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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
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.
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Dynamic simulations are performed with the IEEE 14 bus Reliability Test System as a case study.
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1. Introduction

The most popular wind generator technology installed in the
power networks nowadays is the wind turbine-driven doubly fed
induction generator (DFIG). The DFIG is a variable speed machine
but can provide power with constant voltage and frequency as
its rotor speed fluctuates. Furthermore, when a bidirectional con-
verter is installed in the rotor, the range of rotor speed can be
prolonged beyond the synchronous speed; hence, the electrical
power is produced from both the stator and the rotor [1]. The
DFIG has several advantages, such as a variable speed operation
to obtain the maximum power extracted from the wind, adaptable
power factor, better efficiency, ability to control the reactive power
without capacitive support and less converter rating [2,3].

The high penetration of wind power generation in the network
will affect the system'’s stability, especially the voltage stability;
hence, the effect of the DFIG on system stability has become the
subject of intense research during the past few years [4-10]. One
issue that has not received much attention so far is load shedding in
a 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 studyin[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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Fig. 1. Standard IEEE AVR type 1 excitation system model [24].

behavior of the system will change substantially after being per-
turbed because of the different technologies of the DGs and
conventional generators [16].

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

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

2. Power system under voltage load shedding

UVLS is an economical option to maintain voltage stability while
waiting for the completion of new generation or transmission line
projects [17]. Many utilities around the world have applied UVLS
schemes. Imai [18] provided examples of existing UVLS applica-
tions in some utilities with their specific setting. The philosophy of
UVLS is that whenever the system is disrupted, leading to voltage
drop conditions below a certain pre-selected level for a certain pre-
determined time period, then selected loads should be removed
[19]. It is expected that the system voltage will be restored to its
normal limit by cutting off some loads. The objective of a UVLS is
to reinstate the balance power within the system, to avert volt-
age collapse and to manage the voltage problems residing within
a local area rather than permitting the problem to spread out to
other areas [20]. The design of a load shedding should be “robust”.
UVLS must cover enough loads and must not be overly sensitive.
Therefore, there are some considerations to ensure efficient load
shedding as follows [19,21]:

e 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.

e Selection of location of load to be shed: The study in [22] shows that
shedding load in the correctlocation 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.

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

Ugs = —TSigs + [(Xs + Xm)igs + Xmigr] (1)
Ugs = —Tsigs — [(Xs + Xm)igs + Xmigr] 2)
Vgr = —1Rigr + (1 — @m)[(XR + Xm )igr + Xmigs] (3)
Vgr = —TRigr + (1 — @m)[(Xg + Xm)igr + Xmigs] (4)
Then, the active and reactive power delivered to the grid become:
P = Ugsigs + Ugsigs + Ugclge + Ugelge (5)
Q = vgsigs — Ugsigs + Vgclge — Vaclde (6)

Since the converter dynamics are fast in comparison with the elec-
tromechanical transients, the converter is simplified and modeled
as an ideal current source where igr and iy, are state variables. igr is
employed for the rotor speed control, while iy is used for voltage
control. The schemes of the DFIG rotor speed control and voltage
control are given in Figs. 3 and 4, respectively.

Differential equations for the converter currents can be written
as:

93

igr = Kv(V - Vref) — g (8)

 Xm
P*(wm) 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):

9)
(10)

x=f(x,y; o)

0=g(x,y; a)
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:

(11)
(12)

X(t) = gx(xo, t, )

y(t) = (pY(y0! t,(X)

ior = |:7Xs +xm Piy(om) iqr] 1 7) Sensitivities of the flows ¢y and ¢y to the initial conditions and
xmV Wm T parameter variations can be acquired by forming the Taylor series
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Fig. 4. DFIG voltage control [25].
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expansions of the above equations, hence:

~ gk te) ()
Ax(t) = Apx(xg, t, ) = % Ao = % Aa = xo(t)Aa
(13)
a o ay(t
AV = Agy(yo, o) = U0 LD ng - VO py oy (na
(14)

An approximation-based numerical method is used to compute
the sensitivities x4 and y,, consequently:

_0x Axex(xo, b o+ Aa) — gx(Xo, t, )
X =50 = ha " Aa (15)
Yo = y _ Ay oo ta+ Aa) - ¢y(yo, £, @) (16)
YT 3 A A

The trajectory sensitivities from (14) and (16) are revised to
meet the purpose of this study. The bus voltage magnitude and
load shedding amount are both parameters represented by y and «
correspondingly; hence, the sensitivities of the bus voltage varia-
tion after load shedding at any specified bus are computed and can
be defined as:

AV(t) = Agy(Vo, £, P) = a‘pV(‘g‘;; LR Ap— Bgl(f) AP = Vp(t)AP
(17)
v _ AV Vo, t, P+ AP) — oy(Vo, t, P
(pv,,:i_i%Q"V( 0 )—¢v(Vo, t, P) (18)

P~ AP AP

4.2. Trajectory sensitivity factor

In addition, the trajectory sensitivities are performed to find the
load shedding location. A trajectory sensitivity factor is formulated
to assess the contribution of bus j after load shedding to the system
voltage stability. The sensitivities calculated are [dV;/dP;], which
inform the rate of change in voltage magnitude at bus i with respect
to the load shedding amount variation at bus j. The TSF at bus j is
computed by shedding the active power at bus j by a small value,
then assessing its impact on voltage magnitudes at all the criti-
cal buses along the time domain. The TSF proposed in this work is
defined as:

TSF; = TSF{*! 4 TSF}""d (19)
et O [ Avoad
oad __ 1
rsies =SS | )
i=1 Lt=0 =ty
Nyind Ls avwind
wind __ i
rsipe =S |5 M a
i=1 Lt=0 =ty

an = APj = Pshedj

where Pshedj, load shedding amount at bus j; n,, number of critical

buses; n,,in4, NumMber of aggregated DFIG buses; t;, time instant; t;,
number of time instants.
There are two components computed here: TSFj"’ad and TSFJ."V’"d .

TSFj’"“d evaluates the voltage trajectory sensitivities at critical load
buses with respect to the load shedding at bus j, whereas TSFYind
assesses the voltage sensitivities at the wind turbine buses with

respect to the load shedding at bus j. The bus with the highest
TSF has the largest effect on the voltage stability improvement of

Set amount of load shedding for each step

v

Select an outage

v

Perform dynamic voltage stability analysis

v

Identify critical zones
Perform trajectory sensitivity analysis

Calculate TSF

v

Determine location of load shedding

v

Shed load at the selected bus

v

Perform dynamic voltage stability analysis

]
)

Update network data

—— — o —

No

Yes

/ Display results /

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.

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

5. Simulation results
5.1. Without DFIG connected to the system

The proposed method is implemented at the IEEE 14 bus Reli-
ability Test System (Fig. 6). The system is assumed to be working on
a stressed condition. The system load for this study is 511.36 MW,
consisting of 50% static load and 50% dynamic motor load. The detail
of the load modeling can be seen in [29]. Prior to designing the UVLS
scheme, contingency analysis is performed to choose the critical
outage. Based on this analysis, the outage between bus 6 and bus 13
is chosen in this study. For the dynamic simulation, a fault is applied
between bus 6 and bus 13, and then the fault is cleared by removing
the transmission line between bus 6 and bus 13. Firstly, we eval-
uate the UVLS design without any wind generator. Fig. 7(a) shows
the voltage drop after disturbance. There are five critical buses at
which the voltage collapses below the stability limit (0.9 pu). They
are buses 9, 10, 12, 13 and 14 as shown in Fig. 7(b).

Bus voltage magnitude (pu)

0.7 E

o6t . . .
time (s)

(a) at all buses

w@b VGD

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

Bus 10 1
Bus 12 g

Bus voltage magnitude (pu)

0.6 - L
0 5 10 15 20

time (s)

(b) at the critical buses

Fig. 7. Voltage drop after outage between bus 6 and bus 13 without DFIG.
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Fig. 8. Bus voltage trajectory sensitivities of critical buses if load shedding is 5 MW. (For interpretation of the references to color in text, the reader is referred to the web

version of this article.)
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Table 1
TSF calculation for case without DFIG.

Table 3
Load shedding locations for case without DFIG.

fs ayload Iteration Load shedding design
Z[ p; i|f:fk Location Amount (MW)
=0
! 1 Bus 14 5
Bus j 14 6 1 Bus 14 5
Bus i i} Bus 13 5
9 0271 0.037 v Bus 14 5
10 0223 ~0.008 M Bus 13 >
12 0.188 0.083 Vi Bus 13 5
13 0.432 0.038
14 0.74 0.037 Table 4
TSF/ 1.854 0.187 DFIG parameters.
Power rating 2MVA
Table 2 ;:/oltage ratmg égf{ kv
TSF values for case without DFIG. requency ratung z
Stator resistance (R;) 0.01 pu
TSF value Stator reactance (X;) 0.10pu
) Rotor resistance (R;) 0.01 pu
Iteration I 11 111 I\% \% VI Rotor reactance (X;) 0.08 pu
Magnetization reactance (Xm) 3.00 pu
Bus number Inertia Constants 3 kWs/kVA
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 0211 0.086 0.057 voltage improvement after load shedding of 30 MW at bus 14 and
5 0342 0.264 0216 0.174 0.123 0.089 bus 13 can be seen in Fig. 10. It clearly proves that the voltages
6 0.187 0.112 0.098 0.077 0.056 0.034 tallb . ionifi tl d that th t tability i
9 0.978 0.849 0.798 0.731 0.674 0.324 at a uses improve significantly an a e system stability 1s
10 1.125 1.046 0.987 0.923 0.879 0.585 recovered.
11 1.302 1.213 1.168 1.092 1.021 0.793
12 1324 1265 1205 1158 1115 0967 5.2. With DFIG connected to bus 14
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

sensitivities at bus 6. Furthermore, TSFis calculated to provide a dis-
tinct indication for load shedding location. Here, we only compute
the TSF}"“d since there are no wind generators yet. In computing
the TSFJ."’”C’ value, we use time interval 0.5 s for the period 0-20s.
Table 1 illustrates the TSFJ."’ad calculation for load shedding at bus
14 and bus 6.

Fig. 9 depicts the TSF value for each load bus at the first iteration.
As indicated in the red bar, bus 14 has the highest TSF (1.854). Load
shedding of 5 MW is simulated at bus 14 and the system voltage
magnitude is re-evaluated. At this stage, the system is still unsta-
ble; hence, trajectory sensitivities are performed again to calculate
the TSF. For this simulation, this process is repeated six times until
the system voltages are stable (above 0.9 pu). The results of the
TSF calculation for each iteration and load shedding location based
on the highest TSF are presented in Tables 2 and 3, respectively.
Hence, the load shedding locations are bus 14 and bus 13 with a
load shedding amount at each bus of 15MW. The results of the

29 1.854
1.743
1.8 4

1.6 4
14 4
1.2 4

1.302 1.324

TSF Value
=3

0.8 -
0.6 4

04 70,205 0.211
0.2 |

0398 5 34

Bus 2 Bus 3 Bus4 Bus5 Bus 6 Bus 9 Bus 10Bus 11Bus 12Bus 13Bus 14

Fig. 9. TSF values at first iteration without DFIG.

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.
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

0.6 1

Bus voltage magnitude (pu)

0.4 1

0.2 b

0 ! ! !
0 5 10 15 20

time (s)

Fig. 10. Voltage profile improvement after load shedding without DFIG.
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Fig. 12. Bus voltage trajectory sensitivities of critical buses if load shedding is 5 MW.

the load shedding occurs at bus 14. In addition, Fig. 13 presents used is also 0.5 s for the period 0-20s. The TSF; calculation for load
the trajectory sensitivities of the aggregated DFIG voltage if load shedding at buses 14, 13 and 3 is displayed in Table 5.

shedding occurs at buses 14, 13 and 3. It also shows that by load Fig. 14 conveys the results of the TSF calculation at all load buses.
shedding in bus 13, the voltage sensitivities of the DFIG bus are Interestingly, bus 14 no longer has the highest TSF. When the aggre-
greater than the sensitivities if load shedding occurs at bus 14 or 3. gated DFIGs are connected to bus 14, bus 13 now has the largest TSF.

Nevertheless, in order to reach a better quantitative conclusion, the Therefore, this bus has the biggest influence on improving the sys-
TSFis calculated, consisting of two components: the TSF]."’“C’ and the tem stability. For this condition, the sensitivity analysis procedure is
iterated three times, and the results of this process are expressed in

TSF¥ind_ Similar to the computation without DFIG, the time interval . -
] Table 6. After load shedding with a total amount of 15 MW (10 MW

0.08 -
.6 Table 5
£ . .
2 006 - TSF calculation for case considering DFIG.
2 Bus j TSFload TSFwind TSF;
@ J J
«w 0.04
- 3 0.0815 0.0365 0.118
43 0.02 | 13 2.054 0.812 2.866
-:—f- : 14 0.851 0.658 1.509
=]
2 0]
= ) / Table 6
> -0.02 4 Load shedding locations for case considering DFIG.
0.04 - Iteration Load shedding design
time ) Location Amount (MW)
Bus 14 Bus 13 -Bus 3 I Bus 13 5
. . s . . . Il Bus 13 5
Fig. 13. DFIG voltage trajectory sensitivities with load shedding of 5 MW applied at i Bus 14 5

buses 14, 13 and 3.
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1 0.875
0.746

0.549
0.5 0376

0.096 0.118 0.178

Bus2 Bus3 Bus4 Bus5 Bus6 Bus9 Bus10 Bus 11 Bus 12 Bus 13 Bus 14

Fig. 14. TSF values at first iteration with DFIG.

at bus 13 and 5 MW at bus 14), the system voltage recovers to its
stable condition with the result portrayed in Fig. 15. Table 7 sum-
marizes the comparison of the UVLS design with and without the
DFIG connected to the system. It is obvious that, with the integra-
tion of wind generators to the system, the UVLS scheme changes
and reduces the amount of load to be disengaged from the system.
The integration of DG brings positive effects on the voltage pro-
file by providing additional system generation capacity including
during outage.

1.05

0.95

0.9

0.85

0.8

Bus voltage magnitude (pu)

0.75 ]

07 - - -
0 5 10 15 20

time (s)

(a) voltage drop without load shedding

0.6 E

Bus voltage magnitude (pu)

0.2- 1

0 5 10 15 20
time (s)

(=]

Fig. 15. Voltage profile improvement after load shedding with DFIG.

5.2.2. Analysis of DFIG behavior

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
approximately 0.76 pu at t=20s. In addition, as mentioned in the
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Fig. 16. Voltage behavior at DFIG bus.
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Table 7
Comparison load shedding scheme with and without DFIG.

Load shedding design

Location Amount Total (MW)
(MW)
ith C Bus 14 15 130
Without DFI Bus 13 15
ith C Bus 13 10 15
With DFI Bus 14 5

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

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

6. Conclusion

This paper proposes a dynamic analysis-based design of UVLS
for stabilizing the system following disturbance and ensuring the
system’s secure limits are satisfied. The design is based on a tra-
jectory sensitivities technique that calculates the sensitivity of the
dynamics relating to the constraints and provides a method of enu-
merating changes in the system variables in connection with the
quick changes of system parameters and initial conditions. In this
paper, trajectory sensitivities are employed to determine the min-
imum amount of the load shedding and to verify the location of
the load shedding. The trajectory sensitivity factor provides use-
ful information to find the best location for load shedding. The bus
with the highest TSF has the largest effect on enhancing the volt-
age stability of the critical buses, and hence will be selected as a
candidate bus for the location of the UVLS.

This work simulates the system behavior after being perturbed
with and without the DFIG. From the simulations, it is seen that
the installation of the DFIG can help the demand side management
in critical situations by reducing the amount of load to be discon-
nected from the system. Before installation of the DFIG, the amount
of load shedding is 30 MW; whereas, when the DFIG is connected
with a total aggregated power of 10 MW, the load shedding amount
decreases to 15 MW.

The proposed method provides significant voltage improvement
and by using the proposed method, various power system failures
after the system has been perturbed can be prevented, includ-
ing in a power system with wind generators. This method can
be applied robustly with or without wind generators and can be
applied considering other types of DG as long as the DG unit is
modeled accurately.

One problem with the integration of the DFIG is the asyn-
chronous power generated following disturbance. Further research

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