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Abstract – Generation, transmission, and distribution of electric power systems are extremely 
important to our modern society. It is critical to keep the power grid stable and reliable at all times. 
Individual power system reliability needs to be enforced to avoid a voltage drop due to 
contingencies such as a loss of generation or a sudden increase in a load demand. Voltage changes 
for a given increase in the load demand can lead to voltage instability conditions. The main factor 
causing instability is the inability of the power systems to meet the demand of the reactive power. 
This subject has been a concern over the last two decades and a lot of research work has been done 
in the area of voltage stability and control. Under-voltage load shedding schemes are commonly 
implemented as an emergency measure in cases where the voltage conditions are drastically 
dropping due to a sudden increase of the load demand in the system. This paper addresses the 
problem of designing and developing a robust and efficient Under-Voltage Load Shedding (UVLS) 
scheme for a real-time implementation in the power system networks. A new multi-stage adaptive 
UVLS scheme is developed in order to improve the operation and increase reliability and flexibility 
of the existing UVLS schemes. This scheme is implemented in real-time using RSCAD software 
environment of the Real-Time Digital Simulator (RTDS). Copyright © 2019 Praise Worthy Prize 
S.r.l. - All rights reserved. 
 
Keywords: Power System, Load Shedding Scheme; Protection Relays, Intelligent Electronic 

Devices (IEDs), Under-Voltage Load Shedding Scheme, Real-Time Digital Simulator 
(RTDS) 

 
 

Nomenclature 

SE  Source voltage 
F  Ratio of line and load impedance with their 

phase angles 
I  Current 

RP  Active power supplied to the load   

R RP jQ  Complex power consumed by the load 

RMAXP  Maximum active power transfer at unity 
power factor 

P V  Power-Voltage 
RQ  Receiving reactive power 

RV  Received end voltage 

SV  Sending end voltage 
V  Voltage 

LDZ  Load impedance 

LNZ  Line impedance 
  Angle formed by two-rays 
  Phase angle of the load impedance 
  Phase angle of the line impedance 

I. Introduction 
The stability of the power system is its ability to return  

 
to its normal operation after it had been subjected to some 
form of disturbances. The Electrical network systems 
were built many years ago, and now one of the major 
problems they are facing is the high growth of the power 
demand. It causes the power network to operate constantly 
at its maximum limits, leading it to instability. The 
modern power systems are widely interconnected, which 
results in a reliability problem. The wide interconnection 
of subsystems’ stability problems has become an 
important challenge to power system engineers [1]. When 
there is a deficiency in power generation due to excessive 
load demand, the voltages at the buses drop causing 
voltage instability. In this case the reactive power demand 
is higher than the supplied one, and therefore by reducing 
some of the loads or disconnecting some of the 
non-critical loads, the system stability can be saved. The 
load shedding provides a low-cost means and should be 
the last resort to prevent a widespread system collapse.  

The problem for the development of Load Shedding 
Schemes (LSSs) has been studied for many years both for 
utility power systems and industrial plants with in-house 
generation. Different methods have been used to achieve 
load shedding schemes in the power system networks 
[1]-[42]. These methods can be grouped as follows: 
optimization- based, index-based, adaptation-based and 
protection equipment-based.  

The rest of the paper is organized and developed as 
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follows. Literature review is presented in Section II, The 
basic concepts related to the voltage stability are discussed 
in Section III, Section IV describes the proposed 
methodology for power system stability margins 
determination, the real-time implementation of the 
methodology for determination of the voltage stability 
margin is presented in Section V, Section VI describes the 
development and implementation of the Under Voltage 
Load Shedding (UVLS) scheme and the discussion of the 
results from the real-time RTDS simulation is given in 
Section VII, and Section VIII presents the conclusion. 

II. Literature Review 
The following is a brief description of some methods 

and algorithms proposed in the relevant literature.  
Optimization-based load shedding methods: 

 In [2], an optimal load shedding method in the case of 
generation deficiency was proposed. The objective 
was to minimize the amount of load when the total 
generation is less than the total demand. The method 
was based on minimizing the system loss under the 
constraints on generator limits and line flow limits. 
The method calculated the loss coefficients using 
Kron's matrix transformation technique; 

 In [3], a neural network-based methodology to 
develop load shedding schemes for industrial power 
systems was proposed. The paper used neural 
networks to establish complex mappings between the 
post-disturbance network configuration and the 
amount of load to be shed. The proposed method was 
tested on the power system of a petrochemical plant in 
order to see the effectiveness of the scheme; 

 A priority-based load shedding for distribution 
networks in the presence of DG units was proposed in 
[35]. A robust Hybrid Islanding Detection Technique 
(HIDT) was proposed for identifying the islanding 
event early. The priority -based load shedding had to 
be implemented in the islanded area if the power 
supply is not enough in order to maintain a reliable 
supply to the customers. MATLAB R2010a and 
Power System Analysis Toolbox (PSAT) simulations 
for the cases of IEEE 33 and 69 bus distribution 
systems under different loading conditions. The 
testing of the load shedding algorithm is done only by 
off-line simulations; 

 An optimal load shedding strategy for power systems 
with Distributed Generation (DG) was developed in 
[4]. The DGs were considered to be 3 types: a central 
generation, a non-dispatchable and a storage one. 
Dynamic and static discrete models of each type DG 
were developed and used to calculate an optimization 
solution for operation and security constraints of the 
Load Shedding Scheme (LSS); 

 In [39] an islanding detection and optimal load 
shedding scheme were developed for a radial 
distribution system that was integrated with dispersed 
generation. A probabilistic neural network-based 
classifier was developed for a passive islanding 

detection. In a case where unintentional islanding state 
was detected, an optimal load shedding scheme, based 
on backtracking search was utilized to prevent the 
system from being exposed to voltage instability. An 
IEEE 33-bus system with four DG units was used to 
validate the algorithms in Dig Silent Power Factory® 
and MATLAB® software; 

 A new load shedding scheme for Islanded Power 
Systems (IPS) was presented in [5]. The objectives 
were to maximize various system benefits and 
minimize the load curtailment. An Analytic 
Hierarchical Process (AHP) was adopted for 
prioritizing the loads. It was based on the changing 
priorities and the critical nature of the loads; 

 A new event-driven emergency load-shedding scheme 
is presented in [36]. An Optimal Event-Driven 
Load-Shedding (OEDLS) model was developed. The 
algorithm was based on linearizing the nonlinear 
OEDLS model through trajectory sensitivity. Parallel 
computation scheme to accelerate the problem-solving 
process is used. The proposed algorithm was tested 
and validated using Computing Toolbox in MATLAB 
and the PSS/E software; 

 In [6] an algorithm, based on two sub-problems, 
namely restoring solvability and improving the 
Voltage Stability Margin (VSM) of a power system 
were developed to achieve voltage stability through 
load shedding. The two problems were solved by 
Linear Optimization (LO)-based Optimal Power Flow 
(OPF) method. The constraints of using this algorithm 
are that it is based on the local optimum and does not 
guarantee a global optimum; 

 An efficient load shedding techniques for a distributed 
system was presented in [7]. The distributed load 
shedding problem was modeled as a linear 
optimization problem. Two alternative solutions for 
this problem were proposed, namely: a solver-based 
centralized approach and a distributed approach based 
on metadata aggregation and propagation. The 
solutions were based on generating a series of load 
shedding plans in advance, to be used under certain 
input load conditions; 

 In [29] a predictive control model, based on the 
reactive power from the generator and on the voltage 
magnitude was developed. The operation and the 
amount of loads to be shed are determined by the 
severity of the system contingency; 

 UVLS scheme that was technically integrated to 
minimize the financial losses when compared to a 
complete blackout was proposed in [32]; 

 In [33] a UVLS algorithm using a Mixed Integer 
Programming (MIP) method was developed. A model 
that uses a mixed-integer linear formulation to provide 
voltage stability was used. Simulations were 
performed for the cases of IEEE 14-bus and IEEE 
118-bus test systems. The same test systems were used 
to compare the proposed MIP-based UVLS model and 
the original non-linear programming UVLS model. 
The proposed algorithm was based on UVLS model 
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with a predetermined value of loading margin and with 
minimum amount of load to be shed; 

 Three different load shedding schemes - voltage-based, 
timer-based and combined, applied in a direct current 
(DC) microgrid were compared in [40] using the 
PSCAD/EMTDC software. The results showed that 
the voltage-based and timer-based load shedding 
schemes caused a drop of the bus voltages lower than 
their limits. The timer-based load shedding caused 
over shedding of loads. This degraded the power 
supply reliability. It was also discovered that the 
combined methods increased the power supply 
reliability in relation to the critical loads and also 
prevented over shedding of the loads. 

Index-based load shedding methods:  
 In [8] a new load control strategy called Distributed 

Interruptible Load Shedding (DILS) was developed 
with the aim to guarantee a correct electrical system 
operation. It was based on controlling the loads 
individually; 

 A Power Transfer Stability Index (PTSI) algorithm 
based on Fixed Shed Fixed Delay (FSFD) and Variable 
Shed Variable Delay (VSVD) approaches was 
developed in [9] in order to avoid the voltage collapse. 
The objectives were to maintain the stability and 
survivability of the power system under major faults 
and for variety of the system configuration topologies. 
A Matlab Power System Analysis Toolbox was used to 
perform simulations. In [10] a redundant load 
shedding system for islanded power plants was 
presented; 

 A Fast Voltage Stability Index (FVSI) method assisted 
by a Photovoltaic (PV) analysis algorithm for 
numerical verification of the locations where the loads 
need to be shed in the power system was developed in 
[11]. A Power System Simulation for Engineers (PSSE) 
software was used for modeling. The constraints of 
this method are that it has focused only on the static 
behavior of the system;  

 A Linearized Optimization Method (LOM) and a 
Binary Integer Programming (BIP) algorithm for 
handling the discrete loads were proposed in [13]. An 
active and reactive power (P, Q) Voltage Stability 
Index (PQVSI) was used to measure the system 
conditions. The software used is the Sequential 
Quadratic Programming (SQP); 

 A Fast Voltage based Stability Index (FVSI) approach 
to indicate the load condition for UVLS scheme was 
applied in [17]. The software used was PSCAD. The 
constraint of the paper is that no real-time simulation 
package was used to validate the performance of the 
FVSI; 

 A probabilistic UVLS scheme was developed in [24]. 
A Point Estimate Method (PEM) algorithm was 
developed to convert the probability distribution 
functions (PDFs) of load uncertainty to discrete 
statistical moments which present the behaviors of the 
original continuous PDFs. The proposed UVLS 
strategy is expressed as a non-linear programming 

problem solved by sequential quadratic programming. 
The developed algorithm was compared with Monte 
Carlo simulation algorithm. The IEEE 14 bus and 
IEEE 118 bus systems were used to test, validate and 
compare the algorithms. 

Adaptation-based load shedding methods:  
 In [12] an adaptive load shedding technique for 

controlled islanding was developed. Optimization 
techniques based on Model Predictive Control (MPC) 
and Monte Carlo methods to determine the optimal 
load shedding value for an abstract model equipped 
with a conventional load shedding mechanism were 
used; 

 The impact of the integration of Distributed 
Generation (DG) in distribution grids on the load 
shedding was investigated in [14]. All challenges and 
operating problems when DGs are connected in low 
and medium voltages in power systems were 
considered. It was discovered that a significant 
increase of integration of DG units in distribution grids 
can lead to major planning issues and conflicts with 
the legal and regulatory frameworks; 

 A computerized technique for controlling a 
load-shedding scheme was developed in [15]. The 
objective was to minimize the manual work by 
selecting the feeder, substation, and duration of 
shedding time by the user. The proposed model was 
simulated to verify its suitability. The algorithms open 
a door for fast Load Shedding Controller (LSC) 
designs with low cost, convenience, scalability, and 
remote access capability; 

 Model Predictive Control (MPC) algorithm was used 
in [16] to develop an adaptive under-voltage load 
shedding scheme. A sequential quadratic 
programming technique was used for the design of the 
MPC controller; 

 An adaptive trajectory sensitivity index algorithm to 
determine the minimum amount of load to be shed was 
developed in [18]; 

 In [25] a centralized adaptive wide-area load shedding 
scheme that was incorporated into power system 
real-time limitations was proposed. The developed 
algorithm has three stages. The first stage determines 
the requirements needed for implementation. The 
second stage specifies the optimal amount and location 
of load to drop and posts load shedding strategies. It 
also accommodates all operational limits and 
considers the interruption cost for the shed loads. The 
third stage determines the event type in real-time. A 
fuzzy decision-making method based on 
measurements, gathered from the power network was 
developed. An IEEE 39 Bus system was used to 
conduct the study; 

 In [37] an adaptive voltage-based load shedding 
scheme for the DC Microgrid was proposed. Voltage 
threshold algorithm was used based on the rate of 
change of locally measured bus voltages. Simulations 
were conducted using PSCAD software. The 
following points were achieved: (i) the DC microgrid 
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power balance was effectively maintained through fast 
and coordinated load shedding, (ii) the DC bus 
voltages were prevented from falling below acceptable 
levels, (iii) the critical loads do not experience 
excessive steady-state voltage deviations, (iv) 
minimizes the durations and magnitudes of the 
temporary voltage drop caused by sudden disturbances, 
and (v) improves power supply reliability. 

Protection equipment-based load shedding methods: 
 In [26] an adaptive tuning of frequency thresholds 

using voltage drop data in decentralized load shedding 
is proposed. Protective relays were installed at 
different locations and used to measure and monitor all 
local voltages. The developed algorithm was 
programmed in DIgSILENT Power Factory software 
environment and tested by simulation. No real-time 
implementation. An IEEE 39 bus system was used to 
validate the algorithm; 

 A conventional UVLS executed by protective relays 
was introduced in [27] using a Voltage Stability (VS) 
violation algorithm based on decentralized 
configurations. The relays were configured to operate 
at fixed time delay and threshold voltage. This method 
leaded to unnecessary load shedding and the system 
experienced overvoltage; 

 An UVLS scheme that adopted the least square curve 
fitting algorithms to calculate the number of loads that 
need to be shed during abnormal conditions was 
developed and implemented using Phasor 
Measurement Units (PMU) in [28]. It was determined 
that the implementation of the schemes using PMUs 
provided for the case of Wide Area Networks faster 
measurement, detection of the voltage instability and 
implementation of the load shedding; 

 In [30] a new Special Protection Scheme (SPS) in 
order to mitigate voltage collapse against 
predetermined contingencies is developed. The new 
SPS algorithm utilizes the Voltage Stability Margin 
(VSM) of the system. The load shedding scheme 
optimizes the load to be shed and minimizes the 
deviation from the nominal voltage. The algorithm 
also uses the fuzzy-based theta gravitational search 
techniques. A power system from Khorasan area in 
Iran was used as a case study. It was simulated in 
PSS/E software; 

 Global and local strategies for load shedding with an 
idea to preserve the energy supply to high priority 
loads within quality standards was presented in [31]. 
The developed algorithm for the load shedding scheme 
is based on three fundamental premises: includes both 
active and reactive powers at each bus, the whole load 
in a bus is shed and the decision of load shedding is 
implemented before the actuation of voltage and 
frequency protective devices. A Monte Carlo 
simulation was used to validate the proposed 
algorithm. An IEEE 37 Node Test Feeder was used to 
conduct the study; 

 In [34] an automation scheme for emergency operation 
of a multi-microgrid industrial park was proposed. A 

hybrid under-voltage/under frequency islanding 
scheme was developed. The scheme was based on 
multi-step methodology where predefined sets of 
lower priority loads need to be shed in order to 
stabilize the system; 

 In [38] a new under-impedance load shedding (UILS) 
scheme was presented. The proposed method used a 
quadratic distance relay. The concept was based on 
monitoring the trajectory of load impedance by the 
proposed UILS relay. The new under-impedance load 
shedding scheme was tested on various networks, 
including a real power system model. Based on the 
results UILS was proving to operate efficiently. 

Today’s engineers encounter a variety of problems 
when consider the design, operation, and control in power 
systems. Power system network needs to be reliable, 
stable and supply power continuously without any 
interruptions. One way of solving such a problem is by 
using adaptive load shedding schemes in order to keep the 
power system stable even when the power supply is less 
than the load demanded level at that particular time. The 
analysis of the literature on the main approaches for 
development of Under Voltage Load Shedding schemes 
leads to the following conclusions: 
 Most of the approaches are theoretical and based on 

various types of Mathematical programming 
optimization methods. The proposed algorithms are 
validated only by static simulations. The real- time 
conditions of the power network are not taken into 
consideration, which is a serious drawback of the 
current literature as the load shedding requirements 
appear during the dynamic behavior of the network. 
Not effort is made for development of dynamic models 
and methods; 

 The same problems can be seen in the literature 
considering voltage stability indexes and proposing 
adaptive Under Voltage Load Shedding schemes. The 
utilities and industry prefer the new developed 
methods and algorithms and feasibility study to end up 
with a practical implementation for the testing and 
validating of the results; 

 The other drawbacks with the existing schemes are the 
lack of adaptation towards the disturbances and the 
behavior of the system during the period of instability. 
UVLS schemes still have not found a good solution 
when the correct amount of load to be shed has to be 
determined, to select the type of load to be shed and to 
reduce the execution time of the load shedding 
operation; 

 The problem for Under Voltage Load Shedding 
schemes development for the case of multi-area 
interconnected power systems is considered in a little 
number of papers as for example [28] and the real-time 
implementation of the UVLS schemes for multi-area 
power systems is not considered; 

 The recent literature describing the protection 
equipment-based load shedding methods has a 
realistic approach and considers implementation of 
new under voltage algorithms (more complex than the 
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protection ones) to be implemented in real devices as 
protective Intelligent Electronic Devices and Phasor 
Measurement units. Some of the proposed algorithms 
are simulated in real-time, but some papers use again 
steady state type of simulations; 

 The traditional ways of the power system networks 
simulations have disadvantages when compared to the 
real-time simulation. One of the most noted 
disadvantages is the speed of executions of the 
simulation. The advantage of using a real-time 
simulator is the fact that it can be integrated with the 
physical equipment, and studies such as closed-loop 
testing of protection relays can be implemented; 

 The real-time simulator can be used to connect to the 
physical equipment and run the power system 
simulation in real-time to test the performance of the 
used devices. It opens a large spectrum of possibility 
to provide a range of advanced tests that are required 
by the power utilities.  

The proposed adaptive load shedding scheme is 
designed based on the understanding of how the 
generation up to the load demand operates in real-time. 
The intention is to overcome the drawbacks of the existing 
in the literature and industry UVLS schemes as listed 
above by proposing a new scheme capable to be 
implemented in real-time. The aim of this paper is to 
develop and implement in real-time an adaptive Under 
Voltage Load Shedding (UVLS) scheme for a distribution 
multi-area power network.  The proposed fully 
decentralized adaptive multi stages UVLS controllers are 
implemented in soft Intelligent Electronic Devices (IEDs) 
in the RSCAD software environment of the Real-Time 
Digital Simulator (RTDS). The performance of the 
developed dynamic closed loop adaptive UVLS scheme is 
evaluated in real-time under various load contingencies.  

Deliverables of the paper are as follows:  
1. The existing model of the IEEE 39 bus system is 

represented as a four-area interconnected power 
system model. This model is programmed in the 
RSCAD, the software environment of the Real-Time 
Digital Simulator (RTDS) and load flow simulation in 
real-time is performed; 

2. Methodology for power system stability margins 
determination based on the use of the P-V curve 
dependencies and the RTDS application is developed; 

3. Real-time implementation of the methodology for 
determination of the voltage stability margins is 
performed in the RSCAD software environment of the 
RTDS; 

4. A new controller of the process of gradually load 
increase in order to create load contingency in the 
RSCAD environment is developed. The contingencies 
that lead the power system to instability are 
investigated; 

5. New algorithm for adaptive UVLS scheme based on a 
multi-stage load shedding operation and on 
prioritization of the amount, order and location of the 
loads to be shed is developed; 

6. New multi-stage decision making logic algorithms and 

load shedding logic controllers for the decentralized 
type implementation of the adaptive load shedding 
process in the real-time environment of the 
RSCAD/RTDS are developed; 

7. Soft Intelligent Electronic Devices (IEDs) to 
implement the multi-stage decision making logic 
algorithms and the load shedding logic controllers are 
developed and implemented in the RSCAD/RTDS 
environment; 

8. A new closed loop adaptive under voltage load 
shedding scheme to return the network to stability is 
developed and implemented in the RSCAD/RTDS 
environment. The performance of the multi-area 
power systems is investigated during the load 
contingencies and the control action of the UVLS 
scheme and the obtained results are analyzed. 

III. The Basic Concepts Related  
to the Voltage Stability 

The voltage stability analysis in power systems 
involves two aspects. The first one is proximity to voltage 
instability. This aspect deals with how close the system is 
to voltage instability, supposed it operates at a particular 
loading condition and starts to become voltage unstable at 
a critical load condition. The questions are: at what point 
of loading the system starts to be unstable and what is the 
distance between the stable and unstable statuses of the 
system? The second aspect is to find out the reasons, the 
key factors and the mechanisms of voltage instability, 
meaning how and why the instability occurs. On the basis 
of the above investigations, the most effective measures 
for improving of the voltage stability have to be 
determined. There may be certain portions of the system 
that are more prone to voltage instability. These voltage 
weak areas have to be determined in order correct 
measures to be taken to make these areas stronger by 
either injecting or installing more sources of reactive 
power. The paper gives answers to the above questions by 
development of a UVLS scheme on the basis of the 
fundamental dependencies between the voltage, power, 
and current in power networks with loads and proposes 
methods and algorithms for real-time implementation of 
the scheme. 

III.1. Fundamental Dependencies  
in Power Networks with Loads 

In order to understand the basic features of the concepts 
of voltage stability, a basic power network shown in Fig. 1 
is considered [19]. The network consists of a voltage 
source 0s sE E    connected to a load whose impedance 
is LD LDZ Z    and this load is supplied through a 
transmission line whose impedance is denoted as 

LN LNZ Z    where   is the phase angle of the load 
impedance and   is the phase angle of the line 
impedance. 
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Fig. 1. The basic power network [19] 
 

The complex power consumed by the load is denoted as 
R RP jQ . The objective is mathematically to derive all 

variables of the power network that influence the voltage 
stability in order to receive better understanding of the 
mechanisms leading to voltage instability, so that an 
adaptive algorithm for improving voltage stability can be 
developed. The first step is to derive a mathematical 
expression of the received voltage RV  in terms of the 
various parameters of the network. The current I  that 
flows in this network is written as the voltage SE  divided 

by the sum of the two impedances  LN LDZ Z  as shown 
in Eq. (1) below: 
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The expression for the magnitude of the current I  can 

be written in terms of the source voltage SE  divided by 
the parameters of the line and the load impedances as 
shown in Eq. (2) below [19]: 
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Further the current I  in (2) can be expressed as: 
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where F  is defined as: 
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Now the magnitude of the voltage at the load end can 

be written as: 
 

 R LDV Z I  (5) 
 

The next step is to substitute current I  in (5) by its 

expression in (3) and RV  is then obtained as: 
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R S

LN

ZV E
ZF

  (6) 

 
The real power RP  received by the load is expressed as 

follows: 
 

 cosR RP V I   (7) 
 

Substituting RV  in (7) with its expression from (6), 
equation (8) is developed: 
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The three variables: the voltage across the load RV , the 

power RP  and the current I  which are drawn by the load 
are derived. Therefore, it is necessary to plot the variations 
of these three variables in order to understand the voltage 
stability concept in the power system networks. The 
receiving end voltage, power and current are represented 
in terms of per unit values on the y-axis and the 

normalized impedance LN
LD

Z
Z   on the x-axis of the 

graph shown in Fig. 2. The graph helps to explains three 
different operating conditions that lead to voltage stability 
problems in power system distribution networks. These 
conditions are normal, critical and abnormal operations. 
In a scenario where the load demand increases the LDZ
decreases causing RP  at first to increase rapidly for some 
time while RV  decreases.  

At a point in the graph where RP is intersected by RV , 
the system is said to be stable and operating normally 
although the voltage RV  has dropped from 1pu to 0.8pu.  

After this intersection point RP  increases slowly 
before reaching its maximum value.  

 

 
 

Fig. 2. The plots for I,VR and PR [19] 
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simulator has been developed t
power system applications [23]. The RTDS performs 
real
determine the behaviour of the systems under study. It has 
a digital parallel processing hardware architecture that is 
capable of 
networks in real
benchmark for performing real
simulation
and control system Hardware

the research institutions for testing and commissioning of 
the electrical equipment. The advantage of using the 
RTDS is that it created a platform where it is safe for a 
human to test and cont
systems. It also provides a cheaper and safe way to study 
power system concepts that are dangerous and costly to
implement
bus system was 
system consists of 39 buses, 10 generators, 19 loads, 34 
lines and 12 transformers. This network was first 
presented 
and since then it has been used for scientific research and 
publication
network model consists of the following voltage levels 
345kV, 138kV, 230kV, 
at a normal frequency of 60Hz
considered
presented as an interconnected 4
is modeled
4. This 4
development in the simulator and gives possibilities for 
better understanding of 
network. The 
in such a manner that the RTDS rack1is hosting Area B, 
rack 2 is hosting Area D, rack 3 is hosting Area A and rack 
4 is hosting Area C respectively. This was done to 
accom
RTDS.
RSCAD/Draft module. This part of the software produces 
a window where on the left
system is 
which the simulation will be operated is given. On the 
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and to check if the voltages at all points are within the 
specified limits 
point include 
areas. They are recorded and the runtime module is used 
as the tool to analyze 
also include the voltage profiles
bus
amount of loads for th
voltages results are shown in Fig. 6. The system is stable 
at this 

04, Bus 07, Bus 08, Bus 13, Bus 31 and Bus 39 are 
monitored. The active pow
500MW, PL7= 233.8MW, PL12=7.5MW, PL31= 9.2MW, 
and
are all within the voltage limits of 0.95pu to 1.05pu. Fig. 6 
also shows the initial load, the demand, 
the three g
the three generators is monitored too. 

ten are presented, it is important to note that they are all 
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25 are monitored. It can be seen that the voltages are 
within the limits. This area has two generators which also 
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area C which drops to 0.9458
voltage which drops to 0.9483
Bus 20 which also dropped to 0.9496
voltages of these buses dropped below 
voltage limit they did not affect the power system stability 
but the system is now close to the maximum loadability 
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point it still has a good chance to return to voltage 
stability.
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A when the loads are increased 
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are 322
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The results show that when the system is overloaded by 
46% the voltage drops below the limits. The generator 
voltage regulators are then triggered and the voltages 
increase a little but the regulators are not efficient enough 
to maintain it. After some time, the voltage decreases 
again. The behavior of the voltages in all load buses of the 
4-area system is similar. The first critical point is 
determined by increasing the loads until the system 
reaches its maximum load margin. This point is found to 
be at 27% increase of the total loads and it gives an idea of 
to how much the loads can be increased before the system 
collapses. It is critical to know this point so that when a 
protection scheme is implemented the maximum limit is 
known.  

The other critical point is this in which the load flow 
diverges, meaning the system can no longer recover its 
stability. This point is found to be when the total system 
load is increased by 46%. It can be seen that the network 
was brought to a collapsed state. It must be said that at this 
point all other means to stabilize the network are assumed 
to be implemented. Therefore, the last resort that needs to 
be implemented is the Under-Voltage Load shedding 
scheme. Under voltage soft Intelligent Electronic Devices 
(IEDs) are developed to implement the under-voltage load 
shedding in real-time. The concept that is adopted is based 
on the decentralized implementation of the UVLS 
scheme.  

The IEDs are installed in all load buses. In order to 
avoid repetition in this paper, only one load bus 
configuration of the IED for the load bus is explained in 
detail. However, the other IEDs configurations are the 
same. The soft IEDs used are from the RSCAD software 
module. An algorithm is developed to implement the 
protection logic of the soft IEDs. 

VI. Development and Implementation of 
the UVLS Scheme 

VI.1. The UVLS Logic Scheme Implementation Using 
Soft IEDs in RTDS Software Environment 

Traditionally the existing schemes start shedding a bulk 
amount of loads at the location in order to stabilize the 
system. The proposed adaptive load shedding scheme 
does not operate in the traditional manner. The method 
developed for the adaptive load shedding scheme is based 
on distributing the load to be shed among the whole 
network. This is done by means of first discovering the 
total percentage of loads that need to be shed and second, 
distribution of this percentage to be shed equally among 
all individual loads based on their prioritization. The load 
prioritization is pre-defined for the participating loads.  

The developed control scheme is shown in Fig. 18. The 
setpoint value of the voltage for the load shedding is 
defined as 0.95 pu. This value is constantly evaluated.  

This setpoint is continuously compared with the 
measured voltages at the load buses. When the magnitude 
of the measured voltage of the load bus is lower than the 
setpoint value, the difference is then sent to the controller.  

The controller calculates the volume of the 
disturbances (overload or increase in load demand) and 
sends the required data (trip signal) to the actuator (IED) 
to take the action in the power system network (such as 
tripping the breaker and shedding the loads). Once this is 
completed a feedback signal (from the breaker that is open) 
is sent to be compared with the setpoint input and the next 
control action is implemented. This control system works 
until the process variable is equal to the setpoint value. 

Shedding of the required loads is implemented in 
stages in order to avoid over shedding. The configuration 
of the installed IEDs is based on comparison of the 
minimum measured phase voltage to the selected 
threshold voltage. The voltage thresholds setting points 
are configured for the different stages of the load 
shedding.  

The first stage is normally set to 95% of the normal 
voltage with some time delay between 0 to 1 second. (it is 
the time taken by the process to analyze the disturbance 
and then to make a decision). In this case, since the 
considered network is for high voltage, the first level is set 
for 95% of the normal voltage. The second stage is 
normally set to 93% of the normal voltage with a time 
delay and the third stage is set to 90% of the normal 
voltage with a time delay as well. The proposed block 
diagram controller used for the UVLS scheme 
implementation as a soft IED in the RSCAD environment 
is shown in Fig. 19(a). The proposed under voltage load 
shedding algorithm in Fig. 19(b) is constructed with three 
sets of RSCAD function block components, namely the 
comparator function block also known as IF-THEN-ELSE, 
the Pick-up and drop off timer and the Logic SR flip-flop. 
In this case, three sets of the comparator function blocks 
are used where each has two inputs which are represented 
as A and B respectively. The inputs for the first 
comparator function block are defined as VT_OUT for the 
signal connected to the input B of the comparator and a 
floating-point constant is connected to the input signal A 
of the comparator. In this case, the floating-point constant 
is programmed to operate for the reference voltage of the 
stage 1. The VT_OUT signal is controlled by the inputs 
measurements that come from the Voltages Transformers 
(VTs). The function of the first comparator block is to 
constantly measure the two input signals and compare 
them. In a case where input A is equal to or less than the 
input B, the output of the comparator produces an output 
Y as high value which is represented by a number one. 
This case occurs when the load bus voltage drops due to 
overloading. During the normal operation of the power 
network, the input B of the comparator must be higher 
than the input A and therefore the output Y of the 
comparator function block stays low, which is represented 
by a number zero.  

 

 
 

Fig. 18. Closed loop control scheme installed on all load buses 
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The load voltages steadily rise with every stage of the 
algorithm and at the end of the third stage recover to their 
values before the load contingency. These experiments 
show that the developed load shedding scheme adjusts 
well to the magnitude of the disturbances. When the 
voltage instability occurred, the logic algorithm of the 
UVLS scheme immediately start implementing the 
proposed 3 stages of load shedding. The results obtained 
provided a better understanding and allow deep analysis 
of the UVLS scheme. It can be concluded that the 
developed logic controller in the soft IEDs work 
successfully in real-time. It is also important to note that 
when the loads are shed in three stages, the condition of 
overvoltage is addressed. During load shedding the 
voltage gradually increases and does not reach the upper 
limit of 1.05pu. This is a good achievement as over load 
shedding is not possible with the proposed load shedding 
logic controller. The load bus voltages are able to stabilize 
in a shorter time in comparison with the time used for 
implementation of only one stage load shedding. The 
proposed algorithm speeds-up the operation of the UVLS 
scheme.  

Comparison of the developed in the paper algorithms 
for development and implementation of UVLS scheme 
with different state of the art optimization-based, 
index-based, adaptation-based and protection 
equipment-based algorithms and methods leads to the 
conclusion that the algorithms based on optimization (also 
for the cases of indexes and adaptation) are not created 
and developed for real-time implementation as they are: 
 Computationally complex and need long time to 

complete the calculations; 
 Consider only one criterion to be optimized; 
 Most of them develop algorithms to minimize the load 

to be shed, which requires a lot of time for calculations 
too; 

 Algorithms are capable to reach only local optimum 
and propose a solution for a part of the system. It is 
necessary to repeat the algorithm for the various parts 
of the network, which requires long time; 

 The decisions are not obtained in real-time. Load 
shedding plans are normally generated through static 
simulation in advance and can be used for certain load 
conditions in the network. The results from their 
application are not adequate to the current behavior of 
the system; 

 The load shedding is implemented as one stage 
procedure which leads to possibilities for over or 
under load shedding creating conditions for under or 
over voltages. 

On the basis of the above it can be said that the 
optimization-based, indexes-based and adaptation-based 
algorithms for load shedding are slow, cannot reduce the 
losses of the network in real-time, they are not sensitive 
and accurate according to the real-time behavior of the 
power network, and are not reliable and flexible for 
real-time application as the decisions are taken not in 
real-time and do not depend on the configuration, type, 
voltage level and structure of the network. 

VIII.  Conclusion 
This paper focuses on the development of an 

multi-stage adaptive closed loop UVLS scheme for 
multi-area power networks. It is based on the new UVLS 
logic controller developed in RSCAD software 
environment. The logics are implemented as a protection 
mechanism and implemented as under voltage elements in 
the RSCAD soft IEDs. The IEEE 39 bus system is 
considered as a case study and modeled in the draft RTDS 
module of the RSCAD software. This case study uses the 
developed loadability procedure to test the proposed logic 
controller. The developed multi stage adaptive load 
shedding algorithms and controllers contribute to the 
growth of knowledge and real-time implementation of the 
UVLS schemes in single and multi-area power networks.  

These algorithms and methods optimize the closed loop 
load shedding scheme in relation to: 
 Minimum time for implementation in real-time 

conditions based on the adaptation to the load 
conditions and the continuous monitoring of the 
network behavior; 

 Minimum economic losses and reliability increase in 
the power system operation because of the real-time 
system monitoring and the fast operation of the 
controllers; 

 High sensitivity and accuracy of the algorithms and 
controllers towards the loads and generators behavior 
changes resulted in the exact amount, type and 
sequence of load to be shed and a protection against 
the under or over load shedding; 

 Flexibility according to the type, configuration, 
voltage level and structure of the power network due to 
the building principle of these algorithms and methods 
being the P-V curve operational characteristics of the 
power network and the balance between the generation 
and load in real time. Only real-time operational data 
for power and voltage are necessary for 
implementation of the algorithms. This fact makes the 
proposed scheme wide applicable. 

Another type of contribution is towards the 
development of new models and software for extension of 
the RSCAD software environment, as follows: 
 The UVLS logic of the soft IEDs is developed and 

operated successfully in the framework of RSCAD 
software. The soft IEDs also brought an extension to 
the RSCAD IED models in the RTDS library in terms 
of capability to do load shedding in stages; 

 The developments in this paper extended the 
capability of the RSCAD software to be used for more 
advanced power stabilities studies; 

 The existing software environment of RSCAD could 
only operate for one stage of the load shedding. It is 
dangerous to just operate using one stage. It might lead 
to under or over shedding which may cause other 
problems in the power systems. Therefore, the 
developed soft IEDs for UVLS schemes brought a 
safer, reliable, and flexible solution for the 
RSCAD/RTDS real-time environment. 
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The further developments of the proposed multi-stage 
adaptive load shedding scheme will be in the following 
directions: centralized implementation, development of 
new adaptive controllers for the case of integration of the 
Distributed Energy Resources to the multi-area power 
network, and development of a methodology and 
controllers to achieve balance between reserve utilization 
and load shedding in the case of generators contingencies.  

From real-time implementation point of view, the soft 
Intelligent Electronic Devices will be substituted by 
Industrial grade IEDs and the developed schemes will be 
built for Hardware in the Loop with RTDS real-time 
simulation. 
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