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Abstract: - This paper presents two schemes of UFLS to keep the system frequency within safe limits. GA-
based scheme is introduced as an offline method to get the proper amount of shed load achieving the minimum
and steady state frequency within permissible limits. Due to the probability of generation variation and
generating units outage during shedding process, ANN-based scheme is presented as an online method to adjust
the proper amount of load shedding at any amount of power deficit. Multi scenarios of contingences are carried
out on offline mode using GA optimization technique to collect the training patterns for ANN. The ANN-based
scheme can consider the generation variations during the load shedding process. Although using this scheme
may shed more loads, it maintains the frequency to be within permissible limits at various disturbance scenarios
particularly at the absence of secondary control. An analytic system frequency response (SFR) model with no
secondary control incorporating UFLS scheme is presented. The proposed method is compared with the
classical adaptive method to prove its effectiveness. Results are presented in the form of time domain
simulations via MATLAB/SIMULINK.
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1 Introduction but also the performance of power plant auxiliaries
Most of power systems are subjected to thousands (motor driven) and therefore generatic_m output may
of disturbances annually which may take the form of be reduced. Thus, the loss of generation (or excess
cascading natures demand) may lead to a cascading loss of generating
[1]. During cascading failure, a power system may units d_ue to excess frequency drop [4]. It is usually
split into isolated sub-systems known as islands [2]. recognized that for the power frequency of 60 Hz,
The main function of the control system is to during generation deficits, sufficient load should be
maintain the frequency and voltage at permissible shed to restore system frequency to normal or_close
limits. The generation is increased to recover the to normal (above 59 Hz) and the maximum
frequency and the reactive power is adjusted for frequency decay is limited to 57 Hz [4].
voltage recovery. However, when sudden power Some works on the load shedding set up the
disturbance occurs such as outage of large swing equation first, and then employ classic control
generating units or islanding of some parts of power tool, such as transfer function, to find out the
system with a shortage of spinning reserve, the amount of load to be shed [5] -[11]. In [5], a classic
system frequency will reduce that lead to generating adaptive scheme to set the UFLS relays was
units outage. Consequently, the outage of some mtroduped. The_ power def|C|t. was estimated using
generating units may lead the system frequency to the swing equation by measuring the rate of change
decay to a lower level. Hence, the relays of other of frequency (ROCOF). In _
generating units might trip and lead to power system [6], the load shedding process consists of two
blackout [3]. UFLS is considered as the last line of main stages. In the first stage, the frequency and
defense for preventing frequency drop in power ROCOF are estimated using Newton-type
systems after occurring an imbalance between load algorithm. In the second stage, by using the swing
and generation. equation, the magnitude of the disturbance is
Underfrequency mainly affects all components of determined. In [7], a general-order SFR model with
power systems, particularly generators and turbines. load shedding scheme was proposed to produce a
Not only it may cause a damage to this equipment, closed-form expression of frequency response. In
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[8] and [9], some modifications are applied to the
classic adaptive scheme to improve its performance.
In such schemes, before triggering any load
shedding step, a certain measure is carried out to
estimate the power provided by primary frequency
control to minimize the amount of shed load in each
step. In [10], a method to determine the frequency
stability limits for UFLS was presented. The
minimum average frequency of power system is
determined based on SFR model. This minimum
frequency for maximum allowable power deficit is
defined as the frequency stability border. In [11] and
[12], any additional power deficit is considered
during load shedding process. As a result, the
adaptive scheme could be improved by updating the
value of power deficit before each step to avoid
under/over shedding due to power deficit change.

In this paper, offline and online schemes of load
shedding are implemented based on SFR model.
The offline scheme is GA-based scheme which can
give the proper amount of load shedding at a certain
power deficit to keep the frequency within a safe
limit. ANN-based scheme is introduced as an online
scheme to adjust the necessary amount of load to be
shed and maintain the system frequency in case of
change in power generation during the load
shedding process.

2 System Modeling

The frequency behavior of large power systems, or
islanded portion due to sudden load disturbances
can be represented by a low order SFR model.
Although SFR model is the simplest model for
frequency response, it includes the essential system
dynamics. It neglects all nonlinearities in the
equations except the largest time constants of the
generating units with the assumption that the
generation is dominated by reheat steam turbine
generators. Accordingly, the inertia and reheat time
constants of the generating unit mainly affect the
system average frequency response [5].

The basic concept of SFR model is based on the
uniform or average frequency of generating units.
The SFR model averages the machine dynamic
behavior in a large system into an equivalent single
machine [13]. Fig. 1 shows the average frequency of
three machines after islanding [5].
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Fig. 1 Average system frequency after islanding [5]

The model behavior depends on six factors; the
gain, Km, the damping factor, D, the regulation
constant, R, the inertia constant of the island, H, the
average reheat time constant, Tg, and the high-
pressure power fraction of the reheat turbines, Fu.
All parameters are estimated based on common
knowledge of typical system designs. A linear SFR
model is shown in Fig. 2. [5].
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Fig. 2 First order SFR model [5]

The typical parameters of the proposed SFR
model are as follow:
H=35

D=10 R =0.06

Km=10.85 Fh=0.3 Tr=8.0

3 Classical Adaptive Scheme

In [5], for the classical adaptive setting of UFLS
relays, it selects a goal of 57 Hz as the minimum
allowable  frequency. It performs  several
disturbances to estimate the maximum disturbance
allowed to keep the frequency within a permissible
limit. Fig. 3 shows the system frequency at different
power deficit without load shedding. It indicates
that, with load disturbances greater than about 0.4
pu the frequency deviation drops below 57 Hz.
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Fig. 3 Frequency response at different disturbances
without load shedding

The amount of shed load and the time of
triggering for each step of load shedding must be
determined. If the load shedding is delayed too long,
there is a danger of exceeding the minimum
frequency below 57 Hz. This is especially for the
larger disturbances, which cause the frequency to
decay rapidly as shown in Fig. 3. Therefore, as the
size of the disturbance increases, there is more need
for a rapid action of load shedding. One way of
accomplishing this is to trigger the first load
shedding step at 59 Hz which is high enough to
assure quick removal of the first step of load [5].
Clearly, the only observed quantity that gives a
guide to the size of the disturbance is the initial
slope of frequency decline.

This slope is equal to:

_df| P

= = pu/s
dtl_, 2H

o)

m

]

Where mq is the initial slope in pu/s, df/dt is the
frequency derivative in Hz/s, and Py is the size of
disturbance in pu. Suppose that this slope is
observed continuously, so that load shedding can be
triggered when the slope exceeds some critical
value. The size of the disturbance can be calculated
as:

P, = 2H — pu
‘ dtl,.,

@)

If the initial slope is used to estimate the
magnitude of the disturbance, every substation in
the island will observe slightly different slopes and
will therefore shed load based on different estimates
of the disturbance. To determine the critical point at
which the load shedding should be started, firstly,
get the maximum step change of load Pg.max that can
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be permitted to keep the frequency not to decline
below 57 Hz. The slope at this maximum
permissible value is called the critical slope mqc.
When the magnitude of the observed initial slope is
greater than mqc, load shedding must be triggered.
The load that must be shed is estimated by
subtracting moc from the computed slope for any
disturbance. Therefore, the incremental load shed
should be equal to the following:

P. P

—shed — 4 _m u/sec 3
2H 2H  ° P ®)
Pshed = Pd - 2Hmoc pu (4)

From Eq. 4, we may compute the incremental
step function of load to be shed for various sizes of
the initial disturbance. The incremental amount of
load shed is a linear function of the initial
disturbance and is therefore a linear function of the
initial slope.

For implementation of the above method of load
shedding, first order SFR model with UFLS scheme
is assumed without any secondary control as shown
in

Fig. 4.
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Fig. 4 Implementation of UFLS to SFR model

The maximum disturbance which make the
minimum frequency to be equal to 57 Hz can be
estimated by trial and error or by using GA
optimization technique to find that mo. = 0.0521
pu/s. The amount of load shedding at different
disturbances can be calculated from Eq. 4, at H=3.5,
to be equal to:

P

shel

4 =P, —0.3647 pu 5)

Eqg. 5 is applied to the SFR model and take a
protection plan of four steps. Table 1 shows the size
of each step at different frequencies of load

shedding.
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Table 1 Frequency setting of four steps plan

Threshold frequencies Amount of load
(Hz2) shedding (%)
59 35
58.8 30
58.6 20
58.4 15

The minimum frequency (fmin) and the steady
state frequency (fss) due to different disturbances are
shown in Table 2.

Table 2 Load shedding at different disturbances

Pd (DU) Pshed (pU) fmin (HZ) fss (HZ)
0.1 - 59.1781 | 59.6047
0.2 - 58.3562 | 59.2094
0.3 - 57.5343 | 58.8140
0.4 0.0353 57 58.5583
0.5 0.1353 57 58.5583
0.6 0.2353 57 58.5583
0.7 0.3353 57 58.5583
0.8 0.4353 57 58.5583
0.9 0.5353 57 58.5583
1.0 0.6353 57 58.5583

The classical adaptive method introduced in [5]
can maintain fmin to be above 57 Hz but it fails in
maintaining fs to be within the permissible limit
particularly at the absence of secondary control.

4 Novel Adaptive Scheme

The following sections explain the proposed novel
adaptive UFLS scheme. It is classified into GA-
based scheme which has a fixed setting of relays
and ANN-based scheme which has an online relay
setting. The comparisons between schemes are
carried out with the aid of several simulation studies
which may affect the effectiveness of UFLS
schemes.

4.1 GA-based adaptive UFLS

The aim of the proposed load shedding scheme is to
maintain fmin and fss to be within the safe limits. To
provide some margin, fs is selected to be 59.2 Hz
and fminis limited to 57 Hz.
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The amount of load shedding is selected as the
parameter to be optimized which will be obtained by
applying GA optimization technique to achieve the
minimum fitness. The fitness function is given by:

fitness = abs(max(f) - 59.2) (6)

Where f is the system frequency. During
achieving the fitness, fmin should be observed and
must be greater than 57 Hz. If fyi, is below 57 Hz at
any cases, the fitness function must be changed to
be as the following:

fitness = abs(min(f) - 57) @)
Table 3 gives the amount of load shedding at

different disturbances to achieve fmin and fss above
57 and 59.2 Hz, respectively.

Table 3 Load shedding at different disturbances

using GA
Pa (pu) | Pshea (PU) | fmin (HZ) | fss (H2)
0.1 - 59.1781 | 59.6047
0.2 - 58.3562 | 59.2094
0.3 0.09778 | 58.2685 | 59.2000
0.4 0.19778 | 58.2378 | 59.2000
0.5 0.29778 | 58.2197 | 59.2000
0.6 0.39778 | 58.2074 | 59.2000
0.7 0.49778 | 58.1986 | 59.2000
0.8 0.59778 | 58.1917 | 59.2000
0.9 0.69778 | 58.1864 | 59.2000
1.0 0.79778 | 58.1818 | 59.2000

From the results of GA, the equation that relate
the amount of load shedding with the power
disturbance can be deduced to be a linear equation
due to this linear system.

P, =P, —0.20233 pu (8)

Fig. 5 shows the system frequency due to
different disturbances by applying the scheme in [5]
(Classic adaptive scheme) and comparing it with
GA-based scheme. It shows that for the proposed
scheme, although the amount of load shedding
increased by 0.16237 pu compared with the other

scheme, but fmin and fss are maintained above 57 and
59.2 Hz, respectively.
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Fig. 5 System frequency at different power deficits

The outage of any of generating units may occur
during the load shedding process due to a fault or
malfunction of generators underfrequency relays
[3]. So, for maintaining the system frequency within
the permissible limits, the load shedding schemes
must consider this additional power deficit in the
consequent steps of load shedding.

The main drawback of GA-based scheme which
restricts its implementation in real-time application
is its slow response where the computation time of
GA to determine the amount of load shedding is
very large [14]. As a result, the slowness of GA
limits their usage for online application.
Consequently, a scheme that has the ability of
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online ensuring an optimum amount of load
shedding is required.

4.2 ANN-based adaptive UFLS

An ANN is a mathematical model based on human
neural systems. It has been widely used in power
system problems. ANN can be utilized to fine online
set the UFLS relays to ensure the frequency stability
at any amount of power deficit.

In this study, the ANN training process is
organized by considering one input — power deficit
— and one output — amount of load shedding. Multi
scenarios of contingences are performed off-line on
the proposed system by using GA optimization
technique to collect the training patterns for ANN.
The contingences considered are in the form of
power deficit from 5% to 100% with a step of 5%
(i.e. 20 points). Several tests were performed on
ANN by varying number of hidden layers as well as
the number of neurons in each hidden layer. ANN
feed forward Multi-Layer Perception (MLP)
architecture is considered. One hidden layer with 5
neurons is used with a tansigmoidal activation
function and supervised training via a back-
propagation technique.

Fig. 6 shows the implementation of ANN with
the proposed SFR model. The ANN uses the power
deficit to determine the desired amount of load
shedding and any change in power deficit is
detected from a step decrease in frequency
derivative. Hence, ANN can consider this change
and compensate the load shedding steps to keep the
frequency within permissible limits.

P

p + a 1 Aw
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ANN ———

Fig. 6 ANN-based adaptive UFLS

In this case study, to prove the effectiveness of
the proposed scheme, initial 0.6 pu power deficit at
1 sec with additional 0.2 pu power deficit at 1.3 sec
is considered. For the classical adaptive scheme and
GA-based scheme, the power deficit is calculated
just after occurrence of the initial power deficit.
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Therefore, they are not able to recognize the
additional power deficit. Consequently, the
additional power deficit is not compensated by these
schemes which result the frequency to decline more
and more. On the other hand, the ANN-based
scheme estimates the power deficit online during the
shedding process. Therefore, it can recognize the
additional power deficit immediately and in the
consequent load shedding steps.

Fig. 7 and Fig. 8 certifies the performance of the
proposed scheme in case of occuring an additional
power deficit during the load shedding process.

Time (Sec)

Fig. 7 System frequency with additional power
deficit during the load shedding process

Shed Load (pu)

0 —
11 115 12 1.25 13 135 14
Time (sec)

Fig. 8 Load shedding amount with additional power
deficit during the load shedding process

From Fig. 7 and Fig. 8 it can be shown that, with
additional power deficit at 1.3 sec, ANN-based
scheme can consider the power change and it
immediately compensate the amount of load
shedding at this time and consider this change in the
next steps. On the other hand, the classic adaptive
scheme and GA-based scheme which have a fixed
relay setting fail in recognizing the power deficit
change. Consequently, the frequency decays to a
lower value exceeding the minimum permissible
limit.

5 Conclusion
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The frequency behavior of a large power system can
be estimated by a low-order SFR model. The system
frequency will decrease during a large disturbance
such as a sudden outage of a large generation in case
of a shortage of spinning reserve. Consequently, the
load shedding is the only solution to regain the
system frequency to a permissible limit. This paper
presents two schemes of load shedding. GA-based
scheme can keep the system frequency at safe limit
at a certain value of power deficit. The outage of
any of generating units may occur during shedding
process which affects the amount of power deficit.
As a result, ANN-based scheme is proposed to
online adjust the proper amount of load shedding
during cascading outage of generating units to
maintain the frequency within a permissible limit.
An appropriate database of disturbances using GA is
obtained for training ANN. It was declared that,
when an additional power deficit occurs during the
load shedding process, ANN-based scheme scheme
can shed the appropriate amount of load according
to the updated value of power deficit to prevent the
frequency from falling below the minimum
permissible  value. The simulation results
demonstrate the effectiveness of the proposed load
shedding scheme at different scenarios.
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