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Abstract: Power systems that are known as the most complex systems encounter different types
of disturbances and emergence events. To operate such systems in a stable mode, several control
protection techniques are in need. Frequency plays a vital role in power systems and needs to be
properly maintained in a permissible level. To this end, under-frequency load-shedding (UFLS)
techniques are used to intercept the frequency decline when a system encounters a severe disturbance.
In this paper, a novel, wide-area measurement system (WAMS)-based optimal UFLS technique is
proposed. The system frequency response (SFR) model is identified online based on the real-time
measurements collected by phasor measurement units (PMUSs). Then, the SFR model is used to
design a new optimal multi-stage UFLS scheme. Imperialist competitive algorithm (ICA), which is a
powerful evolutionary computing method, is then adopted for solving the suggested multi-stage
UFLS optimization problem. The applicability of the proposed method is shown on a practical test
system. The effectiveness of the proposed optimal multi-stage UFLS scheme is verified by several
simulation and comparison scenarios.

Keywords: under-frequency load-shedding; wide-area measurement system; frequency protection;
interconnected power systems; frequency control; optimal UFLS; power deficit; frequency prediction;
disturbance estimation; UFLS; WAMS; PMU

1. Introduction

Modern power systems have become so sophisticated that research in the area of protection
and control remains of major interest. Due to the ever-increasing electrical demand, large electrical
power systems (EPS) are usually loaded close to their steady-state stability limit and thus are more
vulnerable to network disturbances [1,2]. The operation at points close to the steady-state stability
limit is a huge threat to power system security, such that in the event of a disturbance, the probability
of cascading events, which might lead to total system collapse, is inevitable if not rectified in time.
The most common disturbances are generator tripping, transmission line outages, lightning strikes,
and short circuits. These disturbances are attributed in literature as the major causes of the system
frequency to fall below set thresholds and triggers corrective action [3,4].
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During severe disturbances, frequency stability, control, and protection can be a subject of
primary concern [5-7]. In the past, several under-frequency load-shedding (UFLS) techniques
have been introduced which can be mainly classified as traditional, adaptive, semi-adaptive, and
computational-based UFLS techniques. In traditional techniques, relays make use of locally measured
frequency which is constantly compared against a certain threshold as the input [8,9]. The frequency
thresholds may differ from one power system to another and a violation of each threshold triggers relay
action. The most important advantages of these schemes are simplicity, the ease of implementation, and
their reliability. The major limitation in these schemes is that a steep frequency gradient (df/dt) and a
gradual one is usually treated equally and may result in over or under-shedding [10]. Over-shedding
affects power quality and under-shedding usually leads to tripping of electricity services. This is due
to its inability to estimate the actual amount of the power imbalance since they simply follow a rigid
pre-set rule in which a fixed amount of load is shed when frequency deviates from the nominal value.
Besides the local frequency measurements, traditional UFLS schemes can make use of a variety of
input information which have an influence on system frequency stability such as governors, load
characteristics, exciters [11] and system inertia, and this can pose huge complexities in calculations.

In comparison to traditional methods, with adaptive UFLS schemes the complexity can be
reduced and optimum load-shedding can be achieved. While traditional schemes are designed for the
worst-case scenarios, adaptive methods are situation-based and works well under almost all cases.
Based on dynamic behavior of the system’s frequency and swing equation, the actual active power
imbalance can be determined, and consequently appropriate actions can be taken. An improved
technique based on the swing equation to estimate the magnitude of generation loss was recently
proposed in [12]. The authors accounted for the inertia variations both before and soon after the
disturbance to improve estimation accuracy.

Adaptive schemes can be semi-adaptive, power imbalance adaptive, or adaptive schemes with
predictive capabilities. Predictive UFLS schemes introduces a new concept where it is not necessary to
find the root cause for frequency variations such as demand-generation imbalance [13]. In this scheme,
a forecast in frequency behavior is made a few seconds before corrective action, if prediction indicates
the violation of allowable frequency tolerances, load-shedding is triggered. The main limitation with
this scheme is that predictive UFLS always have inherent prediction uncertainties and as time increase
the prediction becomes even less reliable. However, the advantage of frequency prediction is that it
can be performed in real time.

Adaptive schemes only work when the operator can gather information in real time. In such
cases where frequency prediction is necessary, wide-area measurement system (WAMS) can be an
essential tool for transmission system operators (TSOs) in power system dynamic studies [14-18].
WAMS is based on the optical communication infrastructure and global positioning system (GPS), and
can significantly contribute in assuring safe and reliable power system operation. The measurement
data from WAMS is time tagged with GPS synchronization as a result data samples can be arranged to
give the real-time status of the power system. The easy availability of data reduces delays significantly,
hence the objective of enhancing UFLS to minimize the risk of ultimate system collapse due to extremely
low frequency can be achieved. Since the measurements are gathered and processed in real time in
the event of a severe disturbance, frequency can be easily restored [19,20]. Based on WAMS frequency
measurements, the prediction is constantly being updated and is very accurate for short prediction
periods. The use of WAMS in power systems protection and control is widely known as wide-area
monitoring, protection and control (WAMPAC) and it can be used in under-frequency protection [21].

Presently, many TSOs have taken advantage of WAMPAC in implementing robust UFLS schemes
to curtail the severe effects of frequency collapse [22]. With WAMS, the implementation of adaptive
techniques is possible. Practical electrical grids cover large geographical areas and without the use of
WAMS, it was difficult to quickly pick the root cause of system collapse. The extensive use of WAMS
has brought flexibility to TSOs in power networks monitoring [23-25]. With WAMS event monitoring,
control and effects mitigation can now be performed more rapidly [26].
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By making use of wide-area measurements, the adaptive schemes can be further enhanced by
incorporating the optimization of the load to be shed. In the past, optimization techniques have been
implemented to solve the UFLS problem. Based on the power flow data, a genetic algorithm is proposed
to obtain the optimum amount of load to be shed in [27]. The main aim of the authors was to maintain
the steady-state frequency within acceptable thresholds. In [28], genetic algorithm is also applied to
calculate the amount of load to be shed whenever a frequency threshold is violated. The fuzzy logic is
used is used in the modeling of bus-load uncertainties. Though with genetic algorithm (GA) a global
optimum solution can be achieved, the main problem is on its convergence rate [29]. A comprehensive
learning particle swarm optimization (CLPSO) technique is proposed in [30] to implement planned
load-shedding and maintain stability of the islanded system. In the event of power loss from the main
grid, the islanded system generators must be able to continue in operation supplying the islanded
system. The algorithm in [30] is successfully applied to meshed and radial networks but it is also noted
that the technique is affected by partial optimization.

A review of GA and particle swarm optimization (PSO) shows that the techniques are mainly
meant for offline applications and can be interrupted easily in determining the load to be shed. With the
availability of PMU measurements, imperialist competitive algorithm (ICA) algorithm can be enhanced
to determine the load to be shed since it has been proven in [31,32] that ICA has a better convergence
rate as compared to other algorithms such as PSO and GA. Also, for avoiding the cascading and
blackout events in modern power systems, UFLS techniques need to be enhanced by adopting WAMS
technologies and make use of real-time measurement data available from PMUs. Surveys on the
existence UFLS techniques showed that there is a knowledge gap regarding developing optimal UFLS
techniques based on WAMS technologies.

In this paper, a WAMS-based frequency model is setup and it is coupled together with an
optimization algorithm to perform optimum UFLS. Therefore, we first propose a technique for online
realization of SFR model which is a useful model in power system frequency studies. Then, an optimal
multi-stage UFLS technique is proposed for avoiding the consequences of severe disturbances.
The suggested optimization problem is solved by adopting a powerful meta-heuristic solver, i.e.,
ICA. The proposed technique use the WAMS technologies for real-time power system monitoring.
In this regard, the power deficit is computed instantly after a disturbance occurs in which the speed
of proposed UFLS technique is highly improved which leads to better results in comparison with
other techniques. Though the frequency threshold can be fixed, based on the optimization algorithm,
the amount of load-shed does not necessarily have to be fixed and is based on the fault level. In the
adaptive case, based on the rate of change of frequency the amount of load to be shed can be determined
before the frequency falls to critical levels unlike in traditional UFLS schemes. Based on system
constraints, a minimum amount of load is shed to restore the frequency to acceptable levels. The main
contributions, in this paper, are

o  Wide-area measurement system-based online aggregate frequency response model realization
is proposed.

e  Evolutionary computing-based optimal multi-stage UFLS technique is proposed for mitigating
the under/over load-shedding situations.

e  Three objective functions for achieving optimal UFLS are suggested for modern power systems
considering practical constraints.

The rest of this paper is organized as follows. Section 2 explains the use of WAMS and how the
model can be set up based on the obtained data. In Section 3, an nth order SFR model-based WAMS is
presented. In Section 4, the proposed optimal multi-stage load-shedding is presented. An optimization
algorithm is introduced in Section 5. The power system under investigation are described in Section 6.
Section 7 presents simulation results of different scenarios, while Section 8 concludes.
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2. WAMS-Based Power System Model Identification

WAMSs are measurement systems based on the transmission of analogue and/or digital
information using communication systems and allowing synchronization of the measurements using
a common time Reference [33]. The ability to measure voltage and current phasors in a power
system created new control possibilities of monitoring the operation of a large power system from
the point of view of angles and magnitudes of both voltage and frequency. The ability to do this
monitoring is commonly known as wide-area monitoring (WAM). Phasor Measurement Unit (PMU) is
measurement system which allows the measurement of the phasors of voltages and currents in a power
system. These PMUs construct dynamic measurements which includes phasors of voltage and currents
and the frequency which comes together with a satellite triggered time stamp in milli-seconds time
intervals. Methods on online dynamic event detection and location which uses wide-area generator
rotor frequency measurements have been presented in literature [34]. These methods combine a
variance-based approach and event detection with a clustering-based approach to event location. Since
WAMS provides voltage and current phasors, it is possible to express the system dynamics including
the swing equation as follows

dx;

7; = fi (xi, L, 1i, Vi)
Iy = hai (x;, V3, 6;)

Lyi = hyi (x;,V;, 0)

(Pui + jQmi) + (Pri + jQui) = ZViVjYikej(gi_gj_Uik)

@

where P;, Q;, V;, 1, and 0; are the active power, reactive power, bus voltage, currents, and electrical
angles, respectively. d, g, L, m, and i are notations for d-axis, g-axis, loads, generation, and ith busbar,
respectively.

Where the state space representation of the above equation can be given as

x =p(x,yu

)
0=gq(xyu)

where x;, y;, and u; are the state, output, and input vectors, respectively.

From (2), it can be seen that p and g are some known functions. The general assumption which
will be consistent in this paper is that the initial values of the system are provided by WAMS. Once the
power system operator has the real-time information and measurements provided by WAMS platform,
the frequency behavior can be online monitored.

There are several model orders of synchronous machine that can be adopted for creating a suitable
SFR model. It is proven that the electromechanical dynamics which are presented by swing equation
are sufficient for modeling the system frequency behavior in interconnected power systems. The
classical model of synchronous generator described by swing equation, integrated with suitable model
of other power plant components such as governor and turbine systems can provide a suitable model
of frequency dynamics. The electric network is modeled by their demand in SFR model. The SFR
model realized based on WAMS is given in the next section. This model is adopted for developing
a multi-stage UFLS based on WAMS technique. Then, the proposed optimization problem is solved
based on the realized SFR model.

3. Frequency Model Set Up

In the control center of modern power systems, a suitable frequency model can be created based
on the data provided from WAMS. From (2), the frequency response model which can be used to
design an optimal UFLS scheme, can be set up based on the swing equation considering the classical
model of each generator [3]. The basic idea on analyzing the power system dynamics is based on the
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swing equation of each synchronous generating unit which is given in (3). This equation relates the
change in frequency over time to mechanical and electrical power difference with the inertia of ith

power plant.
d wi 1

W:TPE(Pmi_PEi) 3)

where Py, P, H;, and w; are the mechanical power of the turbine in p.u., the electrical power in p.u.,
the inertia of ith power plant in seconds, and the speed (frequency) in p.u. of generator 7, respectively.

Interconnected power systems consist of several generating units connected to loads by an electric
grid. Practically, to reduce the calculation burden and simplify the complexity of interconnected
power system models, it is better to equivalent the different generation units on a single aggregated
unit [35,36]. To this end, the equivalent quantities can be determined based on (4), and dynamic
behavior of the aggregated system is represented by (5) as follows

N
Y HMVA;
H _ =1
cor MVAbuse
N
Py = Z Pryi
i=1
N 4
Pe = Pioss + Zpll
i=1
N
Z Hjw;
w— i=1
- N
L Hi
i
dw 1
= = Py — P, 5

where Py, Pe, Poss, Pii, Hcor, wi, and Aw,,r are the mechanical power of the equivalent turbine in p.u.,
the electrical demand in p.u., active power losses in the electric network in p.u., electrical active powers
of loads in p.u., the averaged center of inertia of the system in seconds, the average system frequency,
and the frequency set of each generating unit, respectively.

Governor-turbine system plays a vital role in converting the primary energy into mechanical
energy which is converted to electric energy by synchronous generators. The dynamic model of this
system has great impacts on the power SFR during normal and emergency operation situations. In last
decade, many models with different orders are suggested for governor-turbine systems. However, it
has been proven in [35-37] that the frequency response model based on the swing equation dynamics
is sufficient for frequency studies. The dynamics of these important components are represented as
their transfer functions as shown in Figure 1.

For a power system which consists mostly of steam boiler power plants, the frequency response of
the system in the event of a disturbance can be represented by a simple frequency response model [37].
The model consists generally of an equivalent governor system regulation, system inertia, and system
load damping. For a system with more than one generating units, each unit is modeled separately
in the SFR model. An SFR model which consists of N generators is of N 4 1 dynamic order. Figure 1
shows the general layout of the SFR model which includes the UFLS scheme.

The frequency response dynamic behavior of the system in the event of a disturbance is given by
Equation (6). For simplicity, the equation can be expressed in partial form as given by Equation (7).
It can be noted that in real systems, frequency is a time varying parameter therefore by Laplace
conversions, Equation (8) gives the time response of the system.
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Figure 1. the general layout of the system frequency response (SFR) model.

In (6)—(8), AP, is the initial demand-generation imbalance or system disturbance which can be
a generator loss, sudden huge demand increase/decrease, or transmission line tripping. R is the
governor system regulation gain, D is the system damping coefficient, F is a fraction of the total power
generated by the HP turbine, T is a time constant and K,,; is the effective gain constant that represent
the generator share of ith unit. The subscript, i, corresponds to the generator number from 1 to N.

The above obtained SFR model-based WAMS technologies can have several implementations in
modern and future smart power systems. It can be used in load frequency control (LFC) studies which
study the behavior due to load fluctuations. In this regard, this model is useful for optimal tuning of
the LFC controllers’ parameters. Likewise, it can be adopted for frequency stability analysis of large
power systems and can be equipped with other types of governor-turbine systems for investigating
their effects on frequency stability. The model is also applicable for designing and testing the frequency
protection schemes such as UFLS techniques.

4. Proposed Optimal UFLS Based on WAMS

Using WAMS, the frequency behavior can be easily predicted since measurements are constantly
being monitored in real time, therefore, it is possible to predict the future few-seconds response of the
system after a disturbance using the realized SFR based on WAMS as shown in (6)—(8). For example,



Appl. Sci. 2019, 9, 508 7 of 23

we can online calculate the time when the derivative of (8) is equal to zero, then by substituting the
calculated time in (8), we can predict the minimum frequency that the system will reach. Furthermore,
the future frequency behavior can be easily predicted using (8) at any time instance.

To implement WAMS-based optimal multi-stage UFLS, we assume that the disturbance is online
estimated using the method proposed in [3]. Firstly, a lumped equivalent model, which represents the
dynamics of the whole power system, is developed online. From the equivalent model, the center of
inertia is obtained which can be used in the swing equation to calculate the overall disturbance in the
power system. Instead of monitoring the frequency of different generating units, the overall center of
inertia frequency is monitored which is used to online estimate the disturbance with better accuracy.
Based on the estimated magnitude of disturbance, the systems’ frequency nadir, new steady-state
frequency and the rate of change of frequency (ROCOF) can be accurately obtained. Finally, the most
optimum amount of load to be shed is determined and UFLS can be implemented to restore the
frequency to permissible level. By combining the UFLS signal in the SFR model, the state space model
of the system can be expressed as follows

%:Ax+B(AP0—U(t)) )

From Equation (9), A and B are matrices describing the system response where a disturbance APy
has occurred. The amount of load to be shed for mitigating the effects of the disturbance such that
the frequency will be restored to permissible range is given by U(t). When a disturbance occurs, the
event can be a generator loss or line tripping, the dynamics of the power system are observed from
the modified swing equation which includes the load-shed to keep the frequency within a desired
level. At time instance (t = 0), values needed for online model realization such as Py, are provided by
WAMS and at this point Aw (0) = 0.

When disturbance occurs, the total load-shedding amount which is as an input to the system
described by Equation (9) needs to be optimized such that the frequency is restored to the predefined
range. The optimization model has the following basic constraints which must be satisfied in the
design of the UFLS: i) The mechanical power (Py,) delivered by the turbine must not exceed certain
limits; ii) The steady-state frequency (fss) should be higher than a set threshold limit at any given
time; iii) The minimum time (t,,) required to restore the frequency to a certain minimum acceptable
operation value should be lower than a predefined time limit; iv) The maximum allowable number of
load-shedding stages (k); v) The minimum and maximum amount of load-shed for each stage (Psmge) ;
vi) The total load-shed (Ps,;) allowable as compared to the magnitude of the disturbance; vii) The
minimum allowed frequency ( fis); viii) minimum allowable frequency bands or the minimum margin
(0) between two consecutive frequency thresholds; and finally ix) allowable time delay limits (¢;).

With the constraints stated above, the proposed optimization problem is generally described
as follows

min Fop;(Z)
s.t (10)
LB<Z<UB

Fopj(Z) if the adopted objective function. LB and UB are the lower and upper bounds constraints
which can be summarized as
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P m,min P, m P m,max

f $s,min f ss f $s,max

tm,min tm tm,max

kmin k kmax

Pstage,min < Pstuge < Pstuge,max (11)
Pshed,min Pshed Pshed,max

f ts,min f ts f ts,max

Omin o Omax
_td,min i _td | _td,max

Equation (10) describes a general optimization problem, to implement the UFLS, we shall describe
the objective function describing the system and this is given by Equations (12)—(14).

Fopj (Z) = o |Awss| + B |Awss| + £ (Y) (12)
M
Fyj (Z) = a|Awis| +v ) |APj| + f (Y) (13)
=1
1 9 M
Faj (2) = ¢ [ S0(tYdt+7 Y [AB|+ £ (¥) (14)
. =

where a, 8,7 and ¢ are the constant cost coefficients of transient frequency deviations (Awy),
steady-state frequency deviations (Awss), load-shed (AP]-) and integral of squared error (ISE) of
the frequency ( Ik %Aw(t)z) , respectively.

The function f (Y) is a further term that can be used to describe an economic dispatch problem.
In situations where the cost function of the generators is available, this term can be considered in the
optimization. However, in this paper f (Y) is neglected and therefore the constant cost coefficients can
be considered as weighting coefficients in the optimization.

The aim of the first objective function described in (12) is to minimize the total load-shed such
that the minimum system frequency with load-shedding should be equal or above the minimum
allowable system frequency and at the same time giving a standard steady-state frequency. In (13)
instead of incorporating the final steady-state frequency into the objective function, the load to be shed
is considered in the objective function in the aim of minimizing the load to be shed. The ISE criteria is
adopted in the third objective function given in (14) and it effectively zeros the frequency deviation
which is one of its main advantages.

5. Evolutionary Computing-Based Optimal UFLS

In this paper, we use evolutionary computing method for solving the above suggested
optimization model. In this regard, ICA, which is a powerful optimization algorithm, is adopted
for obtaining the optimal solutions. In what follows, the suggested procedure for solving the
aforementioned UFLS problem is comprehensively described.

5.1. Imperialist Competitive Algorithm

ICA is a sociopolitical meta-heuristic, inspired by the history of colonization and competition
among imperialists, to capture more colonies. The set of countries which are the solutions in ICA,
is partitioned to form several empires. Each empire consists of a single imperialist and several
other weaker countries, called colonies [32]. Two competition mechanisms are used in the algorithm
which are the Intra-Empire Competition (ICE) and the Inter-Empire Competition (IEC), which are
the competition among the members of an empire and the competition among empires, respectively.
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The power of each colony or imperialist is determined from the cost of the optimization algorithm.
Countries with the least cost function becomes the imperialists and they form empires by taking control
of countries with higher cost functions which becomes colonies in their empires. The process involves
assimilation where the imperialists get stronger and gain full control for the colonies or revolution
where some colonies become stronger than the imperialists. Among the imperialist as well competition
to gain full control of other colonies exists [38]. The process stops when powerless empires have been
completely eliminated. The process can be summarized in the flow chart of Figure 2.

Compute total cost|
of all empires

=S

Revolve some
Colonies

WAMS-based
SFR.Mo_deI Imperialistic
Realization A
= competition
Vv
Power System
Parameters h
s_t ere an NO
empire with no M
colonies |
A 4
|
Initialize
Empires |
—_—
«— — — — — — — — Eliminate this |
empire
v | L |
Assimilate | |
Colonies
— | |
| Unite similar |
v | empires |

Stop
condition
satisfied

NO

s there a colony in an empire which has a
lower cost than that of the empire

Exchange the position |

of that imperialist and
the colony |

Figure 2. flow chart of the offline implementation of ICA for optimizing the load to be shed.

The ICA algorithm can be used in the implementation of the optimal UFLS scheme. With an
objective defined as in (10) where the goal is minimization of the overall objective function, the
lesser the number of imperialists the better the solution. From (13) and (14), it can be noted that the
smaller the mount of load-shed to restore the frequency, the lesser the value of the objective function.
This algorithm enjoys several advantages like it works well with nonlinear systems and the solution
obtained is a global one.

5.2. Implementation of ICA into UFLS

The initial values and variables which are required to solve the cost minimization problem of
load-shedding must be pre-determined and then implemented in the algorithm. Like most algorithms
when using ICA, initial population and the number of iterations must be specified. However, with
ICA other parameters such as the number of colonies, number of decades as well as other algorithm
parameters are also pre-set. In this paper, nine constraints were introduced but some of the constraints
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can be defined at once in the algorithm. As a result, the variables in the algorithm can be described
as follows:

nVar = x
VarMin = [Pstugel,minr ey Pstage5,min; fmin 1reees fmin 5/ tm,minlr s tm,min 5] (15)

VarMax = [Pstagel,maxr Ry Pstage5,max} fmax 17 s fmax5} Ermax 17 ++r tm,max5]

The number of variables (nVar = x) are different for each case with x = 5 or N, where N can be
10 or any other fixed integer greater than 5 (the maximum number of stages considered in this paper).

Here the minimum and the maximum amount of load to be shed at every stage (k =1,...,5) is
0 and 0.2 per units, respectively. The values for fumin, fmax, tmmin and tmmax are re-defined at each
load-shedding case or scenario to assess the effectiveness of the proposed method.

The ICA is used for solving the proposed UFLS optimization problem. In this problem, three
objective functions are considered, and their performance are compared. For implementing the
suggested algorithm, firstly the system frequency model is online validated using WAMS platform.
Once the model parameters such as H, D, and others are obtained. The phasor measurements data
using WAMS are assumed to be available in the control center. Then, the most severe disturbance is
applied to the SFR dynamic model, and in parallel with this model, ICA is responsible to solve the
UFLS problem by trying to find the best amount to be shed in which the frequency is maintained
within a specific range. The online implementation of the proposed optimal multi-stage UFLS based

on WAMS platform is shown in Figure 3.
( START

Real time Frequency |
Monitoring

|

Disturbance
Sensing

|

Estimate AP

Select Optimal UFLS
schedule

Is stage i
violated

Shed load
> corresponding to
the violated stage

Go to next
stage (i+1)

Is frequency restored to
acceptable levels

Figure 3. Flowchart of the online implementation of the proposed WAMS-based optimal multi-stage
UFLS scheme.
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In the ICA platform, we have empires, countries, and colonies. Where colonies are countries
within an empire. In our optimization problem, we had 3 objective functions cost which we can simply
represent as (p). Now the main goal is to find an argument, p, whose relevant cost is optimum. If we
consider that the optimization problem is N-dimensional, a colony or a country within an empire is a
(1 x N) array that can be expressed as follows

[country = [p1, P2, .-, PNvar) (16)

Our optimization problem is designing an optimum UFLS scheme to arrest frequency decline in
the event of a large disturbance, so we generate the initial country that is defined by various arrays.
If the aim was on finding the optimum load to be shed like in case 1 and case 2 the country will be
represented as follows

[countryx = [APspear, DPshedz, - - - » APspean] 17)

However, if the aim is on finding both the load to be shed and the shedding frequency as in case 4
up to 6 the country will be defined as follows

[countryjx = [(APspedr, f1)  (APsnedzs f2) - - » (APspean, fN)] (18)

In conclusion, the colony “country” depends on the selected objective function. The colony in the
first objective is the load to be shed, whereas is the load and frequency threshold in the objectives 2
& 3.

6. Studied System

To verify its superiority, the proposed optimal multi-stage UFLS is tested on a practical power
system with real data. The test system under consideration, in this paper, is the SESCO grid
transmission system in East Malaysia. The single-line diagram of the system under investigation
is shown in Figure 4. The major generating units are in Bintulu. This system is responsible for the
supply of power to Kuching load administrative center. The Kuching system has a generation that
is below its demand therefore it gets extra power from the external grid. The Kuching system is
linked to the external grid via a 275 kV double circuit transmission lines between Mambong and
Engkilili. The transmission lines are about 170 km in length. A fault that results in the tripping of
Mambong-Engkilili transmission lines would result in an islanded Kuching power system. In the
event of a disturbance, a critical demand-generation imbalance would result in the Kuching system.
In such cases UFLS techniques must be quickly implemented to ensure the stable operation of the
units in Kuching. Generating units in Kuching are fired using coal and diesel and the system can be
represented using a third order SFR model. The parameters for the islanded Kuching power system
are given in Table 1.

Table 1. SFR model’s parameters of the system under investigation.

Parameter Symbol Unit Value
Center of inertia of the system Hcor seconds 3
Damping coefficient of the system D pu 0
Power fraction of turbine F p-u. 0.3
Time constant of governor-turbine system Ty seconds 5
Generation share ki pu 0.05
Governor’s gain in unit 1 Ry pu./Hz  0.04
Power fraction of turbine F, pu 0.1
Time constant of governor-turbine system T seconds 30
Generation share ko p-u. 0.11

Governor’s gain in unit 2 R, pu./Hz  0.04
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Figure 4. One-line diagram of SESCO grid transmission system.

7. Simulation Results

The proposed optimal multi-stage UFLS-based WAMS technique is applied to the power system
under investigation which is described in the previous Section. The simulations, in this paper, are
done using MATLAB software. The different objective functions, which are defined in (12)—(14), are
taken into account for the different simulation scenarios. The parameters of the adopted optimization
algorithm, i.e., ICA is given in Table 2. In all the simulated cases the initial load disturbance is online
estimated based on the information from WAMS measurements and based on this value the most
optimum amount to be shed is determined. In all six simulated cases given in Table 3, a practical
0.5 p.u. disturbance as demonstrated in [37] is assumed to have occurred at t = 0.5 s.

In this paper, three main scenarios considered for simulation are: the first scenario compares the
simulation results of simulation cases considered in Table 3 shown in Section 7.1; the second scenario
investigates the impacts of time delays due to communication problems and cyber-issues given in
Section 7.2; and finally the third scenario shows the superiority of the proposed UFLS technique by
comparing its results with others shown in Section 7.3.

Table 2. Parameters of ICA algorithm.

Parameter Value Parameter Value
Number of iterations 100 B 1.5
Number of countries 250 ¢ 0.05

Number of initial colonies 160 0% 0.5

To present the results of the different scenarios considered in this paper, the different cases shown
in Table 3 are firstly described. In this regard, the first and second cases (C; and C,) are optimized using
Equation (14). The frequency at which load-shedding is to be done in the event that a contingency
has occurred is known and amount to be shed at the frequency at which shedding is to be done has
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to be optimized for a pre-set time of load-shedding. In cases three to six (C3-Cg) frequency at which
shedding is to be done is determined by the algorithm from the prescribed range as well as the amount
of load to be shed. Optimization for Cases (C3 and Cy) is done using Equation (12), while for cases
(Cs5 and Cg) is done using Equation (13). Table 3 shows the frequency settings and obtained values for
load-shedding.

Table 3. Different simulation cases considered in this paper with upper/lower values of the constraints.

Stages (Pre-set) (k) 1 2 3 4 5
Casel  Frequency threshold settings (Pre-set) [Hz] fin 49.3 49.2 49.1 48.95 48.8
Optimal load-shedding (Result) [p.u] ~ (AP) 0189 0.1451 01652 02000 01179
Stages (k) 1 2 3 4 5

Case2 Frequency threshold settings (Pre-set) [Hz] fin 494 49.3 49.2 49.1 49.0
Optimal load-shedding (Result) [p.u] (AP]-) 0.1891 0.0802 0.1064 0.1043 0.0586

Stages (k) 1 2 3 4 5
Min frequency (Pre-set) [Hz] fmin 47.0 47.0 47.0 47.0 47.0
Case 3 Max frequency (Pre-set) [Hz] fmax 49.5 49.3 49.1 49.0 48.5
Optimal frequency threshold (Result) [Hz] fin 4949 4930 49.10 4849  47.03
Optimal load-shedding (Result) [p.u] (APj) 0.1797 0.2000 0.1187 0.0004 0
Stages (k) 1 2 3 3 5
Min frequency (Pre-set) [Hz] fmin 48.8 48.8 48.8 48.8 48.8
Case 4 Max frequency (Pre-set) [Hz] frmax 49.5 49.3 49.1 49.0 48.9
Optimal frequency threshold (Result) [Hz] fin 49.19 49.15 4898 4896  48.50
Optimal load-shedding (Result) [p.u] (APj> 0.1469 0.1501 0.0438 0.0057  0.2000
Stages (k) 1 2 3 4 5
Min frequency (Pre-set) [Hz] fmin 48.8 48.8 48.8 48.8 48.8
Case 5 Max frequency (Pre-set) [Hz] fmax 49.5 49.3 49.1 49.0 48.9

Optimal frequency threshold (Result) [Hz] fin 49.49 48.97 4893 4891 48.90
Optimal load-shedding (Result) [p.u] (AP]-) 0.2000 0.2000 0.1979 0.2000 0.2000

Stages (k) 1 2 3 4 5
Min frequency (Pre-set) [Hz] fmin 47.0 47.0 47.0 47.0 47.0
Case 6 Max frequency (Pre-set) [Hz] fmax 49.5 49.3 49.1 49.0 48.5

Optimal frequency threshold (Result) [Hz] fin 49.06 4790 47.66 4720  47.00
Optimal load-shedding (Result) [p.u] (APj) 0.2000 0.0985 0.2000 0.1708 0.2000

7.1. Investigating the Performance of the Suggested Objective Functions

Firstly, we investigate the proposed objective function given in (12). Two different cases (C; & C5)
are considered in which these cases are different in terms of the pre-set minimum frequency at which a
specific load to be shed is shown in Table 3. The optimization results in these cases are loaded to be
shed at each minimum frequency and stage as shown in Table 3. In case 1, only 3-stages were activated
to restore the frequency as shown in Figure 5. As can be seen from Figure 6, the frequency without
load-shedding was below 46.5 Hz and at this frequency the system would have lost synchronism
with the rest of the system. With load-shedding the frequency was restored to 50 Hz in 15 s in case 1
and within 10 s in case 2. The minimum system frequency was 49.1 Hz and 49.3 Hz for case 1 and
2, respectively. The differences in the minimum frequency reached was mainly due to two reasons,
(i) the most minimum pre-set of the frequency was 48.8 Hz for case 1 while for case two was 49.0 Hz
(if) since the minimum set frequency was less for case 2, in optimization the algorithm shedding time
was delayed compared to case 1. More load was shed in case 2 compared to case 1. Four load-shedding
stages were activated in case 1 compared to the three activated stages in case 2 as shown in Figure 5.
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Figure 5. The amount of load to be shed in the first scenario: a comparison between cases 1 & 2.
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Figure 6. Frequency behavior in the first scenario: a comparison between cases 1 & 2.

As a further discussion on the results depicted in Figures 5 and 6, in case 2, more load-shedding
steps are activated as compared to case 1. In case 1, both the initial and the minimum set frequencies
were lower compared to case 2. As a result, we would expect that in case 1 there will be a delay in
implementing the load-shedding as evident in Figure 5. In both cases in the first step a large amount
of load is shed to quickly arrest the frequency decline however in the second step of case 2 a small
load is shed so that the frequency overshoot is maintained within the set limits. If a large load is shed
in step 2 of case 2 the overshoot will be higher. Since a small amount is shed in step 2, an additional
load-shedding stage is activated in case 2 as compared to case 1.

In cases (C3 & C4), the optimization method should determine the load amount to be shed and
at which frequency the load-shedding should be done as shown in Table 3. Therefore, LB and UB
of frequency at each stage are pre-set as shown in the same Table. Figure 7 shows that in case 4 the
minimum frequency with load-shedding was nearly 48 Hz and in case 3 it was almost 49 Hz. The same
number of load-shedding stages were activated in both cases with case 3 shedding more as shown
in Figure 8. From the frequency settings shown in table, the minimum frequency for case 3 was less
therefore it was more likely that less load should be shed to restore the system to nominal operating
levels. In both cases, the frequency at which shedding is to be done and the amount of load to be shed
was determined by the optimization algorithm. The lower and the upper limits for load to be shed
were 0 and 0.2 respectively for each and every stage.
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Figure 7. Frequency behavior in the second scenario: a comparison between cases 3 & 4.
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Figure 8. The amount of load to be shed in second scenario: a comparison between cases 3 & 4.

The frequency settings for case 3 were the same as for case 6 while those for case 4 were the same
with case 5. The difference in these scenarios in that for case 3 and 4 Equation (12) was used while in
case 5 and 6 Equation (13) was used. The results for case 5 and 6 (shown in Figures 9 and 10) were
much better compared to the results in case 3 and 4 (shown in Figures 7 and 8). It can be concluded
that including the actual load to be shed in the objective produces better results. By comparing case 4
and case 6 it can be seen that in 6 the minimum frequency reached was much closer to 49 Hz.

|—wlo load shedding ——w-load shedding case 6 w-load shedding case 5
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Figure 9. Frequency behavior in the third scenario: a comparison between cases 5 & 6.
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Figure 10. The amount of load to be shed in third scenario: a comparison between cases 5 & 6.

7.2. Time Delay Effects

WAMS have inherent communication delays and as a result the effect of delay is considered here.
For consistence of results only case 2 was chosen. For the purpose of studies and just to show the effect
of delay, in our simulations we varied the time delay to implement the load-shedding. Four scenarios
are compared as shown in Figure 11. The greater the time delay the lower the minimum frequency.
For large delays, the system will lose synchronism. Mathematically, the objective is met since the error
is finally zero but before we reach that point the system would have long lost stability.

50.5
: ‘—wfo delay ——w-0.01s delay w-0.05s delay ——w-1s delay

50 e

49.5
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49

48.5

48 1 | I ! | 1 I ! L
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Figure 11. Frequency behavior due to time delay.

7.3. Comparison with Other Methods

To further show the superiority of the proposed technique we compared it to the most commonly
used UFLS schemes which are traditional UFLS, adaptive UFLS, and semi-adaptive or ROCOF-based
schemes. It should be noted that the choice of settings for the used UFLS schemes will give different
results. For consistence in results, we implemented the traditional UFLS with the settings shown
in Appendix A. For ROCOF-based UFLS we considered the requirements of IEEE Std. C37.118.1,
and Appendix A show the considered settings [10]. With adaptive UFLS, we simply estimated the
disturbance using the swing equation and the deficit is shed at once when the frequency reaches
49.0 Hz. Two scenarios are compared which are the most serious contingency of 0.5 p.u power deficit
and a medium disturbance of 0.2 p.u.

Firstly, we consider a large disturbance of 0.5 p.u. When this disturbance occurs, the frequency
dropped to about 46.5 Hz as in Figurel2. From Figure 12, it can be observed that with traditional
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UFLS scheme, the frequency of the system dropped rapidly to 47 Hz in almost 5 s, an under-shedding
situation occurred. At this rate of frequency decay if no drastic measures are taken, total system
collapse will be experienced. Using adaptive and ROCOF-based UFLS techniques, the frequency was
restored to a steady state of above 49.5 Hz; however, the frequency drop with ROCOF technique was
much higher. With WAMS-based optimal UFLS scheme where the ICA algorithm is used, frequency
only dropped to 49.1 Hz and it is restored to a steady state of about 49.5 Hz in almost 5 s. Therefore, it
can be observed that the optimal UFLS scheme is more superior in that the frequency can be restored
in a short period thereby avoiding system collapse, in the traditional case usually under-shedding or
over-shedding occurs and they both affect system stability.

51

'l—wl/o load shedding

= = w-traditional UFLS

= = = = =-=-w-Adaptive UFLS

-------- w-ROCOF UFLS
w-proposed ICA case1

e e e e = e e e e e e = = = == ==

| | 1 L L
25 30 35 40 45 50
Time[sec]

Figure 12. Frequency behavior of the proposed UFLS technique compared to others: large disturbance.

In the second scenario, we considered a medium disturbance of 0.2 p.u. After the disturbance
occurred, Figure 13 shows that without UFLS the frequency would drop to almost 48.5 Hz. This is
a more common disturbance in power systems. In this scenario, all the considered UFLS techniques
restored the frequency to above 49.5 Hz. With traditional UFLS, there was frequency overshoot due to
over-shedding and the frequency finally settled at about 50.1 Hz. However, our proposed scheme was
more superior if we consider the minimum frequency reached with other techniques.

50.5 | T

50

49.5

f[Hz]

49 — wio UFLS

w-adaptive UFLS
=-=-w-Proposed ICA based UFLS
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-------- w-traditional UFLS
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Figure 13. Frequency behavior of the proposed UFLS technique compared to others: small disturbance.

We also compared the proposed ICA algorithm with another stochastic search algorithm.
Meta-heuristic algorithms include GA, bacteria foraging, and PSO. These algorithms have proven
to be efficient in handling complex nonlinear constraints and to provide high-quality solutions.
However, it has been proven that PSO has better performance compared to GA and bacteria foraging
algorithms [39,40]. They however have their challenges on convergence and issues to do with
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dimensionality [39]. We chose the PSO algorithm in our comparisons as this algorithm is recently
used to solve the UFLS in [40]. Again, the most severe disturbance in the studied system, i.e., 0.5 p.u
is considered. Figure 14 shows the results of the three compared scenarios. Using our proposed
ICA-based UFLS specifically case 2 is used and comparing it to PSO suggested in [40] it gave better
results. With the PSO suggested in [40] there was delayed shedding and the minimum frequency
reached was almost 48.5 Hz. In the same case, a frequency overshoot is experienced, and the frequency
finally reached a steady state after 22 s whereas in our case the frequency reached a steady state after 8 s.
However, to make the comparison closer to our objective, we solve the proposed optimization problem
in our paper using PSO, and compare the obtained result from PSO with the suggested ICA-based
optimal multi-stage UFLS scheme. With these adjustments, there was a significant improvement with
proposed PSO algorithm compared to the suggested PSO-based UFLS in [40], the minimum frequency
reached was almost 48.8 Hz, and the steady-state frequency was reached after about 18 s. This prove
that the proposed UFLS optimization problem in this paper is better than [40]. However, our proposed
ICA-based optimal multi-stage UFLS scheme still gave better results as we had earlier shedding and
the overshoot was smaller due to the suggested optimization problem and the performance of the

adopted algorithm.
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T Proposed ICA-based UFLS scheme
50 i 5 Y - = PSO suggested in [40]
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’ 495} \ <o
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Figure 14. Frequency behavior of the proposed UFLS technique compared to others optimization-based
techniques: PSO and [40].

The SFR model is widely used in research to do with LFC as well as UFLS due to its simplicity
and reduced computational burden. Studies also show that once the parameters are deduced the
SFR models gives technically sound results. However, the process of obtaining these parameters is
extensive and rigorous. From the additional simulations provided in our paper it can be seen from
Figures 15-17 that the changes in some parameters such as the fraction of the total power generated
by the HP turbine (F) and the time constant (T) due to uncertainties and inaccurate validation, have
little effect on the overall frequency behavior. In our simulations, even a 50% change in F and T
introduced slight changes to the frequency. This is due to the fact that the used gains were smaller
compared to the overall introduced disturbance. Although the parameters T and F of the system can
be accurately estimated and used in SFR model, the proposed technique has good performance in case
of the uncertain estimation of these parameters. The proposed method is also tested under unusual
variation in the total inertia of the system (under 10%), where its performance has been preserved. In
addition to SFR model validation of the adopted system done in [37], the aforementioned results verify
that SFR model can be used in UFLS with high accuracy.
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Figure 15. Frequency behavior of the proposed UFLS technique under uncertainties in determining the

parameter, F, in SFR model.
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Figure 16. Frequency behavior of the proposed UFLS technique under uncertainties in determining the

constant time of the governor-turbine system, T, in SFR model.
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8. Conclusions

In this paper, a WAMS-based optimal UFLS scheme is proposed. A procedure for online
identification of the SFR model based on WAMS is also proposed. Then, the identified SFR model is
used for developing a new UFLS framework. UFLS could be started much earlier unlike in traditional
scheme, since based on the ROCOF the disturbance would have been estimated well in advance. Three
objective functions were proposed for UFLS optimization model. The ICA which works well in solving
the optimization problems is adopted for obtaining the optimal solutions. For our simulations all
constraints were well accounted for in the decision-making process. The effects of time delay though
not presented in detail in this paper are shown to have significant effect on UFLS. The conclusion of
the findings in this work can be summarized as follows

e The SFR model of interconnected power system can be realized accurately using WAMS
technologies.

e The use of evolutionary computing methods can help the performance of adaptive
UFLS techniques.

e  Multi-stage UFLS technique has better performance in comparison with other techniques.

e The communication delay has noticeable effects in the performance of WAMS-based UFLS
techniques that should be considered in practice.

As research directions for future studies in this important topic, the practical issues related
to WAMS can be considered. In this regard, the possible cyber-attack issues should be taken into
account for future power systems. Such attacks during emergency events might result in undesired
consequences such as blackouts. Furthermore, new UFLS techniques based on the dynamic model of
power systems is required for improving the general stability of modern power systems. Moreover,
the impact of inertia variations on practical UFLS techniques can be considered as a good research
point in the topic of the paper.
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Abbreviations

The following abbreviations are used in this manuscript:

UFLS under-frequency load-shedding
ICA imperialist competitive algorithm
ICE Inter-Empire Competition

PMU phasor measurement units

GPS global positioning system

SFR system frequency response model
GDB Governor Dead Band

ISE integral of squared error

ITSE integral of time multiplied by squared error
Obj objective function

ROCOF rate of change of frequency
WAMS wide-area measurement system
TSO transmission system operators

WAMPAC  wide-area monitoring, protection and control
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Appendix A

The data used in the simulation of traditional, and semi-adaptive UFLS techniques are given in

Table A1 [10,37,41-43].

Table Al. Threshold settings of the considered UFLS techniques for comparison with the
proposed method [37,44-46].

Stages (k) 1 2 3 4 5 6
Traditional Frequency threshold settings (Hz) fin 489 488 486 484 482 48

Load-shedding factor (%) (ap) 5 5 5 10 15 10

Stages (k) 1 2 3 4 5 6
ROCOF ROCOF (Hz/s) diff(f) 02 04 06 07 10 13

Load-shedding factor (%) (Apj) 5 5 5 10 15 10

References

1.

10.

11.

12.

13.

14.

15.

Huang, S.J.; Huang, C.C. An adaptive load shedding method with time-based design for isolated power
systems. Int. J. Electr. Power Energy Syst. 2000, 22, 51-58. [CrossRef]

Cremer, J.L.; Konstantelos, I.; Tindemans, S.H.; Strbac, G. Data-Driven Power System Operation: Exploring
the Balance Between Cost and Risk. IEEE Trans. Power Syst. 2019, 34, 791-801. [CrossRef]
Mirzazad-Barijough, S.; Mashhuri, M.; Ranjbar, A.M. A predictive approach to control frequency instabilities
in a wide area system. In Proceedings of the Power Systems Conference and Exposition, PSCE’09, Seattle,
WA, USA, 15-18 March 2009; pp. 1-6.

Arredondo, F.; Ledesma, P.; Castronuovo, E.D. Optimization of the operation of a flywheel to support
stability and reduce generation costs using a Multi-Contingency TSCOPF with nonlinear loads. Int. ]. Electr.
Power Energy Syst. 2019, 104, 69-77. [CrossRef]

Alhelou, H.; Hamedani-Golshan, M.E.; Zamani, R.; Heydarian-Forushani, E.; Siano, P. Challenges and
Opportunities of Load Frequency Control in Conventional, Modern and Future Smart Power Systems: A
Comprehensive Review. Energies 2018, 11, 2497. [CrossRef]

Benasla, M.; Allaoui, T.; Brahami, M.; Sood, V.K.; Denai, M. Power system security enhancement by HVDC
links using a closed-loop emergency control. Electr. Power Syst. Res. 2019, 168, 228-238. [CrossRef]
Panasetsky, D.; Sidorov, D.; Li, Y.; Ouyang, L.; Xiong, J.; He, L. Centralized emergency control for
multi-terminal VSC-based shipboard power systems. Int. ]. Electr. Power Energy Syst. 2019, 104, 205-214.
[CrossRef]

Amraee, T.; Darebaghi, M.G.; Soroudi, A.; Keane, A. Probabilistic under frequency load shedding considering
rocof relays of distributed generators. IEEE Trans. Power Syst. 2018, 33, 3587-3598. [CrossRef]

Scirocco, T.B.; Bruno, G.; Caciolli, L.; Giannuzzi, G.; Zaottini, R.; Giorgi, A.; Grasso, F,; Rossi, G. Under
Frequency Load Shedding Plan in Active Power Systems: Analysis and Innovative Proposals. In Proceedings
of the 2018 AEIT International Annual Conference, Bari, Italy, 3-5 October 2018; pp. 1-6.

Dervigkadi¢, A.; Zuo, Y.; Frigo, G.; Paolone, M. Under Frequency Load Shedding based on PMU Estimates
of Frequency and ROCOF. arXiv 2018, arXiv:1805.00744.

Rudez, U.; Mihalic, R. Analysis of underfrequency load shedding using a frequency gradient. IEEE Trans.
Power Deliv. 2011, 26, 565-575. [CrossRef]

Azizipanah-Abarghooee, R.; Malekpour, M.; Paolone, M.; Terzija, V. A New Approach to the On-line
Estimation of the Loss of Generation Size in Power Systems. IEEE Trans. Power Syst. 2018. [CrossRef]
Rudez, U.; Mihalic, R. WAMS-based underfrequency load shedding with short-term frequency prediction.
IEEE Trans. Power Deliv. 2016, 31, 1912-1920. [CrossRef]

Sattinger, W. Application of PMU measurements in Europe TSO approach and experience. In Proceedings
of the 2011 IEEE Trondheim PowerTech, Trondheim, Norway, 19-23 June 2011; pp. 1-4.

Grebe, E.; Kabouris, J.; Barba, S.L.; Sattinger, W.; Winter, W. Low frequency oscillations in the interconnected
system of continental Europe. In Proceedings of the 2010 IEEE Power and Energy Society General Meeting,
Providence, RI, USA, 25-29 July 2010; pp. 1-7.


http://dx.doi.org/10.1016/S0142-0615(99)00035-6
http://dx.doi.org/10.1109/TPWRS.2018.2867209
http://dx.doi.org/10.1016/j.ijepes.2018.06.042
http://dx.doi.org/10.3390/en11102497
http://dx.doi.org/10.1016/j.epsr.2018.12.002
http://dx.doi.org/10.1016/j.ijepes.2018.06.051
http://dx.doi.org/10.1109/TPWRS.2017.2787861
http://dx.doi.org/10.1109/TPWRD.2009.2036356
http://dx.doi.org/10.1109/TPWRS.2018.2879542
http://dx.doi.org/10.1109/TPWRD.2015.2503734

Appl. Sci. 2019, 9,508 22 of 23

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vournas, C.; Metsiou, A.; Nomikos, B. Analysis of intra-area and interarea oscillations in South-Eastern
UCTE interconnection. In Proceedings of the Power & Energy Society General Meeting, PES’09, Calgary, AB,
Canada, 26-30 July 2009; pp. 1-7.

Overholt, P; Kosterev, D.; Eto, J.; Yang, S.; Lesieutre, B. Improving reliability through better models: Using
synchrophasor data to validate power plant models. IEEE Power Energy Mag. 2014, 12, 44-51. [CrossRef]
Hauer, J.F,; Mittelstadt, W.A.; Martin, K.E.; Burns, J.W.; Lee, H.; Pierre, J.W.; Trudnowski, D.]. Use of the
WECC WAMS in wide-area probing tests for validation of system performance and modeling. IEEE Trans.
Power Syst. 2009, 24, 250-257. [CrossRef]

Kopse, D.; Rudez, U.; Mihalic, R. Applying a wide-area measurement system to validate the dynamic model
of a part of European power system. Electr. Power Syst. Res. 2015, 119, 1-10. [CrossRef]

Zima, M.,; Larsson, M.; Korba, P.; Rehtanz, C.; Andersson, G. Design aspects for wide-area monitoring and
control systems. Proc. IEEE 2005, 93, 980-996. [CrossRef]

Zhou, X.; Yan, C. A blackout in Hainan Island power system: Causes and restoration procedure. In
Proceedings of the Power and Energy Society General Meeting-Conversion and Delivery of Electrical Energy
in the 21st Century, Pittsburgh, PA, USA, 20-24 July 2008; pp. 1-5.

Terzija, V.V.; Valverde, G.; Cai, D.; Regulski, P.; Madani, V.; Fitch, J.; Skok, S.; Begovic, M.; Phadke, A.G.
Wide-area monitoring, protection, and control of future electric power networks. Proc. IEEE 2011, 99, 80-93.
[CrossRef]

Alhelou, H.S.H.; Golshan, M.; Fini, M.H. Multi agent electric vehicle control based primary frequency
support for future smart micro-grid. In Proceedings of the Smart Grid Conference (SGC), Tehran, Iran, 22-23
December 2015; pp. 22-27.

Kamwa, I; Grondin, R. PMU configuration for system dynamic performance measurement in large,
multiarea power systems. IEEE Trans. Power Syst. 2002, 17, 385-394. [CrossRef]

Zhong, Z.; Xu, C.; Billian, B.J.; Zhang, L.; Tsai, S.].; Conners, R.W.; Centeno, V.A.; Phadke, A.G; Liu, Y. Power
system frequency monitoring network (FNET) implementation. IEEE Trans. Power Syst. 2005, 20, 1914-1921.
[CrossRef]

La Scala, M.; De Benedictis, M.; Bruno, S.; Grobovoy, A.; Bondareva, N.; Borodina, N.; Denisova, D.;
Germond, A.; Cherkaoui, R. Development of applications in WAMS and WACS: An international cooperation
experience. In Proceedings of the Power Engineering Society General Meeting, Montreal, QC, Canada,
18-22 June 2006; pp. 1-10.

Sanaye-Pasand, M.; Davarpanah, M. A new adaptive multidimensioanal load shedding scheme using
genetic algorithm. In Proceedings of the 2005 IEEE Canadian Conference on Electrical and Computer
Engineering, Saskatoon, SK, Canada, 1-4 May 2005; pp. 1974-1977.

Hong, Y.Y.; Chen, PH. Genetic-based underfrequency load shedding in a stand-alone power system
considering fuzzy loads. IEEE Trans. Power Deliv. 2012, 27, 87-95. [CrossRef]

Chen, C.R;; Tsai, W.T.; Chen, H.Y,; Lee, C.Y,; Chen, C.J.; Lan, HW. Optimal load shedding planning with
genetic algorithm. In Proceedings of the Industry Applications Society Annual Meeting (IAS), Orlando, FL,
USA, 9-13 October 2011; pp. 1-6.

El-Zonkoly, A.; Saad, M.; Khalil, R. New algorithm based on CLPSO for controlled islanding of distribution
systems. Int. J. Electr. Power Energy Syst. 2013, 45, 391-403. [CrossRef]

Taher, S.A.; Fini, M.H.; Aliabadi, S.F. Fractional order PID controller design for LFC in electric power systems
using imperialist competitive algorithm. Ain Shams Eng. . 2014, 5, 121-135. [CrossRef]

Atashpaz-Gargari, E.; Lucas, C. Imperialist competitive algorithm: An algorithm for optimization inspired
by imperialistic competition. In Proceedings of the 2007 IEEE Congress on the Evolutionary Computation
(CEC 2007), Singapore, 25-28 September 2007; pp. 4661-4667.

Haes Alhelou, H.; Golsha, M.; Heydarian-Forushani, E.; Al-Sumaiti, A.; Siano, P. Decentralized Fractional
Order Control Scheme for LFC of Deregulated Nonlinear Power Systems in Presence of EVs and RER.
In Proceedings of the IEEE International conference on Smart Energy Systems and Technology, Sevilla, Spain,
10-12 September 2018; pp. 1-6.

Rovnyak, S.M.; Mei, K. Dynamic event detection and location using wide area phasor measurements.
Eur. Trans. Electr. Power 2011, 21, 1589-1599. [CrossRef]

Shi, Q.; Li, EE,; Cui, H. Analytical Method to Aggregate Multi-Machine SFR Model with Applications in
Power System Dynamic Studies. IEEE Trans. Power Syst. 2018, 33, 6355-6367. [CrossRef]


http://dx.doi.org/10.1109/MPE.2014.2301533
http://dx.doi.org/10.1109/TPWRS.2008.2009429
http://dx.doi.org/10.1016/j.epsr.2014.08.024
http://dx.doi.org/10.1109/JPROC.2005.846336
http://dx.doi.org/10.1109/JPROC.2010.2060450
http://dx.doi.org/10.1109/TPWRS.2002.1007908
http://dx.doi.org/10.1109/TPWRS.2005.857386
http://dx.doi.org/10.1109/TPWRD.2011.2170860
http://dx.doi.org/10.1016/j.ijepes.2012.08.076
http://dx.doi.org/10.1016/j.asej.2013.07.006
http://dx.doi.org/10.1002/etep.533
http://dx.doi.org/10.1109/TPWRS.2018.2824823

Appl. Sci. 2019, 9,508 23 of 23

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Han, H.; Gao, S.; Shi, Q.; Cui, H.; Li, F. Security-based active demand response strategy considering
uncertainties in power systems. IEEE Access 2017, 5, 16953-16962. [CrossRef]

Aik, D.L.H. A general-order system frequency response model incorporating load shedding: Analytic
modeling and applications. IEEE Trans. Power Syst. 2006, 21, 709-717. [CrossRef]

Nazari-Shirkouhi, S.; Eivazy, H.; Ghodsi, R.; Rezaie, K.; Atashpaz-Gargari, E. Solving the integrated product
mix-outsourcing problem using the imperialist competitive algorithm. Expert Syst. Appl. 2010, 37, 7615-7626.
[CrossRef]

Hadji, M.M.; Vahidi, B. A solution to the unit commitment problem using imperialistic competition algorithm.
IEEE Trans. Power Syst. 2012, 27, 117-124. [CrossRef]

Ketabi, A.; Fini, M.H. Adaptive underfrequency load shedding using particle swarm optimization algorithm.
J. Appl. Res. Technol. 2017, 15, 54-60. [CrossRef]

Alhelou, H.H.; Golshan, M.H.; Askari-Marnani, J. Robust sensor fault detection and isolation scheme for
interconnected smart power systems in presence of RER and EVs using unknown input observer. Int. J.
Electr. Power Energy Syst. 2018, 99, 682-694. [CrossRef]

Alhelou, H-H.; Golshan, M. Hierarchical plug-in EV control based on primary frequency response in
interconnected smart grid. In Proceedings of the 24th Iranian Conference on Electrical Engineering (ICEE),
Shiraz, Iran, 10-12 May 2016; pp. 561-566.

Alhelou, H.H. Fault Detection and Isolation in Power Systems Using Unknown Input Observer. In Advanced
Condition Monitoring and Fault Diagnosis of Electric Machines; IGI Global: Hershey, PA, USA, 2018; p. 38.
Makdisie, C.; Haidar, B.; Alhelou, HH. An Optimal Photovoltaic Conversion System for Future Smart
Grids. In Handbook of Research on Power and Energy System Optimization; IGI Global: Hershey, PA, USA, 2018;
pp. 601-657.

Alhelou, H.H.; Golshan, M.; Fini, M.H. Wind Driven Optimization Algorithm Application to Load
Frequency Control in Interconnected Power Systems Considering GRC and GDB Nonlinearities. Electr. Power
Compon. Syst. 2018, 1-16. [CrossRef]

Fini, M.H.; Yousefi, G.R.; Alhelou, H.H. Comparative study on the performance of many-objective and
single-objective optimisation algorithms in tuning load frequency controllers of multi-area power systems.
IET Gener. Transm. Distrib. 2016, 10, 2915-2923. [CrossRef]

@ (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/ACCESS.2017.2743076
http://dx.doi.org/10.1109/TPWRS.2006.873123
http://dx.doi.org/10.1016/j.eswa.2010.04.081
http://dx.doi.org/10.1109/TPWRS.2011.2158010
http://dx.doi.org/10.1016/j.jart.2016.12.003
http://dx.doi.org/10.1016/j.ijepes.2018.02.013
http://dx.doi.org/10.1080/15325008.2018.1488895
http://dx.doi.org/10.1049/iet-gtd.2015.1334
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	WAMS-Based Power System Model Identification 
	Frequency Model Set Up
	Proposed Optimal UFLS Based on WAMS
	Evolutionary Computing-Based Optimal UFLS
	Imperialist Competitive Algorithm 
	Implementation of ICA into UFLS

	Studied System
	Simulation Results 
	Investigating the Performance of the Suggested Objective Functions
	Time Delay Effects
	Comparison with Other Methods

	Conclusions
	
	References

