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a  b  s  t  r  a  c  t

This  paper  presents  the  design  and  implementation  of  a new  method  of under  voltage  load  shedding
in  a  power  system  incorporating  the  use  of wind  generators  to maintain  voltage  stability  following  a
severe disturbance.  This  design  considers  the dynamic  modeling  of the  load  as  well  as  the  dynamic
model  of wind  turbines.  This  work  demonstrates  a method  to determine  the minimum  amount  and  the
most  appropriate  location  of  load  shedding.  The  proposed  technique  in  this  research  involves  an  iterative
eywords:
oubly fed induction generator
rajectory sensitivity
nder voltage load shedding
oltage stability
ind turbines

algorithm  based  on  trajectory  sensitivity  analysis  to  solve  the  load  shedding  problem.  The  load  to be shed
for  each  iteration  is set  at  a  small  amount.  Furthermore,  the  trajectory  sensitivity  factor  (TSF) at  all  load
buses  and  aggregated  wind  generator  buses  are  calculated  to provide  information  about  the  bus  that  has
the prevalent  influence  in  enhancing  the  system  stability.  The  bus  with  the  highest  TSF is then  selected
as  the  location  of  the  load  shedding.  This  process  is  reiterated  until  the  voltages  at  all  buses  are  stable.
Dynamic  simulations  are  performed  with  the  IEEE  14 bus  Reliability  Test System  as  a case  study.
. Introduction

The most popular wind generator technology installed in the
ower networks nowadays is the wind turbine-driven doubly fed

nduction generator (DFIG). The DFIG is a variable speed machine
ut can provide power with constant voltage and frequency as

ts rotor speed fluctuates. Furthermore, when a bidirectional con-
erter is installed in the rotor, the range of rotor speed can be
rolonged beyond the synchronous speed; hence, the electrical
ower is produced from both the stator and the rotor [1]. The
FIG has several advantages, such as a variable speed operation

o obtain the maximum power extracted from the wind, adaptable
ower factor, better efficiency, ability to control the reactive power
ithout capacitive support and less converter rating [2,3].

The high penetration of wind power generation in the network
ill affect the system’s stability, especially the voltage stability;
ence, the effect of the DFIG on system stability has become the
ubject of intense research during the past few years [4–10].  One

ssue that has not received much attention so far is load shedding in

 power system with wind generators. Under voltage load shedding
UVLS) plays a vital part in power system control when the system
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is subjected to large disturbances. Research has validated that UVLS
is an effectual counter-measure against voltage collapse. With the
integration of large numbers of wind generators into the network,
there is a requirement for the system operator to maintain the wind
generators to keep supplying power to the system when the sys-
tem voltage collapse occurs rather than being disconnected [11].
Nevertheless, because the DFIG stator is linked directly to the sys-
tem and the limitation of excitation converter ratings, the DFIG can
supply asynchronous power to the grid and be rather responsive
to disruptions [12]. When the power system is subjected to a large
disturbance, the DFIG transfers decreases power to the system. The
inequity between the mechanical and electrical power in the gen-
erator speeds up the wind turbine; hence, its speed becomes faster
[13]. As the speed is augmented, the DFIG then attracts more reac-
tive power hence causing the system voltage to drop. After the fault
is cleared, the DFIG is able to restore its normal operating condition
only if the speed of the generator does not go over its critical speed
[14]. Therefore, in a UVLS design this issue must be considered, so
that the UVLS scheme can ensure that the DFIG can restore its nor-
mal  operating condition and the system voltage can recover back
to its stability limit.

The study in [15] proposes a UVLS design in a power system with
distributed generations (DG), but this study only uses the static

voltage analysis approach and does not consider the DG type. The
drawback of such a technique is it cannot clarify the dynamic nature
of the voltage collapse incidents. Additionally, with the widespread
installation of wind generators and other DGs, the dynamic
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http://www.sciencedirect.com/science/journal/03787796
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Fig. 1. Standard IEEE AVR ty

ehavior of the system will change substantially after being per-
urbed because of the different technologies of the DGs and
onventional generators [16].

In this paper, a novel analytical method is proposed to design
 UVLS incorporating trajectory sensitivity analysis as a technique
o determine the amount and location for load shedding and also
bserving the DFIG behavior after the system has been perturbed.
he proposed method involves an iterative process that calculates
he bus voltage trajectory sensitivities with respect to the load-
hedding amount. At each step, the load shedding is set to a small
mount. In addition, a new formulation, namely, the trajectory
ensitivity factor (TSF) based on voltage trajectory sensitivities is
mployed to determine the load shedding location.

This paper is organized as follows. Section 2 provides an
verview of the fundamental principles and current schemes of
VLS. Section 3 provides the details of a control system which is an
utomatic voltage and DFIG control system. Section 4 elaborates the
roposed method for the trajectory sensitivity-based UVLS design.
ection 5 gives the results and analysis, and Section 6 concludes the
ain findings of the research.

. Power system under voltage load shedding

UVLS is an economical option to maintain voltage stability while
aiting for the completion of new generation or transmission line
rojects [17]. Many utilities around the world have applied UVLS
chemes. Imai [18] provided examples of existing UVLS applica-
ions in some utilities with their specific setting. The philosophy of
VLS is that whenever the system is disrupted, leading to voltage
rop conditions below a certain pre-selected level for a certain pre-
etermined time period, then selected loads should be removed
19]. It is expected that the system voltage will be restored to its
ormal limit by cutting off some loads. The objective of a UVLS is
o reinstate the balance power within the system, to avert volt-
ge collapse and to manage the voltage problems residing within

 local area rather than permitting the problem to spread out to
ther areas [20]. The design of a load shedding should be “robust”.
VLS must cover enough loads and must not be overly sensitive.
herefore, there are some considerations to ensure efficient load
hedding as follows [19,21]:

Determination of amount of load to be shed: Shedding an adequate

amount of load is imperative in order to ensure UVLS can miti-
gate the menace of voltage instability. Shedding an insufficient
amount of the necessary load will not be effective in arresting
voltage collapse; on the other hand, shedding more load than
required may  lead to an over frequency circumstance.
xcitation system model [24].

• Selection of location of load to be shed: The study in [22] shows that
shedding load in the correct location can arrest voltage instability.
However, shedding the same amount of load in a different loca-
tion gives a different result and may not be effective to improve
the system stability.

• Determination of timing and time steps of load shedding: Load shed-
ding is executed in steps in order to preclude the condition of
over shedding. The minimum time delay before UVLS is trig-
gered should be sufficient to prevent voltage collapse as well as
to avoid unnecessary tripping during the transient time where
load shedding is unnecessary.

Currently, there are two  UVLS schemes being installed: decen-
tralized (or distributed) UVLS, and centralized UVLS [19]. In both
types, under voltage relays are set up at primary distribution sub-
stations which are near to major transmission substations to gauge
the voltage at the transmission system. The decentralized system
has better reliability than the centralized system because of its
diversification. Failure of one element will not destructively intrude
on the operation of other load shedding components. Load shed-
ding in this scheme is concentrated to definite areas where the
instability consequences are felt most sturdily. However, in a cen-
tralized scheme, under voltage appraising relays are sited at the
most appropriate location in the system, not constrained to be
close to a suitable load. The system voltages are observed at cho-
sen strategic locations, which are usually the vital supply buses. In
these crucial buses, the voltage level is securely controlled under
the usual setting. In this structure, a verdict to execute load shed-
ding is taken after significant low voltages transpire throughout the
system by means of communications between primary localities.

3. Automatic voltage regulator and DFIG control system

3.1. Automatic voltage regulator

Modern generators are prepared with an automatic voltage reg-
ulator (AVR). An AVR outlines the primary voltage regulation of the
generator and its function is to sustain the constant terminal volt-
age and to monitor the reactive power output [23]. An AVR also
improves the generator stability margin. In this paper, the standard
IEEE AVR type 1 excitation system model is employed as in Fig. 1
[24].
3.2. DFIG control system

A typical configuration of a DFIG wind turbine technology is
shown schematically in Fig. 2. The stator and rotor flux dynamic
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Fig. 2. DFIG wind turbine technology configuration.

re fast compared to the grid dynamic and the control systems
f the converter decouple the generator from the grid; hence, the
teady-state electrical equations of the DFIG are considered, so that
25]:

ds = −rsids + [(xs + xm)iqs + xmiqr] (1)

qs = −rsiqs − [(xs + xm)ids + xmidr] (2)

dr = −rRidr + (1 − ωm)[(xR + xm)iqr + xmiqs] (3)

qr = −rRidr + (1 − ωm)[(xR + xm)idr + xmids] (4)

hen, the active and reactive power delivered to the grid become:

 = �dsids + �qsiqs + �dcidc + �qciqc (5)

 = �qsiqs − �dsids + �qciqc − �dcidc (6)

ince the converter dynamics are fast in comparison with the elec-
romechanical transients, the converter is simplified and modeled
s an ideal current source where iqr and idr are state variables. iqr is
mployed for the rotor speed control, while idr is used for voltage
ontrol. The schemes of the DFIG rotor speed control and voltage
ontrol are given in Figs. 3 and 4, respectively.

Differential equations for the converter currents can be written

s:

qr =
[
−xs + xm

xmV

P∗
ω(ωm)
ωm

− iqr

]
1

T∈
(7)

Fig. 3. DFIG rotor spe

Fig. 4. DFIG voltage
s Research 96 (2013) 91– 100 93

idr = KV (V − Vref ) − V

xm
− idr (8)

P∗
ω(ωm) is the power-speed characteristic that optimizes the wind

energy capture and is calculated using the rotor speed value.

4. Trajectory sensitivities enhanced UVLS scheme

4.1. Trajectory sensitivity analysis

Trajectory sensitivity analysis is a technique based on lineariz-
ing a system surrounding a certain trajectory and employs time
domain simulations [26]. This technique computes the sensitivity
of the dynamics relating to the constraints [27]. Trajectory sensi-
tivity provides a method of enumerating changes in the system
variables in connection with the quick changes of system parame-
ters and initial conditions [28]. The basic methodology of trajectory
sensitivity computation of hybrid systems is illustrated in [28], and
is discussed as follows.

The systematic representation of a power system which is
applicable to voltage stability study is provided by the following
differential-algebraic equation (DAE):

ẋ = f (x, y; ˛) (9)

0 = g(x, y; ˛) (10)

where x is the vector of the dynamic state variables; y is the vector
of the algebraic state variables such as load bus voltage magnitudes
and angles; and  ̨ represents system parameters, such as power at
the bus.

The trajectories of (9) and (10) illustrate the performance of the
dynamic variables x and algebraic variables y, where the flows of x
and y can be defined, as:

x(t) = ϕx(x0, t, ˛) (11)
y(t) = ϕy(y0, t, ˛) (12)

Sensitivities of the flows ϕx and ϕy to the initial conditions and
parameter variations can be acquired by forming the Taylor series

ed control [25].

 control [25].



9 Systems Research 96 (2013) 91– 100

e

�

�

t

x

y

m
l
c
t
b

�

ϕ

4

l
t
v
i
t
c
t
c
d

T

T

T

∂

w
b
n

T

b
a
r
T

4 A. Arief et al. / Electric Power 

xpansions of the above equations, hence:

x(t) = �ϕx(x0, t, ˛) = ∂ϕx(x, t, ˛)
∂˛

�˛  = ∂x(t)
∂˛

�˛ ∼= x˛(t)�˛

(13)

y(t) = �ϕy(y0, t, ˛) = ∂ϕy(y0, t, ˛)
∂˛

�˛  = ∂y(t)
∂˛

�˛ ∼= ∼y˛(t)�˛

(14)

An approximation-based numerical method is used to compute
he sensitivities x˛ and y˛, consequently:

˛ = ∂x

∂˛
= �x

�˛
≈ ϕx(x0, t,  ̨ + �˛) − ϕx(x0, t, ˛)

�˛
(15)

˛ = ∂y

∂˛
= �y

�˛
≈ ϕy(y0, t,  ̨ + �˛) − ϕy(y0, t, ˛)

�˛
(16)

The trajectory sensitivities from (14) and (16) are revised to
eet the purpose of this study. The bus voltage magnitude and

oad shedding amount are both parameters represented by y and ˛
orrespondingly; hence, the sensitivities of the bus voltage varia-
ion after load shedding at any specified bus are computed and can
e defined as:

V(t) = �ϕV (V0, t, P) = ∂ϕV (V0, t, P)
∂P

�P  = ∂V(t)
∂P

�P ∼= VP(t)�P

(17)

VP = ∂V

∂P
= �V

�P
≈ ϕV (V0, t, P + �P) − ϕV (V0, t, P)

�P
(18)

.2. Trajectory sensitivity factor

In addition, the trajectory sensitivities are performed to find the
oad shedding location. A trajectory sensitivity factor is formulated
o assess the contribution of bus j after load shedding to the system
oltage stability. The sensitivities calculated are [∂Vi/∂Pj], which
nform the rate of change in voltage magnitude at bus i with respect
o the load shedding amount variation at bus j. The TSF at bus j is
omputed by shedding the active power at bus j by a small value,
hen assessing its impact on voltage magnitudes at all the criti-
al buses along the time domain. The TSF proposed in this work is
efined as:

SFj = TSFload
j + TSFwind

j (19)

SFload
j =

nk∑
i=1

[
ts∑

t=0

[
∂Vload

i

∂Pj

]
t=tk

]
(20)

SFwind
j =

nwind∑
i=1

[
ts∑

t=0

[
∂Vwind

i

∂Pj

]
t=tk

]
(21)

Pj = �Pj = Pshedj

here Pshedj
, load shedding amount at bus j; nk, number of critical

uses; nwind, number of aggregated DFIG buses; tk, time instant; ts,
umber of time instants.

There are two components computed here: TSFload
j

and TSFwind
j

.

SFload
j

evaluates the voltage trajectory sensitivities at critical load
uses with respect to the load shedding at bus j, whereas TSFwind
j

ssesses the voltage sensitivities at the wind turbine buses with
espect to the load shedding at bus j. The bus with the highest
SF has the largest effect on the voltage stability improvement of
Fig. 5. Flowchart of the trajectory sensitivity-based UVLS design.

the critical buses and hence will be selected as a candidate bus for
the location of the UVLS. The flowchart of the proposed trajectory
sensitivity-based UVLS is shown in Fig. 5 and can be explained as
follows:

Step 1 Set the load shedding amount. In this work, the load shed-
ding amount is set at 5 MW for each iteration.

Step 2 Select an outage.
Step 3 Perform dynamic voltage stability analysis to observe the

voltage behavior for all buses.
Step 4 Identify critical zones. This is a zone where buses have a

similar pattern of voltage drop.
Step 5 Perform trajectory sensitivity analysis to evaluate the bus

voltage trajectory sensitivities.
Step 6 Calculate TSF to assess the contribution of each load bus on

improving the voltage stability of the buses at the critical
zones. The bus with the highest TSF has the most influence
on improving the system voltage magnitude. The location
of load shedding is determined based on the highest TSF

value.

Step 7 Apply load shedding in the selected bus.
Step 8 Perform dynamic voltage stability analysis to evaluate the

system performance after load shedding.
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Step 9 If the system is still unstable, then the network data is
updated; go to Step 5. This process will be reiterated until
the voltage stability constraint is satisfied.

tep 10 If the voltage stability requirement has been fulfilled, then
write the results and stop the process.

. Simulation results

.1. Without DFIG connected to the system

The proposed method is implemented at the IEEE 14 bus Reli-
bility Test System (Fig. 6). The system is assumed to be working on

 stressed condition. The system load for this study is 511.36 MW,
onsisting of 50% static load and 50% dynamic motor load. The detail
f the load modeling can be seen in [29]. Prior to designing the UVLS
cheme, contingency analysis is performed to choose the critical
utage. Based on this analysis, the outage between bus 6 and bus 13
s chosen in this study. For the dynamic simulation, a fault is applied
etween bus 6 and bus 13, and then the fault is cleared by removing
he transmission line between bus 6 and bus 13. Firstly, we  eval-

ate the UVLS design without any wind generator. Fig. 7(a) shows
he voltage drop after disturbance. There are five critical buses at
hich the voltage collapses below the stability limit (0.9 pu). They

re buses 9, 10, 12, 13 and 14 as shown in Fig. 7(b).

Fig. 7. Voltage drop after outage betwee

ig. 8. Bus voltage trajectory sensitivities of critical buses if load shedding is 5 MW.  (For
ersion of this article.)
Fig. 6. The test system—IEEE 14 Bus Reliability Test System.

For this simulation, the load-shedding amount for each iteration
is set at approximately 1% of the total system load. In this case, we
round the amount to 5 MW for each step. The trajectory sensitivity
analysis is performed to assess the effect of load shedding of 5 MW
at each bus in the critical zone. Fig. 8(a) and (b) illustrates the volt-
age trajectory sensitivities of critical buses for the first iteration if

load shedding is commenced at bus 14 and bus 6, respectively. From
both of these figures, it can be concluded that the voltage trajectory
sensitivities if load shedding occurs at bus 14 are better than the

n bus 6 and bus 13 without DFIG.

 interpretation of the references to color in text, the reader is referred to the web
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Table 1
TSF calculation for case without DFIG.

ts∑
t=0

[
∂Vload

i
∂Pj

]
t=tk

Bus j 14 6
Bus i

9 0.271 0.037
10  0.223 −0.008
12  0.188 0.083
13  0.432 0.038
14 0.74 0.037

TSFload
j

1.854 0.187

Table 2
TSF values for case without DFIG.

TSF value

Iteration I II III IV V VI

Bus number

2 0.205 0.134 0.110 0.098 0.074 0.026
3 0.211 0.167 0.149 0.106 0.079 0.034
4  0.398 0.302 0.257 0.211 0.086 0.057
5 0.342 0.264 0.216 0.174 0.123 0.089
6  0.187 0.112 0.098 0.077 0.056 0.034
9  0.978 0.849 0.798 0.731 0.674 0.324

10  1.125 1.046 0.987 0.923 0.879 0.585
11  1.302 1.213 1.168 1.092 1.021 0.793
12 1.324 1.265 1.205 1.158 1.115 0.967
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Table 3
Load shedding locations for case without DFIG.

Iteration Load shedding design

Location Amount (MW)

I Bus 14 5
II  Bus 14 5
III  Bus 13 5
IV Bus 14 5
V Bus 13 5
VI  Bus 13 5

Table 4
DFIG parameters.

Power rating 2 MVA
Voltage rating 13.8 kV
Frequency rating 60 Hz
Stator resistance (Rs) 0.01 pu
Stator reactance (Xs) 0.10 pu
Rotor resistance (Rr) 0.01 pu

Fig. 12(a) and (b) shows the voltage trajectory sensitivities of crit-
ical buses for the first iteration if load shedding is undertaken at
bus 14 and bus 13, correspondingly. It is clearly proven that the
sensitivities if load shedding occurs in bus 13 are superior than if
13  1.743 1.419 1.367 1.257 1.187 1.076
14 1.854 1.578 1.319 1.296 1.159 1.025

ensitivities at bus 6. Furthermore, TSF is calculated to provide a dis-
inct indication for load shedding location. Here, we only compute
he TSFload

j
since there are no wind generators yet. In computing

he TSFload
j

value, we use time interval 0.5 s for the period 0–20 s.

able 1 illustrates the TSFload
j

calculation for load shedding at bus
4 and bus 6.

Fig. 9 depicts the TSF value for each load bus at the first iteration.
s indicated in the red bar, bus 14 has the highest TSF (1.854). Load
hedding of 5 MW is simulated at bus 14 and the system voltage
agnitude is re-evaluated. At this stage, the system is still unsta-

le; hence, trajectory sensitivities are performed again to calculate
he TSF. For this simulation, this process is repeated six times until
he system voltages are stable (above 0.9 pu). The results of the

SF calculation for each iteration and load shedding location based
n the highest TSF are presented in Tables 2 and 3, respectively.
ence, the load shedding locations are bus 14 and bus 13 with a

oad shedding amount at each bus of 15 MW.  The results of the

Fig. 9. TSF values at first iteration without DFIG.
Rotor reactance (Xr) 0.08 pu
Magnetization reactance (Xm) 3.00 pu
Inertia Constants 3 kWs/kVA

voltage improvement after load shedding of 30 MW at bus 14 and
bus 13 can be seen in Fig. 10.  It clearly proves that the voltages
at all buses improve significantly and that the system stability is
recovered.

5.2. With DFIG connected to bus 14

5.2.1. Determination of amount and location of load shedding
To evaluate the UVLS scheme with wind generators, we  pos-

tulate that aggregated DFIGs are connected to bus 14 with a total
accumulative power of 10 MW.  The details of the wind generator
parameters are shown in Table 4.

Fig. 11(a) portrays the voltage behavior at all buses following
a disturbance between bus 6 and bus 13. Specifically, Fig. 11(b)
illustrates the voltage drop at the critical buses, of which there are
only three (buses 12, 13 and 14).

In order to assess the effect of load shedding on the critical load
and DFIG buses, the trajectory sensitivity analysis is carried out.
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Fig. 10. Voltage profile improvement after load shedding without DFIG.
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Fig. 11. Voltage drop after outage between bus 6 and bus 13 considering DFIG.
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Fig. 12. Bus voltage trajectory sensitivit

he load shedding occurs at bus 14. In addition, Fig. 13 presents
he trajectory sensitivities of the aggregated DFIG voltage if load
hedding occurs at buses 14, 13 and 3. It also shows that by load
hedding in bus 13, the voltage sensitivities of the DFIG bus are
reater than the sensitivities if load shedding occurs at bus 14 or 3.

evertheless, in order to reach a better quantitative conclusion, the
SF is calculated, consisting of two components: the TSFload

j
and the

SFwind
j

. Similar to the computation without DFIG, the time interval

ig. 13. DFIG voltage trajectory sensitivities with load shedding of 5 MW applied at
uses 14, 13 and 3.
 critical buses if load shedding is 5 MW.

used is also 0.5 s for the period 0–20 s. The TSFj calculation for load
shedding at buses 14, 13 and 3 is displayed in Table 5.

Fig. 14 conveys the results of the TSF calculation at all load buses.
Interestingly, bus 14 no longer has the highest TSF. When the aggre-
gated DFIGs are connected to bus 14, bus 13 now has the largest TSF.

Therefore, this bus has the biggest influence on improving the sys-
tem stability. For this condition, the sensitivity analysis procedure is
iterated three times, and the results of this process are expressed in
Table 6. After load shedding with a total amount of 15 MW (10 MW

Table 5
TSF calculation for case considering DFIG.

Bus j TSFload
j

TSFwind
j

TSFj

3 0.0815 0.0365 0.118
13 2.054 0.812 2.866
14  0.851 0.658 1.509

Table 6
Load shedding locations for case considering DFIG.

Iteration Load shedding design

Location Amount (MW)

I Bus 13 5
II  Bus 13 5
III Bus 14 5
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Fig. 14. TSF values at first iteration with DFIG.
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Fig. 16(a–c) demonstrates the DFIG voltage behavior following
outage between bus 6 and bus 13 before and after load shed-
ding. Fig. 16(a) clearly shows that the DFIG voltage decreases to
t bus 13 and 5 MW at bus 14), the system voltage recovers to its
table condition with the result portrayed in Fig. 15.  Table 7 sum-
arizes the comparison of the UVLS design with and without the
FIG connected to the system. It is obvious that, with the integra-

ion of wind generators to the system, the UVLS scheme changes
nd reduces the amount of load to be disengaged from the system.
he integration of DG brings positive effects on the voltage pro-
le by providing additional system generation capacity including

uring outage.

(a) voltage drop without load shedding

(c) after load
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Fig. 15. Voltage profile improvement after load shedding with DFIG.

5.2.2. Analysis of DFIG behavior
approximately 0.76 pu at t = 20 s. In addition, as mentioned in the

(b) after load shedding at bus 13 and bus 14

 shedding at bus 3

0 5 10 15 20
0.75

0.8

0.85

0.9

0.95

1

1.05

time (s)

B
us

 v
ol

ta
ge

 m
ag

ni
tu

de
 (

pu
)

10 15 20
ime (s)

ior at DFIG bus.



A. Arief et al. / Electric Power System

Table 7
Comparison load shedding scheme with and without DFIG.

Load shedding design

Location Amount
(MW)

Total (MW)

Without DFIG
Bus 14 15

30Bus 13 15
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With DFIG
Bus 13 10

15Bus 14 5

ntroduction, because of this disturbance, the DFIG then supplies
synchornous power to the grid as a result of the excitation con-
erter limitation and its stator that is linked directly to the grid.
fter load shedding at bus 13 and bus 14 (Fig. 16(b)), this asyn-
hronous power still exists even though the DFIG voltage can
ecover back to its stable condition above 0.9 pu. However, this
synchronous power issue is outside the scope of this work since
his work only focuses on determining the amount and location of
oad shedding to ensure the DFIG voltage can improve. Therefore,
nother interesting direction to take in further research would be
o investigate UVLS design in power systems with DFIG to improve
ts voltage stability after a disturbance as well as reducing the asyn-
hronous power generated after a disturbance.

Fig. 16(c) shows the voltage behavior at the DFIG bus after
hedding a load of 15 MW at bus 3. From Table 5, bus 3 has
ow TSF (0.118) which means it has low impact on improving
oltage stability. It shows that load shedding in this bus has no
ignificant impact on improving DFIG voltage stability after being
isturbed. The DFIG cannot restore its normal operating condi-
ion. Therefore, it is not recommended to shed load at a bus with
ow TSF.

. Conclusion

This paper proposes a dynamic analysis-based design of UVLS
or stabilizing the system following disturbance and ensuring the
ystem’s secure limits are satisfied. The design is based on a tra-
ectory sensitivities technique that calculates the sensitivity of the
ynamics relating to the constraints and provides a method of enu-
erating changes in the system variables in connection with the

uick changes of system parameters and initial conditions. In this
aper, trajectory sensitivities are employed to determine the min-

mum amount of the load shedding and to verify the location of
he load shedding. The trajectory sensitivity factor provides use-
ul information to find the best location for load shedding. The bus
ith the highest TSF has the largest effect on enhancing the volt-

ge stability of the critical buses, and hence will be selected as a
andidate bus for the location of the UVLS.

This work simulates the system behavior after being perturbed
ith and without the DFIG. From the simulations, it is seen that

he installation of the DFIG can help the demand side management
n critical situations by reducing the amount of load to be discon-
ected from the system. Before installation of the DFIG, the amount
f load shedding is 30 MW;  whereas, when the DFIG is connected
ith a total aggregated power of 10 MW,  the load shedding amount
ecreases to 15 MW.

The proposed method provides significant voltage improvement
nd by using the proposed method, various power system failures
fter the system has been perturbed can be prevented, includ-
ng in a power system with wind generators. This method can
e applied robustly with or without wind generators and can be

pplied considering other types of DG as long as the DG unit is
odeled accurately.
One problem with the integration of the DFIG is the asyn-

hronous power generated following disturbance. Further research

[

[

s Research 96 (2013) 91– 100 99

can be undertaken to analyze this issue and investigate how
to improve UVLS performance by reducing this asynchronous
power.
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