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A B S T R A C T   

This manuscript recommends an under-voltage load shedding scheme based on the sensitivity of dynamic voltage 
curves to mitigate voltage collapse in highly stressed power systems. The developed method can be used to 
determine the minimum amount and proper locations of load curtailment by considering power system dynamics 
including dynamic load modeling. The selected Indonesian regional system has a large number of dynamic loads 
in form of air conditioning and water pump loads whose dynamics contribute considerably to the complexity of 
the power system stability. Loss of the transmission line in the system caused by the impact of the composite load 
after major disturbance is studied. The proposed scheme involves an iterative procedure based on the sensitivity 
analysis of the dynamic voltage curve to solve the problem of load shedding. Furthermore, this work developed a 
new index named dynamic voltage-active power sensitivity (DVPS). The DVPS is calculated in all load buses to 
give information about the bus that has a predominant influence on improving system voltage stability through 
load shedding. Dynamic simulations are carried out with an Indonesian power system, the South Sulawesi 
interconnection power system with the proposed load shedding scheme. The results of this work show a note
worthy improvement in the magnitude of the voltage level as well as the voltage stability margin.   

1. Introduction 

1.1. Background and motivations 

Since the last century, the stability of the electric power system has 
been believed as an important precondition for a secure and stable 
operation of the power system [1]. As the power system expands to a 
more complex and highly stressed system, with the increasing number of 
interconnections, renewable energy resources integration, direct current 
transmission system as well as electricity market, the problem of voltage 
stability also becomes more crucial, since the stability characteristics of 
the system become more complicated than before [2]. During the power 
system scheduling and operation, the problem of voltage stability has 
been of major interest, due to the considerable amount of system failures 
caused by voltage instability which is usually caused by a power outage 
or a sudden increase in load. There are two common defense measures to 
prevent voltage instability, namely preventive measures, and corrective 
measures. Preventive measures are taken in a pre-contingency state to 
improve the margin of voltage security, while corrective measures are 

usually carried out during post-interference configurations to reinstate 
system stability. Among the various precautions that can be imple
mented to preclude voltage instability, under-voltage load shedding 
(UVLS) becomes more acceptable as an inexpensive and reliable 
corrective measure. Nevertheless, the UVLS must be the final remedial 
defense when no other alternative is available to prevent the possibility 
of a voltage collapse. UVLS plays an important role in power system 
control and stability when the system is experiencing major disruptions. 

The load shedding design must be "robust". The UVLS design must 
cover sufficient load to be shed but simultaneously not be over-sensitive. 
The philosophy of UVLS is that if there is a disturbance in the system and 
the voltage drops to a certain predetermined level within a certain 
period then a predetermined amount of load is shed from the system [3]. 
The purpose is that the system voltage returns to its stability limit when 
a certain amount of load is disconnected from the system. 

Research and experience have proven that UVLS is an excellent 
countermeasure against voltage instability. In this part, we will provide 
a brief overview of UVLS using the IEEE 14 bus Reliability Test System as 
shown in Fig. 1 as an example. It is assumed that there is an outage 
between bus 6 and bus 13. Fig. 2 (a) and (b) show the voltage drop after 
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the fault across all buses and the critical buses, respectively. Then Fig. 2 
(c) demonstrates the voltage recovery after load shedding. 

1.2. State-of-the-art of power system under-voltage load shedding 

Various research had been conducted to investigate preventive and 
corrective actions to preclude instability using voltage stability analysis, 
which is an imperative instrument for predicting probable instability 
and generally can be categorized into static, quasi-static, and dynamic 
voltage stability analysis. In the literature, numerous methods have been 
utilized to design effective UVLS schemes. Most of them use static or 
dynamic voltage stability analysis. This section will provide an overview 
of existing UVLS methods. The authors in [4] developed an optimization 
model with relaxation restrictions to compute minimal load shedding. A 
load shedding based on modal participation factors was proposed in [5] 
to identify load shedding location. The multistage method for deciding 

the location and minimum amount of load curtailment was presented in 
[6]. The author in [7] developed UVLS based on integer value modeling 
and presented the interruption penalty factor for feeders and the 
participation penalty factor for buses to minimize the total curtailment 
of the load. A load shedding was designed by using Particle swarm 
optimization (PSO) in [8]. Teaching learning-based optimization 
(TLBO) was implemented in [9] for load shedding and the locations for 
load shedding were determined by using the severity index sensitivity. 
The work in [10] formulated an improved risk-based AC 
security-constrained optimal power flow (RB-SCOPF) for load shedding 
amount. Another OPF based UVLS to determine the amount, place, de
gree, and timing of load shedding to maintain a predetermined voltage 
stability margin was proposed by [11] and Linear optimization-based 
optimal power flow (LP-OPF) for load shedding was suggested by 
[12]. The work in [13] established load shedding requirements of the 
extended equal area criterion (EEAC). The authors in [14] recom
mended a technique for determining load shedding location by taking 
into consideration multi-contingencies by tracking the stability index 
and for computing load shedding amount by using a modified fuzzy logic 
system. Hybrid Imperialist Competitive Algorithm-Pattern Search 
(HICA-PS) was employed for load shedding in [15]. In paper [16], the 
authors presented a load shedding scheme by using the eigenvalue of the 
Jacobian matrix to determine load shedding location and using Genetic 
Algorithm (GA) and Neural Network (NN) to compute load shedding 
amount. However, these UVLS schemes were developed based on the 
static voltage analysis approach. The drawback of the static voltage 
analysis technique is that it cannot justify the dynamic character of the 
occurrences of voltage collapse. The static and quasi-static voltage sta
bility analyses are based on the power flow snapshots and these methods 
do not take into consideration the dynamic modeling of the system. On 
the other hand, time-domain simulations hold an important role in 
assessing the voltage collapse phenomena mechanism. 

The studies in [17-21] investigated UVLS schemes based on 

Nomenclature 

DVPS dynamic voltage-active power sensitivity 
UVLS under-voltage load shedding 
VSM voltage stability margin 
E′

d d-axis stator transient voltage related to rotor transient flux 
component 

E′

q q-axis stator transient voltage related to rotor transient flux 
component 

E∗
f field voltage 

H inertia constant 
Id d-axis element of stator current 
Iq q-axis element of stator current 
T′

do d-axis transient time constant 
T′

qo q-axis transient time constant 
T′′

do d-axis subtransient time constant 
T′′

qo q-axis subtransient time constant 
T∗

FW extra damping torque in comparison to rotor speed 
TM mechanical torque 
X′

d d-axis transient reactance 
X′

q q-axis transient reactance 
X′′

d d-axis subtransient reactance 
X′′

q q-axis subtransient reactance 
Xls armature leakage reactance 
δ generator rotor power angle 
ψd subtransient EMFs as a result of d-axis damper flux linkage 
ψq subtransient EMFs as a result of q-axis damper flux linkage 

ω generator rotor angular speed 
ωs generator synchronous rotor speed (2πƒ) 
PLi active load on the bus i 
QLi reactive load on the bus i 
P0

Li active load according to the initial bus voltage 
Q0

Li reactive load according to the initial bus voltage 
αP constant impedance element of the active load 
αQ constant impedance element of the reactive load 
βP constant current element of the active load 
βQ constant current element of the reactive load 
γP constant power element of the active load 
γQ constant power element of the reactive load 
Vi actual operating voltage at bus i 
Ps(V) steady state active power load as function of voltage 
Qs(V) steady state reactive power load as function of voltage 
Pt(V) transient active power load as function of voltage 
Qt(V) transient reactive power load as function of voltage 
Pd instantaneous active power 
Qd instantaneous reactive power 
Tp active power time constant 
Tq reactive power time constant 
xp active power load state variable 
xq reactive power load state variable 
Pshedj load shedding quantity on bus j 
nk critical buses number 
tk instantaneous time 
ts number of instantaneous time  

Fig. 1. The IEEE 14 Bus Reliability Test System.  
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time-domain simulations. A UVSL based on adaptive model predictive 
control (MPC) was developed by [17]. A remedial action scheme (RAS) 
was created in [18] where candidates for load shedding location were 
ranked according to their categories and influences on the system sta
bility and enactment. The authors in [19] analyzed the impacts of grid 
behavior with various UVLS schemes. The study in [20] presented a 
wide area voltage stability index-based load shedding scheme and used a 
modified Discrete Imperialistic Competition Algorithm (DICA) to solve 
the load shedding. Even though these studies proposed UVLS based on 
time-domain simulations, yet in these works, detailed load modeling 
(static and dynamic load models) are not considered. Nevertheless, load 
modeling is important and holds a vital part in the assessment of dy
namic voltage stability as well as the design of UVLS, hence proper 
modeling of the load will give a significant impact on the accuracy of the 
simulation results. 

1.3. Contributions of this paper 

Based on the discussion above, there were a considerable number of 
research works that have investigated and proposed different UVLS 
schemes. However, these studies have no consideration for detailed load 
modeling and do not fully take into account the system dynamic 
modeling particularly from the majority proportion of induction motor 
loads in a power system. 

In the modern power system with a substantial quantity of air con
ditioning loads, with only a static load model in time-domain simulation 
is inadequate to evaluate the process of voltage collapse. Especially in 
Indonesia, several systems are featured with significant air conditioning 
and pumping loads. As the power system becomes profoundly stressed 
and works at its boundaries with reduced capacity and stability margins, 
a more precise representation of load characteristics becomes more 
vital. Instability in a power system with a considerably large quantity of 
dynamic motor loads can result in slow voltage improvement or rapid 
voltage drop [22]. The deficiency of dynamic load modeling in the time 

Fig. 2. Voltage performance after disturbance and load shedding. (a) Voltage drop across all buses (b) Voltage drop across the critical buses (c) Voltage recovery after 
load shedding. 
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domain simulation is assumed to be the main reason for the in
consistencies between real measurements and simulation outcomes 
[23]. Motors have trouble accelerating after main interruptions and can 
distress voltage profile improvement [24]. Induction motors may stall 
and draw high currents and result in an increase in voltage drop in some 
areas in the system. To plan a robust UVLS scheme, it is essential to 
precisely represent the load model inclusive of induction motors. 
Therefore, for financial reasons, it is crucial to determine a technique for 
optimum and more precise load shedding that incorporates dynamic 
induction motor models. 

In this paper, a new analytic and systematic method is suggested to 
design a strategic under-voltage load shedding scheme that incorporates 
dynamic voltage sensitivity analysis as an approach for computing the 
amount and location of load curtailment in a power system. The 
developed method comprises an iterative procedure that calculates the 
bus dynamic voltage sensitivities concerning the amount of load shed
ding. At each stage, the load shedding quantity is set to a small amount 
of about 1% of the total load. Additionally, a new formulation, namely 
dynamic voltage-active power sensitivity (DVPS) is created based on 
dynamic voltage sensitivities to decide the location of load shedding. 
Furthermore, the proposed UVLS scheme is evaluated based on the 
voltage stability margin. The amount of load shedding 1% for each 
iteration is considered sufficient to calculate the total amount of load 
shedding. However, it is possible to reduce the amount of load shedding 
per iteration. A more optimal amount of total load shedding can be 
obtained but more iterations are required. On the other hand, increasing 
the amount of load shedding per iteration will result in the possibility of 
a more calculated amount of load shedding than is needed (over 
shedding). 

Therefore, to fulfill this imperative research gap, this work aims to 
deliver these novel contributions:  

i A new UVLS scheme is developed using dynamic voltage stability 
analysis;  

ii Detailed static and dynamic load modeling are considered, and load 
compositions are included for a more realistic, reliable, and effective 
UVLS design; and  

iii A new formulation of dynamic voltage active power sensitivity 
(DVPS) is formulated to determine the location and amount of load 
shedding. 

The UVLS method developed in this paper involves multistage or 
iterative solutions. The main reason for this iterative process is to 
minimize the load shedding amount by analyzing its dynamic sensitivity 
with a small amount of load shedding for every iteration until the system 
is stable hence the optimal or minimum amount for load shedding can be 
obtained. 

The remainder of this paper is organized as follows: Section 2 pro
vides an explanation about power system modeling for the UVLS design. 
Section 3 outlines the proposed methodology: the dynamic voltage 
sensitivities enhanced UVLS scheme. Section 4 specifically gives infor
mation about the South Sulawesi system in Indonesia. Section 5 provides 
the results and analysis then Section 6 concludes the research key out
comes. These work results are expected to deliver a better set of UVLS to 
deal with the possibility of voltage collapse occurrence, particularly in 
the South Sulawesi power system. 

2. Power systems modeling for under-voltage load shedding 
studies 

The first step of dynamic voltage stability assessment is to have a 
reliable power system model. This includes key elements of a power 
system, i.e. generators, network, and loads for both steady-state and 
dynamic. The following section describes the system modeling for the 
proposed UVLS scheme. 

2.1. Synchronous generator modeling 

The synchronous generator model employed in this work is the 
detailed 6th order synchronous machine model. The 6th order synchro
nous machine model considers four windings with the existence of a 
field circuit and supplementary circuit by the d-axis and two further 
circuits through the q-axis. Nevertheless, the network and stator tran
sients in the 6th order model are ignored. The dynamics generated by 
these transients are negligible and would give slightly conservative re
sults, which are more suitable for dynamic analysis, predominantly for 
fast screening to identify and recognize all critical and unstable conse
quences [25]. In dynamic voltage stability, the differential equations 
overseeing the sub transient behavior of the 6th order synchronous 
machines are given by the following equations [26], 

T ′

do

dE′

q

dt
= − E′

q −
(
Xd − X ′

d

)
[

Id −

(
X ′

d − X′′
d

(
X ′

d − Xls
)2

){
ψd +

(
X ′

d − Xls
)
Id +E′

q

}]

+ E∗
f

(1)  

T ′′
do

dψd

dt
= − ψd + E

′

q −
(
X

′

d − Xls
)
Id (2)  

T ′

qo
dE′

d

dt
= − E′

d

+
(

Xq − X ′

q

)
[

Iq −

(
X ′

q − X′′
q

(
X ′

q − Xls

)2

)
{

ψq +
(

X ′

q − Xls

)
Iq +E′

d

}
]

(3)  

T ′′
qo

dψq

dt
= − ψq + E′

d −
(

X ′

q − Xls

)
Iq (4)  

dδ
dt

= ω − ωs (5)  

2H
ωs

dω
dt

= TM −

(
X′′

d − Xls

X ′

d − Xls

)

E′

qIq −

(
X ′

d − X′′
d

X ′

d − Xls

)

ψdIq −

(
X′′

q − Xls

X′

q − Xls

)

E′

dId

+

(
X ′

q − X′′
q

X ′

q − Xls

)

ψqId −
(

X′′
q − X′′

d

)
IdIq − T∗

FW (6)  

2.2. Load modeling 

Load modeling is crucial and one of the most important elements in 
the dynamic voltage stability analysis included in the UVLS design. In 
this study, the load on each bus is demonstrated as a composite load 
model which is a combination of static and dynamic load components. 
Section 5 elaborates further details of the load configuration in this 
work. Fig. 3 shows the equivalent circuit of the composite load model, 
where Z is constant impedances; I is constant currents; P is constant 
powers; Xm is the magnetization reactance; Xs is the stator leakage 
reactance; Xr is the rotor leakage resistance; Rs is the stator resistance; Rr 

Fig. 3. Schematic circuit of the composite load model [27].  
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is the rotor resistance, and s is the induction motor slip. 

2.2.1. Static load modeling 
In general, loads depend on the voltage of a bus. Static load voltage 

reliance can be stated through exponential or polynomial equations. 
Static ZIP load modeling is commonly expressed as a voltage magnitude 
function on a particular bus connected to the load as [28], 

PLi(Vi) = P0
Li

[

αP

(
Vi

V0

)2

+ βP

(
Vi

V0

)

+ γP

]

(7)  

QLi(Vi) = Q0
Li

[

αQ

(
Vi

V0

)2

+ βQ

(
Vi

V0

)

+ γQ

]

(8)  

2.2.2. Dynamic load modeling 
Dynamic load modeling is essential for UVLS strategy since induction 

motors will slow down substantially when their terminal voltage de
clines because of short circuits. The common models for induction motor 
type dynamic loads are [29], 

Tp
dPd

dt
+ Vαt Pd = Vαt Ps(V) + αtTp

Pd

V
dV
dt

(9)  

Tq
dQd

dt
+ Vβt Qd = Vβt Qs(V) + βtTq

Qd

V
dV
dt

(10)  

where αt, αs, βt, βs, P1 and Q1 are constants independent of load busbar 
voltage V. 

3. Dynamic voltage sensitivities enhanced UVLS scheme 

3.1. Dynamic voltage active power sensitivity analysis 

The dynamic voltage active power sensitivity analysis is developed 
based on the dynamic voltage curve sensitivity analysis which is a 
method based on the linearization of the system that surrounds a 
particular tracking and utilizes time-domain simulations, which differs 
from the P-V curves that are usually used in steady-state voltage stability 
analysis. This process calculates the sensitivity of the dynamics associ
ated with constraints. Dynamic sensitivity can enumerate fluctuations in 
system variables in correlation to rapid alterations in system parameters 
and initial conditions. Computation of these sensitivities-based analyses 
can be found in [30] and discussed briefly below for completeness. 

A power system model can be demonstrated by the following 
differential-algebraic equations (DAEs) for a systematic voltage stability 
analysis: 

ẋ = f (x, y; α) (11)  

0 = g(x, y; α) (12)  

where x represents dynamic variables vector; y denotes algebraic vari
ables vector such as voltage magnitudes and angles of the load bus, and α 
symbolizes system constraints/parameters. 

The paths of (11) and (12) demonstrate the dynamic variables x and 
algebraic variables y performances, where movements of variables x and 
y can be expressed as, 

x(t) = ϕx(x0, t,α) (13)  

y(t) = ϕy(y0, t,α) (14) 

The Taylor series expansion is implemented in the above equations 
to acquire the movement sensitivities of ϕx and ϕy to the original situ
ations and parameter changes, hence 

Δx(t) = Δϕx(x0, t,α) =
∂ϕx(x0, t,α)

∂α Δα =
∂x(t)
∂α Δα ≅ xα(t)Δα (15)  

Δy(t) = Δϕy(y0, t,α) =
∂ϕy(y0, t,α)

∂α Δα =
∂y(t)
∂α Δα ≅ yα(t)Δα (16) 

The sensitivities of xα and yα are computed by using an approximate 
numeric method, consequently 

xα =
∂x
∂α =

Δx
Δα ≈

ϕx(x0, t,α + Δα) − ϕx(x0, t,α)
Δα (17)  

yα =
∂y
∂α =

Δy
Δα ≈

ϕy(y0, t,α + Δα) − ϕy(y0, t, α)
Δα (18)  

3.2. The dynamic voltage-active power sensitivity (DVPS) formulation 
and research algorithm 

The dynamic sensitivities of (16) and (18) are modified to encounter 
the main intention of this research. Although the Q-V curve is normally 
used for voltage stability assessment, however, to have a more 
straightforward indicator for direct load-shedding decision making, it is 
more convenient to have an indicator associated with active power (P). 
Therefore, we proposed the UVLS design by assessing the degree of 
change in voltage magnitude regarding the degree of change in active 
power. The variable y represents the bus voltage magnitude and the load 
shedding amount are denoted by α, then the bus voltage variation sen
sitivities after load shedding on a particular bus are calculated as, 

ΔV(t) = ΔϕV(V0, t, P) =
∂ϕV(V0, t,P)

∂P
ΔP =

∂V(t)
∂P

ΔP ≅ VP(t)ΔP (19)  

ϕVP =
∂V
∂P

=
ΔV
ΔP

≈
ϕV(V0, t,P + ΔP) − ϕV(V0, t,P)

ΔP
(20) 

The dynamic sensitivities are calculated to obtain the location of load 
shedding as well. A dynamic voltage-active power sensitivity (DVPS) is 
formulated to provide information about the participation of bus j after 
load shedding on bus j with a predefined amount to the enhancement of 
the system voltage stability. The premeditated sensitivity is [∂Vi /∂Pj], 
which expresses the degree of voltage magnitude variations on the bus i 
with the changes in load shedding amount on bus j. The DVPS on bus j is 
calculated by curtailing active power on bus j by a small quantity then 
evaluates its effect on all critical buses voltage magnitudes along with 
time domain, hence the DVPS is formulated as, 

DVPSj =
∑nk

i=1

[
∑ts

t=0

[
∂Vi

∂Pj

]

t=tk

]

∂Pj = ΔPj = Pshedj

(21) 

Where tk is the instantaneous time which is the time instant 
throughout the time domain simulation where the sensitivity value 
[∂Vi /∂Pj] is recorded to calculate DVPS and ts is the number of instan
taneous time which is the total of all the time instant where [∂Vi /∂Pj] is 
recorded. 

The bus with the highest DVPS has the predominant influence in 
improving the system voltage stability on the critical buses based on 
time-domain analysis, therefore this bus is chosen as a candidate for load 
shedding location. For better understanding, the stages for determina
tion of the amount and location of load shedding are illustrated through 
the flowchart in Fig. 4 whereas the computational procedures are 
explained in detail below: 

Step 1 Set of the load shedding quantity. In this research, the load 
shedding quantity is arranged at 1 % of the total load for each 
iteration. 
Step 2 Determination of a predefined set of contingencies, then se
lects a fault. 
Step 3 Execution of dynamic voltage stability analysis or time- 
domain simulation analysis to examine the voltage behavior for all 
buses in case of unforeseen circumstances. In this stage, the post-fault 
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voltage recovery on all buses is checked whether they are within the 
stability limit. If so, the process terminates. Otherwise, it indicates 
that the system needs load shedding to avoid possible voltage 
collapse, then go to Step 4. 
Step 4 Identification of critical buses and regions. The critical region 
is the region where neighboring buses experience voltage drop below 
the stability limit and they have similar voltage drop trajectory. 
Step 5 Calculation of DVPS using Eq. (21) to evaluate the influence of 
each load bus in the voltage stability recovery of the buses within the 
critical areas with load shedding quantity of 1% of the total load. The 
bus with the highest DVPS means that this bus is the most sensitive 
bus therefore it has the main influence on increasing the voltage 
magnitude with a small amount of load shedding. The location of 
load shedding is determined based on the highest DVPS value. 
Step 6 Application of load shedding on the designated bus with the 
highest DVPS. 
Step 7 Execution of dynamic voltage stability analysis to assess sys
tem operation after load shedding. At this point, further 

examinations are carried out to identify whether the post-fault 
voltage recovery performance on all load buses after load shedding 
satisfies the voltage stability constraints. If yes, the workflow pro
ceeds to Step 8 to conclude the process and write the results. Else, it 
indicates more load shedding, hence the framework switches to Step 
5. 
Step 8 Completion of dynamic UVLS scheme process, write the results 
and stop the process. 

3.3. Stability constraints, optimization objective, and voltage stability 
margin 

In order to meet the voltage stability criteria, the following voltage 
stability constraints are used: 

0.9 ≤ V(tk+N ) ≤ 1.1 (22) 

Furthermore, the optimization objective of the dynamic curve 
sensitivity UVLS is to determine the minimum quantity of load shedding 

Fig. 4. Flowchart of the proposed UVLS scheme.  
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to ensure voltage constraints are met, then 

min
∑m

j=i
Pshedj (23)  

where m is the number of load shedding locations. 
The voltage stability margin (VSM) is computed by using the PV 

curve methods [5]. VSM is stated as the growth of the total load in the 
region of load addition which is calculated from the base case state to 
the maximum power transfer (PV curve nose point) signified in MW or 
percentage. The VSM can be computed with this relation 

VSM (%) =
λmax

k − λbase

λmax
k

x 100% (24)  

where λbase is the basic loading parameter for basic case operations and 
λmax

k is the maximum loading parameter for particular circumstances. 

4. The test system: South Sulawesi power system 

4.1. Overview of the study system [31] 

The South Sulawesi interconnection power system comprises various 
power plants interconnected by several high voltage transmission lines 
with the provincial capital of Makassar City. The South Sulawesi system 
has a typical feature where the main cost-effective power plants are 
positioned in the north of the system, whereas the major load center is 
found in the south. The total power generation in the northern part of 
the system is 384.9 MW whereas the total generation in the southern 
part is 232.7 MW. The Total peak load of the system for the case study 
was 556.5 MW. 

The load in the South Sulawesi system is dominated by the resi
dential load. As a center of provincial government and business, the load 
in Makassar City (which is the capital of the South Sulawesi province, 
business center for eastern Indonesia represented by buses 10, 11, 12, 
and 13) is dominated by dynamic loads which are commonly air 
conditioner and water pump loads. In addition, two large cement in
dustries are connected to bus 8. Fig. 5 presents the single-line diagram of 
the case study system. 

4.2. Load composition 

In this study, the load is presumed to be peak load. In the provincial 
capital, Makassar, (buses 10, 11, 12, and 13), the load is represented as 

50% static load and 50% dynamic load, because Makassar is the prov
ince’s business center and its residents are generally in the middle and 
upper economic levels. Fig. 6 shows the assumption of the load illus
tration in Makassar. On other buses, the load is considered as 80% static 
load and 20% dynamic load, with an exception, on bus 8, where there 
are two large cement industries connected, the load is depicted as 30% 
static load and 70% dynamic load. Detail of the system load composition 
and parameters of induction motors [23] are presented respectively in 
Tables 1 and 2. 

Where Type I Weighted cumulative of residential motors 
Type II Weighted cumulative of air conditioning dominant motors 
Type III Water pump 
Type IV Large industrial induction motors 

5. Case study and analysis 

Since the total load is 556.5 MW, therefore the load shedding amount 
for each DVPS computation is set at 1% or about 5 MW. The case 
observed in this case study was an outage between buses 8 and 10 since 
it resulted in a severe voltage collapse situation. 

Fig. 7 shows the voltage collapse after a disturbance has occurred 
which causes the loss of the transmission line between buses 8 and 10. 
Because of this outage, there are 3 unstable regions detected: Makassar 
City region (buses 10 - 14), buses 8 and 9; and buses 22 and 23 where the 
voltage collapse in these regions are shown in Figs. 8-10 respectively. 
Specifically from Fig. 8, this clearly illustrates a substantial voltages 
drop in the Makassar substations which drop to the voltage of 0.66 – 
0.69 p.u. at time t=30 s. This is because Makassar as the load center in 
the South Sulawesi system has a significantly large quantity of dynamic 
induction motor loads. Because induction motors have trouble acceler
ating after big perturbance then they stall and distress the voltage in the 
Makassar region. 

In this simulation, the voltage stability constraint is violated, there
fore load shedding is required to retrieve stability. Dynamic sensitivity 
analysis is carried out to evaluate the impact of 5 MW load shedding on 
each load bus in the critical unstable region. For illustration, we took bus 
13 and 3 as examples to calculate the DVPS value. Since there are 9 
unstable buses (buses 8, 9, 10, 11, 12, 13, 14, 22, and 23), hence we only 
analyzed the sensitivity of 5 MW load shedding on those unstable buses. 
Figs. 11 and 12 illustrate the sensitivities of the dynamic voltage curve of 
the mentioned unstable buses for the first iteration of 5 MW load 
shedding is applied to bus 13 and bus 3, respectively. It can be concluded 
from both figures, that the sensitivity of the dynamic voltage curve for 
the 5 MW load shedding on bus 13 is better than the dynamic voltage 
curve sensitivity for the 5 MW load shedding on bus 3. Furthermore, 
DVPS as defined in Eq. (21) is computed to present a distinctive indi
cator for the location of load shedding. The results of calculation 
∑ts

t=0

[
∂Vi
∂Pj

]

t=tk 

with respect to all unstable buses to calculate DVPS on 

buses 13 and 3 are shown in Table 3. The DVPS values for buses 13 and 3 
are calculated based on the sensitivities in Figs. 11 and 12, respectively. 

Fig. 5. The single-line diagram of the case study [31].  
Fig. 6. Assumption of a schematic representation of load at Makassar 
City region. 

A. Arief et al.                                                                                                                                                                                                                                    



Electric Power Systems Research 202 (2022) 107598

8

In calculating the DVPS values, we used a time interval of 0.5 seconds for 
a period of 0 – 10 seconds and 1 second for 10 – 30 seconds. As can be 
seen in Fig. 7., the voltages fluctuate a lot during the first 10 seconds 
after the disturbance, change slightly over 10-30 seconds, and tend to 
remain the same after 30 seconds. 

Fig. 13 informs the DVPS value in the first iteration for 5 MW 
sensitivity in each load bus. As the result, bus 13 has the highest DVPS 
value (24.92) and it is indicated with a red bar. Load curtailment of 5 
MW is evaluated on bus 13 and the system voltage performance is re- 
assessed. In this phase, the system voltage is not able to improve back 
to its stability condition, hence the dynamic voltage curve sensitivities 
are executed again to compute DVPS. For this outage, this process was 
done in 6 iterations until the constraints are met and the results of DVPS 
value in each iteration are given in Table 4. Table 5 summarizes the 
highest DVPS value for each iteration and the buses with the highest 
DVPS for each iteration. Therefore, we obtained the load shedding lo
cations for this case are buses 13 (15 MW), 9 (5 MW), and 23 (10 MW) 
and are summarized in Table 6. Fig. 14 shows the results of the voltage 
enhancement after load curtailment with a total of 30 MW on buses 13, 9 
and 23. This verifies that all voltages have significantly improved and 
the system stability has been retrieved. 

To illustrate the advantage of the proposed scheme, this work ob
serves how the voltage improvement if the load shedding is carried out 
on bus 13 itself for 30 MW as a comparison because in the first iteration 
bus 13 has the highest DVPS value. Fig. 15 shows the voltage behavior 
after 30 MW load shedding on bus 13. It is interesting, even though the 
voltage magnitude increase but the voltage on buses 8 and 23 cannot 
return to the stability constraints. Therefore, it is not recommended to 
shed load on bus 13 by 30 MW, although in the first iteration, bus 13 has 
the highest DVPS. By assessing the load shedding locations by a smaller 
amount, can provide a more efficient load shedding scheme. 

Furthermore, this work also investigates and compares the proposed 
load shedding with the South Sulawesi system load shedding scheme. 
The state electricity provider had a load shedding design with total load 
shedding of 31.64 MW and was located on buses 19, 22, 4, 2, 3, 24, and 
18 as shown in Table 7 [31]. Fig. 16 shows the voltage behavior after 
load shedding on these buses and confirms that with this arrangement, 
the system voltage stability cannot recover back to the stability con
straints. It can be seen that after the load curtailment, the system voltage 

Table 1 
Load Composition  

Bus No Load type (%) 
Static Dynamic motor 

I II III IV 

1 – 7, 9, 14-24 80 20 - - - 
8 30 20 - - 50 
10 - 13 50 20 25 5 -  

Table 2 
Induction Motor Parameters [23]  

Motor type I II III IV 

Stator resistance - Rs 0.077 0.064 0.013 0.013 
Stator leakage reactance – Xs 0.107 0.091 0.14 0.067 
Magnetizing reactance - Xm 2.22 2.23 2.4 3.8 
Rotor resistance - Rr 0.079 0.059 0.009 0.009 
Rotor leakage resistance - Xr 0.098 0.071 0.12 0.17 
Rotor inertia constant - H 0.74 0.34 0.8 1.5 
Load factor 0.46 0.8 0.7 0.8  

Fig. 7. Voltage declines in all buses after interruptions between buses 8 and 10.  

Fig. 8. Voltage declines in buses 10 – 14 after interruptions between buses 8 
and 10. 

Fig. 9. Voltage declines in buses 8 and 9 after interruptions between buses 8 
and 10. 
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can slightly increase, but after t=40 s, the voltages in the Makassar re
gion drop significantly to approximately 0.66 p.u. This condition is the 
same as if there was no load shedding. Therefore, this load shedding 
scheme is not as effective and efficient as our proposed scheme. 
Consequently, more load shedding amount is required in order to 
comply with the system voltage stability constraints and it is not 

Fig. 10. Voltage declines in buses 22 and 23 after interruptions between buses 
8 and 10. 

Fig. 11. Dynamic voltage curve sensitivities if a 5 MW load shedding is applied 
to bus 13. 

Fig. 12. Dynamic voltage curve sensitivities if a 5 MW load shedding is applied 
to bus 3. 

Table 3 
DVPS Calculation   

∑ts
t=0

[
∂Vi

∂Pj

]

t=tk  Bus j 13 3 
Bus i  

8 2.222 0.038 
9 2.352 0.125 
10 3.933 0.257 
11 3.934 0.184 
12 4.051 0.187 
13 3.957 0.22 
14 3.829 0.188 
22 0.314 -0.047 
23 0.326 -0.041 
DVPS Value 24.918 1.111  

Fig. 13. DVPS value in the first iteration.  

Table 4 
DVPS Value  

Iteration DVPS 
I II III IV V VI 

Bus No  
2 1.91 1.24 1.03 0.87 0.77 0.53 
3 1.11 0.97 0.78 0.57 0.46 0.32 
4 1.76 1.12 0.98 0.76 0.65 0.44 
5 3.56 2.79 2.11 1.95 1.76 1.32 
7 6.79 5.35 4.05 3.34 2.56 1.06 
8 16.34 14.11 13.33 9.12 6.34 5.12 
9 17.66 15.23 14.12 9.88 5.65 5.45 
11 22.17 18.98 12.56 9.69 1.78 1.56 
12 23.57 20.04 13.02 10.03 1.89 1.32 
13 24.92 21.32 13.78 10.65 1.12 0.95 
14 20.76 17.64 11.45 9.34 1.67 0.65 
15 19.57 15.87 10.87 8.67 3.76 2.89 
16 18.63 13.96 9.98 7.67 4.78 3.23 
17 17.05 12.31 9.02 6.99 4.03 3.54 
18 16.4 11.44 8.34 6.12 5.78 3.97 
19 15.89 9.98 7.86 5.46 4.78 3.89 
20 10.67 7.02 5.79 4.67 3.78 3.08 
21 9.34 5.95 4.57 3.56 2.88 2.01 
22 11.23 10.28 8.79 8.12 7.65 6.45 
23 11.68 10.57 9.86 9.55 8.78 8.12  

Table 5 
Highest DVPS Value and Load Shedding Location for each iteration  

Iteration Highest DVPS Bus (location) 

I 24.92 13 
II 21.32 13 
III 14.12 9 
IV 10.65 13 
V 8.78 23 
VI 8.12 23  
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recommended to perform load shedding on these buses. Table 8 presents 
a comparison between the results of our proposed methodology and the 
South Sulawesi system scheme. 

The VSM is assessed on the most critical bus after an outage which is 
bus 12. From Fig. 8, this bus has the lowest voltage magnitude. The base 
load on bus 12 is 119.2 MW. Fig. 17 shows bus 12 PV curve for the pre- 
contingency condition with λmax of 1.37 which gives 27% VSM. The 
complete VSM calculation for all other conditions can be seen in Table 9. 
From Table 9, the VSM for the post-contingency condition is only 
-4.17%. The negative value of VSM indicates the system instability, 

therefore precautions are required to preclude the system from voltage 
collapse. In addition, Table 8 also presents the VSM values for after load 
shedding conditions. As shown in Fig. 14, the system voltage can 
improve back to a stable situation after load shedding on the buses based 
on the proposed method. This is clarified with a positive VSM value of 
11.86%. Whereas Fig. 16 shows the system still unstable after load 
shedding based on the existing scheme from the utility and the VSM is 
also negative (-2.04%). From this, we can see the results of the VSM 
calculations are consistent with the dynamic simulation results to prove 
the robustness of the proposed DVPS based UVLS scheme. 

6. Conclusions 

This paper recommends a novel under-voltage load shedding design 
to stabilize the system after large perturbance and to ensure the system 
secure constraints are fulfilled. The UVLS scheme is designed based on 
the dynamic sensitivities method that calculates dynamics sensitivity 
related to system constraints and provides a technique of calculating 
variations in the system variables with respect to rapid changes in sys
tem initial conditions and parameters. In this work, dynamic sensitivity 

Table 6 
Load Shedding Locations  

Location Amount (MW) 

13 15 
9 5 
23 10  

Fig. 14. Voltage improvement after 30 MW load shedding on buses 13, 9 
and 23. 

Fig. 15. Voltage performance after 30 MW load curtailment on bus 13.  

Table 7 
The South Sulawesi System Load Shedding Scheme [31]  

No Substation Load shedding amount (MW) 

1 19 4.44 
2 22 4.5 
3 4 4.38 
4 2 3.27 
5 3 1.53 
6 24 10.38 
7 18 3.15 
Total load shedding (MW) 31.64   

Fig. 16. Voltage performance after load shedding based on the South Sulawesi 
system scheme. 

Table 8 
Comparison between Proposed Method and The South Sulawesi Scheme  

Scheme Load shedding Remarks 
Location Total 

(MW) 

Proposed method 13, 9, 23 30 Stable 
South Sulawesi scheme ( 

Table VI) 
19, 22, 4, 2, 3, 24, 
18 

31.64 Not stable  
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is utilized to verify the minimum amount of load curtailment and to 
decide the location of load curtailment. 

This paper uses the South Sulawesi power system in Indonesia as a 
case study. The calculation of the dynamic sensitivity index has indi
cated different buses as load shedding location. The dynamic simulation 
results as well as the calculations of the voltage stability margin confirm 
the robustness of the proposed method compared to the load shedding 
scheme used by the South Sulawesi power system. The dynamic sensi
tivity index gives convenient information for finding the most appro
priate location for load shedding. Finally, it is worth to be clarified that 
the proposed UVLS methodology consists of a broad method and pro
cedure that can be implemented in designing a more realistic, reliable, 
and effective approach to dynamic UVLS that takes into account the 
modeling of loads to any power system. Proper load modeling will give a 
significant impact on the accuracy of the simulation results. 
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