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Abstract—This research investigates the positive changes in the
system frequency response indicators caused by the
implementation of a set of optimal settings of an under-frequency
load shedding (UFLS) scheme. The optimal under-frequency load
shedding (UFLS) scheme is optimised by minimising the total
amount of load shedding and taking into account the recovery
process of the system frequency into its operational values after
several losses of generation and satisfies the requirements of the
under-frequency load shedding standard (PRC-006-SERC-02).
The idea of implementing the optimal UFLS scheme is to identify
how changes the minimum frequency, minimum time, rate of
change of frequency and steady-state frequency when the amount
of load shedding change. The optimal UFLS scheme formulation
starts with identifying the variables to control with the
optimisation and its respective bounds. Then, the objective
function is formulated in terms of the total load shedding, and
finally, the restrictions and requirements of the systems are
written as inequality constraints. The optimal UFLS is evaluated
in the IEEE 39-bus system. The simulations results demonstrate
the suitability of the optimal UFLS to improve the frequency
response indicators.

Keywords—frequency stability, optimisation, under-frequency
load shedding

L INTRODUCTION

The frequency stability is concerned with the ability of a
power system to supply its load after a disturbance involving a
generation-load imbalance at a frequency within an acceptable
range [1]. The sudden disconnection of large generation units
producing a considerable percentage of the total demand in a
power system might cause an important power imbalance
between the power generation and the load demand. This active
power imbalance produces a fast drop in the system frequency
generated by the deficit of power supply [2]. If the appropriate
control actions are in place, the system frequency must reach an
acceptable value after a few seconds. However, if the power
imbalance is larger than the designed specification, the
frequency can drop to values considered unacceptable or even
trip a cascade event putting the power system in risk of
instability and subsequent blackout.

To avoid any potential damage of generation units and load-
side equipment, it is crucial to precisely control the system
frequency within an established, acceptable frequency range or
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at least, to prevent longer frequency excursions out of this
established range. However, if the system frequency reaches
unacceptably low values (predefined security threshold), there
is a small-time window to implement restorative or emergency
actions. If the size of the system frequency disturbance is large,
the scheduled power reserve may not be enough to restore the
system frequency and the power system operators may use
emergency control and protection schemes to maintain power
system frequency [3]. An emergency control plan used by years
is the well-known under-frequency load shedding (UFLS).

The UFLS strategy is designed so as to balance the demand
for electricity with the supply rapidly and to avoid a rapidly
cascading power system failure [4]. In simple terms, the UFLS
is designed to prevent the system frequency from staying too
low for too long by disconnecting the right amount of power
loads to regain frequency control. Under-frequency operation is
usually more problematic with regard to possible equipment
damages than over-frequency operation due to the limited
amount of spinning reserves.

The schemes are system protection schemes; it means the
scheme objective is the integrity of the system frequency as a
whole, in contrast to equipment protections, trying to minimise
equipment damages [5]. It is essential to coordinate system
under-frequency load shedding with under-frequency protection
of the generator. Premature generator tripping, before system
load shedding is complete, can lead to unnecessary system
collapse.

A real example of frequency stability problems and the
actions of UFLS is the famous Italian blackout of 28 September
2003 (see Fig. 1). During the frequency event, the frequency
dropped down to 49 Hz, due to the loss of power infeed coming
from the central interconnected European power system. The
frequency continued dropping until it reaches the under-
frequency threshold of 47.5 Hz in the next 150 seconds [6], all
generation units were tripped according to the predefined UFLS
scheme. However, the main reason for the blackout was that
during this terminal phase of the frequency collapse the under-
voltage load shedding (UVLS) did not appropriately
compensate the additional loss of generation coming from
around 7.5 GW of distributed power plants tripped during under-
frequency operation [7]. The Italian blackout of 28 September
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2003 made clear the need to redefine the load shedding plan in
Italy in order to appropriately handle the loss of imported power
or the power plants operating on the distribution grid.
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Fig. 1. Plot of the frequency behaviour during the transitory frequency event
in Italy 28 September 2003 [6].

The major frequency event in Italy of 28 September 2003
made evident the importance of an appropriate UFLS. However,
the situation of frequency control and stability and the problem
of adequate settings of UFLS is becoming more and more
complicated with the increased penetration levels of power
converted based generation technologies (reducing the total
system rotational inertia) [8].

The primary objective of UFLS schemes is to arrest
frequency dropping in due time by shedding an appropriate
amount of load, in order to recover the frequency into its
nominal values [9]. Ideally, the UFLS must act as the primary
option and by doing so, preventing the action of generation-side
under-frequency protections, which would finally lead to a
cascading power outage [10]. In the traditional UFLS schemes,
the settings of the UFLS relays are mainly based on the power
system operator’s knowledge of the power system performance
during major frequency events. However, although the
frequency is recovered into its nominal values, the UFLS
settings are not optimal, and they end up disconnecting more
load than necessary.

The main propose of this research paper is to investigate the
positive changes in the system frequency response indicators
caused by the implementation of an optimal setting of a UFLS
scheme. An optimal calculation process of the settings of the
UFLS improves the power system reliability by minimising the
unnecessary excessive load shedding and prevent the operation
of under-frequency protections of the synchronous generator.
However, this research paper introduces the problem of optimal
settings of UFLS relayed using mathematical optimisation.
Then, the methodology is used to set the UFLS on a test system,
and the ulterior motive is to determinate how the optimal stings
impact the frequency response indicators: minimum frequency,
minimum time, rate of change of frequency and steady-state
frequency.

This paper is organised as follows: in Section II, it is
described the methodology to calculate the optimal UFLS
scheme such as the selected variables to be controlled by the
optimisation, the objective function formulation, and the
constraints. Section III presents a description of the test system
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that is used to evaluate the optimal UFLS scheme. Moreover,
three cases are presented for assessing the UFLS scheme.
Section IV describes the results obtained and present the main
observations of the results. Finally, Section V presents the
conclusion.

IL.

The frequency load shedding (FLS) is an emergency control
strategy dedicated to mitigating substantial mismatch between
the generation and the loads. The UFLS is dedicated specifically
to deal with under frequency events where there is a lack of
generation or an excess of power demand. Load shedding is
becoming a very attractive research topic in recent time to deal
with several problems related to extremally reduced inertia
scenarios, the market pressure to minimise the reserve margins
and the operating the tie-line near to the limit of capacities.

OPTIMAL UFLS SCHEME FORMULATION

Many different approaches are reported for implementing
UFLS settings are detailed in the scientific literature: traditional
schemes, artificial intelligence techniques, and more recently,
meta-heuristic optimisation algorithms. A summary of those
methods is beyond the scope of this paper but [10] provides a
compressive and relative new overview.

A. Frequency Response indicators

The system frequency response (SFR) of a power system is
typically analysed by using time-domain plots of the system
frequency when the major event is applied (typically a sudden
generation disconnection). The principal frequency response
indicators are represented in Fig. 2, and they are defined as
follows [4]-[12-13]:

e The minimum frequency (fni») denotes the minimum value

that the frequency reaches during the transient response
when the major event is applied.

The minimum time (#,,) is the time required from the instant
where a disturbance is started until the frequency reaches its
minimum value.

The Rate of Change of Frequency (RoCoF) represents the
speed of change of frequency (df) concerning with the time

change (df), i.e. RoCoF =df [dt [Hz/s].

The steady-state frequency (f;) refers to the value at which
the frequency is positioned after the transient response and
at which the RoCoF is zero. This value can be interpreted
as the capability of the power system of recovering after a

disturbance.
Jo T ‘
— I Tnertial
E : response R
2 / Governor response |
g J‘ Primary response
& I I
2
= fs
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\ Tmin .
" Time [s]
RoCoF =—
dt

Fig. 2. Representation of the principal frequency response indicators in a
classical SFR signal.
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B. UFLS Settings

UFLS relays are adopted to protect the system by shedding
some of the system load to keep the frequency of the system
close to the nominal value.

UFLS relays can be classified into two categories[11]: (i)
Fixed number of stages and time delays and (ii) Adaptative
number of stages and variable shed demands. The traditional
UFLS relay (such as ANSI 81L) falls in the first category and is
extensively used in power systems. In this research paper, the
UFLS relays are considered to have a fixed number of stages,
but the setting will be optimised in the next subsections.
Traditional UFLS scheme relies basically on four main settings:

o Block size of dropped load. (percentage or power unit) It
defines the block size of load shedding is the size of load to
be dropped at all stages.

o Number of load shedding stages: (integer) Load shedding is
usually implemented on stages. It defines the number of
steps to be used to shed the load.

e Frequency threshold: (typically in Hertz) It defines a pre-set
frequency level at each stage in which load must be shed.

o Time delay for each stage. (seconds or cycles) It defines the
time delay between activating the consecutive stages.

C. Optimisation Problem Definition

The process to formulate the optimal UFLS scheme followed
in this paper is based in the following steps: First, the appropriate
set of control variables are identified, those variables are
selected in order to control the frequency response following a
system frequency disturbance at the time the optimisation
considered the main aspects of the UFLS relay features and
respective bounds are defined for the relay settings. Then, the
objective function to be minimised was written in terms of the
control variables. Finally, the restrictions and requirements of
the systems are written as inequality constraints. The full
procedure of each step is described below.

1) Variables
The control vector (x) is a vector used to specify the control
variables to be used in the optimisation process:

i=1,...,Ng
T .
x=[AP, [, M,,]. {i=L...N, (1)
k=1,..,N,—1

where APj is the percentage load shedding of the i-th stage in
the j-th UFLS relay, f,, , is the first frequency set-point of the
j-th UFLS relay and Af;, s represents the interval between two
subsequent frequency set-points. Moreover, Nr is the number
of UFLS relays installed in the power system, and Ns is the
number of load shedding stages in each relay.

The control variables are bounded by its upper () and lower
(/) allowable values as follows:

5

AP, <AP, AP,
VNE VN 2)
A, <A, 4 S,

where AP; and AP,, represents the maximum and minimum

permissible percentage of load shedding, respectively. fs;,

1 . .. I
and f,, , are the maximum and minimum limit frequency set-
Af,, , and

Af,,., are the maximum and minimum values that can take Af;,.

point in the first stage, respectively. Moreover,

2) Objective function
In this paper, the idea of optimising the settings of the UFLS
relay is to reduce as much as possible the power demand
interrupted during the under-frequency event. As a consequence,
the purpose of the UFLS optimisation is determinate the
minimum amount of load shed required to recovers the steady-
state frequency into its operating values. Therefore, the objective
function is formulated as the sum of all active stages in each
UFLS relay multiplied by active power in its respective load.

The objective function is:

Ng  ng

min| >, > AR, Q)

j=1 i=1

where P; is the active power of the j-th load with UFLS relay
and nsis the number of activated stages. n, is different from N;
(ns <Nj).
3) Constraints
The objective function defined in (3) is subject to certain
restrictions to ensure the security of the power system and fulfil
the technical requirements of the utility companies:

a) Steady-state frequency (fss): after a massive loss of
generation, the f;; must remain inside the operating range of the
synchronous generators, i.e., /™ < £, < /™. This restriction is

formulated as two inequality constraints as follow
S =1 =0 (4)
and

S =, <0 (5)

b) Frequency set-point (fs): the fy, in each stage of the
UFLS relays shall be inside the limits defined by the technical
requirements of the utility companies, i.e., _}‘SZ‘“‘ <SS
Since the optimisation gives the first f, of each relay and it is
already bounded, it is necessary to define the inequality
constraint for the minimum limit as follows:

o= fos <0 (6)

III.  STUDY CASE

To investigates the positive changes in the system frequency
response indicators caused by the implementation of an optimal
setting of a UFLS scheme, a classical and well-known tests
system is used: the IEEE 39-bus system. The IEEE 39 bus
system is well known as ten machines New-England Power
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System. Generator 1 represents the aggregation of a large
number of generators. The original model data come from the
book titled “Energy Function Analysis for Power System
Stability” [12]. The test system has been implemented in
DIgSILENT® PowerFactory™ 2020. The schematic single line
diagram of the test system is shown in Fig. 3. The test system
consists of ten generators, 19 loads, 34 transmission lines, 12
transformers and 39 buses. The total active power generation is
6,140.81 MW, and the total power demand is 6097.10 MW [13].

]
G8
G10 38
7
" e e E— =1 |
25 7 26 28 ‘ I 29
-—r— 27

B f 18 7 sl
G6
1 3 35

S;@ A I*

%@zg
%

] 11

Fig. 3. Illustrative single-line diagram of the IEEE-39 bus system. UFLS
relays have been installed in buses 16, 21 and 22 (noted in the diagram).
Frequency disturbance is the sudden disconnection of G6 (highlighted).

23

The SFR of the test system is excited by a system frequency
event, in this very specific case, the sudden disconnection of G6
at = 1.0 second, which represents a loss of 10.585% of the total
generation, AP = Pgs. The UFLS relays are installed near to
generator G6 in Load 16, Load 21 and Load 23. In this paper,
the three UFLS relays (Vg = 3) has four load shedding stages
(Ns=4). The time delay was set as z;= 0.20 s. The generator
causing the disturbance (G6) is highlighted with red colour, and
the loads where the UFLS relays are installed are marked with
blue colour in Fig. 3.

In this paper, three simulation cases are considered: Case [
refers to the natural SFR of the test system without any UFLS
scheme. Case II study the SFR of the test system considering the
UFLS but using a traditional setting. Finally, Case III represents
the SFR of the tests system but considering the optimal settings
of the UFLS is presented in Section II. The three defined cases
considering the time delay as 7z;= 0.20 s, four load shedding
stages (Ns=4) and the same disturbance, AP = 650MW.

The Improved Harmony Search (IHS) metaheuristic
algorithm is applied to solve the UFLS optimisation problem.
Details of the THS algorithm are described in [14]. For all cases,
it is observed the indicators of the frequency response: (i)
minimum frequency (fmin), (i) minimum time (#yn), (iii) the
maximum RoCoF and (iv) steady-state frequency (fss).

As the test system is representative of the North American
system, the parameters of the UFLS relays must satisfy the
SERC (South-eastern Electric Reliability Council) UFLS
Standard: PRC-006-SERC-02 [15]:

e /. shall be kept within the continuous operating range of the
generating units between 59.5 Hz and 60.5 Hz. Therefore, fi,
is bounded as 59.5 < f,< 60.5.

e The highest value of f;, shall be no lower than 59.3 Hz and
not higher than 59.5 Hz. Moreover, the lowest value of f;,
shall be no lower than 58.4 Hz. Therefore, f;, is bounded as
58.4 </ <(59.5-59.3).

e Afi,shall be at least 0.2 Hz but no greater than 0.5 Hz, i.e.,
0.2 <Afp<0.5.

e The time delay (#4) for the high-speed trip shall be at least six
cycles, i.e., 0.1s <1,

Case I (Case Base): In this case, it is presented the dynamic
response of the frequency when the disturbance occurs by
outage the generator G6, and there is not a UFLS scheme
installed. Fig. 4 shows the frequency response measured in all
buses. The minimum frequency is fuin» = 57.923Hz at fu, =
29.582s, and it is presented in bus 39.

+5.792el
0.0050 £

0.0045

0.0040

0.0035 ~

0.0030 ~

28 9 30 31

60.0
——  fiin (Bus 39)

59.5 1

59.0 1

Frequency [Hz]

58.5

Z

T T T T

0 20 40 60 80 100 120
Time [s]

Fig. 4. Frequency response in the 39 buses after the outage of generator G6:
Case I.

Fig. 5 shows the RoCoF of all buses, the maximum RoCoF
produced by the disconnection of G6 is presented in bus 36 and
its value is RoCoF i =—2.565Hz/s at 1.012s.

The steady-state frequency for Case I is fi,= 59.024 Hz, and
it is evident that the power system requires a UFLS scheme to
recover the frequency into the established f, limits, i.e., 59.5 <
fss < 60.5. Moreover, the under-frequency relays of the
synchronous generators, in 60 Hz nominal frequency, typically
operates if the frequency reach vales from 58.4 Hz to 57.9 and
the frequency does not recover within 30 seconds [16].
Therefore, another reason to install the UFLS scheme is to avoid
the activation of the under-frequency relays that protect the
synchronous generators since, in this case, fu» reaches values
below 58Hz.
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Fig. 5. RoCoF response in the 39 buses after the outage of generator G6: Case
L

Case II (Traditional UFLS scheme): This case presents the
frequency response when a traditional UFLS scheme is
implemented on the IEEE-39 bus system in Load 16, Load 21
and Load 23. The settings of the installed UFLS relays are
chosen in order to fulfil the requirements of the SERC UFLS
Standard. The settings are presented in Table I.

TABLE I. UFLS RELAYS SETTINGS USING THE TRADITIONAL UFLS SCHEME

Stage | AP (%) 1, (Hz) A, (Hz) ()
1 30 59.3 0.3 0.2
2 25 59 0.3 0.2
3 25 58.7 0.3 0.2
4 20 58.4 0.3 0.2

Case Il (Optimal UFLS scheme): shows the frequency
response when the optimal UFLS scheme is used to obtain the
parameters of the UFLS relays previously installed in Load 16,
Load 21 and Load 23.

The settings obtained from the optimal UFLS scheme are
described in Table II, it can be observed that the settings are for
the first stage of all relays and only the second stage of the relay
in Load 23. These results mean that it is only required to activate
those stages in order to ensure the frequency recovering.
Furthermore, it is given the frequency set-point of each stage and
those values satisfy the constraint defined in (6).

TABLE II. UFLS RELAYS SETTINGS USING THE OPTIMAL UFLS SCHEME
St Load 16 Load 21 Load 23
8 TAP %) | fu(H2) | AP (%) | fy(Hz) | AP (%) | f,,(Ho)
1 32.690 59.339 22.566 | 59.311 46.868 59.416
2 8.225 59.146
4 - — — — - -

The convergence curve of the objective function defined in
(3) after being evaluated 300 times is presented in Fig. 6. It is
observed from generation 230 the value of the objective function
remains constant; this indicates that the objective function
reaches its minimum value and fulfil the constraints defined in
Section II.C.3) by (4), (5) and (6) .

IV. RESULTS AND DISCUSSION

The dynamic simulation of the IEEE-39 bus system to
evaluate the three cases defined above are presented in this
section. The frequency response of Case I, Case Il and Case 111
is shown in Fig. 7. In this figure, it can be observed the changes
in the frequency response depending on whether or not there is
installed a UFLS scheme.

Case Il improve the frequency response by reducing the fin,
tnin and recovering the steady-state frequency inside the
established operating values. Moreover, it showed how it is
improved the frequency response when it is optimised the total
load shedding in Case III, the minimum frequency and
minimum time is minimised and the steady-state frequency
remains inside the established operating values.

350 S
340
E 330
=3
B
< 320 -
310 ~
T T T T T T T
0 50 100 150 200 250 300
Number of generations

Fig. 6. Convergence curve of the optimal UFLS scheme. Case //1.

Frequency [Hz]|

—— Casel
—— Casell
—— Case I11
57.5 T T T T T

0 20 40 60 80 100 120

Time [s]

Fig. 7. Frequency response for Case I, Case Il and Case III after the outage of
generator G6.

The frequency response indicators and the total load
shedding are summarised in Table III.

TABLE III. FREQUENCY RESPONSE INDICATORS AND TOTAL LOAD
SHEDDING FOR THE THREE CASES
Fonin tonin RoCOF 0 s AP
Case (Hz) (s) (Hz/s) (Hz) (MW)
I 57.923 29.582 —2.565 59.024
11 58.999 17.665 —2.565 59.746 463.925
111 59.130 11.618 —2.565 59.521 305.736

From Table III, the frequency response indicators after the
disconnection of generator G6 are discussed. In Case I, the
frequency reaches its minimum value at 29.582s, and its steady-
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state operation value is 59.024 Hz, this frequency value is
outside of the established f;, limits. The maximum RoCoF after
the disturbance is -2.565 Hz/s. Since in this case there is not
installed a UFLS scheme, there are no actions to arrest the
frequency decaying. In contrast, when the UFLS scheme is
implemented, the frequency responds indicators depend on the
UFLS relays settings. In Case II, the minimum frequency and
minimum time are reduced 1.85% and 40.28 %, respectively
concerning Case I. Furthermore, the stages activated for all
UFLS relays are Stage 1 and Stage 2, and the load shedding is
463.925 MW which represents 7.61% of the total load. Thus, the
steady-state frequency is improved and is 59.746 Hz.

Meanwhile, the settings for the UFLS relays obtained from
Case III decreases the values of the minimum frequency and
minimum time in 2.08% and 60.72 %, respectively in contrast
to Case I. In this case, Stage 1 activated for all UFLS relays, and
Stage 2 is just activated in the relay installed in Load 23.
Moreover, the load shedding is 305.736 MW, which represents
5.01% of the total load, and it decreases 34.01 % whit respect
Case II. Furthermore, the steady-state frequency remains inside
the established limits, and its value is 59.521 Hz.

V. CONCLUSIONS

The principal conclusion in this research paper is that the
optimal settings in the UFLS scheme prevent an unnecessary
load shedding since it is observed a decreeing in the total load
shedding concerning with the traditional UFLS scheme.
Moreover, it is identified that the impact of minimising the total
amount of load shedding is directly reflected in the frequency
response indicators, and thus these indicators were improved.

The minimum frequency value as well as the minimum time
value decrease when the optimal UFLS scheme is implemented
in contrast with the traditional UFLS scheme. Moreover, the
steady-state frequency in both cases is recovered inside
predefined values. Furthermore, the maximum RoCoF is not
modified by the presence of UFLS scheme and is not impacted
by the amount of load shedding.
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