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A B S T R A C T

The ever-increasing penetration of Renewable Energy Sources (RESs) into the power system has faced system
operators with higher risks subject to a growing level of the associated uncertainties. To preserve the system
frequency security, an under-frequency load shedding (UFLS) scheme can usually be utilized as a final remedial
action, which is aimed at removing the excessive load. UFLS can be managed in a multi-stage portfolio based on
the priority and sensitivity of the loads under control to cope optimally with the occurring power imbalances.
Design of an optimal, robust UFLS scheme is a vital procedure. To that end, the present paper proposes a new
UFLS protective system which is conducted to shed the minimum optimal load after precise detection of the
frequency excursions. The problem is transferred into a Mixed-Integer Linear Programming (MILP) based op-
timization framework, and it is to be solved in several stochastic scenarios for setting the UFLS system para-
meters. The analysis of the UFLS setting results, which are extracted through implementation of the model on the
IEEE 39-bus test system, demonstrates the effectiveness of the proposed MILP-based methodology in dealing
with the severe uncertainties resulting from RES output variations and load fluctuations.

1. Introduction

1.1. Motivations

Nowadays, owing to power system deregulation and environmental
motivations, operators’ tendency to integrate sustainable utilization of
Renewable Energy Sources (RESs) has been promoted greatly [1,2].
Recently, RESs have been widely developed, and has increased the ef-
ficiency of the system. Alongside these developments, the power system
operator’s tendency to use these energies has increased, and has led to
RES penetration in power systems worldwide for economic-environ-
mental reasons. Moreover, the competitive price of an RES compared to
those of other energy sources such as fossil fuels has increased the
benefits of using these sources [3].

The intermittent, uncertain output of these sources can have un-
desirable effects on security, power quality, and the stability of the
power system [4]. By integrating these sources to the system, the power
system operator reduces the generation capacity of the main generators,
and, consequently, decreases system inertia [5]. Reduction of the in-
ertia of the system and the oscillatory behavior of the RES puts the
system frequency at risk [6].

For economic reasons, a power system is operated near its stability
boundaries, and safe operation of the system depends on its voltage and

frequency control within the permissible range [7]. All modern power
systems are exposed to unusual operation conditions such as common
network faults, loss of the power generation, sudden increases in load,
constant variations in the RES output, and other disturbances that lead
to a reduction of system capacity. In such conditions, the balance be-
tween the existing load and the remaining generation must be restored
so that the frequency drop does not cause system blackout. If the gov-
ernor is not fast enough, or the spinning reserve is insufficient to restore
the system frequency, the automated UFLS system can be used as the
latest system recovery to prevent collapse [8,9].

Various automated UFLS systems are capable of predicting and
controlling load shedding in the under-frequency conditions at several
stages with minimal time delays. In several power systems, Rate Of
Change Of Frequency (ROCOF) is used as an additional factor for load
shedding, and the frequency set-points are selected based on extra-
ordinary emergencies that are more probable for a specific power
system [10]. The model to be considered for designing an automated
UFLS system should include the different dynamics of the system gen-
erators, load parameters, and under-frequency relay setting indices
[11]. Hence, the design of an optimal UFLS scheme, which is capable of
robustly facing frequency excursions stemming from uncertain re-
sources, can be a vital procedure in preservation of system sustain-
ability.
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1.2. Literature review

Different types of research have addressed the UFLS setting pro-
blem. The primary purpose of the UFLS strategies is minimizing the
total amount of the load shedding and increase the reliability, security,
and sustainability of the system and consumer social welfare. In [12], a
new systematic approach is proposed for the setting of the under-fre-
quency relays for a replacement for many trial and error based
methods. Here, a new formulation for several outages of generation
units and considering characteristics such as inertial and damping
constants are presented. The objective function is minimizing the load
shedding amount for a set of contingencies of the generation units. By
using the optimization method of mixed-integer linear programming
(MILP), the under-frequency relay can be useful in preventing the
power system collapse. Ketabi et al. [13] have proposed a UFLS-based
method for minimum system prediction frequency, in which the system
frequency is sampled after contingency. Then, the samples are used to

predict the minimum system frequency based on the Particle Swarm
Optimization (PSO) algorithm. In this paper, with the least error, a
precise estimation of the system parameters has been made. The UFLS
scheme is presented in [14] that reduces the amount of load shedding
by estimating the power deficiency with continuous monitoring of the
second derivative of the frequency of the inertial center. Then, by de-
termining an equivalent inertial constant for estimating the system
power loss, the best load combination is determined by the Particle
Swarm Optimization (PSO) algorithm, and the minimum and maximum
frequencies are minimized. Zhenglong et al. [15], an optimal process
for under-frequency relays setting in the regional power system, is
presented. Here, an improved multi-generator frequency response
(IMFR) model is designed for accurate measurement of the system
frequency after an imbalance between generation and consumption.
The proposed IMFR include spinning reserve, various governors, and
static load model and also selects the contingencies for designing the
UFLS. In [16], the probabilistic UFLS scheme is formulated as a mixed-

Nomenclature

Indices

i generation units
sc scenario
s stage of load shedding
c under-frequency threshold of generators specified by

manufacturer
n time step of discrete simulation

Parameters

f0 nominal frequency
Hi inertia time constant of unit i
Ri governor droop of unit i
Si power base of unit i
S power base of system
fc threshold of generators under-frequency specified by

manufacturer
π sc probability of scenario sc

Continuous variables

ΔGLsc loss of generation due to scenario sc
Δf n

sc frequency deviation from nominal value due to scenario sc
at time step n

ΔFRn
sc primary frequency regulation due to scenario sc at time

step n
fs set-point of frequency at stage of load shedding s

LSHs load shedding amount at stage of load shedding s
Δts time delay of under-frequency relay at stage of load

shedding s
Δts,n

sc time delay of under-frequency relay below set-point fs due
to scenario sc at time step n

Δtc,n
sc time delay of under-frequency relay below the threshold fc

due to scenario sc at time Step n
ΔPw

sc wind power variations due to scenario sc
ΔPpv

sc solar power variations due to scenario sc
ΔPlf

sc load fluctuations duo to scenario sc

Binary variables

Vs,n
sc one, if <Δf fn

sc
sdue to scenario sc at time step n, otherwise

zero.
Us,n

sc one, if >Δt Δts,n
sc

s and <f fs due to scenario sc at time step
n, otherwise zero.

Wc,n
sc one, if <f fc due to scenario sc at time step n, otherwise

zero.

Abbreviations

UFLS under-frequency load shedding
ELNS expected load not supplied
MCS Monte-Carlo simulation
MILP mixed-integer linear programming
PDF probability density function
PV photovoltaic
RWM roulette wheel mechanism

Table 1
Taxonomy table of the UFLS problem.

Reference Uncertainty resource Solving strategy Optimized linearization of the model Relay parameters

Wind Solar Generation deficiency Load fluctuation Heuristic AI MILP fs LSHs Δts

[12] * * * * *
[13] * * * *
[14] * * * *
[15] * * * * * *
[16] * * * * * *
[17] * * * *
[18] * * * * *
[19] * * * * *
[20] * * * * * *
[21] * * * * *
This paper * * * * * * * * *
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integer linear program (MILP) problem to minimize the total amount of
load shedding. The uncertainties of the proposed scheme using the
point estimate method are modeled, and the results are compared with
the Monte-Carlo simulation (MCS) method. In this paper, the BONMIN
solver is used for the proposed UFLS. Amraee, Darebaghi, and Soroudi
[17] using the MILP approach have proposed a method for the under-
frequency load shedding, which by this method sheds the optimal value
from the load. In this paper, the ROCOF relay is used to protect the anti-
islanding of Distributed Generators (DGs) on the IEEE 39-bus. The MCS
method is used for considering the uncertainties of system parameters.
In this method, the results of load shedding are desirable. In [18], a
hierarchical genetic algorithm is used to minimize the amount of load
shedding. In this paper, the percentage of load permissible to be shed is
determined to minimize frequency oscillation. The relay parameters,
including the number of stages and time delay have been obtained for
the under-frequency relay (81L). In [19], a UFLS scheme by im-
plementing an artificial neural network (ANN) and transient stability
analysis is presented. To provide the training data set, the transient
stability analysis has been accomplished to minimize the load shedding
amount with different operation scenarios. Moazzami et al. [20] uti-
lized a fast load shedding method based on the ANN. In this paper, the
amounts of active and reactive power to be shed are optimized using a
priority list by PSO co-evolutionary algorithm and ANN method. All
simulations are performed on the IEEE 118-bus, and ANN training data
is based on contingency analysis on this system In [21], a remedial
action scheme (RAS) for the fast load shedding is expanded considering
wind generation. In the proposed RAS, the dynamics of wind farms are
considered in the load shedding process, and an efficiency index is
obtained according to the contribution of each generator to the dy-
namic performance of the system, and all formulas are written based on
this index.

Table 1 provides a summarized comparison of the previous research
on the under-frequency load shedding strategy and the present study.
According to this table, in most of the existing works, there is no
comprehensive discussion of the kinds of problem that the power
system may be faced with. To fill this gap in this paper, uncertainty
resources such as generation deficiency due to contingencies, variations
in the RES output, and load fluctuations are considered for optimal
setting of the under-frequency relay parameters for minimization of the
amount of load shedding by the MILP formulation.

1.3. Contributions

In order to increase the efficiency of the UFLS scheme, this paper
presents a new UFLS strategy in the IEEE 39-bus test system. In the
setting of the under-frequency relay, the uncertainty involved in the
RES and in load fluctuation has been included as well as that of con-
tingency. Thanks to the Monte-Carlo Simulation (MCS) approach, three
scenarios are generated using a process containing MCS, Roulette
Wheel Mechanism (RWM), and the scenario reduction algorithm. Then,
three parameters including the load shedding block, frequency
threshold, and time delay of the under-frequency relay are optimally
obtained using Mixed-Integer Linear Programming (MILP). Hence, the
relay timer model, relay operating logic model, and relevant constraints
are included. Therefore, the main contributions of the paper are high-
lighted below:

• Development of a time-discrete MILP with the CPLEX solver for
precise setting of under-frequency relays

• Ensuring the UFLS scheme performance concerning the uncertainty
resulting from generation deficiency, RES, and load fluctuations by
providing an efficient optimization portfolio

• Efficient, detailed relay setting extraction involving the step-based
frequency threshold, load to be shed, and time delay frequency
considering the impact of RES uncertainties’.

This paper is organized as follows. The model description and pro-
blem formulation of the proposed UFLS are presented in Section 2.
Section 3 shows the results of validation of the proposed method fol-
lowed by its evaluation in the stochastic space, and analyzes the results.
The results obtained by the proposed method are compared with those
of other papers in Section 4. Finally, the paper is concluded in Section
5.

2. Model description and problem formulation

In this paper, an optimal MILP-based proposed stochastic program is
proposed for implementation of the under-frequency setting, as follows.
In the following sections, this model is explained in detail.

2.1. Generating and reducing the scenario

In this paper, the various uncertainties are considered using Monte

Fig. 1. Probability distribution function corresponding to the forecast error [24].

A. Rafinia, et al. Electrical Power and Energy Systems 118 (2020) 105735

3

Downloaded from https://iranpaper.ir
https://www.tarjomano.com/order



Carlo Simulation (MCS), and the scenarios with the highest probability
(Q) of occurrence are selected. Hence, a Probabilistic Distribution
Function (PDF) concerning the forecast error of generation deficiency,
wind and solar generation, and load fluctuations should be generated
with the appropriate accuracy. In the generation of the PDFs, previous
statistical data on weather conditions, wind speed, and solar radiation
in the system environment should be extracted. Fig. 1 shows the PDF of
the forecast error associated with a particular uncertainty. This PDF can
be discretized to several desirable intervals with various standard de-
viation errors (σ) resulting from zero error mean (µ) and different
probability values attributed to each interval [22]. Then, according to
the different levels of probability associated with the PDF, the Roulette
Wheel Mechanism (RWM) is applied to generate the most probable
scenarios. Therefore, according to Fig. 2, the probability corresponding
to each level is normalized, so the sum of all the probability values is 1,
and the normalized probability values are randomly divided between 0
and 1. Each random number is normalized to a forecast level in the
roulette wheel, and is chosen as a scenario for that level. It is also ne-
cessary to use the scenario reduction algorithm to obtain the most
probable scenarios [23].

The uncertainties affect all the specifications of the power system,
such as electricity prices, network reliability, social welfare, and
transmission line power. Therefore, the momentary variations in the
uncertainties should be included, and an appropriate stochastic model
should be used to illustrate these variations in the modeling of the
uncertainties. Usually, the Weibull function is utilized to describe the
distribution of wind power generation probability, which is a function
of the wind speed in the network. With proper approximation, the
normal distribution function (Gaussian) can be used instead of the
Weibull function to model uncertainty [24]. Table 2 shows the mean
and standard deviation values for wind and solar generation, load
fluctuation, and generation deficiency. The histograms associated with
the different uncertainties are presented in Fig. 3. To terminate the
iterations required for generating scenarios, a stopping criteria based on
mean (μf ) and standard deviation (σf ) values of forecasted parameters
has been considered as can be expressed by =cv σ

μf NS
f

f
. NS is total

number of generated scenarios [24].

2.2. Proposed UFLS mathematical formulation

In this section, some basic concepts of the under-frequency relay
and power system dynamics are presented, and the UFLS process is
presented by the MILP formulation method for setting the under-fre-
quency relays.

2.2.1. Power system dynamics
The imbalance between system generation and consumption causes

changes in the turbine-generator speed, and so, the system frequency
has large deviations. The swing equation of a generation unit is the
relation between the active power and frequency response of the
system, which is expressed mathematically in Eq. (1).

= − =2H
f

dΔf
dt

P P ΔP
0

m e (1)

Here, = ∑ = ⋯H , i 1, ,Ni
H S

S g
i i is the inertia constant of the generator;

=∑ =S Si 1
N

i
g is the base power of the system; = ∑ =P Pm i 1

N
mi

S
S

g i is the me-

chanical input power; = ∑ =P Pe i 1
N

ei
S
S

g i is the electrical output power, Δf is
the frequency deviation from the nominal value [25].

There are various types of electrical loads in the power system. The
power consumption of motor loads, unlike resistive loads, is modified

when frequency fluctuations occur. In these loads, the motor speed
changes according to the input power frequency and decreases the
power consumption by reducing the system frequency. The dependence
of power consumption to the system frequency in motor loads is ex-
pressed by Eq. (2) [25]:

=ΔP DΔfmotor (2)

Here, ΔPmotoris the change of power consumption of motor loads, and D
is the damping constant. The load sensitivity must be applied to the
frequency variations in the swing equation. If the load damping in the
under-frequency relay settings is not modeled, there is a probability of
an excessive load shedding, and the resulting design will be very con-
servative [25].

The speed governor of the units in the interconnected power system
is responsible for opposing changes in frequency by modifying its active
power generation. Hence, for a frequency deviation, Δf , the governor
would change the power output of the units. So, without a regulator,
frequency variations would be unacceptable, and the relay would be
improperly set. The governor's operation in the swing equation is Eq.
(3) [25]:

= − + = − + −2H
f

dΔf
dt

ΔP ΔP ΔFR P P ΔFR DΔf
0

motor m e (3)

Here, ΔFR is the primary frequency regulation.

2.2.2. Model of discrete time-frequency response
All in all, depending on parameters such as the inertial constant and

the governor droop for multi-machine power system generators, each
contingency for a generator has a unique frequency response.
Accordingly, all the system generators swing simultaneously at a
common frequency f. The frequency response of the system in the
equivalent single-machine swing equation is written as Eq. (4):

= − + −dΔf(t)
dt

f
2H

(ΔFR(t) ΔGL(t) LSH(t) DΔf(t))0
(4)

Here, ΔGL(t) is a generation drop value at time t; LSH(t) is the load
shedding value at time t by the under-frequency relay action; ΔFR(t),
the regulation of the primary frequency at time t with governor action
and time constant T is obtained by Eq. (5):

= − −dΔFR(t)
dt

1
T

( ΔFR(t) Δf(t)
R

) (5)

In Eq. (5), the equivalent governor droop is calculated as Eq. (6):

∑=1
R

S
R Si

i

i (6)

The system frequency response in Eqs. (4) and (5), is discretized into
the time step Δt by defining =ΔFR(nΔt) ΔFRn, =LSH(nΔt) LSHn and

=Δf(nΔt) Δfn, and through Euler’s method, Eq. (4) is written in discrete
form Eqs. (7) and (8):

= +− −Δf Δf ROCOF Δtn n 1 n 1 (7)

Here,

= − + −ROCOF f
2H

(ΔFR ΔGL LSH DΔf )n
0

n n n (8)

Also, Eq. (5) in discrete form is given by Eq. (9):

= × ⎛
⎝

− ⎞
⎠

− ×−ΔFR ΔFR 1 Δt
T

Δt
T

Δf
Rn n 1

n

(9)

Given that there is no primary frequency deviation before a

Fig. 2. Roulette wheel mechanism for normalization
of forecast error probability [24].
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contingency, the initial conditions for equations Eqs. (7) and (9) are
zero.

The under-frequency relays identify the under-frequency conditions
in the power system by monitoring the bus frequency at each station
and eliminating some of the load to prevent the system from becoming
unstable. When the system frequency is less than a specific frequency,
the relay timer turns on. Whenever a frequency deviation from the
nominal value occurs and the time value of the relay timer exceeds Δt,
the under-frequency relay sends the command to the circuit breaker to
disconnect the LSH block; otherwise, the relay timer is reset. For an
under-frequency relay with ns load shedding stage, ns sets of the three
variables of the relay are determined under Eq. (10).

= ⋯f , Δt , LSH , s 1, ,ns s s s (10)

2.2.3. Use of binary variables in under-frequency relay setting
In this paper, the parameters setting of the under-frequency relay, in

stochastic space are implemented as the MILP to minimize the appro-
priate objective function, subject to the following conditions: (1) In the
frequency response of the power system versus time for the scenario sc,
the under-frequency relay response must be considered; and (2) Time/
frequency constraints determined by the manufacturer for generators
should be respected.

The UFLS scheme with a certain number ns of the load shedding
stages in the scenario sc, for each load shedding stage s, the relays
eliminated the LSHs block in the time step n. In this time step, the
frequency curve Δf n

sc exceeds the frequency set-point f0, for a length of
the time higher than Δts. Here, the values of the relay settings
{f , LSH , Δts s s} are decision variables of the MILP. Also, the decision
variable of the frequency deviation, Δf n

sc, is obtained for the various
scenarios sc at the time step n by the MILP. Hence, in the load shedding
stage s, for each set-point of the frequency fs, by the binary variable
Vs,n

sc , a timer is defined by Eq. (11):

− +
≤ ≤ +

− +f (f Δf )
M

V 1
f (f Δf )

M
s 0 n

sc

1
s,n
sc s 0 n

sc

1 (11)

It should be considered a condition Eq. (12) for the binary variable
Vs,n

sc :

= ⎧
⎨⎩

+ >
+ <

V
0 f Δf f
1 f Δf fs,n

sc 0 n
sc

s

0 n
sc

s (12)

M1 in Eq. (12) is a large positive value. The total time spent in the
scenario sc is written below the frequency of the set-point fs in the step
of time n by the binary variable Vs,n

sc , by Eq. (13):

= +−Δt Δt V Δts,n
sc

s,n 1
sc

s,n
sc (13)

If the system frequency is higher than fs, the timer is zero, which is
shown in Eq. (14):

≤ × ∀ ≥Δt N V N ns,n
sc

s,n
sc (14)

The relay operation logic expresses that if the frequency is smaller
than fs when >Δt Δts,n

sc
s, then the LSHs block is shed. Here, the logic of

the relay operation is modeled by Eq. (15) and the binary variable load
shedding Us,n

sc :

−
≤ ≤ +

−(Δt Δt )
M

U 1
(Δt Δt )

M
s,n
sc

s

2
s,n
sc s,n

sc
s

2 (15)

Here, M2 is a large positive number. Also, for the binary variable Us,n
sc ,

the condition Eq. (16) is considered:

= ⎧
⎨⎩

<
>

U
0 Δt Δt
1 Δt Δts,n

sc s,n
sc

s

s,n
sc

s (16)

Also, Δts, is a variable, and according to Eq. (17), this variable must be
higher than the minimum time needed to open the circuit breaker,
Δtmin.

≥Δt Δts min (17)

Table 2
Mean and standard deviation values of the various uncertainties.

PDF parameters Wind generation (pu) Solar generation (pu) Load fluctuation (pu) Generation deficiency (pu)

Mean µ 0.054 0.1 0.32 0.55
Standard Deviation σ 0.027 0.052 0.24 0.16

Fig. 3. Histograms of the various uncertainties.
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It is assumed that some load that is shed in stage s, according to Eq.
(18), are not restored at a later time:

≥ −U Us,n
sc

s,n 1
sc (18)

Also, according to Eq. (19), the different stages of load shedding in
the time step n for all stages s and scenario sc should not be simulta-
neously performed:

∑ ∑− ≤−U U 1
s s,n

sc
s s,n 1

sc
(19)

The next issue is that higher priority loads (such as critical loads
including hospitals, military and security institutions) should not be
shed at lower stages. This condition is expressed in Eq. (20):

≥ +U Us,n
sc

s 1,n
sc (20)

Regarding Eqs. (7) and (9), the relation of discrete-time/frequency,
for each scenario sc, is written as Eq. (21):

= +− −Δf Δf ROCOF Δtn
sc

n 1
sc

n 1
sc (21)

Here, the load shedding term ∑ ×U LSHs s,n
sc

s is added to Eq. (8) to
consider the effect of the load shedding factor in the frequency response
of the system. Therefore, the new equation is written as Eq. (22):

∑= − − + ×ROCOF f
2H

(ΔFR ΔGL DΔf U LSH )n
sc 0

sc n
sc sc

n
sc

s s,n
sc

s (22)

In this equation, the primary frequency regulation is obtained as Eq.
(23):

= × ⎛
⎝

− ⎞
⎠

− ×−ΔFR ΔFR 1 Δt
T

Δt
T

Δf
Rn

sc
n 1
sc n

sc

sc (23)

In the load shedding factor ∑ ×U LSHs s,n
sc

s, the discrete binary
variable Us,n

sc is multiplied by the continuous load shedding value LSHs,
then the relationship = ×Z U LSHs,n

sc
s,n
sc

s must be written as Eqs. (24),
(25) and (26):

≤ ≤0 Z Us,n
sc

s,n
sc (24)

≤ − ≤ −0 LSH Z (1 U )s s,n
sc

s,n
sc (25)

= ⎧
⎨⎩

=
=

LS
Z

H U 1
0 U 0s,n

sc s s,n
sc

s,n
sc

(26)

The load shedding amount can be limited to a set of predefined
blocks following Eq. (27):

=LSH LSHSs s (27)

In this case, Eq. (22) should be written as Eq. (28), and it is not
necessary to consider Eqs. (24), (25), and (26):

∑= − − + ×ROCOF f
2H

(ΔFR ΔGL DΔf U LSHS )n
sc 0

sc n
sc sc

n
sc

s s,n
sc

s (28)

The amount of load shedding at each stage must be between zero
and the total load of the system (TLS), according to Eq. (29):

∑ ≤LSH TLS
s s (29)

A successful load shedding scheme should be into under-frequency/
time limitations of the generator specified by the manufacturer so that
the generator would not be damaged if the frequency is dropped for a
more extended period than a certain threshold. In Table 3, the limita-
tions of the generators' under-frequency/time are shown.

Assuming the number of nc critical frequency threshold fc, corre-
sponding to the maximum allowed time specified by the manufacturer
Δtc

max, a binary variable Wc,n
sc is introduced under Eqs. (30) and (31):

− +
≤ ≤ +

− +f (f Δf )
M

W 1
f (f Δf )

M
c 0 n

sc

3
c,n
sc c 0 n

sc

3 (30)

= ⎧
⎨⎩

+ >
+ <

W
0 f Δf f
1 f Δf fc,n

sc 0 n
sc

c

0 n
sc

c (31)

Here, the parameter M3 is also a large positive number. The time spent
of the system frequency below a certain frequency threshold fcin the
scenario sc at the step time n is written as Eq. (32):

= +−Δt Δt W Δtc,n
sc

c,n 1
sc

c,n
sc (32)

The generator time/under-frequency limitations for setting the
under-frequency relay must be met according to Eq. (33):

≤Δt Δtc,n
sc

c
max (33)

Also, concerning Eqs. (34) and (35), the system frequency deviation
of the steady-state, in the last time step Δf N

sc, for example, should be into
a permitted limitation ± 0.5 Hz:

− ≤ ≤0.5 Δf 0.5N
sc (34)

=
⎛

⎝
⎜

− + ∑

+
⎞

⎠
⎟Δf

ΔGL Z

D
N
sc

sc
s s,N

sc

1
Rsc (35)

Here, = ×Z U LSHs,N
sc

s,N
sc

s is the load shedding amount in scenario sc and
last time step N.

The constraint in Eq. (34) does not eliminate the frequency oscil-
lations close to the steady-state and at the end of the simulation, so in
order to eliminate these oscillations, the average frequency on the last
time steps of nl, ∑ − Δf1

nl N nl n
sc, close to the steady-state should be fol-

lowing Eq. (36) within the small range of ̂±A 0.5Hz :

∑− ≤ − ≤
−

0.5 Δf 1
nl

Δf 0.5N
sc

N nl n
sc

(36)

In order to avoid the load shedding untimely, the frequency set-
point fs must be located within the permissible range of the under-
frequency of the generator, in which this constraint is expressed in Eq.
(37):

≤ ≤min(f ) f f
c

c s max (37)

Besides, the condition in Eq. (38) must be considered to avoid
having the same frequency set-points in the sequential stages of load
shedding.

≤ − +0.2Hz f fs s 1 (38)

2.2.4. Wind, solar, and load fluctuation modeling
The variations of the wind and solar generation and continuous load

fluctuations affect the frequency of the system, and therefore these
factors should be used to set the under-frequency relay. Hence, by Eq.
(39) the terms of wind generation, ΔPw

sc, solar generation, ΔPpv
sc and load

fluctuations, ΔPlf
sc, are added to Eq. (8):

∑

= − − − − −

+ ×

ROCOF
f

2H
(ΔFR ΔGL DΔf ΔP ΔP ΔP

U LSH )

n
sc

0
sc n

sc sc
n
sc

w
sc

pv
sc

lf
sc

s s,n
sc

s (39)

Table 3
Under-frequency/time limitations of a sample generator
[25].

Allowed time (s) Frequency (Hz)

Safe operation 59.5–60.5
30 59.5
15 58.5
1 57.5
0 56.5

A. Rafinia, et al. Electrical Power and Energy Systems 118 (2020) 105735

6

Downloaded from https://iranpaper.ir
https://www.tarjomano.com/order



2.2.5. Objective function
Three sets of design parameters for the setting of the under-fre-

quency relay are considered as MILP decision variables: (1) Frequency
set-points, fs; (2) Time delay before the load shedding, Δts; and (3) The
amount of load shedding at each stage LSHs. Notice that, the UFLS
problem has a large number of variables as well as constraints, it is
difficult to achieve a possible solution and optimal value by using in-
novative and trial and error methods. The under-frequency relay setting
protects the power system against all scenarios with different prob-
ability of occurrence. So, an appropriate objective function to minimize
the load shedding value is considered as Eq. (40):

∑ ∑ ∑ ∑= × ={ } { }( ) ( )π πmin(F) min U LSH min Z
sc

sc
s s,n

sc
s sc

sc
s s,N

sc

(40)

Here, the probability of each scenario is represented by π sc, and if this
probability is not known, it is estimated by a constant number 1/nπ .
Here, nπ is the number of scenarios that have a significant effect on the
amount of load shedding.

Fig. 4 shows the proposed UFLS approach based on the MILP for-
mulation. According to this figure, the proposed UFLS approach is
implemented in two phases. The scenario generation process is ad-
dressed in the first phase given the various uncertainties. In the second
phase, the scenarios resulted in the first phase are taken into account by
the MILP formulation, and the three relay parameters are achieved.
Finally, the proposed UFLS strategy is designed to obtain a suitable
system frequency response.

3. Simulation results

To implement the proposed approach, two different types of simu-
lation are performed on the IEEE 39-bus test system, which is described
below:

• Simulation for validation of the proposed UFLS scheme

• Simulation in a scenario-based stochastic framework

All of the simulations in this paper have been implemented in 200
steps. In Fig. 5, the schematic of the IEEE 39-bus test system, with 10
generators and 19 loads, as well as with three wind farms and two solar
farms, has been shown to design the proposed UFLS scheme. Hence,
related system parameters to simulate the proposed scheme are pre-
sented in Tables 4 and 5. All values of these tables are expressed on the
power base of 100MVA. Here, the effect of the uncertainties of the RES
and load fluctuations on the proposed scheme should be investigated.

3.1. Simulation results for validation of the proposed UFLS scheme

In this section, eight contingencies pertaining to loss of generation
have been considered for validation of the proposed method. In Table 6,
the relevant information is presented for this purpose. Here, it is as-
sumed that contingency intensity is gradually decreased from 0.5 to
0.1588 pu for contingency-1 to contingency-8, and the relay for each
contingency is separately set, so that the under-frequency relay sheds
the excessive load to prevent frequency collapse in one stage. Moreover,
the variations in RES power and load fluctuations are not considered.

According to Table 7, given the decrease in generation deficiency
(as shown in Fig. 6), the under-frequency relay performs load shedding
at a higher set-point frequency. In fact, as generation deficiency de-
creases, so does frequency drop and ROCOF, and whenever the amount
of ROCOF decreases, system frequency immediately returns to the safe
range, between 59.5 and 60.5 Hz. Thus, if frequency is recovered
without relay action, it will not be necessary to activate the under-
frequency relay. Thus, as contingency intensity increases, frequency
drops further, and does not return to the permissible range. Depending
on contingency intensity, load shedding should occur at different

frequencies.
According to Table 7, as contingency intensity decreases, the

amount of load shedding is reduced from 0.407 pu in contingency-1 to
0 pu in contingency-8 at one stage. Since the frequency in contingency-
8 is automatically restored, the under-frequency relay is not activated,
and the amount of load shedding is zero. Time delay in all the con-
tingencies is the constant value of 0.2 s. In Fig. 6, the system frequency
waveform for a particular contingency is shown with and without a
consideration of the action of the under-frequency relay. It is clear from
the figure that if the relay does not shed the overload, the frequency
severely will drop, and exceeds the allowable range.

Fig. 7 shows, according to the information in Table 6, the system
frequency waveform resulting from the occurrence of the eight hy-
pothetical contingencies. Based on this figure, the under-frequency
relay has been well able to restore frequency within the acceptable
range (60 ± 0.5 Hz) against all of the target contingencies. In Figs. 8
and 9, the variations in ROCOF and −|f f |0 nadir , respectively, have been
shown for contingency-1 to contingency-8, where fnadir is the minimum
system frequency for each load shedding stage. According to both fig-
ures, as contingency intensity decreases, ROCOF and −|f f |0 nadir are also
reduced.

3.2. Simulation results in a scenario-based stochastic framework

In this section, three different scenarios are considered for the set-
ting of the under-frequency relay for analysis of the proposed approach.
In these scenarios, the uncertainties resulting from the generation de-
ficiency of the main generators, variation in the wind and solar gen-
eration, and load fluctuations are considered. Hence, 1000 different
scenarios are generated using the method based on the MCS and RWM
for generation of the above three scenarios. Then, the three remaining

Fig. 4. Block diagram of the proposed UFLS scheme.
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scenarios are selected as the most probable scenarios using the scenario
reduction algorithm to optimize the parameters of the proposed under-
frequency relay. In Table 8, the three scenarios concerning the proposed
UFLS scheme are shown in the stochastic space to set the under-fre-
quency relay. Table 9 shows the contingency information on Scenarios
1, 2, and 3 to implement the proposed UFLS scheme in the stochastic
space. According to this table, Scenario 1 includes the mildest con-
tingency, and Scenario 3 involves the most severe.

In Table 10, the simulation results in the stochastic space are pre-
sented for evaluation of the proposed scheme. In this table, two cases 1
and 2 are considered. In case 1, the generation deficiency of the main
generators (merely contingency) is included, and there is no RES gen-
eration or load fluctuation in the test system. In this case, an amount of
load of 0.433 pu has been shed in four stages. In case 2, wind and solar
generation and incremental load fluctuation are considered as well as
the contingency of the generation deficiency. The RES seeks to maintain
the balance between generation and consumption. Hence, some over-
load is imposed on the system in different scenarios through reduction
of the RES power and increase in the load fluctuations in the power

Fig. 5. Schematic diagram of the IEEE 39-bus system [26].

Table 4
Input parameters for the IEEE 39-bus system for simulation of the UFLS scheme
[26].

Nominal frequency of the system, fn (Hz) 60
The time constant of the equivalent inertia, H (s) 4
Load damping, D (pu) 2
governor equivalent droop, R (%) 5
Minimum frequency difference between consecutive stages of load

shedding, Δfmin (Hz)
0.1

Table 5
Nominal outputs of the system generators (pu) [26].

Gen1 Gen2 Gen3 Gen4 Gen5 Gen6 Gen7 Gen8 Gen9 Gen10

0.1588 0.1076 0.1032 0.1003 0.0806 0.1032 0.0890 0.0857 0.1318 0.0398

Table 6
Information used for validation of the proposed UFLS scheme.

Contingency No. Generation
deficiency
(pu)

Equivalent
inertia
constant (s)

Equivalent
drop of
governor (%)

Number of
lost
generators

Contingency-1 0.5 2 6 2–3–4–6–8
Contingency-2 0.4432 2.4 5 1–2–3–5
Contingency-3 0.403 2.4 5 2–3–6–7
Contingency-4 0.3538 2.4 5 2–3–6–10
Contingency-5 0.3065 2.8 4.286 7–8–9
Contingency-6 0.2553 2.8 4.286 5–7–8
Contingency-7 0.1986 3.2 3.75 1–10
Contingency-8 0.1588 3.6 3.33 1

Table 7
Simulation results for validation of the proposed UFLS method.

Contingency No. Set-point frequency
fs, (Hz)

Time delay
Δts, (s)

The amount of the load
shedding LSHs, (pu)

Contingency-1 57.834 0.2 0.407
Contingency-2 58.182 0.2 0.333
Contingency-3 58.329 0.2 0.293
Contingency-4 58.508 0.2 0.244
Contingency-5 58.759 0.2 0.180
Contingency-6 58.946 0.2 0.129
Contingency-7 59.110 0.2 0.055
Contingency-8 – – –
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system. In this case, the under-frequency relay successfully sheds 0.533
pu of the overload, and the proposed UFLS thus sustains the frequency
within the safe range. The time delay in each of the four stages is 0.2 s
for both cases. Moreover, the contingency intensity in case 1 is less than
that in case 2, and the under-frequency relay sheds the overload at
higher frequencies as a result.

Fig. 10 represents the frequency of the system in three Scenarios 1,

2, and 3 in both cases 1 and 2. According to the figure, the primary
oscillation of frequency in case 1, which has a milder contingency in-
tensity on the system, is lower, and frequency settles at points above
59.5 Hz in both cases. The generator under-frequency/time limitations
have also been respected in both cases.

In Fig. 11, the proposed UFLS scheme is shown in four stages, which
are plotted for cases 1 and 2 according to the results in Table 10. It is
clear from a comparison of the two figures that different stages of load

Fig. 6. Contingency of generation deficiency with and without under-frequency load shedding.

Fig. 7. Contingency of generation deficiency with under-frequency relay action for the eight contingencies.

Fig. 8. Changes in the ROCOF value for contingency-1 to contingency-8. Fig. 9. Changes in the −|f f |0 nadir value for contingency-1 to contingency-8.
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shedding are performed at lower frequencies in case 2 than in case 1
due to the higher intensity of contingency. Here, the gradient of each
stage represents the ROCOF value in that stage. According to the figure,
as the intensity of contingency in different scenarios of each case in-
creases, so do the ROCOF and −|f f |0 nadir values, as a result of which the
value of fnadir decreases. Therefore, fnadir falls farther away from the
reference frequency (f0 = 60 Hz).

In the problem of optimizing the under-frequency relay settings, the
term ENLS represents the expected load not served. Therefore, the ELNS
index, used to assess the reliability and security of the system, can be
written as in Eq. (41) [27,28].

∑ ∑= πELNS LSH
sc

sc
s s (41)

The ELNS values for case 1 and case 2 in the stochastic space are
0.663 and 0.987, respectively. Therefore, the value of ELNS in case 2 is
significantly higher than that in case 1, and the reliability and security
of the system have decreased consequently. Although the ELNS value
has increased, and the reliability and security of the system have been
reduced, the proposed UFLS approach has been prevented system fre-
quency collapse [29,30].

4. Discussion

The results of the proposed UFLS strategy are compared in Table 11
with those of three references [12,16], and [17]. In these works, as in
the approach presented in this paper, mathematics-based strategies are
used. In all of these studies, the purpose of UFLS is to minimize the
amount of load shedding to enhance the reliability and security of the
power system. Figs. 12–14 show the diagrams of the methods presented
in [12,16], and [17].

In reference [12], 80 possible contingencies have been considered
from 0.03 to 0.5 pu generation deficiency for protection of the system
against a maximum of 50% generation loss. Then, five contingencies
have been considered in the MILP formulation for the under-frequency
relay setting using the umbrella contingency approach. These include

the mildest contingency (0.15 pu generation deficiency) requiring load
shedding, the most severe contingency (0.5 pu generation deficiency),
and three contingencies in between (0.28, 0.33, and 0.4 pu generation
deficiency). In this method, an amount of 0.44 pu of load has been shed.

In [16], the proposed deterministic UFLS scheme for the worst
contingency of generation deficiency have been first optimized.
Therefore, this is a very conservative approach. Here, a load block of
0.670 pu has been shed in four stages with time delays of 0.2 s. The set
parameters have been optimized in the MILP formulation using the
BONMIN solver. In the second part of this paper, the 3-PEM approach
has been used to model the uncertainty of contingency. Then, the UFLS
system parameters have been optimized at different stages given the
uncertainty of generation deficiency. In this case, a load value of 0.454
pu has been shed, where the amount of load shedding is less than that in
the previous case.

In [17], the probabilistic UFLS scheme has been implemented in two
steps using the MILP formulation. In the first step, MCS is used to model
the uncertainties resulting from generation deficiency, inertia constant,
and load damping. A normal PDF is specified as a function of generation
for these uncertainties. In the second step, using the mean value of the
load to be shed (equal to 0.479 pu), four deterministic strategies have
been planned, including increasing, decreasing, equal, and sandwich.
This mean value has been considered as the maximum permissible load
shedding. Thus, the parameters of under-frequency relay have been
obtained optimally in this stage without maximum load shedding being
exceeded. In this approach, a load of 0.480 pu has been shed in four
stages for any strategy.

As shown in Table 11, the total load shedding in case 1 of the
proposed UFLS approach is lower than those in the other references,
which demonstrates the high efficiency of this approach. The use of
MCS, RWM, and the scenario reduction algorithm process for specifi-
cation of the optimal scenarios has increased the efficiency of the
proposed UFLS method, and consequently reduces the amount of load
shedding. In the references addressed, the effect of RES and load fluc-
tuation has not been considered, as in case 1 in this paper, and mainly
case 1, as an underlying case, has therefore been compared. After all,

Table 8
Presented scenarios for evaluation of the proposed UFLS in the stochastic space.

Scenario No. Contingency resulting from generation deficiency* System energy fluctuation (%)

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 Wind Solar Load

Scenario1 1 1 1 1 0 1 0 1 1 1 −7.5 −4 5
Scenario2 0 1 1 1 1 1 1 1 0 0 0 −8.5 25
Scenario3 1 0 0 0 1 0 1 0 1 1 −15 −11 25

* 1 where the generator is available and 0 otherwise.

Table 9
Contingency information for evaluation of the proposed UFLS in the stochastic space.

Scenario No. Generation deficiency (pu) Equivalent inertia constant (s) Equivalent droop of the governor (%) Number of lost generators

Scenario1 0.17 3.2 3.75 5–7
Scenario2 0.33 2.8 4.286 1–9–10
Scenario3 0.50 2 6 2–3–4–6–8

Table 10
Simulation results in stochastic space to evaluate the UFLS proposed scheme.

Case No. Set-point frequency fs (Hz) Time delay Δts (s) Load shedding block LSHs (pu)

St.1 St.2 St.3 St.4 St.1 St.2 St.3 St.4 St.1 St.2 St.3 St.4

Case1 59.022 58.734 58.544 58.293 0.2 0.2 0.2 0.2 0.103 0.195 0.074 0.061
Sum = 0.433

Case2 58.865 58.513 58.182 57.854 0.2 0.2 0.2 0.2 0.114 0.170 0.149 0.100
Sum = 0.533
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Table 11 also contains a comparison of case 2, involving the effects of
RES and load fluctuation as well as contingency, both to the strategies
adopted in the references and to case 1 in the present paper. As

observed, case 2 exhibits an increase in load shedding, which, of course,
results from the effect of RES and load fluctuation on system frequency.
The results of case 2, however, are promising as long as it has suc-
cessfully restored system frequency into the safe range. In all the stra-
tegies presented in this table, time delay is 0.2 s. All of these methods
shed excessive loads at different frequency set-points in four stages.

5. Conclusion

In this paper, an innovative UFLS scheme based on MILP has been
proposed. In the proposed approach, three different scenarios have
been generated by a process involving MCS, RWM, and the scenario
reduction algorithm given the uncertainties caused by the generation
deficiency of the main generators, variations in RES power, and load
fluctuations. Then, the amount of load shedding has been minimized,
and the under-frequency relay parameters have been optimally set. The
simulation results indicate the high performance of the proposed ap-
proach. Through the more precisely modeling of stochastic based un-
certainties, the amount of load to be shed optimized more effectively.

Fig. 10. System frequency waveform caused by Scenarios 1, 2 & 3 in cases 1 & 2.

Fig. 11. Different stages of load shedding in cases 1 & 2.

Table 11
Comparison of the results of the proposed UFLS strategy with that of various
references.

Load shedding method Amount of load
shedding

Proposed UFLS strategy Case 1 0.433
Case 2 0.533

Reference [12] 0.440
Reference [16] Deterministic 0.670

Probabilistic with 3-PEM
Method

0.455

Reference [17] Increasing 0.480
Decreasing
Sandwich
Equality
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Due to the proposed linearized optimization framework, the derived
solutions laid into the more trackable and near-global portfolio.
Meanwhile, the conducted UFLS problem is comprehensive due to
considering more extensively uncertainty resources. The key findings of
the paper are summarized below.

• The frequency of the system has been protected against a variety of
contingencies caused by the generation deficiency of the main
generators with a minimum amount of load shedding.

• The frequency instability of the system, resulting from the un-
certainties that are in turn to the RESs and load fluctuations, has
been prevented from.

• Through reduction of load shedding, the security and reliability of
the system have been increased.

Future works can consider use of demand response as a suitable
means of facing the destructive effects of the various uncertainties in
the power system.
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