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ABSTRACT

A time-oriented approach to load shedding design of an electrical power system is proposed in this paper.
To overcome the coordination difficulty among under-frequency relay settings, the time-oriented concept has been
incorporated into the proposed scheme. Meanwhile, to decrease the possibility of load-shedding failure caused by
distinct system dynamics, a modification method that considers maximum deviation of frequency at the last load-
shedding step has also been added into the scheme. Using this method, the total amount of load to be shed can be
calculated more accurately. The decline of the system frequency can be also better grasped. Numerical simulations
have been performed to verify the effectiveness of the proposed method.
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l. Introduction

When a significant disturbance occurs, such as loss of
a large generator, disconnection of a heavily loaded transmis-
sion line, or failure in any component of the system, it often
results inimbalance between power generation and load demand,
thereby driving down the system frequency. To arrest the fall
in the system frequency and keep the system from collapsing,
load shedding is necessary. The main objective of the load-
shedding scheme is to shed a pre-determined amount of load
through several shedding steps such that energy balance can
be quickly achieved (Concordia et al., 1995; Thompson and
Fox, 1994). A proper load-shedding design scheme can help
minimize the degree of customer disruption and balance the
load for the remaining generations in a short time.

In recent decades, different methods have been proposed
for appropriate load-shedding schemes either for intercon-
nected systems or isolated systems. One of them is a scheme
for under-frequency load-shedding (Shilling, 1997; Prasetijo
et al., 1994; Lokay and Burtnyk, 1968). Although this scheme
has advantages in terms of simplicity and speed, its drawbacks,
including difficulty in shedding an appropriate amount of load
and the necessity of handling the coordination problem, may
largely countervail these merits. Based on use of the rate of
change of frequency, a load-shedding scheme was also sug-
gested (Grewal et al., 1998; Girgis and Peterson, 1990).
However, this method suffers from the same drawbacks as
the load shedding scheme with under-frequency relays.

Recently, an adaptive load-shedding methodology was em-
ployed based on the initial rate of change of frequency at the
relay (Anderson and Mirheydar, 1992). This method has been
found to be feasible; however, it requires tedious computations
to reach a solution. With the emergence of computational
intelligence technology, this approach has been effectively
applied to load-shedding problems. To accelerate computation,
neural networks have been utilized during a forced outage of
a generation unit (Djukanovic et al., 1993; Kottick and Or,
1996). To cope with uncertainties in identifying power system
disturbances, an extended fuzzy reasoning algorithm has also
been adopted (Tso et al., 1997). The reported test results
indicate good potential for this application.

In power relaying, an under-frequency relay is incor-
porated with a time delay in order to curtail the impact of
unexpected surges. However, such a time delay may lead to
a longer trip-reaction time, and the frequency may decline at
the same time, thereby leading to unnecessary trips of generator
protective relays. To deal with this problem, a time-oriented
approach is proposed in this paper. In this scheme, detection
of the initial rate of change of frequency with predetermined
time intervals is employed as the basis for making load-
shedding decisions. Based on the maximum change of fre-
quency at the last shedding step, a modification process added
to the proposed load-shedding algorithm is embedded such
that the load-shedding performance can be further improved
(Huang and Huang, 2000). In this way, variation of the system
frequency can be more effectively arrested. The difficulty of
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coordination among frequency relays can also be easily solved.
Numerical simulation results support verify the effectiveness
of the proposed method.

Il. Mathematics Formulation

An analytical approach to the investigation of power
system dynamics is examined in this section, based on the idea
of average or uniform frequency response behavior. A block
diagram with a feedback loop, including a speed governor
model, turbine model and generator-load model, is shown in
Fig. 1. It can be used to analyze the system frequency response
when there is any decrease in generation or a sudden increase
in load. In this figure, AP,(s) and Af(s) individually represent
the variation of the reference power and system frequency,
respectively. AP,(s), R, T,, and K, represent the input power
increment, speed regulation, time constant, and gain in the
speed governor system, respectively. AP,(s), T; and K, stand
for the output power increment, time constant and gain of the
turbine, respectively. AP,(s), H and D correspond to the load
demand increment, system inertia and load reduction factor
of the generator-load model, respectively. Units of 7, T; and
H are expressed in seconds, D and R in p.u. MW/Hz, Af(s)
in p.u. Hz, and AP,(s), AP,(s), AP(s), and AP (s) in p.u. MW.
Note that the generator-load model shown in Fig. 1 can be
further simplified as T, = 2H/D and K, = 1/D, which are the
power system constant and the power system gain, respectively.
Then, we can derive the following equation:

K,

{[AP,(S)— 1 +sT 1 +sT

RO

AP (s)}

1+s T
= Af(s). @®

In the above equation, the values of the time constants of 7,
and 7, are much smaller than that of 7, which is assumed
to be zero. Meanwhile, because the turbine gain of K, and
the power system gain of K, are fixed, adjustment of the value
of K, so as to satisfy K K, = 1 for simplicity can be achieved
(Elgerd, 1982).

Now, let us consider a simple situation in which the
reference power increment has a fixed setting (i.e., AP,(s) =
0) and the load demand varies with a step change (i.e.,
AP /(s) = AP,ls); then, Eq. (1) can be reduced to

Af(S) AP =) (2)
T,
Rearranging Eq. (2) gives
—AP,
Afs) = SQHs + ) ©

By taking the inverse Laplace transformation of Eq. (3), the
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Fig. 1. Block diagram of the load frequency control model.

system frequency deviation can be obtained:

AP
M) ===51=e""). @

Here, 8= D + 1/R represents the system frequency response
characteristics, which can be deemed the percent change in
load plus the percent change in generator output due to the
per percent change in frequency (Prasetijo et al., 1994). The
value of 8 may vary according to the load type, governor
performance and speed regulation setting. Its value typically
lies within 10% ~ 20%/Hz of an interconnected power system.
For an isolated power system, the value of §is smaller. The
larger the value of S, the slower the frequency decline for a
given amount of overload. In Eq. (4), 7is a time constant,
T=2H/B. In this paper, we choose the sign for AP, such that
AP ;> 0 for a sudden increase in load and AP, < 0 for a sudden
increase in generation.

When the values of B, H and AP, are known, by using
Eq. (4), the frequency variation curve can be plotted. However,
the amount of disturbance of AP, is often difficult to evaluate
when a disturbance happens. Therefore, the initial slope of
the frequency variation should be detected, as this is the only
clue that can be used to calculate the amount of disturbance.
The following equation, thus, must be formulated:

dAf() AP,
mo= =0 | =" ®)
Equation (5) means that if the initial rate of change of frequency
is ascertained, the amount of disturbance can be calculated
(i.e., AP,=—2Hmy). Then, by applying the final-value theorem
to Eq. (4), the frequency drop in the steady state can be readily
computed as follows:

Ao= Jim avi0] =-S5 ©)

lll. Load-Shedding Scheme Design

The load-shedding scheme can be seen as a tradeoff
between maximum system protection and minimal service
interruption. The proposed load-shedding scheme is described
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in this section.
1. Design Procedure

The first step in load shedding is to obtain the system
parameters, including the inertia constant (H) and system
stiffness (B). In general, experienced engineers can supply
these parameters. This is followed by selection of the first
shedding frequency (f;) and minimum allowable operation
frequency (f,;,). Several utilities set their first shedding fre-
quency at 59.5 Hz for a power system with a nominal frequency
of 60 Hz (Smaha et al., 1980). When setting this shedding
frequency, several factors should be prudently considered.
Firstly, the first shedding frequency should not be too close
to the nominal frequency. In this way, tripping on severe but
non-emergency frequency swings can be avoided. Secondly,
as larger turbine-generators in the system are not clearly rated
for continuous operation below 59.5 Hz, setting the initial load
shedding frequency at a relatively high value, such as 59.5
Hz, will limit the maximum frequency deviation. Thirdly,
a load-shedding scheme starting at 59.5 Hz will be more
effective in minimizing the depth of the under-frequency
response for a heavy overload than will a similar scheme that
has a lower first shedding frequency. In this stage, the selection
of the minimum allowable frequency is even more important.
If the system frequency is lower than the minimum allowable
operating frequency, it may cause the system to collapse.
Based on the operation record, a value of 57.0 Hz given for
the minimum allowable frequency has been deemed to be
reasonable for an isolated power system (Anderson and
Mirheydar, 1992).

The next task is to determine the number of steps (V)
and the range of the time interval (Af). Over- or under-shedding
might happen with a small disturbance for a large step size,
while coordination problems might occur when an inappro-
priate number of shedding steps is adopted. Experience has
shown that three to five steps are adequate for the load shedding
task (Jones and Kirkland, 1988). As for determination of the
range of the time interval, it can be judged based on the system
characteristics the and types of under-frequency relays, all of
which are not necessary the same at each shedding step. By
incorporating this time delay, the impacts caused by system
surges can be reduced. Nevertheless, unnecessary trips of
generator protective relays may take place, thereby leading
to a decline in the system frequency. To deal with this problem,
a time-oriented procedure is proposed in this paper, where the
load is shed at each pre-determined time interval. When the
length of each time step is known, the coordination problem
can be solved.

The following task is to determine the total amount of
load to be shed (Ps) and the amount of load to be shed at
each step (APy,). Upon encountering a disturbance, once the
frequency variation curve is known, the initial rate of change
of the frequency mj can be calculated. By substituting m;

into Eq. (5), the amount of overload can be calculated based
on AP, =—-2Hmy. Then, the amount of P;¢ can be computed
as follows:

PLS = _2Hm0 - (_ZHmO,min) = —2H(I’)’l0 - mO,min)’ (7)

where —2Hmy .3, is the maximum allowable amount of over-
load in a system, 71, is the slope at the minimum allowance
operation frequency f,,,, and mg — My, s the maximum
allowable slope difference in frequency. Now, since the total
amount of load to be shed is known, the amount of load to
be shed at each step (AP, ;) can be obtained by dividing total
load by the number of shedding steps. It is also note worthy
that for an isolated system, the fewer the steps, and larger the
load to be shed per step compared with an interconnected
system.

Using the information about the system parameters (H
and f), load shed per step (AP;s;), overload (AP,) and time
interval (Az;), the load frequency curve can be readily plotted
with the aid of Eq. (4). The minimum operation frequency
can, thus, be evaluated. If the minimum operation frequency
is higher than the minimum allowable value of f,,;,, the load-
shedding task is considered to have been accomplished, and
the system reaches a new steady state. Otherwise, an additional
modification process may be necessary to improve performance.

2. Modification

A modification task is required when the minimum
operation frequency is lower than the minimum allowable
operation frequency f,,,,. In such a scenario, based on the
expression of Eq. (7), the total amount of load to be shed is
deemed to be insufficient to maintain the frequency profile.
To justify the required amount of load to be shed, the shedding
frequency f; at each step should be correctly determined. The
frequency at the last step is denoted as f;. For each step, the
shedding frequency can be iteratively computed by using the
following equations:

AP;y = APy — APy, )
APd,Hl = APd,i - APLS,HI’ l = 1, 2, 3, cery N— 1, (9)
ﬁ+1 :ﬁ(1+Aﬁ(Alt))9 i= 1’ 29 3, ceey N - 19 (10)

where AP, is the initial amount of overload, AP,; is the amount
of overload after the i-th step, AP, is the amount of load
shed at the i-th step, Afi(At;) is the frequency variation after
i steps of time intervals Az;, and f; is the frequency at the
i-th step.

‘When the frequency at the last step is known, the maximum
allowable change of frequency at the last step can be imme-
diately calculated as, Af;uux = finin —f1 in Hz. The maximum
allowable amount of overload becomes:
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Table 1. Amount of Load Shed at Each Step (Scheme-1)

Table 2. Amount of Load Shed at Each Step (Scheme-2)

Number of Amount of load shed at each step (APrg;) (p.u.) Number of Amount of load shed at each step (APg;) (p-u.)
steps (N) 1 2 3 4 5 steps (N) 1 2 3 4 5
3 0.2667 0.2667 0.2666 3 0.4571 0.2286 0.1143
4 0.2000 0.2000 0.2000 0.2000 4 0.4267 0.2133 0.1067 0.0533
5 0.1600 0.1600 0.1600 0.1600 0.1600 5 0.4129 0.2065 0.1032 0.0516 0.0258
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Fig. 2. Load frequency curve of Scheme-1.

APma)c = ﬁ(fL _fmin)~ (11)
The required amount of load to be shed is, therefore, modified
as follows:

P’rg = =2Hmq + B(foin — 1) (12)
where P’; ¢ represents the new amount of load to be shed after
the modification is made and AP,,,,, is the maximum allowable
overload after the last step. With this new amount of load
to be shed, rapid decline in system frequency can be avoided.

IV. Numerical Simulations

Numerical simulations have been performed to verify
the effectiveness of the proposed algorithm. For an isolated
system, the worst scenario for a shedding schedule may include
all loads. Therefore, the maximum disturbance at 100% of
the generation (AP, = 1.0 p.u.) was considered in this test.
As a test example, for an isolated power system with H =
4.5 seconds and f3 = 8%/Hz, if the first shedding frequency
fi1s selected as 59.5 Hz and the minimum allowable operation
frequency f,,;, is 57.0 Hz, then the initial rate of change of
frequency of my can be obtained using Eq. (5), my=-0.1111
p-u./s.

1. Test Case 1

In this test case, a value of —0.1111 p.u./s for m was

6 8 10 12 14 16
Time [second]

Fig. 3. Load frequency curve of Scheme-2.

assumed to be detected from the frequency variation curve,
and the overload became 1.0 p.u. (= -2 X 4.5 x (-0.1111)).
By means of Eq. (7), aload of 0.8 p.u. to be shed was computed.
For this test case, Tables 1 and 2 list the amounts of load to
be shed at each step when 3, 4 or 5 steps was selected as the
number of shedding steps. The loads shown in Table 1 were
shed equally at each step, which is called Scheme-1 in this
paper, while the loads shown in Table 2 were shed in the
geometry mean manner, where the load shed at a given step
is half the load shed at the preceding step. This type of shedding
scheme is called Scheme-2. Both schemes have a time interval
of At = 0.1 sec. in their shedding procedure.

Figure 2 and Fig. 3 depict load frequency curves for
Scheme-1 and Scheme-2, respectively. From these figures,
the minimum frequencies of both schemes are found to be
lower than f,,;, = 57.0 Hz. The load shedding task was not
successfully accomplished.

To improve performance, the modification process
mentioned in Section III.2 was adopted. Based on this modi-
fication process, the shedding frequency at the last step, f;,
was first calculated. Using Eqgs. (8) — (10), we could obtain
f1, values of 58.7270, 58.3455 and 57.9666 Hz for 3 shedding
steps, 4 shedding steps and 5 shedding steps for Scheme-1,
respectively. Meanwhile, 58.9464, 58.7363 and 58.5555 Hz
were the values of f; obtained for 3 shedding steps, 4 shedding
steps and 5 shedding steps for Scheme-2, respectively.

With the above results for f;, the amount of load to be
shed could be modified using Eq. (12). For Scheme-1, when
3, 4 or 5 were assigned for the number of shedding steps, the
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Table 3. Amount of Load Shed at Each Step (Scheme-3)

Table 5. Frequency Settings Given at Each Step

Frequency setting at each step (Hz)

Number of Amount of load shed at each step (APg;) (p.u.) Number of
steps (N) 1 2 3 4 5 steps (N) 1 2 3 4 5
3 0.2873 0.2873 0.2872 3 59.5 59.3 58.9
4 0.2231 0.2231 0.2231 0.2231 4 59.5 59.3 59.0 58.6
5 0.1846 0.1846 0.1845 0.1845 0.1845 5 59.5 59.3 59.0 58.7 58.3
Table 4. Amount of Load Shed at Each Step (Scheme-4) 60 T : 5 g T : 5
595f----q---~- O N S Rt RELEE AREEES
Number of Amount of load shed at each step (AP;,) (p.u.) ': E E 5 E i E
N T N | W N A S S S
N ' ' ] ' 1 1 ]
3 0.4825 0.2412 0.1206 %58-5-- ST R bk ARRREC R AR
4 0.4593 0.2296 0.1148 0.0574 § ; : ! : ' ; ;
5 0.4519 0.2260 0.1130 0.0565 0.0282 g ] e Ve e R A i """
sraf - SN R S S -
57| fmin=st.0me Ty
P 565 : : : ! : ! :
R Coem- 2 4 6 8 10 12 14 16
; : Time [second]
VT ] Fig. 5. Load frequency curve of Scheme-4.
£ Ammmen e
) : :
g A ] For the test case, these plots help confirm the feasibility of
£ ' ' the method.
== o 2. Test Case 2
TR The proposed modification method is also effective in

Time [second]

Fig. 4. Load frequency curve of Scheme-3.

corresponding modified total amount of load (P’ 1) to be shed
became 0.8618, 0.8924 or 0.9227 p.u., respectively, while for
Scheme-2, the corresponding amount of load to be shed
became 0.8443, 0.8611 or 0.8756 p.u., respectively. In the
paper, Scheme-3 is the name for the modified Scheme-1, while
Scheme-4 is the name for the modified Scheme-2. Table 3
and Table 4 list the amounts of load shed at each step using
Scheme-3 and Scheme-4, respectively. For these new shed-
ding schemes, Fig. 4 and Fig. 5 plot the corresponding load
frequency curves.

As observed in Fig. 4, all the minimum operation fre-
quencies were higher than 57.0 Hz. They were found to be
57.0778 Hz for 3 shedding steps, 57.1263 Hz for 4 shedding
steps and 57.1877 Hz for 5 shedding steps. Consequently,
Scheme-3 is deemed an effective load-shedding scheme. As
seen from the plot shown in Fig. 5, all the minimum operation
frequencies were also higher than 57.0 Hz when different
numbers of shedding steps were employed. These results
reveal that Scheme-4 is also a feasible load shedding strategy.

a frequency setting strategy for load shedding. Once the first
shedding frequency is selected, the remaining shedding fre-
quency intervals can immediately be chosen. Theoretically,
a frequency interval of 0.2 Hz works better in the upper
shedding frequencies, while 0.3 Hz or 0.4 Hz intervals work
better in the lower ones and help reduce the amount of over-
shedding (Smaha et al., 1980). For this test case, we chose
0.2 Hz as the first frequency interval, 0.4 Hz as the last one
and 0.3 Hz as the remaining frequency interval. Therefore,
the proposed modification method was employed for Scheme-
2 (Scheme-1 could be treated in the same way as Scheme-
2) using the frequency setting strategy. Table 5 lists the
frequency setting given at each step. Figure 6 plots the
corresponding load frequency curves. As observed from the
plot shown in Fig. 6, all of the curves are lower than 57.0
Hz, so the modification process was needed.

Table 6 list the results obtained using the proposed
modification procedure described in Section III.2 for the
amount of load shed at each step when the modified frequency
setting strategy was performed. Figure 7 plots the correspond-
ing load frequency curves. As the plot depicts, although the
computed results represented by different curves for the num-
ber of shedding steps overlap, all the frequencies were higher
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Table 6. Amount of Load Shed at Each Step When the Modified Frequency
Setting Strategy Is Employed

Number of Amount of load shed at each step (AP;g;) (p.u.)
steps (N) 1 2 3 4 5
3 0.4891 0.2446 0.1223
4 0.4651 0.2325 0.1163 0.0581
5 0.4542 0.2271 0.1135 0.0568 0.0284
60
59.5
59
_ 585
% 58
g
557.5
[N}

o b--d-d-
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Time [second]

Fig. 6. Load frequency curve when the frequency setting strategy is employed
to perform load shedding.
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Fig. 7. Load frequency curve when the frequency setting strategy is modified
and employed to perform load shedding.

than the minimum allowable frequency of 57.0 Hz.

V. Conclusions

A time-oriented approach to designing a load-shedding
scheme has been proposed in this paper. To facilitate computa-
tion, a modification algorithm that considers the maximum
frequency change at the last shedding step is embedded into
the shedding scheme. The proposed method overcomes the
coordination problem and helps determine the appropriate
amount of load to be shed. Without predicting the amount

of system overload, the method has also been proved to be
effective in avoiding the problem of over- or under-shedding.
By means of case studies with numerical simulations, the
proposed method has been shown to have the advantages of
simplicity, flexibility, and efficiency for dealing with load
shedding problems.
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