equivalent to multiplying these two random variables [Rubinstein'08].

Denote g,(¢) the normal probability density function and b.(*) the Bernoulli
probability density function given by

b,(¥)= PO, () +(1=p)d,.(»y=1

where p is the failure probability. Then step sizes greater than zero are described by the

normal probability density function g,(¢) multiplied by (/-p), whereas zero step sizes

correspond to the sum of the failure probability density pdgi..(0) and the value of zero

step size of the probability density function g,(*), i.e. g,(0), multiplied by (/-p). The

corresponding probability density function gb(*) can be finally written as follows:
p+(1-p)g,(0), y=0

b(y) = 5.2
8w {(l—mga(y), 0<ysI 2

Figure 5-15 illustrates the probability density function given in equation (5.2). Two
comments can be made with respect to probability density function gb(e). First, for
small values of p, the probability function could be approximated by the normal
probability density function. Second, for rather worst-case-like step-size variations, a
uniform distribution function could be used, attaching great significance to larger
demand variations.
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Figure 5-15: Illustration of the probability density function of equation (5.2).

Figure 5-16 and Figure 5-17 show the impact of step-size variation on the
representative operating and contingency scenarios (only scenarios with load-shedding
activity, corresponding to the first two rows of Table 5-1, are shown) and compare it to
the case with constant step sizes. The probability density function of equation (5.2) has
been used to model step-size variation. The failure probability of the Bernoulli
distribution is set to 0.01, whereas the normal distribution has a mean and a standard
deviation of 0.5 and 0.1, respectively. In addition, a minimum available amount of
sheddable load is imposed’. A realistic value is 60%. Thousand Monte-Carlo
simulations have been run.

Figure 5-16 (b) shows the impact of varying step sizes on the performance of the
original La Palma UFLS scheme, whereas Figure 5-17 (b) shows the impact on the
performance of the proposed UFLS scheme. Clearly, frequency falls in both cases
below the minimum allowable frequency of 47 Hz imposed for design (see also 4-4-1),
but to a much lesser extent in the case of the proposed design. Furthermore, strong
frequency overshoots can be observed for both the original and the proposed UFLS
scheme, indicating overshedding. By comparing Figure 5-16 (a) and Figure 5-16 (b) as
well as Figure 5-17 (a) and Figure 5-17 (b), it seems that step-size variations affect more
the original UFLS scheme design than the proposed UFLS scheme.

% It is unrealistic consider situations where, for example, only 10% of total amount of sheddable load is
available. Furthermore, in such a case, it would be impossible to protect the power system against
collapse. Note that this value is used to limit the overall reduction of available amount of sheddable load,
but not the reduction of a single step (which can be unavailable).
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Figure 5-17: responses in presence of (a) constant step sizes and (b) varying step sizes with the
proposed La Palma UFLS scheme.

Figure 5-18 compares the performance of the original and proposed UFLS scheme
in presence of step-size variations. Accumulated minimum frequency deviations,
accumulated time that frequency is below 47 Hz and total amount of shed load of all
Monte-Carlo simulations are shown. Figure 5-18 confirms that the power system with
the original UFLS scheme suffers larger frequency deviations, with longer frequency
operation below 47 Hz and shedding more load than the system with the proposed
UFLS scheme. Nevertheless, extended operation below 47 Hz put the power system at
risk and should be avoided. The use of properly designed backup steps should reduce
the impact of varying step sizes by minimizing operation at dangerously low frequency
levels.
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Figure 5-18: Comparison of the performances of the original and the proposed UFLS scheme in
presence of step-size variations.

5-3-3 Design of backup steps of UFLS schemes

For the design UFLS schemes, it has been supposed that the percentaged values of step
sizes are invariant. However, actual step size usually differs from the implemented one
due to variations of feeder load, feeder outages or due to breaker failures. These
variations of the step size, simulated by a statistical distribution, can have a jeopardizing
impact on system stability. Focus is here on the impact of reduced step sizes. Reduced
step sizes will put the power system at risk since less load might be shed than necessary
and since frequency deviations increase, allowing the design of backup steps.” Backup
steps of UFLS schemes should reduce the vulnerability of the power system in such
cases. Backup steps are those steps of an UFLS scheme which have not been adjusted
since unnecessary when applying the proposed method for the design of robust and
efficient UFLS schemes.

Although backup steps are only considered to address the problem of step-size
variations, other phenomena such as non-responding or only partially responding
turbine-governor systems or consecutive outages of generating units might require the
presence of backup steps. In [Chuvychin'96], the problem of consecutive outages has
been discussed. The case of partially responding turbine-governor system could occur in
steam turbines of combined cycle power plants. In fact, if a gas turbine of the combined
cycle power plant is lost, the steam turbine is initially able to provide primary frequency
control, but it will reduce or cease generating power after a certain time due to reduced
heat ducted to the waste heat boiler. Thus, backup steps are used for a variety of events
and disturbances involving different dynamics, which are not considered during the
design of UFLS schemes. Their objective is to support the UFLS scheme in such cases
and to guarantee system integrity, and minimizing the amount of shed load is not

? The impact of increased step size, causing overshedding and possibly high overfrequency, is indirectly
taken into account. In fact, such cases can also arise due to step-size reduction since an additional UFLS
scheme stage could enter the load-shedding process, causing overshedding and overfrequency.
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paramount anymore. For example, consecutive outages of generating units could also
occur in a power system, but during design process for UFLS scheme, one does not
know when these outages actually occur and which dynamics cause consecutive
generating units to trip, complicating the design process.

The need of backup steps has been already recognized in [El-Banhawy'91; Mak'91],
but a general method for their design has not been presented so far. According to the
characteristics of the power system, one can distinguish between time coordinated or
frequency coordinated backup steps [Mak'91; Hsu'97]. Time coordinated backup steps
have frequency threshold within the range of frequency of regular UFLS steps but with
larger delays (around 5 up to 20s) and therefore, they can also be considered as
restoration steps in the case frequency settles at low frequency values. Frequency
coordinated backup steps, by contrast, have lower frequency values than regular UFLS
steps and short delays and they actuate if frequency falls below foreseen values.

The proposed method for the design of UFLS backup steps consists in two
consecutive tasks. First, several combinations of different backup steps settings are
heuristically designed, based on simplified variations of UFLS scheme step sizes. In a
second step, the proposed designs are validated and evaluated using a Monte-Carlo
simulation approach. Monte-Carlo simulations have been already used to design UFLS
schemes in a screening-like manner [Thalassinakis'04]. This screening-based design
method is adopted to design UFLS backup steps. The principal difference is that in
[Thalassinakis'04] exponential distributions in time have been used to model generator
outages, whereas here a distribution function is used that models step-size variations.

5-3-3-1 Propositions of backup-step settings

Analogous to the proposed method for the design of robust and efficient UFLS
schemes, the heuristic design of backup steps of UFLS schemes is exclusively applied
to representative operating and contingency scenarios. Moreover, only scenarios with
load-shedding activity, corresponding to the first two rows of Table 5-1 of the La Palma
power system, are taken into account. This makes sense since variations of step sizes
only affect these scenarios. If, however, other problems arise such as turbine-governor
inactivity, at least all representative operating and contingency scenarios must be
contemplated. In either case, design of backup steps is based upon simplified step-size
variations which are modeled by variations of 0.1, 0.3 and 0.5 pu and applied equally to
all step sizes. A variation of 0.5 pu signifies thus a reduction of 50% of all step sizes.
These values correspond to slight, medium and heavy variations of step sizes, but other
values could be chosen, if considered more appropriate. Thus, different settings of
backup steps are heuristically determined according to the considered operating and
contingency scenarios with load-shedding activity and the equally applied step-size
variations of 0.1, 0.3 and 0.5 pu.

Table 5-7 displays a selection of reasonable propositions for backup-step settings
for the La Palma UFLS scheme. These five propositions have been heuristically
determined. Stages 7 to 10 have been adjusted since stages 1 to 6 have been designed
using the proposed method as shown in section 4-4-1. Two groups can be readily
distinguished. Propositions V1, V2 and V3 switched stages 7 and 8 by imposing a
higher threshold frequency to stage 8, trying to reduce the amount of shed load for
operating and contingency scenarios of which frequency falls only slightly below the
minimum allowable frequency of 47 Hz. In fact, minimum allowable frequencies have
been modeled by two constraints, 48 Hz—3 s and 47 Hz—0 s, being the latter the more
critical constraint. Propositions V4 and V5 maintain the initial order of backup steps.
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Within each group, propositions vary due to different time or frequency coordination
among backup steps. For example, the first two steps of V2 are identical to the ones of
V1, but the following steps are time-coordinated steps at 47 Hz instead of frequency-
coordinated steps like in V1. The intentional time delays of backup steps 9 and 10 are
typical values and are similar to the ones of the existing UFLS scheme (see Table 4-6).
By contrast, proposition V3 has closer frequency thresholds than V1, but identical
intentional time delays; therefore, V3 should faster arrest frequency decays, at the
expense of possible overshedding. Similar remarks apply to propositions V4 and V5.

Table 5-7: Propositions of different backup-step settings for the La Palma UFLS scheme.

UFLS backup steps
Stage V1 V2 V3 V4 V5 Step size (%)
o (Hz) tine () o (Hz) tine (8) o (Hz) tine () o (Hz) tine (8) o (Hz) tine ()
7 46.5 0.1 46.5 0.1 46.8 0.1 46.8 0.1 46.8 0.1 12.5
8 47 0.1 47 0.1 47 0.1 46.6 0.1 46.5 0.1 42
9 46 0.1 47 1.5 46.4 0.1 46.4 0.1 47 1.5 15.1
10 45 0.1 47 2.5 45 0.1 47 2.5 47 2.5 20.5
topn = 0.2s

opn

5-3-3-2 Evaluation of the proposed backup-step settings

Backup-step settings V1 to V5 have been determined using representative operating and
contingency scenarios with load-shedding activity and assuming that step-size
variations are equally applied to all step sizes. Subsequently, these backup-step settings
are applied again to the representative operating and contingency scenarios, but this
time step-size variations are modeled by the probability density function of equation
(5.2), which is shown in Figure 5-15. The failure probability is set to 0.01, whereas
mean and standard deviation are 0.5 and 0.1, respectively. Again, an overall minimum
available amount of sheddable load of 60% is imposed, and thousand Monte-Carlo
simulations are performed.

Figure 5-19 illustrates the effect of backup-step propositions of Table 5-7 on
representative operating and contingency scenarios with load-shedding activity and in
presence of step-size variations. The same random step-size variations have been
applied to test the five backup-step propositions.
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Figure 5-19: Power-system responses (a) without and (b) to (f) with backup-steps settings V1 to V5
of proposed La Palma UFLS scheme.

Two principal observations can be inferred from Figure 5-19. First, uncertainty
induced by step-size variations reduces the efficiency of UFLS schemes in terms of
frequency deviation reduction. Second, two groups can be identified, according to low
frequency operation and overfrequency, which seem to be mutually exclusive.
Proposition V1 of Figure 5-19 (a), for example, completely avoids overfrequency
conditions, whereas sustained operation below 47 Hz is hardly restricted (frequency is
below 47 Hz up to 2 s). Proposition V2 improves the latter only slightly. By contrast,
proposition V5 clearly limits operation below 47 Hz, but at the expense of
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overfrequency conditions due to overshedding. Similar interpretations apply to
propositions V3 and V4. In either case, comparing Figure 5-19 with Figure 5-16
(original La Palma UFLS scheme) and Figure 5-17 (proposed UFLS scheme), backup
steps readily increased minimum system-frequency values. Overshedding as caused by
V5 could be reduced by splitting the larger blocks of stages 7 and 9 into smaller ones.
However, in cases of smaller power systems like the La Palma system, this might not be
possible due to fixed block size.

Figure 5-20 gives some additional insight into the performance of the backup-step
propositions V1 to V5. Figure 5-20 (a) represents the accumulated time that frequency
is below 47 Hz for each proposition, and Figure 5-20 (b) shows the number backup-step
interventions as a percentage of the totally performed Monte-Carlo simulations. Figure
5-20 (c) depicts the mean amount of shed load per backup-step intervention (total
amount of shed load due to backup-step intervention divided by the number of backup-
step interventions), whereas Figure 5-20 (d) shows the total difference between the
amount of lost generation and shed load due to backup step intervention. A cero value

means that no overshedding occurred due to backup-steps (e.g. propositions V1 and
V2).
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Figure 5-20: Comparison of the performance of the proposed backup settings V1 to V5: (a)
accumulated time that frequency is below 47 Hz, (b) percentage of backup-step intervention, (c)
mean amount of shed load per backup-step intervention and (d) total difference between the
amount of lost generation and shed load due to backup-step intervention.

According to Figure 5-20, propositions V1 and V2 allow longer low-frequency
operation and shed less load than proposition V4 and V5, although backup-steps
intervene more times. A reduction in the amount of shed load has therefore been
obtained by switching stages 7 and 8. Proposition V3 is somehow a mix since it reduces
low-frequency operation with regard to V4 and V5, but intervenes more times than
these two propositions. Apart from propositions V1 and V2, proposition V5 causes the
smallest amount of overshedding due to backup-steps intervention. This is also reflected
by the overfrequency situations shown in Figure 5-19. The performance of proposition
V4 lies in between the performances of proposition V3 and V5. Note that the high
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proportion of backup-step interventions of propositions V1 to V3 is caused by two
factors: first, only two operating and contingency scenarios are considered and second,
frequency threshold of the first backup step of propositions V1 to V3 is set to 47 Hz.
This number will significantly reduce when applying to all possible operating and
contingency scenarios (see section 5-3-3-3).

Irrespective the strategy adopted for backup-step settings, both sustained low
frequency operation and overfrequency conditions jeopardize system integrity.
Depending on power-system characteristics such as the resistance of generating units
against low frequency operation, one strategy prevails over the other. For example, if
turbines were able to withstand low frequencies (e.g. 47 Hz for two seconds),
permissive backup-step settings, such as proposition V1, could be implemented.
Nevertheless, if turbines were sensitive to frequency deviations, propositions such as V5
should be implemented to quickly restore frequency to acceptable, safe values.

5-3-3-3 Application of backup-step settings to all possible operating and contingency
scenarios

Finally, backup-step design propositions of Table 5-7 are evaluated by means of Monte-
Carlo simulations applied to all possible operating and contingency scenarios. Again,
only the impact of step-size reductions is analyzed. Step-size variations are modeled by
a probability density function with failure probability equal to 0.01, mean of 0.5 and
standard deviation of 0.1. As in the previous section and in order to reduce
computational effort, only operating and contingency scenarios with load-shedding
activity are evaluated. Due to the large amount of operating and contingency scenarios,
only 200 Monte-Carlo simulations are performed, resulting in around 14000
simulations.

Figure 5-21 shows the effect of different backup-step settings on all possible
operating and contingency scenarios with load-shedding activity.
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Figure 5-21: Power-system responses (a) without and (b) to (f) with backup-steps settings V1 to V5

of the proposed La Palma UFLS scheme.

Again, two clearly differentiable groups can be identified with regard to sustained
underfrequency or overfrequency conditions. Design proposition V1 and V2 accept
sustained low frequency operations in order to reduce overfrequency and consequently,
overshedding. By contrast, backup-step designs V3 to V5 clearly reduce sustained low
frequency operation, at the expense of overfrequency and overshedding. Note anew that
proposition V3 exhibits more overfrequency situations than V4 and V5 and that
propositions V1 and V2 only cause a few overfrequency situations. Another interesting
observation comparing Figure 5-21 with Figure 5-19 can be made with respect to the
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benefits of representative operating and contingency scenarios. In fact, it seems that,
after all, worst-case scenarios fit quite well with those described by representative
scenarios. System responses to intermediate scenarios are more scattered since their
associated clusters contain a wider range of operating and contingency scenarios.

Figure 5-22 gives some additional insight into the performance of the backup-step
propositions V1 to V5. Figure 5-22 (a) represents the accumulated time that frequency
is below 47 Hz for each proposition, and Figure 5-22 (b) shows the percentage of
backup-step intervention with regard to the performed simulations. Figure 5-22 (c)
depicts the mean amount of shed load per backup-step intervention, whereas Figure
5-20 (d) shows the total difference between the amount of lost generation and shed load
due to backup step intervention.
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Figure 5-22: Comparison of the performance of the proposed backup settings V1 to V5: (a)
accumulated time that frequency is below 47 Hz, (b) percentage of backup-step intervention, (c)
mean amount of shed load per backup-step intervention and (d) total difference between the
amount of lost generation and shed load due to backup-step intervention.

Anew, propositions V1 and V2 allow longer low-frequency operation and shed less
load than proposition V4 and V5, although backup-steps intervene more times. By
contrast, proposition V3 reduces low-frequency operation, but still intervenes more
times than propositions V4 and V5. Among the propositions V3 to V5, proposition V5
causes the smallest amount of overshedding due to backup-steps intervention, but with
slightly longer low-frequency operations than V3. The performance of V4 is somehow
in between the performances of propositions V3 and V5. Note that in only 10% (V1 to
V3) or 6% (V4 and V5) of all simulations backup-steps are required. This reduction
with respect to the results show in Figure 5-20 is mainly due to the fact much more
operating and contingency scenarios are considered here. In general, similar conclusions
to those obtained by using representative operating and contingency scenarios can be
made, reaffirming the utility of representative operating and contingency scenarios.
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5-4 PARTIAL CONCLUSIONS

The design of UFLS schemes is based on certain assumptions concerning design
conditions and variability of UFLS scheme step sizes. Design conditions directly
influence the performance of the resulting UFLS scheme and different design conditions
might result in distinct final UFLS scheme designs. Percentaged values of actual step
sizes vary from the implemented step sizes due to changing system-operating
conditions. Step-size variations can negatively affect UFLS scheme performance. This
chapter extensively studied the impact of varying design conditions and varying step
sizes.

Design conditions have been classified into five groups according to the step of the
proposed method for the design of UFLS scheme they affect. These groups include the
selection of operating and contingency scenarios and different choices of optimization
constraints, of objective functions, of optimization algorithms as well as different
choices of decision variables. Different UFLS scheme designs resulting from a variation
of one of these design conditions have been analyzed and compared to the base case,
which corresponds to the proposed UFLS scheme of the La Palma power system. Some
of these modified design conditions coincided also with UFLS scheme designs proposed
in the literature and thus, they allowed comparing the proposed method with other
methods. The following results have been obtained:

* Operating and contingency scenario selection: Three different cases have been
studied: operating and contingency scenarios determined by the common
practice, determination of five (instead of four) representative operating and
contingency scenarios and finally, representative operating and contingency
scenarios defined for system operating conditions without decoupled power
generation. The UFLS scheme designed with scenarios which were determined
by the common practice is less robust than the UFLS scheme designed according
to the proposed method. Neglecting decoupled power generation worsened after
all the number of error states related to low and high frequency operation in
comparison to a scheme designed with decoupled power generation. Further and
after all, for higher degrees of DPG penetration, DPG should be contemplated
when designing UFLS schemes. It seems that a significant change in the
generation structure requires reviewing UFLS schemes. Finally, if the number of
representative operating and contingency scenarios is cautiously chosen, an
additional scenario does not alter significantly the result.

e Variation of the optimization constraints: In particular, relaxations on the
allowable minimum frequency and the possibility of rearranging the steps have
been considered. Omitting priority remarkably reduced the amount of shed load
as expected. However, the relaxation on the allowable minimum frequency did
not improve with relation to the amount of shed load unless the minimum
frequency threshold value permitted for the design of underfrequency relays has
been lowered from 47 Hz (base case) to 46 Hz. In the latter case, the amount of
load has been reduced even further compared with the case where steps can be
rearranged. However, less restrictive constraints on minimum allowable
frequencies entail lower minimum frequencies.

* Variation of the objective function: The contemplated objective functions include
a term related to the minimum frequency deviation. First, a composite objective
function with weights equal to unity has been tested and thereupon, an objective
function with a more heavily weighted frequency term has been used. It could be
concluded that by including a term related to the minimum frequency deviation,
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frequency deviations are reduced at the expense of an increased amount of shed
load. This was even truer for the more heavily weighted case.

* Variation of the optimization algorithm: Genetic Algorithm has been chosen
since it has been already applied in the literature to partial optimization of UFLS
schemes. The design obtained by applying GA had a similar impact on all
possible operating and contingency scenarios in terms of minimum frequency
deviations and amount of shed load as the base case. In other words, a different
heuristic algorithm led to similar results with similar computation times.

* Variation of the decision variables: First, sequential quadratic programming
(SQP) has been applied to the problem of optimal tuning of all UFLS scheme
parameters, i.e. frequency and ROCOF thresholds, intentional time delays and
step sizes. Step sizes have not been considered as a decision variable in the base
case. In a further step, adaptive Simulated Annealing (SA) algorithm has been
used and finally, a partial optimization based on GA has been applied. In this
case, only frequency thresholds and step sizes have been taken into account. The
complete optimization based on SQP yielded to a design which predominantly
reduced minimum frequency deviation at the expense of increased amount of
shed load. By contrast, complete optimization based on SA achieved much better
results with respect to amount of shed load. In fact, the design halved the amount
of shed load compared with previously obtained design based on SQP, but at the
expense of increased minimum frequency deviations. It has also been shown that
for smaller isolated power systems, where complete optimization is theoretically
feasible but less practical, relaxing the constraint on priority led to very efficient
UFLS schemes with a performance similar to SA-based, completely optimized
UFLS scheme. Finally, the GA-based, partial optimization is slightly less
efficient than the case base and the SA-based complete optimization.

Most of these findings are applicable to larger isolated systems such as the Gran
Canaria power system. In fact, similar conclusions could be drawn with respect to the
selection of operating and contingency according to the common practice, an increasing
amount of decoupled power generation, the relaxation of optimization constraints or
with regard to the addition of a term related to the minimum frequency to the objective
function. A difference might be found when pursuing a complete optimization strategy
and with reference to its applicability. In fact, in larger systems, the step size determined
by the complete optimization strategy is usually implementable.

Actual step size usually differs from the implemented one due to variations of
feeder load, feeder outages or due to breaker failures. These variations of the step size,
which can be modeled by a statistical distribution of load, can have a jeopardizing
impact on system stability, justifying the implementation of backup steps. Backup steps
are those steps of an UFLS scheme which have not been adjusted since unnecessary
when applying the proposed method for the design of robust and efficient UFLS
schemes. A probability density function has been derived to describe the variation of
percentaged values of step sizes. This probability density function is based on two
probability functions: (i) a normal distribution is used to model feeder-load variation
and (ii) a Bernoulli distribution is used to model feeder outages or breaker failures. In
addition, a method for the design of UFLS backup steps has been proposed which
designs first heuristically several combinations of different backup steps settings, based
on simplified variations of UFLS scheme step sizes, and in a second step, the proposed
designs are tested and evaluated using a Monte-Carlo simulation approach.



Design of UFLS schemes of small isolated power systems 143

It has been shown in a first step that step-size variations and step-size reduction in
particular have a jeopardizing impact on the power system, causing very low frequency
levels and frequency instabilities. As a direct consequence, different backup-step
designs with different frequency threshold and time delay settings have been
heuristically determined. Monte-Carlo simulation showed that one backup-step strategy
could prevail over the other, depending on power-system characteristics such as the
resistance of generating units against low frequency operation, and that a unique,
optimal setting does not exist in this sense. Nonetheless, backup steps increased
minimum system-frequency values with respect to the case without backup steps.
Another interesting result obtained by extensive Monte-Carlo simulations is that
representative operating and contingency scenarios gave a good insight into power-
system behavior under uncertainty introduced by step-size variation. This is especially
true for rather worst-case operating and contingency scenarios.






CHAPTER SIX

CONCLUSIONS, CONTRIBUTIONS AND FURTHER
WORK

6-1 CONCLUSIONS

This dissertation has addressed the problem of designing robust and efficient
underfrequency load-shedding (UFLS) schemes of small isolated power systems. UFLS
schemes are a well-established remedy against frequency instabilities.

Frequency stability is a major issue for small isolated power systems. In small
isolated power systems, frequency instability occurs in the form of continuous
frequency decay or of sustained frequency swings leading to tripping of generating
units. Main reasons for the continuous frequency decay are insufficient spinning reserve
or the loss of a major generating unit. However, the ultimate reason for frequency
instability comes from the fact that generating units are equipped with underfrequency
protection devices which trip the generating units in case of underfrequency conditions.
The main problem of underfrequency frequency operation is the excitation of resonant
conditions of mechanical components such as turbine blades and compressor airfoils of
steam turbines and combustion engines. Further problems arise due to reduced output of
power-plan auxiliaries such as fans and pumps which reduce the power generation
further and may cause thermal overload. Thus, if additional counter-measures, such as
UFLS, fail, underfrequency protection devices trip the generating units and the power
system collapses due to frequency instability. In addition, decoupled power generation
enhances the risk of frequency instability due to its negligible frequency-control
capabilities and the absence of inertial response. Decoupled power generation refers to
those solar and wind-power generating units which are mechanically decoupled form
the power system through power electronic converters.

UFLS schemes are implemented to avoid system collapses. These schemes trip
loads to restore the power equilibrium and to arrest frequency decay. UFLS schemes
can be grouped in conventional and advanced schemes. This dissertation is concerned
with conventional UFLS schemes which trips predefined amounts of load at specified
frequency thresholds.
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The design of such UFLS scheme is usually based on the evaluation of the
responses of the power system to a set of contingencies. These evaluations in turn are
realized by means of simulations of a model of the power system of interest. A simple
but still accurate model has been developed to simulate frequency dynamics of a power
system. This so-called non-linear multi-generator system frequency dynamics (SFD)
model is a low-order model which reduces the computational cost with respect to a fully
detailed model maintaining the essential frequency dynamics of the original model. The
proposed SFD model assumes that generating units can be represented by their turbine-
governor systems, that the network can be neglected and reduced to a single bus, that
loads are voltage and frequency independent and that finally, turbine-governor systems
can be represented by non-linear first-order or second order models. Comparison with
more detailed power-system models and analysis of SFD model parameters gave rise to
the following conclusions:

e Comparisons of simulations based on the proposed non-linear multi-generator
SFD model with simulations of much more detailed models run with PSS/E
software package have shown that this non-linear multi-generator SFD model is
able to accurately reproduce short-term frequency dynamics of real power
systems.

* It has been shown that the inclusion of generator output limitations, giving rise to
the non-linearities in the SFD model, have a significant impact on short-term
frequency dynamics and on frequency stability in particular.

* It has also been shown that the presence of decoupled power generation in small
isolated power system needs to be taken into account when studying frequency
stability.

Several methods have been reported in literature to design conventional UFLS
schemes, but there exists no generally accepted method for the design of UFLS
schemes. These methods are mostly based on simulations of a set of operating and
contingency scenarios. However, these operating and contingency scenarios are usually
determined by the common practice of scenario selection, which does not necessarily
guarantee robustness of the designed UFLS scheme. Furthermore, these design methods
do not guarantee an optimal performance of the UFLS scheme in terms of shed load.
This thesis has developed a method to design robust and efficient UFLS schemes of
small isolated power systems. Efficiency is tantamount to shedding a minimum amount
of load, whereas robustness denotes efficiency for a set of operating and contingency
scenarios. The developed method for the design of robust and efficient UFLS schemes
uses the proposed SFD model to perform simulations.

To guarantee a robust UFLS scheme design, adequate operating and contingency
scenarios need to be selected. A method based on Data Mining has been proposed to
identify and select representative operating and contingency scenarios. Several Data
Mining techniques such as K-Means, Fuzzy C-Means and KSOM have been applied to
the problem of representative scenario selection. Representative operating and
contingency scenarios are those scenarios which represent best all other operating and
contingency scenarios. Efficiency of the UFLS scheme can be achieved by applying an
optimization algorithm to tune the parameters of the UFLS scheme, corresponding with
the tunable parameters of the underfrequency and the rate of change of frequency
(ROCOF) relays. This has been referred to as a partial, more industry-oriented
optimization strategy since only frequency thresholds, ROCOF thresholds and
intentional time delays have been optimized, assuming constant step sizes. The main
objective of the optimization stage is to minimize the amount of shed load without
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jeopardizing the system stability. Optimization constraints include restrictions on the
priority of loads, the instant of shedding and the amount of shed load as well as on the
minimum and maximum allowable frequencies. In this dissertation, the use of the
adaptive Simulated Annealing algorithm has been suggested to optimally tune UFLS
scheme parameters.

The proposed method for the design of efficient and robust UFLS schemes
comprises thus two tasks: the selection of adequate operating and contingency scenarios
by means of Data Mining techniques and the optimal tuning of the UFLS parameters by
means of an optimization algorithm. To confirm the feasibility of the approach, the
proposed method has been applied to the design of the UFLS schemes of the La Palma
and the Gran Canaria power system. In addition, the proposed UFLS scheme has been
compared to a simply optimized UFLS scheme which uses operating and contingency
scenarios determined by the common practice of scenario selection. The following
results have been obtained with regard to the selection of operating and contingency
scenarios:

* It has been shown that by means of Data Mining, representative operating and
contingency scenarios can be found. The resulting representative operating and
contingency scenarios describe well the patterns among all possible operating
and contingency scenarios.

* The application to the La Palma power system showed that different Data Mining
techniques yield to similar results.

* The method based on Data Mining has been compared with the common practice
of scenario selection. Compared with the common practice of scenario selection,
representative operating and contingency scenarios cover a wider range of
possible system responses than the manually selected scenarios.

* Furthermore, it has been shown that decoupled power generation has a significant
impact on the final selection of representative operating and contingency
scenarios.

The use of adaptive Simulated Annealing in combination with representative operating
and contingency scenarios gave rise to the following results:

* The application of adaptive Simulated Annealing yields to a more efficient UFLS
scheme with behalf to the existing UFLS scheme. In fact, the resulting UFLS
scheme sheds less load and exhibits better performances with respect to imposed
constraints such as minimum and maximum allowable frequencies, load priority
or unnecessary late shedding.

* The proposed UFLS scheme has been compared with the simply optimized UFLS
scheme which uses operating and contingency scenarios determined by the
common practice of scenario selection. It has been shown that the proposed
UFLS scheme is more robust and efficient than the simply optimized UFLS
scheme. The superior robustness is mainly due to a more adequate selection of
operating and contingency scenarios, i.e. using a wider range of possible system
responses.

Like all design methods, the proposed method for the design of robust and efficient
UFLS schemes is based upon certain assumptions concerning design conditions and
variability of UFLS scheme step sizes. Thus, the impact of changing design conditions
and varying step sizes has also been extensively studied.

The analysis of changing design conditions is addressed by designing different
UFLS schemes resulting from a variation of one of the design conditions. These design
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conditions can be roughly classified into those affecting the selection of operating and
contingency scenarios and those affecting the formulation of the optimization problem.
The following results have been obtained with regard to variations of design conditions:

* It has been shown that scenarios determined by the common practice yield to less
robust UFLS schemes. Further, inclusion of decoupled power generation is
crucial for the design of UFLS schemes in small isolated power systems. Finally,
if the number of representative operating and contingency scenarios is cautiously
chosen, an additional scenario does not alter significantly the result.

* Relaxation on constraints on priority and minimum allowable frequencies has
reduced the amount of shed load by accepting larger frequency deviation for the
latter. It has also been shown that by including a term related to the minimum
frequency deviation, frequency deviations are reduced at the expense of an
increased amount of shed load.

* Further, designs obtained by different optimization algorithms such as Genetic
Algorithm led to similar results in terms of minimum frequency deviations and
amount of shed load as the base case. Finally, Sequential Quadratic Programming
applied to complete optimization, which considers also the step size as a decision
variable, yielded to designs which predominantly reduced minimum frequency
deviation at the expense of an increased amount of shed load. By contrast,
complete optimization based on adaptive Simulated Annealing achieved much
better results with respect to amount of shed load, accepting by contrast larger
frequency deviations. It has also been shown that for smaller isolated power
systems, where complete optimization is theoretically feasible but less practical,
relaxing the constraint on priority led to very efficient UFLS schemes with a
performance similar to the completely optimized UFLS scheme.

In order to address step-size variations and step-size reduction in particular, a method
for the design of UFLS backup steps has been proposed which first designs several
combinations of different backup steps settings heuristically, based on simplified
variations of UFLS scheme step sizes, and in a second step, the proposed designs are
validated using a Monte-Carlo simulation approach. Monte-Carlo simulations make use
of a probability density function, modeling step-size variation as combination of feeder-
load variation and feeder outages and breaker failures. Finally, the following results
have been obtained with respect to the analysis of varying step sizes and the design of
possible backup steps of UFLS schemes:

» It has been shown that step-size variations and especially step-size reduction have
a jeopardizing impact on the power system, causing very low frequency levels
and frequency instabilities.

* It has been concluded from the Monte-Carlo simulations applied to the La Palma
power system that the heuristically designed backup-step setting can be classified
into two mutually exclusive groups, according to low frequency operation or
overfrequency operation. Further, depending on power-system characteristics
such as the resistance of generating units against low frequency operation, it has
been found that one strategy could prevail over the other and that a unique,
optimal setting does not exist in this sense. In either case, backup steps have
increased minimum system-frequency values with regard to the UFLS scheme
without backup steps.

In conclusion, a method for the design of efficient and robust UFLS schemes has been
elaborated and successfully applied to real power systems. This, in turn, exhibited the
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utility of the developed non-linear multi-generator SFD model. Ultimately, the analysis
of varying design conditions and varying step sizes gave some more insight into the
performance of UFLS schemes, especially under unpredictable circumstances.

6-2 CONTRIBUTIONS

This section aims at clarifying the contributions of the present dissertation. Main
contributions can be grouped with regard to five topics coinciding with the principal
research lines of this dissertation: (i) modeling of small isolated power systems, (ii)
proposed method for the design of UFLS schemes, (iii) analysis of UFLS schemes, (iv)
implementation and applicability of the proposed methods and finally, (v) phase-plane
analysis of frequency dynamics.

* A novel non-linear multi-generator system frequency dynamics (SFD) model has
been derived. Several SFD models have been described. First SFD models only
considered the impact of load. A second generation extended the approach on
linear single-generator and multi-generator SFD models. However, the
assumption of a linear model, neglecting non-linearities such as generator output
limitations, is only valid for small power imbalances. For larger imbalances,
which are likely to occur in a small isolated power system, non-linearities need to
be considered. Further, apart from first-order models, also second-order generator
models should be considered. Thus, this dissertation elaborated a SFD model that
includes generator output limitations and that allows representing generating
units by a generic second-order model. In addition, the proposed SFD model is
also able to easily include decoupled power generation. Finally, the present
dissertation also developed a method to adjust the parameters of the generic
second-order model using either data from more detailed dynamic models or
measurement data obtained by field tests.

* A method for the design of robust and efficient UFLS schemes of small isolated
power system has been elaborated. To guarantee a robust UFLS scheme design,
adequate operating and contingency scenarios need to be selected. Efficiency of
the UFLS scheme can be achieved by applying an optimization algorithm to tune
the parameters of the UFLS scheme. A method based on Data Mining has been
proposed to identify and select representative operating and contingency
scenarios. Representative operating and contingency scenarios are those
scenarios which represent best all other operating and contingency scenarios.
Several Data Mining techniques such as K-Means, Fuzzy C-Means and KSOM
have been implemented and applied to the problem of representative scenario
selection. The optimal tuning of UFLS scheme parameters has been
accomplished by means of adaptive Simulated Annealing algorithm. The main
objective of the optimization stage is to minimize the amount of shed load
without jeopardizing the system stability. Both a partial, more industry-oriented
optimization strategy, tuning frequency thresholds, ROCOF thresholds and
intentional time delays, and complete optimization, including step size to the
aforementioned parameters, have been realized. Optimization constraints include
restrictions on the priority of loads, the instant of shedding and the amount of
shed load as well as on the minimum and maximum allowable frequencies. The
proposed method for the design of robust and efficient UFLS schemes has been
implemented and applied to two real power systems, taking into account
decoupled power generation.
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* Designs of UFLS schemes are based on certain assumptions concerning design
conditions and variability of UFLS scheme step sizes. This dissertation
extensively studied the impact of varying design conditions and varying step
sizes. Some of the modified design conditions coincided also with UFLS scheme
designs proposed in the literature and thus, they allowed comparing the proposed
method with other methods. Variations of the step size, simulated by a statistical
distribution, can have a jeopardizing impact on system stability, justifying the
implementation of backup steps. In order to address step-size variations and step-
size reduction in particular, a method for the design of UFLS backup steps has
been proposed which first designs several combinations of different backup steps
settings heuristically, based on simplified variations of UFLS scheme step sizes,
and in a second step, the proposed designs are evaluated using a Monte-Carlo
simulation approach. Monte-Carlo simulations make use of a probability density
function, modeling step-size variation as a combination of feeder-load variation
and feeder outages and breaker failures.

*  Within the abovementioned research lines, a toolbox prototype has been created
which allows both simulating and designing UFLS schemes under numerous
operating and contingency scenarios. The Underfrequency Load-Shedding
Scheme Applications (UFLSA) toolbox is also currently used by the Spanish
system operator. UFLSA toolbox has not been conceived to replace other
transient simulation programs such as PSS/E. The main goal is to be able to
simulate fast numerous operating and contingency scenarios and to design and
analyze in an automated manner UFLS schemes.

* An expression describing the frequency stability boundary in the m—dw/dt phase
plane has been derived in the appendix B. This expression is based on the idea of
“breaking the loop” [Egido'10], which allows summing power outputs of n
generators without creating a (n+1[)th-order system. It has been shown by
creating a simple Lyapunov function that this frequency stability boundary is a
separatrix, describing thus a region of frequency stability and helping assessing
frequency stability. Some implementations making use of the definition of
frequency stability boundary have also been proposed.

6-3 PUBLICATIONS

Partial aspects of these contributions culminate in a number of already published journal
and conference papers; in particular:

[Sigrist'08]
Sigrist, L., I. Egido, et al. (2008). Representative contingency identification
using data mining. Electrical and Electronics Engineers in Israel, 2008. IEEEI
2008. IEEE 25th Convention of.

[Sigrist'10a]
Sigrist, L., 1. Egido, et al. (2010a). Ajuste de las protecciones de freguencia de
los clientes interrumpibles de los sistemas eléctricos canarios. CIGRE Espafia -
Jornada Técnica de Gestion de la Demanda. ETSII UPM (Madrid).

[Sigrist'10b]
Sigrist, L., I. Egido, et al. (2010b). "Representative Operating and Contingency

Scenarios for the Design of UFLS Schemes." IEEE Transactions on Power
Systems 25(2): 906.
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The original idea of applying clustering algorithm to the problem of selecting
adequate operating and contingency scenarios is first described in [Sigrist'08]. The
subsequent paper [Sigrist'10b] elaborates further this topic, discussing in more detail the
impact of non-linearities and multiple outages. In addition, a comparison is made for
real power system with the common practice of scenario selection.

Publication [Sigrist'10a] dealt with a particular facet of the problem of varying step
sizes. In fact, the determination of step sizes is realized by means of statistical analyses
of actual customer data or, as in this case, forecast of load demand of interruptible
customers.

Papers under progress tackle the problems of both designing robust and efficient
UFLS schemes and assessing the impact of varying step sizes on the design of possible
backup steps.

6-4 SUGGESTIONS FOR FURTHER WORK

Through the course of this dissertation, some interesting issues have been identified as
subjects for further research. Most relevant untreated aspects are subsequently
presented:

* The non-linear multi-generator SFD model derived in chapter 3 showed in
general very satisfactory results in comparison with more detailed power-system
models such as provided by PSS/E software package. However, small isolated
power systems can also appear as two subsystems connected by a rather weak tie
line as it is the case of the Lanzarote-Fuerteventura power system. In this
particular case, the tie line could be represented by a synchronizing torque
coefficient [Kundur'94]. Obviously, if the contingency consist in tie line opening,
the proposed SFD is valid.

* Although the presented SFD model takes into account the fact of finite spinning
reserve, which translates into generator output limitations, other non-linear
limitations such as rate limits have been neglected. These rate limiters model
finite speed of valve or gate closing or opening and could be of interest in steam
or hydraulic turbines with rather slow servomotors. In addition, valve opening
and closing rates may differ, giving rise to different turbine-governor system
representations according to whether valves open or close. For example,
overspeed can be limited by adding an “auxiliary governor”, increasing the gain
of the control loop in such occasions [Kundur'94].

» Irrespective of the SFD model finally adopted, it is of crucial interest to validate
the SFD model and its parameters with actual measurement data. These data can
be either obtained by field tests applied to involved generating units or by records
of power-system incidents. The former allows identifying generator model
parameters by applying reference or load changes, whereas the later permits to
validate overall performance of the propose non-linear multi-generator SFD
model, including UFLS scheme performance.

* The selection of representative operating and contingency scenarios has been
applied to small isolated power system only. Contingencies have been defined as
single or multiple outages of generating units. It could be interesting to apply this
approach to larger systems or even interconnected systems. Instead of generating
unit outages, numerous islanding situations, where part of the generating and
transmission equipment is lost, could be considered as contingencies. An
islanded system could be simulated with the present SFD model [ Anderson'90].
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* It has been shown that step-size variations have a negative impact on frequency
stability of small isolated power systems and on the performance of UFLS
schemes. Instead of contemplating step-size variations and designing backup
steps after applying the proposed method for the design of robust and efficient
UFLS schemes, the optimization stage of the proposed method could take into
account slight step-size variations in order to efficiently tune frequency
thresholds, ROCOF thresholds and intentional time delays. In addition, governor
inactivity could also be contemplated since a non-responding governor is
tantamount to reducing the available spinning reserve.

* The expression of the frequency stability boundary has been obtained assuming a
simplified version of the generator model. In fact, an isochronous-like governor
formulation has been applied. For first-order models (or even second-order
models), the first integral approach is not feasible anymore to construct a
Lyapunov function. A possible Lyapunov candidate could be constructed by
applying Popov’s criterion and Kalman’s procedure. Finally, it would be
interesting to refine further possible applications and implementations of the
frequency stability boundary.
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APPENDIX A

MATLAB TOOLBOX

A-1 INTRODUCTION

The design of conventional UFLS schemes principally relies on time-domain
simulations. Within the scope of a research project undertaken in collaboration with the
Spanish system operator (REE), a toolbox prototype has been created which allows both
simulating and designing UFLS schemes under numerous operating and contingency
scenarios. The Spanish system operator currently uses the Underfrequency Load-
Shedding Scheme Applications (UFLSA) toolbox. However, this toolbox is not
conceived to replace other transient simulation programs such as PSS/E. The main goal
is to be able to quickly simulate numerous operating and contingency scenarios and to
design and analyze in an automated manner UFLS schemes. Figure A-1 shows the start-
up interface of the toolbox.
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Figure A-1: Start-up interface.

A-2 STRUCTURE AND OPERATION OF THE TOOLBOX

Figure A-2 shows the structure of the UFLSA toolbox. First, the toolbox processes data
of the detailed dynamic models of the generating units as well as data corresponding to
different operating scenarios. Instead of detailed dynamic model data, field-test data can
also be read. In a further step, the generic second-order models representing the
generating units are tuned using dynamic model data. It is also possible to tune the
model using unit responses obtained from field tests. Finally, the toolbox allows not
only simulating UFLS schemes considering different operating and contingency
scenarios but also designing and analyzing such UFLS schemes. Subsequently, the main

features of the UFLSA toolbox are resumed.
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Dynamic model data (.xIs)
Measurement data (.xls)

Scenario data (.xls) =

Data processing 1

Model tuning

v v v

Simulation UFLS Design UFLS analysis
i ‘ f

Relay data (.xls)

Figure A-2: Toolbox structure.

A-2-1 Data processing

In a first step, data corresponding to detailed dynamic models and to the operating
scenarios needs to be read. Alternatively, measured field-test data can be read instead of
detailed dynamic model data. This information is read from two distinct Excel Files.
Figure A-3 shows the interface for reading the data.

<} Underfrequency Load-Shedding Scheme Applications
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Quit ctrl+q

— Summary

Scenarios
— Scenarios

~
Scenatio 26 scenarios
~

LP_Esceniario_40per! D0DecoupledPover xis | Fird
Turbine-governor systems
[

— Dynamic or measuremert dat

Detailed model

Measurements

Done

Figure A-3: Interface for processing the data corresponding to both the dynamic models and the
operating scenarios.
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The data of the dynamic models follow the nomenclature of the PSS/E software
package. Of particular interest are the data of the turbine-governor system models. To
date, the toolbox can handle the following turbine-governor system models:

« DEGOVI

* JEEEGI
* GAST2A
* GASTWD

Figure A-4 shows an example of the structure of the Excel file containing the detailed
dynamic models. The dynamic model shown is a DEGOV1 model.

11 |'DEGOVI1'|1 0 0]0]025|1.2(2(0.1/0.1]0.12|0.828 | 0 0.05 |0

Figure A-4: Example of the structure of the dynamic model Excel file.

If measurement data is available, the Excel file should have a structure as shown in
Figure A-5. In fact, the structure of this Excel file basically coincides with the structure
of the PSS/E simulation output file (headers, etc. have been deleted). However, the user
must provide the turbine-governor gain (inverse of the droop).

0.05 | -0.0014294 0.39943 -0.0014294 0.39943
0.1 -0.0028588 0.39886 -0.0028588 0.39886
0.15 | -0.0042882 0.3983 -0.0042882 0.3983

Figure A-5: Example of the structure of the measurement Excel file.

The data of the scenarios contain the different operating scenarios as well as
additional information on the generating units. Figure A-6 shows the structure of the
Excel file of the scenarios. The user must provide the data corresponding to the grey
cells. The toolbox fills automatically the white cells. Assure that bus numbers coincide
with those of the dynamic model or measurement data.

k (en MBASE) 20 20 20 20 21.25
H (s) 1.75 2.16 1.88 2.10 6.50

B1 1.44 1.32 1.43 1.32 0.89
B2 0 0 0 0 0

Al 18.64 18.38 18.66 18.31 5.66
A2 3.98 2.70 3.85 2.71 3.48

Figure A-6: Example of the structure of the scenario Excel file.
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A-2-2 Tuning of the generic second-order model

As shown in chapter 3, generating units can be represented by a generic second-order
model of the turbine-governor systems. In other words, some generating units might be
accurately represented by a first-order model, whereas others require a second-order
model. Thus, in a second step, the parameters of the generic second-order model are
tuned such that the response of the generic second-order model is as close as possible to
the response of fully detailed dynamic model or to the actual measurement data.

Figure A-7 shows the interface for tuning the generic second-order models. The
toolbox allows tuning the generic second-order model in several ways. First, the user
can specify if models are tuned using either open-loop or closed-loop structures. The
former apply a ramp at turbine-governor system reference of both the generic second-
order model and the detailed model and compare their open-loop responses. The latter
apply a step at turbine-governor system reference of both the generic second-order
model and the detailed model and compare their closed-loop responses. If measurement
data is available, the user must verify whether these measurements have been realized
using an open-loop or closed-loop configuration. Second, the user can specify which
model type has to be tuned (e.g. first-order model or second-order model with one zero,
etc.) or if the most adequate model type should be chosen.

<} [Underfrequency Load-Shedding Scheme Applications

Cenario simulation  UFLS optimization  UFLS analysis

Showmodel |
S — Mordel tunin

o StoeR Turbing-govemor sysiems Ganerator at bus: 4001 D= 1
|Best order model x.x el MR — S
L 2006 DEGOVT' ~
1 DEGOVI - Input
Maddel - Input :gg; 822%‘3 — GASTWD
|Closed-laop: step v 008 easT2e 0 | e g [T 25(1+0.4)/ (1+3.83)
S ; 1005 EEEGT'
— Curve fitting e |
Doy
Simulation tims (=)
o 005
T
£
2
o
Tuning: Include celay
v 5 51 7 g
Dane

Figure A-7: Interface for tuning the generic second-order model.

It must be noted that this stage is only necessary if the parameters of the simplified
model have not already been determined in advance and saved in the scenario data
Excel file (i.e. the white cells of the scenario data Excel file are empty).

A-2-3 Simulation of the power system

Once the data has been processed and the model has been tuned, the toolbox is able to
simulate different operating and contingency scenarios. Simulations are based on the
system frequency dynamics (SFD) model described in chapter 3. Simulations are
realized by means of numerical integrations of the system of non-linear differential
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equations corresponding to the SFD model. Heun’s method is used to numerically
integrate this system of non-linear differential equation.

The toolbox allows automatically simulating the loss of the largest and the smallest
generator for each operating scenario. Furthermore, it is possible to simulate the loss of
specific generators for specific operating scenarios. Finally, it is also possible to
simulate all possible operating and contingency scenarios or representative operating
and contingency scenarios. Figure A-8 shows the interface for simulating an UFLS
scheme taking into account various operating and contingency scenarios.

<} Underfrequency Load-Shedding Scheme Applications
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e 4
™
=
= 50 w
o
c
5 491 4
Generation loss g
§Se\ect | L 48
47 L L L L L I L L L
1 2 3 4 = B 7 8 i 10
Time ()
Simulation time (=) <8 ! 7
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Figure A-8: Simulation of an UFLS scheme.

Simulation time is adjustable. Integration step can be modified by the user via the
submenu “Preferences...” in the menu “File”. The parameters of the UFLS schemes are
read from the relay data Excel file. Since the toolbox allows simulating and designing
both static and semi-adaptive UFLS schemes, the parameters of the UFLS scheme may
correspond to underfrequency relays and/or ROCOF relays. Figure A-9 shows the
structure of the Excel file of the relay data. All parameters must be provided by the user.

Name o (Hz) tint (s) topn (s) | Step size (%)

Sfl 2101 48.81 0.6 0.2 7.1

Sf2 2102 48.81 0.9 0.2 0.6
_
Nombre o (Hz) [do/dt (Hz/s)| tint (s) topn (s) Step size (%)
Df1 2101 49.5 -1.8 0.1 0.2 7.1

Df2 2102 49.5 -1.8 0.1 0.2 0.6

Df3 3101 49.5 -1.8 0.1 0.2 14.5

Df4 3102 49.5 -1.8 0.1 0.2 3.6

Figure A-9: Example of the structure of relay data Excel file.
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A-2-4 Design of UFLS schemes

As presented in chapter 4, the design of an efficient and robust UFLS schemes
comprises two tasks: the selection of adequate operating and contingency scenarios and
the application of an optimization algorithm. Once the operating and contingency
scenarios have been selected, the optimization algorithm adjusts relay parameters such
that the objective function is minimized.

A-2-4-1 Selection of operating and contingency scenarios

The selection of the adequate operating and contingency scenarios can be done
manually or by means of cluster analysis. Cluster Analysis refers to the partitioning of a
data set into clusters, so that the data in each subset ideally share some common trait
and differ from the data in other subsets. There exist different methods based on
advanced statistical and modeling techniques. The toolbox offers various statistic
measures and clustering algorithms such as K-Means, Fuzzy C-Means and KSOM.
Operating and contingency scenarios determined by clustering algorithms are called
representative operating and contingency scenarios. In addition, the toolbox allows
graphically representing representative operating and contingency scenarios using time-
domain plots, principal component analysis, silhouette plots, etc. Figure A-10 shows the
interface for determining representative operating and contingency scenarios.
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Figure A-10: Interface for determining operating and contingency scenarios.

The user can initially adjust the simulation time and determine whether individual
or multiple outages of generating units are contemplated. Integration step can be
modified via the submenu “Preferences...” in the menu “File”. The toolbox offers an
initial estimation of the appropriate number of clusters (4-2-3). All relevant parameters
of the clustering algorithms are modifiable.
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A-2-4-2 Tuning of UFLS schemes

As shown in chapter 4, the tuning of UFLS scheme parameters is transformed into an
optimization problem. The most general objective function for the optimization
algorithm minimizes both the shed load and the minimum frequency deviation for all
selected operating and contingency scenarios. The optimization formulation also
includes some constraints on system response and UFLS performance. Either manually
selected operating and contingency scenarios or scenarios selected by clustering
methods can be used.
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Figure A-11: Tuning of UFLS schemes using optimization techniques.

Figure A-11 shows the interface for the tuning of UFLS schemes using
optimization techniques. The toolbox allows choosing the optimization algorithm to be
applied such as Simulate Annealing, Genetic Algorithms or Sequential Quadratic
Programming, and the objective function to be used. Apart from the objective function
aiming at minimizing the amount of shed load, various composite objective functions
including a frequency-dependent term can be chosen. Further, the toolbox allows
defining and modifying the constraints to be imposed such as constraints on minimum
and maximum allowable frequencies, on the amount of shed load, etc. Analogously, the
decision variables and their corresponding value ranges can be specified by the user.

A-2-5 Analysis of UFLS schemes

As seen in chapter 5, the design of UFLS schemes is based upon certain assumptions on
the response of the power system to a disturbance. Of particular interest are variations
of the step sizes of UFLS schemes. These variations are due to feeder-load variations,
feeder outages or breaker failure. In addition, the effect of inactive governor could also
be analyzed. Monte-Carlo simulations are used to evaluate the impact step-size
variations and inactive governors.
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Figure A-12: Analysis of UFLS schemes using Monte-Carlo simulations.

Figure A-12 shows the interface for the analysis of UFLS schemes using Monte-
Carlo simulations. The number of runs and the number of simulations as well as the
simulation time can be specified by the user. Variations of step sizes are implemented
by means of statistical distributions. The user can select a distribution function of a list
of various distribution functions and specify its corresponding parameters. Further, the
toolbox allows including the effect of randomly selected inactive governors. The
minimum amount of available load to be shed can be adjusted, too. Finally, various
graphic tools enable to analyze the results obtained from the Monte-Carlo simulations.

A-3 CONCLUSIONS

This appendix presented the UFLSA toolbox developed for simulation as well as design
and analysis of UFLS schemes of small isolated power systems. The toolbox employs
the SFD model developed in chapter 3 to simulate the response of the power system to a
set of possible disturbances. Similarly, design and analysis of UFLS schemes are based
on simulations. A simulation refers to the numerical integration of a system of non-
linear differential equations. UFLSA toolbox uses Heun’s numerical integration
method.

The toolbox realizes the following tasks:

* Data processing. Data either contain detailed parameters of the turbine-governor
systems or field-test measurements and operating scenarios of the power system
of interest.

* Tuning of the generic second-order model. If the parameters of the generic
second-order model have not been provided and previously determined, the
UFLSA toolbox tunes these parameters such that the output of the generic
second-order model resembles as much as possible measurement data or the
output of the detailed model.
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e Simulation of the power system to one or several contingencies. These
contingencies either correspond to the outages of the smallest or largest
generating units for each operating scenario or to outages selected by the user or
to outages determined by a cluster analysis.

* Design of robust and efficient UFLS schemes. The design of an efficient and
robust UFLS schemes comprises two tasks: the selection of adequate operating
and contingency scenarios using clustering algorithms and the application of an
optimization algorithm to the problem of UFLS scheme parameter tuning. In the
optimization stage, the user chooses if representative scenarios or manually
selected scenario are used. The user also determines the constraints, objective
function, optimization algorithm as well as decision variables, i.e. the UFLS
scheme parameters.

* Analysis of UFLS schemes. The analysis of UFLS schemes and the study of the
impact of step-size variations in particular are based on Monte-Carlo simulations.



APPENDIX B

PHASE-PLANE ANALYSIS

B-1 INTRODUCTION

Throughout this dissertation, special attention has been paid to conventional UFLS
schemes since most of the UFLS schemes employed today are conventional schemes
applying underfrequency and rate of change of frequency (ROCOF) relays. These
schemes basically shed a predefined amount of load according to settings determined
offline. Nevertheless, progress in technology, giving rise to faster and cheaper devices
communication infrastructure, could allow implementing advanced UFLS schemes in
the future [Terzija'06]. This appendix deals with phase-plane methods which could be
used to asses frequency stability and the problem of load shedding.

Phase-plane methods have been widely used for studying the effects of
nonlinearities in second-order feedback systems [Levine'99]. They usually consist in
sketching state phase-plane trajectories by means of numerical solutions for various
initial conditions, slope plots, explicit solutions or isocline plots. An example of
graphical phase-plane analysis has been shown in chapter 3. This example illustrated the
impact of UFLS schemes on short-term frequency dynamics in the o—dw/dt (frequency
versus rate of change of frequency) phase plane.' A classical use of phase-plane analysis
is made within assessment of angular power-system stability using Lyapunov’s first
integral method [Pai'81]. In fact, given a Lyapunov function (e.g., energy function), a
region of stability can be defined by a separatrix in the 60— (angle versus frequency)
phase plane. Lyapunov functions represent the primary tool for the stability analysis of
non-linear systems [Levine'99]. They verify the stability of a given trajectory, and they
also provide an estimate of its region of attraction.

Use of phase-plane analysis for the problem of short-term frequency stability has
been made in [Terzija'06], [Chuvychin'96] and [Elkateb'89]. In [Elkateb'89] and
[Terzija'06], phase-plane (or locus) plots have been used for the purpose of sketching

' Note that do/dt is not a state variable and thus, the o—dw/dt is not a proper state phase plane but rather a
derived one.
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state trajectories in the w—p (frequency versus mechanical power) and the o—dw/dt
phase plane, but only the work presented in [Terzija'06] recognizes the possibilities of
using the w—dw/dt phase plane for the synthesis of adaptive UFLS schemes. Such a
synthesis has been proposed in [Chuvychin'96]. Assuming that UFLS relays are able to
measure both frequency and rate of change of frequency, phase-plane analysis could be
incorporated into relay logic, determining power-system status by means of a generation
boundary curve. This boundary curve, which has been obtained considering an
unregulated machine connected to an infinite bus, allows detecting generation
deficiency and determining adequate load-shedding actions.

This appendix presents new frequency protection schemes based on m—dw/dt phase-
plane analysis and on the definition of frequency stability boundary in particular. Due to
their nature, these frequency protection schemes belong to advanced UFLS schemes.
The definition of a frequency stability boundary is inspired by the definition of the
region of angular stability in the 6—® phase plane. Thus, in a first step, assessment of
angular stability using a Lyapunov function revised. Subsequently, derivation of
frequency stability boundary is presented and compared with the generation boundary
curve defined in [Chuvychin'96]. Finally, some implementations of the frequency
stability boundary are shown.

B-2 REGION OF ANGULAR STABILITY

It has been shown in chapter 3 (see e.g. Figure 3-1) that the response of a power system
to a power imbalance can be described in four stages. In particular, during the first few
seconds and preceding the stages of frequency dynamics, the system’s behavior is
dominated by rotor swings due to rotor angle oscillations. It is in this first stage where
generating units could loose synchronism because of large rotor swings and where the
assessment of angular stability is of primary concern.

The determination of the region of angular stability is easily shown for a power

system where a single machine is connected to the infinite bus. Neglecting damping,
rotor swing equation can be stated as follows:

2Hw=p, - p,
B.1
=p, —ﬂsiné_ @1
X

e

where p,, is the mechanical power, e; is the internal voltage magnitude of the machine, v
is the magnitude of the voltage of the infinite bus and x; is the reactance corresponding
to the post-fault system between the generator internal node and the infinite bus. The
state equations for equation (B.1) are:

NS = yhw
(B.2)

=P L eV s
2H 2H x

t

with Ad = 0-6; and Aw = w-1 and where J; is the angle corresponding to the initially
stable system. By applying the method of first integrals, a Lyapunov function ' can be
obtained. From equation (B.2), one obtains

dAo _ 2HwyAw
dbw P —ﬂsin(é; +A5)
X

t

and integrating from (0,0) to (Ad,Aw) yields after some manipulations to:



Design of UFLS schemes of small isolated power systems 181

V (0, w) =%2Hw0 (w—1)2 —ﬂ(cos d-cosd,)-p, (5-9,) (B.3)

X

The Lyapunov function of equation (B.3) can be interpreted as an energy function.
In fact, the first term corresponds to the kinetic energy, whereas the second and the third
term correspond to the potential energy. Since the system is conservative, the Lyapunov
function ¥ must remain constant. Figure B-1 shows contours for various values of the
Lyapunov function V. The contour passing through the saddle point (J,,/) and defined
by the constant V-curve V(d,w) = V(d,, ®=1) is called the separatrix. J, is the angle for
which instability occurs. The closed region inside of the separatrix defines then a region
of stability.

@—1
A

% |
(NN
ANl

—

Figure B-1: Constant V-contours and the region of stability 6— » phase plane.

B-3 REGION OF FREQUENCY STABILITY

The principal idea behind the elaboration of a frequency stability boundary is the ability
to predict if a power system remains stable following a disturbance, similar to the
assessment of angular power-system stability using Lyapunov’s method. If state
trajectories are outside the region of stability, adequate emergency control must be
undertaken (e.g., load shedding) to stabilize the system.

B-3-1 Review of generation boundary curve

In [Chuvychin'96], the determination of power-system status by means of a generation
boundary curve has been presented. This boundary curve has been obtained considering
the simple case of an unregulated machine connected to an infinite bus. The dynamics
of an unregulated machine (i.e., the machine is not under active governor control) can
be stated as follows [Anderson'77]:

N, ==t Aw (B.4)

m0
or by dint of the typical assumption that torque and power are nearly identical in pu:
Apm = _meAw (BS)
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with Aw = w-1.7 In other words, variations of the mechanical torque , are uniquely
due to speed variations since governor control is inactive.

Considering the swing equation of equation (B.1) and adding a term related to the
load-damping factor D yields to:

2H&= p, ~p,~D(w-1)

Considering now variations in mechanical power due to speed variations results in:
2Hw=p,,+0p, —p, —D(a)—l) (B.6)

and by using equation (B.5), one obtains:
2Ha)= me _me (a)_l) _pe _D(w_l)

Assuming now constant demand and knowing that p. = p,,0= I leads to equation
(B.7):

2H0=~(w-1)-D(w-1) (B.7)

The generation boundary curve of equation (B.7) is illustrated in Figure B-2. H and
D are set to 2.3 s and 0 pu, respectively. Points above the boundary curve represent a
surplus of generation, whereas points below the curve indicate a deficiency of
generation. For example, the point (49 Hz,0 Hz/s) would indicate a deficiency of
generation since it is below the generation boundary curve. In addition, this boundary
curve describes somehow the behavior of the power system. In fact, immediately after a
loss of generation of 0.23 pu, the point (®o,dw/dt) would move to the point (50 Hz,-
2.5 Hz/s). Subsequently, this point would move along a line parallel to the boundary
curve, in the direction of descending frequency and ascending rate of change of
frequency.

* These equations can be derived from the equation relating mechanical power and mechanical torque as
follows:

T =

m

) |sh°

Considering variations around the operating point yields to:

AT =L ap ~Tuopg
,

o

Since the machine is not under active governor control, mechanical power variation is zero. Converting
into pu results finally in:

dt, =—t dw



Design of UFLS schemes of small isolated power systems 183

dw/dt (Hz/s)

P » (Hz)
47 48 49 50

Figure B-2: Generation boundary curve in the o—d®/dt phase plane [Chuvychin'96].

B-3-2 Definition of frequency stability boundary

The drawback of the generation boundary approach based on an unregulated machine
resides in the fact that turbine-governor system dynamics are completely omitted.
Further, generation boundary curves uniquely informs on power imbalance. The
proposed definition of frequency stability boundary allows assessing frequency stability
as the separatrix does in the case of angular stability.

Consider a power system consisting of n generating units and neglect for now non-

linearities. If first-order generator models were considered, the power-system response
following a disturbance is described by the following system of linear differential

equations:

2HAG=Y Dy, ~p,
= (B.8)

Apm,i = ! (Apml +KiAw)

~|

where H is the equivalent inertia and K; and 7; the gain and time constant of the ith
generator model, respectively. If generating units are modeled by a second-order model
(see also section 3-3), either its first-order version could be derived or the parameter a;
of the second-order model could be used. During the first instants after the contingency,
the response of the power system can be approximated as follows:

2HAD=Y bp, , ~Dp,
=l (B.9)
K,
Op, =——Aw
pm,z T

1

This formulation is equivalent to the assumption that all generators are modeled by
an isochronous-like governor. Note the conflictive control due to two integrators in
series, which will result in a cyclic behavior as shown in equation (B.14).
Differentiating equation (B.9) yields to:

2HNGO= —Z%Aw—Apd

i=1 i

and by applying the Laplace transform, one obtains:
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2Hs*Aa(s) + i%Aa)(s) =-s0p,(s)

This expression is a more elegant version of the idea of “breaking the loop”
presented in [Egido'10] and allows summing power outputs of the n generators without
creating a (n+1)th-order system. Modeling the contingency by a step of size Ap of the
demand, equation (B.10) is obtained, which describes the response of the power system
in terms of frequency.

Aa;(s)[,sz2 4 Z%J = —p (B.10)

. . . . s K, .
Rearranging and defining the equivalent gain as K = Z—’ results in:
=1 4

A

K
Aas)=-22 | K _NaH (B.11)

K\N2H(, K
st —
2H

The application of the inverse Laplace transforms yields to the time domain

response Aw(?):
Aawt) = _A{’ | K sin{ it} (B.12)
K \2H 2H

The rate of change of frequency is given by:

Aaxt) =—%cos[ %t] (B.13)

Eliminating time explicitly from equations (B.12) and (B.13) yields to a function
describing an ellipsis in the o—dw/dt phase plane:’

Aw | AW _

+ =1 B.14
Aa)rznin Ad)rznax ( )
where
pay, =-22 | K (B.15)
K \2H
and
o, =P (B.16)
* 2H

Knowing the system parameters H, K; and T;, it is possible to determine the critical
loss Ap for which frequency does not fall bellow the minimum allowable frequency

(e.g. 47.5 Hz or Awun = -0.05 pu). Once, the critical loss is known, A@w  can be

max

readily determined. Finally, the frequency stability boundary can be described as:

? This makes sense because of the conflictive control caused by two integrators connected in series.
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max Aa)z

min

Aws\/Adf (1— A j (B.17)

Obviously, the system is stable while state trajectories remain within the boundary
of stability, .i.e. inside the region of stability. Equation (B.17) is graphically illustrated
in Figure B-3. Note that the frequency stability boundary is in general only valid in the
third quadrant since subsequently, the assumption of the equivalent gain is usually not
applicable anymore.

Ao,

Fe—l N,
&/ Aw

Figure B-3: Illustration of stability boundary in the ®—d/dt phase plane.

So far, generator output limitations have not been considered. Clearly, if spinning
reserve is smaller than the amount of lost generation, the system becomes unstable
(unless load is shed). Since the region of stability is defined by ignoring explicitly load-
shedding actions, the problem of limited generator output is easily included into the
definition of frequency stability boundary. In fact, (B.15) modifies as follows:

Ap = min (—Aa)mm N 2H1%,Apm) (B.13)
where Ap,., 1s the upper limit of the generator output. Consequently, Aw,,;, needs to be
recalculated with the final Ap if amount of lost generation is bigger than the amount of

available spinning reserve. Aa), . can be readily determined using equation (B.16). For
the sake of completeness, it must be highlighted that this approach of dealing with

generator output limitations is a simplification since only the total amount of spinning
reserve is considered but not the output limitations of each single generating unit.

B-3-3 Determination of frequency stability boundary by Lyapunov theory

The question arises if it is also possible to find a Lyapunov function V able to describe a
region of frequency stability and if the proposed frequency stability boundary is a
separatrix of this Lyapunov function. A function V(X;) is called a Lyapunov function if
the following conditions are fulfilled [Pai'81]:

V(x,)=0, [Ux,

. (B.19)
V(x,)<0

Consider for this purpose a modified version of equation (B.9) which takes into
account the non-linearity introduced by the limited generator output:
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2HAw=sat(Np,,)

p> 0 (B.20)

where sat(*) is a saturation function [Saberi'96]. Clearly, if the saturation function is
linear and passes through the origin and minimum allowable frequency is omitted, the

system defined by equation (B.20) is stable in R*. Applying the first integral method
yields to the following Lyapunov function V:

> p,
V(Aw,Apm)=§Aaf +% [ sat(o)do (B21)
0

If sat(o)=sign(o)min(o,0y,), with g, being a limit (e.g. the upper generation output
limit Apyuax), then equation (B.21) results in:

1% 1 l Ap; ° Apm = AADmax
V(DwDp, )= EAa)z t 2 (B.22)
E Apriax + ApmApmax 4 Apm > Apmax

where Ap,.. 1s the upper limit of the generator output. Without loss of generality, it has
been supposed that all generating units have the same saturation function. If saturation
functions were different, an equivalent saturation function, defined as the sum of the
single saturation functions, could be considered. This is shown in Figure B-4.

sat(Ap,, ;) sat(Ap,, ;) sat(Ap,,) =sat(ZAp, )
A A A

+ =

f — Ap,,,; ; = Ap,,; t — ZAp,

Apm,i,max Al:)m,j,max
Figure B-4: Equivalent saturation function.

As long as the generator output is smaller than its limit, which has been supposed in
the previous section, equation (B.22) reduces to:

K 11
V(DwDp )=~ Aok +—— = Ap?
(Babp,) == 2H 2P

or
V (Do, Do) =§Aaf +%Ad}2 (B.23)

Equation (B.23) is a Lyapunov function since V() is always equal to or bigger than
0 and since its derivative is always equal to 0. Now, equation (B.14) can be written as
follows:
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A“f 2HK + A“f (2H) =1
Ap Ap
> 2
2 2 22H
2
2 2H
=%2HAa)fm

Thus, the stability boundary described by equation (B.14) can be interpreted as a
separatrix, limiting equation (B.23) to values smaller than or equal to HAGJ, . In other

words, the frequency stability boundary is a Lyapunov function, which allows assessing
frequency stability of a power system. Representing system trajectories after
disturbances in the m—dw/dt phase plane, control actions, such as load shedding, could
be initiated based on the frequency stability boundary.

B-3-4 Application example

Frequency stability region is described by an ellipsis-like boundary in w—dw/dt phase
plane. The stability boundary function depends on the operating scenario. In fact,
operating scenarios directly influence the parameters of the power-system model and

especially the equivalent inertia H as well as the equivalent gain K which in turn
depends on the gain and the time constant of the generator model.

To illustrate the determination of the region of frequency stability, the minimum
load-demand scenario without decoupled power generation of the La Palma power
system is considered. Table B-1 displays this operating scenario. Table B-2 shows
parameters of the first-order generator models of the La Palma power system.

Table B-1: Low demand generation dispatch scenario of the La Palma power system.

S.0.C. GIl GI2 GI3 Gl4 G15 Gl6 GI17 GI8 G19 G20 G21 %, =5,
1 0 0 235 0 329329 916 0 0 0 0 18.09

Table B-2: First-order model parameters of the generating units of the La Palma power system.

Generator H(s) K T (s) Pmin (MW) Pmax (MW)

Gl11 1.75 20 8.26 2.5 4
Gl12 1.75 20 8.26 2.5 4
G13 1.75 20 826 2.5 4
Gl14 1.73 20 8.26 3 4.5
Gl5 216 20 826 3.5 7
Gle6 1.88 20 8.26 3.5 7
G17 21 20 826 7 12
G18 6.5 21.25 3.18 0 22.8
G19 21 20 826 7 12
G20 21 20 8.26 7 12
G21 21 20 8.26 7 12

The equivalent inertia and the equivalent gain are:
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z Mbase,i z Mbase,i
i=1 i=1

where H; and Mp,.; are the inertia (with respect to Mp.s;) and the base power of
generator i, K; is the gain of generator i (with respect to M) and n is the number of
generators.

According to equation (B.17), both Aw,,;, and A . must be first defined. Aw,,

max

coincides with the minimum allowable frequency and is set to -0.05 pu. A@w__ can be

max

computed by means of equations (B.15) and (B.16). In fact, the critical loss is given by:
Np =D, N2HK =0.1562 pu 2 6.27MW

which is smaller than the available amount of spinning reserve. Knowing the critical
loss, Ad_  is determined by equation (B.16) and amounts to -0.0388 pu/s (-1.94 Hz/s).

max

As an example, the consecutive outages of all four generating units of minimum
load-demand scenario of the La Palma power system are simulated. Figure B-5 shows
the system responses as well as the region of frequency stability determined by the
stability boundary in the o—dw/dt phase plane. Three cases are clearly stable since their
trajectories are within the stability region. The unstable case corresponds the outage of
generating unit G17, producing more than 50% of total load demand. For this particular
outage, load-shedding actions are necessary to stabilize the power system.

dy/dt (Hz/s)

Stability boundary
System responses
Allowable frequencies

_5 1 1 1 1 1 1 1 1
42 43 44 45 46 47 48 49 50 51

w (Hz)

Figure B-5: Power-system response and stability boundary in the o—d®/dt phase plane.

B-4 APPLICATION OF STABILITY BOUNDARY

An analytical expression has been deduced in the previous section which allows
describing the boundary of frequency stability in function of the frequency deviation
Aw. Principally, two possible implementations could be envisaged: the first one consists
in adding a supplementary signal at the output of present underfrequency relays,
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whereas the second option considers a centralized implementation. The latter
corresponds to advanced UFLS schemes.

B-4-1 Implementation by means of an additional signal

The implementation of frequency stability boundary is realized by means of a
supplementary signal that is added to output signal of the existing underfrequency
relays. The supplementary signal depends on the position of the measured point
(0,dw/dt) in the o—dw/dt phase plane and its distance and directionality with respect to
the frequency stability boundary. The supplementary signal is added to the output of the
existing underfrequency relays via a logic multiplication.

Suf

Existing
=P
UF relay

trip

php

do/dt —»

Figure B-6: Implementation by means of an additional signal.

Figure B-6 show the connection scheme of the implementation by means of a
supplementary signal. If the underfrequency conditions of the relays are satisfied, the
underfrequency relay sends a logic signal Sy¢ of value 1 to the AND port. Similarly, the
phase-plane block sends a logic signal Sy, to the AND port in function of the inputs
and according to the imposed conditions. The output signal of the AND port, Siip,
corresponds to the logic multiplication of the signals Sy and Sypp.

B-4-2 Centralized implementation

The implementation is realized in a centralized manner, i.e. the phase plane is
implemented in a server which receives frequency and ROCOF as inputs and
determines if load must be shed and which amount of load needs to be shed. The
requirement of shedding is deduced from the position of the measure point (0,dw/dt) in
the o—dw/dt phase plane and its distance and directionality with respect to the frequency
stability boundary. For example, if the measured point lies within the region of
frequency stability and moves away from the stability boundary, it is not necessary to
shed load. The amount of shed load could be determined as the difference between the
initial loss of generation and the critical lost computed using equation (B.18)
[Anderson'90].
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Figure B-7: Centralized implementation.

Figure B-7 shows the scheme of centralized implementation. The phase-plane block
sends a logic signal Sy, to the AND port, depending on its inputs and the imposed
conditions. The phase-plane block also determines the amount of load to be shed Py
and sends the corresponding signal to the AND port. The output of the AND port
corresponds to the logic multiplication of the signals Spn, and Pg,g. In function of the
amount of load to be shed, of the availability of loads associated to relays, etc., the
server determines to which relays the opening signal Sy, must be send.

B-5 CONCLUSIONS

This appendix presented new frequency protection schemes based on w—dw/dt phase-
plane analysis and on the definition of frequency stability boundary in particular. Due to
their nature, these frequency protection schemes belong to advanced UFLS schemes.

The definition of a frequency stability boundary is inspired by the definition of the
region of angular stability in the 6—w phase plane and thus, the assessment of angular
stability using a Lyapunov function has been revised. The derivation of frequency
stability boundary is based upon an elegant version of the idea of “breaking the loop”
which allows summing power outputs of n generators without creating an (n+1)th-order
system. It has been shown that the frequency stability boundary is a separatrix,
describing a region of frequency stability. This region helps determining if for a
particular disturbance load must be shed to guarantee frequency stability. The region of
frequency stability is described by an ellipsis in the o—dw/dt phase plane.

Finally, some implementations making use of the definition of frequency stability
boundary have been shown. One implementation simply adds a supplementary signal to
the output of the existing underfrequency relay, blocking its trip signal if load shedding
is unnecessary. Another option suggests a centralized implementation in a server which
determines if load must be shed, what amount of load needs to be shed and which
selects in function of this information which relays must be opened.



APPENDIX C

DETAILED TURBINE-GOVERNOR SYSTEMS

C-1 INTRODUCTION

In small isolated power systems, conventional generating units are usually driven by
Diesel, gas or steam turbines. This appendix reproduces detailed turbine-governor
systems corresponding to these common turbine types. The detailed turbine-governor
systems are represented by commonly used standard models from the PSS/E software
package model-library [Siemens'05b]; in particular,

* DEGOVI
* GAST2A
* GASTWD
* IEEEGI

C-2 DEGOVI1 TURBINE-GOVERNOR SYSTEM

Figure C-1 shows the block diagram of a Diesel-based DEGOV1 turbine-governor
system.

VAR(L) TMmax 1 + Speed
+
A® - (1+T3s) K(1+Tys)
‘ -sT ——p» PMECH
Speed LT ToTp | | S0 T L Tgw 7] € P
" —_—
Electric Control Box TvIN Engine
P Gy —
Actuator
& 1coNM)=0
DROOP
o ) SBASE ‘
ICON(M)=1 C T=sTE [ | MBASE l4— PELEC

Figure C-1: Block diagram of the DEGOV1 turbine-governor system model [Siemens'05b].

C-3 GAST2A TURBINE-GOVERNOR SYSTEM

191
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Figure C-2 shows the block diagram of a gas-based GAST2A turbine-governor system.
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Figure C-2: Block diagram of the GAST2A turbine-governor system model [Siemens'05b].

C-4 GASTWD TURBINE-GOVERNOR SYSTEM
Figure C-3 shows the block diagram of a gas-based GASTWD turbine-governor system.
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Figure C-3: Block diagram of the GASTWD turbine-governor system model [Siemens'05b].

C-5 IEEEGI1 TURBINE-GOVERNOR SYSTEM
Figure C-4 shows the block diagram of a steam-based IEEEGI turbine-governor
system.
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Figure C-4: Block diagram of the IEEEGI1 turbine-governor system model [Siemens'05b].



