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ABSTRACT--This paper presents a design and implementation of a new method of under

voltage load shedding in power system considering wind generators to maintain voltage
stability following a severe disturbance. This design considers the dynamic modelling of load
as well as dynamic model of wind turbines. This works demonstrates a method to determine
minimum amount and the most appropriate location of load shedding. The proposed
technique in this research involving an iterative algorithm based on trajectory sensitivity
analysis to solve the load shedding problem. The amount of load to be shed for each iteration
is set at small amount. Furthermore, trajectory sensitivity factor (TSF) at all load buses and
aggregated wind generators 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 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 (RTS) as case study.
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1. Introduction

Distributed generations (DGs) have grown rapidly as a clean renewable energy alternative
generation in the electricity industry due to their fast technological developments as well as
their advantages in economic and environmental issues regarding to exhaustion fossil fuels
from the conventional electricity generations and global warming problems [1-3]. In general,
DG can be defined as the development electric power sources connected directly on the
customer site of the meter or at the distribution system network [4]. Detailed definition,
classification and benefits of DGs are provided in reference [5].

Wind energy generations is one of the most rapidly emergent DGs with the installed
capacity in the world has exceeded 25 GW [6] and the yearly growth rate of 20% for the past
few years [7]. Furthermore, in 2020 wind energy are estimated to contribute 12% of the
world's electricity generation [8]. The most popular wind generator technology installed in
the network nowadays is the wind turbine driven doubly fed induction generator (DFIG) [9].
DFIG is a variable speed machine but can provide power with constant voltage and frequency
as its rotor speed fluctuates. Furthermore, when a bidirectional converter 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 [10]. DFIG has several
advantages, such as variable speed operation to obtain maximum power extracted from the
wind, adaptable power factor, better efficiency, ability to control reactive power without

capacitive support and less converter rating [9, 11].



Nevertheless, because the DFIG stator is linked directly to the system and the limitation
of excitation converter rating, DFIG can supply asynchronous power to the grid and rather
responsive to disruptions [12]. When the power system is subjected to large disturbance,
DFIG transfers decreased power to the system. The inequity between the mechanical and
electrical power in the generator, speed up the wind turbine hence its speed becomes faster
[13]. As the speed augmented, the DFIG then attracts more reactive power hence causing the
system voltage drops. After the fault is cleared, the DFIG will be able to restore its normal
operating condition only if the speed of the generator does not go over its critical speed [14].

The high penetration of wind power generation in the network will affect the system
stability; especially the voltage stability hence various investigations on the effect of DFIG
on system stability become the subject of intense research during the last few years [15-21].
One issue that did not receive 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 is subjected to large disturbances. Research has validated that UVLS
is an effectual counter-measure deed against voltage collapse. With the enlargement of the
integration of wind generation number into the network, there are requirement for the system
operator to maintain the wind generators to keep supplying power to the system when the
system voltage collapse rather than being disconnected [22]. Study in [23] proposes UVLS
design in power system with DGs, but this study only uses static voltage analysis approach
and does not consider the DG type. The drawback of such technique is it cannot clarify the
dynamic nature of the voltage collapse incidents. Additionally, with the large installation of
wind generators and other DGs, the dynamic behavior of the system after being perturbed

will change substantially because of the different technologies of the DGs and conventional



generators [24].

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

This paper is organized as follow. Section Il describes the doubly fed induction generator
technology. Section I11 elaborates the proposed method: trajectory sensitivity based UVLS
design. Section IV gives the results and analysis and Section V concludes the main findings
of the research. Findings of this research are expected to provide a better UVLS setting to

confront the probability of voltage collapse incident, including in power system with DGs.

2. Doubly Fed Induction Generator Technology
2.1 DFIG Configuration

A DFIG is connected to the wind turbine through a gearbox and a back-to back voltage
source converter [17]. The gearbox is essential to couple the rotor to the generator to control
the speed ranges divergences between the rotor and generator. The stator winding of the
DFIG and the other side of the converter that is supplying the rotor is connected to the power
system. The voltage is kept at constant frequency whereas its magnitude is controlled by

adjusting the generator stator flux. A typical configuration of a DFIG wind turbine



technology is shown schematically in Fig. 1. A more detailed explanation of the DFIG system

can be found in [24-26]

2.2 DFIG Electrical Power Model for Dynamic Analysis

The mechanical power from the wind turbine is converted by the DFIG which is delivered

to the system from both the stator and rotor windings [27]. Fig. 2 presents the equivalent

circuit of a DFIG.

The voltage equations for the stator and rotor can be expressed by [27]
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The DFIG active power converted from mechanical power are the summation of the power

between stator and rotor side and copper losses that can be express as
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Where,
V. = V,£0° stator voltage;
V. = V,.2@ rotor excitation voltage;
I, = 1,26, stator current;
I, = 1,26, rotor current;
E air gap voltage;

R and R,  stator and rotor resistance, respectively;

X;s and X;,- stator leakage reactance and rotor leakage reactance, respectively;
Xm magnetization reactance;

X and X, stator reactance and rotor reactance, respectively;

w, and w,.  stator synchronous speed and rotor speed, respectively;

s the slip;

P, and Q;  stator active and reactive power, respectively;

P.and Q,,  rotor active and reactive power, respectively;

Ppric electrical power converted from mechanical power (total DFIG power);
plLoss stator copper loss;
pLoss rotor copper loss.

3. Trajectory Sensitivities Enhanced UVLS Scheme
3.1 Trajectory Sensitivity Analysis

Trajectory sensitivity analysis is a technique based on linearizing a system surrounding a
certain trajectory and employs time domain simulations [28]. This technique computes the
sensitivity of the dynamics relating to the constraints [29]. Trajectory sensitivity provides a
method of enumerating changes in the system variables in connection with the quick changes

of system parameters and initial conditions [30]. The basic methodology of trajectory



sensitivity computation of hybrid systems is illustrated in [30] as follow.
The systematical representation for voltage stability analysis of a power system is

provided by the following differential-algebraic equation (DAE)

x=f(xy a) (12)
0=yg(xya) (13)

Where x is the vector of dynamic state variables; y is the vector of algebraic state
variables such as load bus voltage magnitudes and angles; and a represents system
parameters.

Trajectories of (12) and (13) illustrates the performance of the dynamic variables x and

algebraic variables y, where flows of x and y can be defined, as

X(t) = <px(x0' t, (X) (14)
y(t) = Qoy(YO; L, a) (15)

Sensitivities of the flows ¢, and ¢,, to the initial conditions and parameter variations can
be acquired by forming the Taylor series expansions of above equations, hence
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An approximation based numerical method is used to compute the sensitivities x, and y,,
consequently
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The trajectory sensitivities from (17) and (19) are revised to meet the purpose of this study.

The bus voltage magnitude and load shedding amount are both parameters represented by y



and a correspondingly, hence sensitivities of bus voltage variation after load shedding at any
specified bus are computed can be defined as

doy(Vo, t,P)  aV (D)
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3.2 Trajectory Sensitivity Factor

In addition, the trajectory sensitivities are performed to find the load shedding location. A
trajectory sensitivity factor (TSF) is formulated to assess the contribution of bus j after load
shedding to the system voltage stability. The sensitivities calculated are [aVi/an], 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 active power at bus j by
a small value then assessing its impact on voltage magnitudes at all critical buses along time

domain. The TSF proposed in this work is defined as

TSF; = TSF{°* 4+ TSF¥™4 (22)
s Vload
TSFoad = 2 Z l (23)
. wmd VWlnd
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an = APj = Pshed]-
Where,

Pspea; load shedding amount at bus |

ng number of critical buses
Nywina NUMber aggregated DFIG buses

tk time instant



tg number of time instant

There are two components computed here: TSF/°%? and TSF}*™¢. TSF!°*¢ evaluates the
voltage trajectory sensitivities at critical load buses with respect of load shedding at bus j,
whereas TSFJ-Wi"d assesses the voltage sensitivities at wind turbine buses with respect of load

shedding at bus j. The bus with the highest TSF means that this bus has the largest effect on
the voltage stability improvement of the critical buses hence will be selected as a candidate
bus for location of UVLS. The flowchart of the proposed trajectory sensitivities based UVLS

is shown in Fig. 3.

4. Simulation Results
4.1 Without DFIG Connected to the System

The proposed method is implemented at the IEEE 14 bus Reliability Test System. The
system is assumed to be working on a stressed condition. The system load for this study is
511.36 MW that consists of 50% static load and 50% dynamic motor load. The detail of load
modelling can be seen in [31]. In order to design the trajectory sensitivity based UVLS, a
fault is applied between bus 6 and 13 then the fault is cleared by removing transmission line
between bus 6 and 13. Firstly, we evaluate the UVLS design without any wind generator.
Fig. 5(a) shows the voltage drop after disturbance. There are 5 critical buses which voltage
collapse below the stability limit (0.9 pu). They are buses 9, 10, 12, 13 and 14 as shown in
Fig. 5(b).

For this simulation, the load shedding amount is for each iteration 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. 6(a) and Fig. 6(b) illustrate the voltage 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 at bus 14 are better than sensitivities at bus 6.

Furthermore, TSF is calculated to provide a distinct indication for load shedding location.

Here, we only compute the TSF]-“’“d since there are no wind generator yet. In computing the
TSFjl"“d value, we use time interval 0.5 second for period 0 — 20 second. Table 1 illustrates

the TSF/°% calculation for load shedding at buses 14 and 6.

Fig. 7 depicts the TSF value for each load bus at first iteration. As indicated in 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 unstable hence
trajectory sensitivities are performed again to calculate the TSF. For this simulation, this
process is repeated 6 times until the system voltages are stable (above 0.9 p.u.) and the results
TSF calculation for each iteration and load shedding location based on the highest TSF are
presented in Table 2 and Table 3, respectively. Hence, the load shedding locations are bus
14 and bus 13 with load shedding amount at each bus of 15 MW. The results of voltage
improvement after load shedding of 30 MW at buses 14 and 13 can be seen in Fig. 8. It clearly
proves that voltages at all buses improve significantly and the system stability is recovered.
4.2 With DFIG Connected to Bus 14

To evaluate the UVLS scheme with wind generators, we postulate aggregated DFIGs are
connected to bus 14 with total accumulative power of 10 MW. The detail of the wind

generators parameters are shown in Table 4.
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Fig. 9(a) portrays the voltage behavior at all buses following disturbance between bus 6
and 13. Specifically, Fig 9(b) illustrates the voltage drop at critical buses, which there are
only 3 buses, bus 12, 13 and 14.

In order to assess the effect of load shedding towards the critical load and DFIG buses,
the trajectory sensitivity is carried out. Fig. 10(a) and Fig. 10(b) show the voltage trajectory
sensitivities of critical 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 in bus
13 is superior than sensitivities if load shedding at bus 14. Additionally, by referring to Fig.
11, that presents the trajectory sensitivities of aggregated DFIGs voltage if load shedding at
bus 14, 13 and 3. It also shows that by load shedding in bus 13, the voltage sensitivities of
the DFIG bus are greater than sensitivities if load shedding at buses 14 or 3. Nevertheless, in
order to decide a better quantitative conclusion, the TSF is calculated, where it is consisted
of two components; the TSF/°*¢ and the TSF}*™. Similarly to the computation without
DFIG, time interval used is also 0.5 second for period 0 — 20 second. TSF; calculation for
load shedding at buses 14, 13 and 3 is displayed in Table 5.

Fig. 12 conveys the results of TSF calculation at all load buses. Interestingly, bus 14 does
not longer have the highest TSF. When aggregated DFIGs are connected to bus 14, bus 13
now has the largest TSF. Therefore, this bus has the biggest influence in improving the
system stability. For this condition, the sensitivity analysis procedure is iterated 3 times, and
the results of this process is expressed in Table 6. After load shedding with total amount of
15 MW (10 MW at bus 13 and 5 MW at bus 14), the system voltage recover to its stable

condition where the result is portrayed in Fig. 13.
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Fig. 14(a) and Fig. 14(b) illustrate the DFIG voltage drop and DFIG recovery after load
shedding, respectively. Table 7 concludes the comparison of UVLS design with and without
DFIG connected to system. It is obviously, that with wind generators integration to the
system, the UVLS scheme changes and reduces the amount of load to be disengaged from
the system.

5. Conclusions

This paper proposes a dynamic analysis based design of UVLS for stabilizing the system
following disturbance and ensuring the system secure limits are satisfied. The design is based
on trajectory sensitivities technique that calculates the sensitivity of the dynamics relating to
the constraints and provides a method of enumerating 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 minimum amount of load shedding and
to verify location of load shedding. Trajectory sensitivity factor (TSF) provides useful
information to find the best location for load shedding. The bus with the highest TSF means
that this bus has the largest effect to enhance the voltage stability of the critical buses hence
will be selected as a candidate bus for location of UVLS.

This work simulates the system behavior after being perturbed with and without DFIG.
From the simulations, the installation of DFIG can help the demand side management in
critical situation by reducing the amount of load disconnected from the system. Before
installation of DFIG, the amount of load shedding is 30 MW, whereas when DFIG is
connected with total aggregated power 10 MW, the load shedding amount decreases to 15

MW.
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The proposed method provides significant voltage improvement and by using the

proposed method, various power system failures after the system being perturbed can be

prevented, including in power system with wind generators. This method can be applied

robustly with or without wind generator and can be applied considering other DG type as

long as the DG unit is modeled accurately.
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Table 1 TSF Calculation for Case without DFIG
aviload]
t=t

ts

)]

op;
t=0 =lk
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
TSFj"’“d 1.854 0.187

Table 2 TSF Value for Case without DFIG

TSF Value
Iteration | I Il I\ V VI
Bus Number
2 0205 0134 0110 0.098  0.074  0.026
3 0211 0167 0149  0.106  0.079  0.034
4 0.398 0.302 0.257 0.211 0.086 0.057
5 0342 0264 0216 0174 0123  0.089
6 0.187 0.112 0.098 0.077 0.056 0.034
9 0978 0849 0798 0731 0674  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 1265 1.205 1.158 1115  0.967
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
Table 3 Load Shedding Locations for Case without DFIG

Load Shedding Design

Iteration Location

Amount (MW)

| Bus 14
1 Bus 14
i Bus 13
v Bus 14
Vv Bus 13
VI Bus 13

5

o1 01 o1 O1 01

Table4 DFIG Parameters

Power rating
Voltage rating
Frequency rating
Stator resistance (Rs)
Stator reactance (Xs)

2 MVA
13.8 kv
60 Hz
0.01 pu
0.10 pu
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Rotor resistance (Ry) 0.01 pu

Rotor reactance (Xr) 0.08 pu
Magnetization reactance (Xm) 3.00 pu
Inertia Constants 3 KWs/kVA

Table5 TSF Calculation for Case Considering DFIG
Busj  TSFf°*¢  TSFMm  TSF

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
Load Shedding Design

Iteration

Location Amount (MW)
I Bus 13 5
I Bus 13 5
11 Bus 14 5

Table 7 Comparison Load Shedding Scheme With and Without DFIG
Load shedding Design

Location Amount (MW) Total (MW)
. Bus 14 15
Without DFIG Bus 13 15 30
. Bus 13 10
With DFIG Bus 14 5 15

Gear GRID
Box
Power electronic 4'

converters
|

Control systems

Fig. 1 DFIG wind turbine technology configuration
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Fig. 4 The test system: IEEE 14 Bus Reliability Test System
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Authors would like to thank Editor and Reviewers. All the comments have been incorporated
in the paper appropriately and below are the response to the reviewers’ comments.

Reviewers' comments:

Reviewer #1: This paper presents a methodology to perform Under Voltage Load Shedding
(UVLS) in power systems integrating Double Fed Induction Generators (DFIG) following
severe system disturbances. The proposed methodology exploits trajectory sensitivity
analysis to determine the most appropriate location of load shedding in each step (stage) of
the UFLS scheme. This is a very useful aspect that will contribute to improve the
performance of the UFLS strategy. However, these aspects should be put in context with the
current state-of-the-art. In addition, several issues should be taken into account to improve
the paper quality to an acceptable level suitable for publication. These issues are briefly
described as follows:

1.The paper lacks a brief description regarding the fundamentals of UVLS and the available
UVLS schemes. A critical overview regarding the application of UVLS schemes following the
integration of DFIG is also missing. Under this context, the main challenges as well as the
lack of solutions to deal with should be identified from the literature critical overview and
the main contributions of this paper beyond the state-of-the-art should be properly
highlighted.

Based on this suggestion, the authors have included fundamentals of UVLS and UVLS
schemes. We also have mentioned the critical overview and the main contribution of this
paper in the introduction. In this paper, a novel analytical method is proposed to design a
UVLS incorporating trajectory sensitivity analysis as a technique to determine amount and
location for load shedding also observing the DFIG behavior after the system is being
perturbed. The proposed method involves an iterative process that calculates the bus
voltage trajectory sensitivities with respect of load shedding amount. At each step, the
amount of load shedding is set to a small amount. In addition, a new formulation, namely
Trajectory Sensitivity Factor (TSF) based on voltage trajectory sensitivities is employed to
determine the load shedding location.

2.The mathematical model representing the DFIG dynamic behavior is already well
documented on the literature and therefore it is not essential to include its detailed
description on this paper. Therefore, the Section 2 could be replaced by another one
addressing the subjects mentioned previously, regarding UVLS.

We have replaced Section 2 with UVLS, as in suggestion no. 1.



3.Regarding the DFIG electrical model for dynamic analysis presented in Section 2.2 of this
paper, the advanced control functionalities performed through the control systems of the
back-to-back power electronic interface are missing. Also, many grid code requirements
impose that DFIG provide Fault Ride Through and voltage control as system ancillary
services. These features will impact on the system dynamic behavior following disturbances
requiring the application of UVLS schemes to prevent voltage collapse and therefore on the
design of suitable UVLS schemes and performance. Then, comments should be provided
regarding these aspects. In addition, the main assumptions that were taken into account
during the proposed UVLS scheme design should be presented and properly explained.

The authors have added a new section (Section 3) regarding control system used in the
simulation.

4.The analysis of the results should consider the above mentioned features.
The analysis of the DFIG behavior is presented in Section 5.2.B.

5.Although the trajectory sensitivities subject does not belong to my domain of expertise, |
suppose that a better explanation should be provided regarding the variables corresponding
to voltage magnitude and load shedding amount represented by "y" and "alpha" in
equations (17) and (19) and the sensitivities of bus voltage variations computed by
equations (20) and (21).

In the Section 4.1, we have provided explanation as follow:
The systematical representation for voltage stability analysis of a power system is provided
by the following differential-algebraic equation (DAE)
x = f(x,y;a) 9
0=ygkya) (10)
Where x is the vector of dynamic state variables; y is the vector of algebraic state variables
such as load bus voltage magnitudes and angles; and a represents system parameters, such
as power. In this study a is the amount of load shedding. Therefore, the trajectory
sensitivities from (14) and (16) (new equation number) are revised by replacing y with bus
voltage magnitude and a with load shedding amount, hence we obtain equations (17) and
(18).

6.The implementation of load shedding strategies aims to shed the minimum amount of
load to prevent voltage collapse in the system under study. Therefore, the adopted UVLS
scheme should be presented in the paper together with the procedure used to compute the
minimum amount of load to be shed (in each stage).

The algorithm and the flowchart (Fig. 5) are given in pages 12 and 13, respectively.

7.Some comments should also be provided regarding the computational time required to
perform each iteration and the impact of the corresponding delay on the UVLS



effectiveness. On the other hand, it was supposed that representative contingencies are
selected to design the UVLS scheme. Comments should be provided regarding these
previous aspects.

In this work, the dynamic simulation for each iteration varies between 15 — 30 seconds. We
have added information in the paper, that the outage was a critical outage and chosen
based on a contingency analysis. This method is performed off-line, to give guidance for load
shedding at real time, hence not causing delay in real time operation.

8.How representative are the simulated contingencies to conclude about the effectiveness
of the proposed UVLS scheme? Additional comments are required regarding this subject.

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 as case studly.
Because there are significant voltages drop in some buses and need load shedding. However,
not all outage will need load shedding. For example, outage between bus 13 and 14, because
of this outage the system voltage can recover back to its stable condition, hence no load
shedding is needed. In our study, we simulated if outage at main transmission line, for
example: between buses 6-12, 12-13, 6-11, 9-10,or 9-14 and the load shedding scheme is
the same.

9.Although without DFIG, a similar work was reported previously by the authors in the
following paper titled as "Under voltage load shedding utilizing trajectory sensitivity to
enhance voltage stability", AUPEC, 2011, which was not included on the list of references of
this paper. Then, regarding this previous work, the innovative aspects and additional
contributions should be properly highlighted.

This previous work in AUPEC 2011 only simulated without considering of any DG in the
system and it evaluates the system with static load modelling only. In this journal paper is
more detailed the UVLS design that compute the amount and location for load shedding and
considering dynamic load modelling, whereas in the previous work only consider static load
model. Which based on our simulations, load modelling with only static model gives different
result hence may give biased

10.Additional important references regarding UVLS should be included, such as: [1]
Ladhani, S.S.; Rosehart, W., Under voltage load shedding for voltage stability overview of
concepts and principles, IEEE Power Engineering Society General Meeting, 2004; [2] S. Imai,
Undervoltage Load Shedding Improving Security as Reasonable Measure for Extreme
Contingencies. IEEE PES Transactions on Power Delivery; [3] IEEE Power System Relaying
Committee Report, Summary of System Protection and Voltage Stability, Transactions on
Power Delivery, Vol. 10. No. 2, April 1995; [4] Undervoltage Load Shedding Task Force
(UVLSTF), Technical Studies Subcommittee of the WECC, Undervoltage Load Shedding
Guidelines, July 1999.

Based on this suggestion, we have included them in the references.



11.The written English should be improved in order to make easier both the paper reading
and understanding.

The paper has been proofread.

Reviewer #2: 1. The English requires revision from behalf of the authors. To give some
examples:

* the term "generation" is used instead of "generator" when referring to the actual
machine. E.g. in the introduction "Distributed generations", "Wind energy generations"

* sometimes the verb is used in its 3rd person plural form instead of 3rd person singular and
vice-versa. E.g., in the second paragraph of Introduction "wind energy are estimated to
contribute .."

* the use of strange terms like "asynchronous power" (first row page 3)

* some phrases in the introduction are difficult to comprehend. E.g. the second paragraph
of the Introduction.

The paper has been proofread.

2. Other content comments:

* Page 7: it is said that equations (12) -(13) are the "systematical representation" of the
power system for voltage stability. Is not complete, as such a representation is used to
generally express the dynamics of the PS (or, more general, of any non linear system)

Thank you for your comment. We have corrected this is that these equations are systematic
representation of a power system in general which can be applied in voltage stability
analysis, where we have provided explanation that x is the vector of dynamic state
variables; y is the vector of algebraic state variables such as load bus voltage magnitudes
and angles; and a represents system parameters, such as power. In this study a is the
amount of load shedding.

* Page 7-8: it is not clear how the sensitivities are really computed because the notation
adopted for equation (20) is not coherent with the previous equations.

In the Section 4.1, we have provided explanation as follow:
The systematical representation for voltage stability analysis of a power system is provided
by the following differential-algebraic equation (DAE)

x=fxy a) )



0=g(xya) (10)
Where x is the vector of dynamic state variables; y is the vector of algebraic state variables
such as load bus voltage magnitudes and angles; and a represents system parameters, such
as power. In this study a is the amount of load shedding. Therefore, the trajectory
sensitivities from (14) and (16) (new equation number) are revised by replacing y with bus
voltage magnitude and a with load shedding amount, hence we obtain equations (17) and
(18).

3. Some observations in what regards the simulations:
* the time-domain figures do not specify which curves represent which buses. Is hard to
read them.

We have specified the buses represented by the curves in Figs. 7(b), 8, 11(b), 12, and 13.

* In the case with DFIG in service, 10 MW of WG are introduced. But, the total generation in
the system is 7510 MW. So, only 2% of generation is WG; is this relevant for a system where
the WG penetration level should be high (as said in the introduction)?

For the aim of this research, we have performed several simulations. When the wind
generation is more, then with the same fault there will be no load shedding needed, because
the system can still recover back to its stability. Perhaps with bigger and more complex
system, the DFIG percentage can be bigger but still achieving the objective of the research.

* Page 10: the location of the shedding is made according to the TSF which is computed
using the voltage trajectory sensitivities. In this regard, the presentation of the results is a
little bit confusing. It first presents the trajectory sensitivities of load shed at 2 buses, and
one is better. Then it results that one of them has the highest TSF while the other one a low
TSF. In my opinion a better analysis would be to first present the TSF values and compare, in
terms of trajectory sensitivities, the bus with the best TSF with the others with the purpose
to understand why the bus with the best TSF is indeed the best. Therefore, it is interesting
to analyze this scenario: in case that difference of TSF in two different busses is little (for
example, busses 13 and 14 of figure 7), what is the effect of the load shedding if it is applied
to these two busses. In other words, it is necessary to show the relation between the order
given by TSF and voltage answer.

The results presentation is based on the step taken in the study. Firstly, we analysis the
voltage trajectory sensitivity each buses, which in this paper we presented 2 buses. It clearly
shows the one with wider sensitivity, show that by performing load shedding in this
particular bus will give significant voltage improvement. Then for a quantitative result we
calculate the TSF which the results of TSF at all load buses are represented. Because we want
to find the location for load shedding, therefore we simulated the trajectory sensitivity



considering load shedding of small amount (1% or approximately 5 MW), then we do it again
until the system can recover back to its stability condition. Values of TSF provide information
accumulative of the impact of load shedding at that bus to improve the voltage level at all
critical buses.

* It is not clear if the lower shed quantity in the second simulation case is due to the
characteristics of DFIG. Adding any kind of extra generation should improve the
controllability and hence positively impact the load shedding. In this regard: was the DFIG
set to control the voltage at its busbar? Do the DFIGs work at constant power factor?
Generally, the impact of the DFIG should be discussed more in details.

The lower quantity of load shedding is affected by various effects and one of it is the
installation of distributed generation (DG). DG can reduce power flow in the network hence
reducing losses because DG in general provides electricity directly to the system. But as
explained in the introduction, the UVLS design must robust so that the voltage at DFIG bus
can recover. We have discussed the impact of DFIG installation in Section 5.2.B and we
assessed if load shedding is performed at bus 3 that has low TSF. Based on our simulations,
when we perform load shedding at bus with low TSF, the voltage at the DFIG bus cannot
recover.

* Finally, the figure 5 shows the voltage values after the outage of line 6-13. Looking at the
figure, a strong variation of the voltages is evident. To understand the numerical results
some details about the values of the load at bus 13, the load factor of line 6-13 and the
characteristics of AVR adopted for the generating units are necessary.

Based on this suggestion, the authors have added a new section (Section 3) regarding
control system, including AVR used in the simulation. This study is based on dynamic
analysis. However, from the static report, we obtained the load factor of line 6-13 = 38.295%
whereas the load at bus 13 is 0.47 +j0.18916 p.u.
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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

* Corresponding author. Tel.: +62 812 41 693 693.
E-mail addresses: aarief@ft.unhas.ac.id, ardiaty@engineer.com
(A. Arief), zydong@ieee.org (Z. Dong),kachtlar@ieee.org (M.B. Nappu),
marcusg@itee.uq.edu.au (M. Gallagher).

0378-7796/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsr.2012.10.013

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

Please cite this article in press as: A. Arief, et al., Under voltage load shedding in power systems with wind turbine-driven doubly fed induction
generators, Electr. Power Syst. Res. (2012), http://dx.doi.org/10.1016/j.epsr.2012.10.013
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Fig. 1. Standard IEEE AVR type 1 excitation system model [24].

dynamic behavior of the system will change substantially after
being perturbed 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 Joad-
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  gives the results and analysis, and Section § concludes the
main findings of the research.

2. Power gystem 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. Jmai [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 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.

e 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 yoltage regulator and DFIG gontrol system
3.1. Automatic yoltage 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 gontrol 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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Gear
Box

GRID

Power electronic
converters

Control systems

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 4+ Xm)igs + Xmigr] (1)
Ugs = —Tsigs — [(Xs 4 Xm )igs + Xmigr] 2
Ugr = —TRigr + (1 — @m)[(Xg + Xm)igr + Xmigs] (3)
Ugr = —TRigr + (1 — om)[(XR + Xm)igr + Xmigs] )

Then, the active and reactive power delivered to the grid become:
P= Udsids + quiqs + Udcidc + UinqC (5)
Q = vgsigs — Ugslds + Vgcige — Udclde (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:

. [ Xs + Xm Pk(wm)
fgr = |- ——r 22—~ —

. 1
XmV ®Wm lqr} i (7

. v
igr = Kv(V - Vref) T x. Lar (8)
m

P§,(wm) is the power-speed characteristic that optimizes the wind
energy capture and is calculated using the rotor speed value.

4. Trajectory sensitivities gnhanced UVLS scheme
4.1. Trajectory gensitivity gnalysis

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):

x=fxy;, g) 9

0=glxy: g) (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) = gx(xo, t, ) (11)

y(t) = gy(yo, t, @) (12)

Sensitivities of the flows ¢x and ¢y to the initial conditions and
parameter variations can be acquired by forming the Taylor series

A 4

[ I S R

Fig. 3. DFIG rotor speed control [25].

Vref =
Ky

JEqr'mnx
[ (s + %) fer
xnV(1+5T,)
Lyrmin
idr max
1 idr
1+s

_

Lar min

Fig. 4. DFIG voltage control [25].
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expansions of the above equations, hence:

_ _ Ogx(x, £, ) _ox(t) -
Ax(t) = Apx(xo, t, ) = o Ao = 80( Ao = xo(t) A
(13)
a o ay(t
Ay(t) = Apy(yo, t, ) = <Py(ya(:1 )Aoz = Ja/fx ) Aa = ~yu(t)Aa
(14)

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

X Ax  @uxo, a0+ Aar) — gx(xo, t, @)

X =30~ Aa Aa (15)
Vo = y _ Ay oot o+ Aa)—gy(yo, t, @) (16)
YT % Aa Ao

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, t, P) = 89""(‘5;’; EP)Ap = 3‘51()” AP = Vp(t)AP
(17)
WV AV Vo, t, P+ AP) — gy(Vo, t, P
oVp _AV _ev(Vo )—ov(Vo, t, P) (18)

N AP
4.2. Trajectory gensitivity 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;°* + TSFy™! (19)
Mk is gyload
load __ i
rsies =SS | )
i=1 Lt=0 =ty

Nyind is |:avyvind:|
1
(21)
t=ty

wind __
=37
i=1 t=0

an = APj = Pshedj

Ahere Pshedj, load shedding amount at bus j; 1, number of critical
Juses; 1y, number of aggregated DFIG puses; ty, time jnstant; s,
number of time instants.

There are two components computed here: TSFJ,"’“d and TSFJ."Vi"d .

TSI-}’"“" 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
the critical buses and hence will be selected as a candidate bus for
the location of the UVLS. The flowchart of the proposed trajectory

Set amount of load shedding for each step

v

Select an outage

v

Perform dynamic voltage stability analysis

v

Identify critical zones

v

—)[ 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 —

Voltage
stable?

/ Display results /

Fig. 5. Flowchart of the trajectory sensitivity-based UVLS design.

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 pesults
5.1. Without DFIG gonnected 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@ VGD

Fig. 6. The test system/TlEEE 14 Bus Reliability Test System.

For this simulation, the Joad-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) jllustrates 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)

06 s s
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.

0.04 4
0.035 -
0.03
0.025 -
0.02
0.015 -
0.01
0.005 -

Voltage trajectory sensitivities

5 10 15 20
-0.005 -

time (s)

Bus13 Bus 14

Bus9

Bus 10 Bus 12

(a) at bus 14

0.04 4

0.03

0.02

0.01

Voltage trajectory sensitivities

-0.01

-0.02 -

time (s)

Bus 9 Bus 10 Bus 12 Bus 13 Bus 14

(b) at bus 6

Q4 Fig. 8. Bus voltage trajectory sensitivities of critical buses if load shedding is SMW. (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.

& avioad Iteration Loadkhedding 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
TSFj’““d 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
;{SF value Stator reactance (X;) 0.10pu
) Rotor resistance (R;) 0.01 pu
Iteration 1 11 11 v \% VI Rotor reactance (X;) 0.08 pu
Magnetization reactance (Xm) 3.00 pu
Busxmmber 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 0.211 0.086 0.057 voltage improvement after load shedding of 30 MW at bus |4 and
5 0342 0.264 0216 0.174 0123 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 gonnected to pus 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 TSFj’"“d since there are no wind generators yet. In computing

the TSFJ."’”C’ value, we use time interval 0.5s for the period 0-20s.

Table 1 illustrates the TSFJ."’ad calculation for load shedding at pus
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 Jables 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 gmount and location of joad 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.
Kig. 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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154 ©
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Bus voltage magnitude (pu)
o
&

Bus voltage magnitude (pu)

08
0.75
0.7
0.7
. . . 065 . . .
0 5 10 15 20 0 5 10 15 20
time (s) time (s)
(a) at all load buses (b) at the critical buses
Fig. 11. Voltage drop after outage between bus 6 and bus 13 considering DFIG.
0.12 - 0.12 4
0.1 0.1 -
< £ o8
IE 0.08 - g 0.08
w
E § 0.06
= 0.06 - > .|
2 £
9 3 0,04 -
= 0.04 -E B
=] =]
1] Q
g 002 - g 002
s S
0 - 0
-0.02 - . -0.02 -
time (s) time (s)
Bus12 Bus13 Bus 14 Bus 12 Bus 13 -Bus 14
(a) at bus 13 (b) bus 14

Fig. 12. Bus voltage trajectory sensitivities of critical buses if load shedding is 5 MW.

the load shedding occurs at bus 14. In addition, [ig. 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 Kig. 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] load 3n( the tem stability. For this condition, the sensitivity analysis procedure is
iterated three times, and the results of this process are expressed in

TSFind_Similar to the computation without DFIG, the time interval . -
J Table 6. After load shedding with a total amount of 15 MW (10 MW

.6 Table 5
£ . S
2 006 - TSF calculation for case considering DFIG.
= Busj TSFload TSFwind TSF;
@ J J
» 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 Loadkhedding design
time ) Location Amount (MW)
Bus 14 Bus 13 - -Bus 3 I Bus 13 5
. . T . . . 11 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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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.
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(a) voltage drop without load shedding

time (s)

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

2-2.2. Analysis of DFIG pehavior

Fig. #4(a-c) demonstrates the DFIG voltage behavior following
outage between bus 6 and bus 13 before and after load shed-
ding. Fig. #4(a) clearly shows that the DFIG voltage decreases to
approximately 0.76 pu at t=20s. In addition, as mentioned in the

1.05 T T T

Bus voltage magnitude (pu)

0.75 . . .
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(b) after load shedding at bus 13 and bus 14
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(c) after load shedding at bus 3

Fig. 16. Voltage behavior at DFIG bus.
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Table 7
Comparison load shedding scheme with and without DFIG.

Load sheddingkiesign

Location Amount Total (MW)
(MW)
Without DFIG Bus 14 15 30
ithout Bus 13 15
i DFIC Bus 13 10 5
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 pus 13 and bus 14 (Fig. +4(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.

Kig. +4(c) shows the voltage behavior at the DFIG bus after shed-
ding 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 sta-
bility. 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 condition. Therefore,
it is not recommended to shed load at a bus with low [SF (Fig—+65:

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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