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ABSTRACT The aim of this research work is to develop a load shedding methodology to improve the
frequency response of low inertia grids by attaining satisfactory voltage stability. In recent times, wind
energy integration has considerably increased in many power grids. Consequently, conventional synchronous
machines are being replaced from dispatch. Unlike traditional synchronous machines, variable speed wind
turbine generators usually do not take part in frequency regulation without supplementary control mecha-
nism. During substantial wind penetration, a power system may have a small number of online synchronous
machines. As a result, synchronous inertia and governor responsive reserve significantly reduce. Under such
situation, a system has to rely on load shedding as a last line of defense to rescue the system frequency
following a large contingency. However, the conventional Under-Frequency Load Shedding (UFLS) strategy
may lead to larger frequency deviation and higher amount of load cut in certain cases. A new load shedding
methodology is presented in this paper to overcome this challenge. Unlike conventional UFLS technique,
higher proportion of load shedding is applied to relatively weaker buses in terms of voltage stability in
the proposed mechanism. Based on reactive power margin, which is an index to specify voltage stability,
a general expression to quantify load shedding is derived. Also, the adaptability of the proposed strategy to
various load levels is ensured. Later on, performances of the developed strategy are explored in a low inertia
wind dominated test network. Simulations are executed considering various penetration levels of wind power
and for two severe contingencies — loss of 550 MW interconnection and loss of 650 MW interconnection.
Investigations reveal that the proposed load shedding methodology ensures satisfactory frequency response
in all simulation cases. Also, the developed technique yields less frequency deviation and load cut compared
to the conventional UFLS mechanism. Therefore, the reported load shedding scheme is found to be more
competent to concurrently maintain frequency and voltage stabilities in renewable dominated power systems.

INDEX TERMS Frequency response, load shedding, low inertia grid, voltage stability, reactive power

margin.
NXI;\;;IENQ}"“URE UFLS Under Frequency Load Shedding
reviaiions . UVLS Under Voltage Load Shedding
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PMU Phasor Measurement Unit
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. ) ROCOF Rate of Change of Frequency
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Zioaa  Load impedance

[0} Impedance angle of the line

0 Impedance angle of the load

Pr Real power supplied to the load

Or Reactive power supplied to the load

N Number of load buses

Omi Inverse of reactive power margin of i-th bus
ri Reactive margin factor of i-th load bus

L; Total load of i-th bus

LF;, Load shedding factor of i-th bus in the n-th stage
f System frequency

Jihn Frequency threshold of the n-th stage of UFLS
IR System inertia

S; MVA rating of j-th synchronous generator
H; Inertia constant of j-th synchronous generator
N¢ Total number of online synchronous generators

I. INTRODUCTION

Inadequate frequency response following a large contin-
gency is a major concern in renewable dominated power
systems [1]. Prolific penetration of renewable resources,
especially wind power integration in transmission levels,
causes the replacement of conventional fossil-fuel based syn-
chronous generators from the generation mix [2]. Modern
wind machines frequently utilize Type-IIl and Type-IV
(Doubly-Fed Induction Generator: DFIG and Full Scale
Converter: FSC respectively) wind turbine generators. These
are variable speed machines, which are electrically detached
from the corresponding host network via power electronics
interfaces. As a result, these WTGs are incapable of offer-
ing inertial support and governor response without addi-
tional control strategy [3]. Therefore, frequency response
of a power system is likely to deteriorate under high wind
penetration [4].

A proper balance among overall generation and system
load is the key factor to preserve the system frequency stabil-
ity of a power system. Since the governor responsive reserve
is relatively small in low inertia grids, in most cases Under
Frequency Load Shedding (UFLS) needs to be come into
action to cease the frequency decline. However, the conven-
tional UFLS scheme may not be sufficient to arrest the fre-
quency decline, especially subsequent to a large disturbance
(e.g. loss of a major generator or interconnection). Such a
failure may eventually lead to system wide blackouts, which
are evident from some of the past incidents such as blackouts
in Sweden, Denmark and Italy back in 2003, blackout in
India in 2012, 2015 and blackout in South Australia back
in 2016 [5], [6]. Therefore, further research and explorations
are still necessary to design an appropriate load shedding
scheme, especially for low inertia power systems.

A number of load shedding schemes are illustrated in
the literature to date. In [7], a load shedding methodology
is developed for islanded microgrids where initial power
deficit is estimated using first derivative of system frequency.
However, while estimating power deficit, frequency sup-
port from active governors and load frequency relief from
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frequency dependent loads are ignored. In [8], a proba-
bilistic method for automatic load shedding is proposed,
which uses average values of yearly load instead of peak
values. Further, UFLS techniques are proposed in [9], [10]
to cut optimal amount of load using an adaptive method
based on mixed-integer linear programming. Nevertheless,
these algorithms do not prioritize different load buses before
scheduling load shedding amount. Furthermore, an aggre-
gated state estimator is deployed in [11] to integrate real-time
UFLS using traditional weighted least square formulation.
Also, UFLS algorithms based on load dynamics [12], Monte
Carlo simulation method [13] and equivalent inertia con-
stant [14] are developed. It is well documented that pro-
lific wind penetration instigates serious concerns regarding
voltage stability [15], [16]. However, in the aforementioned
works [7]-[14], voltage stability issue is ignored. Therefore,
the performances of these UFLS techniques under high wind
penetration may not be satisfactory.

Apart from UFLS, Under-Voltage Load Shedding (UVLS)
schemes are also reported in existing literature. Local mea-
surements are used in [17] to develop a centralized UVLS
mechanism to mitigate voltage instability. Another UVLS
technique is proposed in [18], which effectively applies load
shedding to offset the fault-induced delayed voltage recovery.
Furthermore, an adaptive UVLS algorithm is proposed in [19]
based on reactive power mismatch among various zones in
large interconnected systems. However, these papers do not
consider the frequency response adequacy while applying
load shedding.

Apart from these studies, a centralized adaptive load shed-
ding approach is proposed in [20], where the optimal amount,
location and cost of load interruption are considered along
with voltage stability criterion. Further, a centralised-adaptive
load shedding approach is reported in [21]. In this method
voltage and frequency information are simultaneously uti-
lized, which are provided by Phasor Measurement Units
(PMUs). This method concurrently prevents voltage and
frequency instabilities. Further, a new index is developed
relating the derivative of apparent power and the network
admittance in [22] to suggest a load shedding scheme. In addi-
tion, optimal amount of load shedding is achieved in [23]
by setting priority for loads, which is particularly suitable
for smart grid applications. Besides, a two-stage adaptive
load shedding mechanism based on PMU measurements in
reported in [24]. Here, a system frequency response model
is developed in the initial stage, while in the forthcoming
stage best location for load cut is specified on the basis
of voltage stability. In a recent work [25], a continuous
UFLS scheme is reported to shed loads, where amount of
load shedding is proportional to frequency deviation. Fur-
ther, a time-series prediction model based on autoregressive
integrated moving average is established to determine the
load shedding amounts in [26]. Besides, an adaptive load
shedding method is designed using a communication link
between remote protective relays and a centralized control
center in [27] to take into account the changes of load-level,
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system inertia and governor response. In addition, a dynamic-
adaptive load shedding algorithm is presented in [28] to
concurrently handle frequency and voltage vulnerability. This
algorithm uses PMUs to take into account the actual contin-
gency size and subsequently selects the appropriate feeders
for load shedding.

It can be inferred from the above discussion that signif-
icant attempts are made to develop various load shedding
schemes. However, the underlying limitations of the existing
techniques are as follows.

o Centralized load shedding methods require communica-
tion links, where certain delays are associated. This may
compromise the performances of the schemes, particu-
larly for large contingencies.

o Measurement based techniques entail widespread
deployment of PMUs, which may be unreasonable in
many power systems.

o UFLS schemes alone are unable to ensure voltage sta-
bility, while UVLS schemes alone cannot guarantee fre-
quency stability.

o A large number of existing techniques in the litera-
ture are validated in conventional power systems, where
large renewable penetration is not taken into account.

Therefore, adequate performances of these techniques
in low inertia grids under high wind penetration are not
assured. To meet the above important yet unaddressed
research gaps, this paper aspires to achieve the following
contributions.

o A load shedding strategy is proposed to improve the
frequency stability of low inertia grids by retaining volt-
age stability. Notably, the proposed method does not
require high speed communication infrastructure and
widespread deployment of PMUs.

o In the developed method, higher proportion of load
shedding is allocated to relatively vulnerable buses
for maintaining voltage stability. To this end, reactive
power margin is exploited as an indicator to specify bus
strength in terms of voltage stability. Furthermore, a gen-
eral expression to quantify the load shedding amount is
formulated.

o The proposed load shedding strategy is applied to a low
inertia wind dominated power system that equivalently
represents the South Australian grid. The performance
of this scheme is investigated under severe contingencies
considering different wind penetration scenarios. After-
wards, the proposed method is validated by correlating
and comparing it with a conventional load shedding
technique.

Note that both frequency and voltage stabilities deterio-
rate with a rise in wind penetration level. Since the pro-
posed methodology simultaneously considers frequency and
voltage stability aspects, it is rational to proclaim that the
method would provide satisfactory performance in modern
renewable dominated weak power systems. Thus, outcomes
of this paper will be helpful for power utilities to enhance
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FIGURE 1. An example of a Q-V curve [29].
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FIGURE 2. A two-bus power system.

Il. METHODOLOGY

In this research work, a load shedding methodology is
designed to simultaneously retain frequency and voltage sta-
bilities. In this method, reactive power margin is deployed as
a tool to determine the required amount of load to be shed at
each P-Q bus. UFLS relays are set such that weaker buses
encounter relatively higher amount of load cut. For better
understanding of the proposed technique, at first reactive
power margin is explained below.

A. REACTIVE POWER MARGIN

The reactive power margin of a load (P-Q) bus is defined as
the MVAr distance among the nadir point of Q-V curve and
voltage axis [29], [30] as shown in Fig. 1. The lowest point of
the Q-V curve denotes the voltage collapse point. The lowest
reactive power margin manifests that the corresponding bus
is the weakest bus in a network. The fundamental concept of
constructing a Q-V curve is discussed below.

Let us consider a simple two bus power system illustrated
in Fig. 2.

Let E and V be the generator voltage and load voltage
respectively, Z e and Z,qq be the line impedance and load
impedance respectively, and Pg and Qg be the real and reac-
tive power supplied to the load respectively. Also, ¢ and 6
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are the impedance angle of line and load respectively. The
line current I can be expressed using Eq. (1).

E

7 = =="—
Ziine + Zioad

ey

Expanding Eq. (1), the magnitude of current can be
expressed as,

E

=
\/(Zline €08 @ +Zjpaq COS 9)2 +(Ziine sin ¢ +Zjpqq sin 9)2
2

Assuming,

Zlaad 2 Zlaad
A:l—i—( > +2< )cos(¢—9) 3)
Zine Ziine

Using Eq. (3) in (2), I can be formulated as,

,_ L E
\/Zzline

Therefore, the magnitude of the load voltage can be found
using,

“

1 Z[aad
V = 1Zjpea = — (%)
o «/Z Zline
Hence, the real and reactive power of the load can be
expressed by,
Zioad E \?
Pr = Vlcosf = =22 ( ) cos 6 6)
A Zline
Z E \?
QR=V1sin9=M< ) sin 6 7)
A line

The relationship between reactive power Qg and the load
voltage V by keeping Pr constant can be determined using
(6) and (7). This relationship provides the Q-V curve of a load
bus as depicted in Fig. 1. However, Jacobian matrix tends to
be singular in the vicinity of voltage collapse point. There-
fore, it becomes numerically complicated to obtain a power
flow solution near the bottom of the Q-V curve. To resolve
this challenge, continuation power flow technique is used
to achieve a complete Q-V curve. Note that this method
provides power flow solutions near or at the voltage collapse
point [31].

B. PROPOSED LOAD SHEDDING SCHEME

At first, reactive power margins for all P-Q buses are
calculated using the procedures mentioned in previous sub-
sections. To preserve voltage stability, greater amount of load
needs to be shed at weaker buses. As mentioned earlier,
a lower reactive power margin indicates a weaker bus. There-
fore, inverse values of reactive power margins are determined.
Then, these values are normalized to calculate an index called
reactive margin factor. Let, N be the number of load buses and
Omi1> Om2,. .., Omn be the inverse of reactive power margins
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of load bus-1 to load bus-N respectively. Thus, reactive mar-
gin factor of i-th load bus (7;) can be calculated using (8).

Qmi Qmi

= == 8
le+Qm2+"'+QmN glemj ()
j:

i

The proposed scheme consists of multiple stages. Each
stage comes into action when system frequency collapses
beneath a certain threshold. Assume that there are n numbers
of stages in the scheme. Thus, in the first stage, the amount of
load shedding incurred by i-th load bus (LS; 1) is calculated
as follows.

LS,‘J =7 X L,‘ (9)

where L; is the total load of i-th bus.

In the second stage, the load shedding amount of i-th load
bus is determined using Eq. (20) considering the fact that a
certain portion of load is already cut in the first stage.

LSio=0—r) xrixLi=@r—rf)xL (10)

Similarly, in the third stage, the load shedding at i-th bus is
computed as follows.
LSi,3=[1 —ri—(ri — r?)] X r X Li=(r; — 2ri2—|—rl~3)XLi
(1D
In the fourth stage, the load shedding at i-th bus is given
by,
LSia=[1—ri—(ri— rl-z) —(r— 2ri2 + ri3)] X ri X Lj
= (=373 —rhHxL; (12
Likewise, in the fifth stage, the load sheeding amount at
i-th bus can be found from Eq. (24).
LSis = [1=ri = (ri=17) = (i = 27 +717)
— (i =3} 43 — I x i x L (13)
LSis = (ri— 47 +6r] —4r! + 1)) x L; (14)
In the sixth stage, the qunatity of load shedding at i-th bus
is evaluated as follows.
LSie = (1 —ri— (ri — 1} — (ry = 2r} +71})
—(ri — 3ri2 + 3’";'3 — Y= (- 41"1‘2 + 61"1-3
—drt 4+ )] x ry x Ly (15)
LSi6 = (r; — 5r} + 10r} — 10r} + 517 —r®) x L;  (16)
It is noticed that the coefficients of equations used to repre-
sent load shedding amounts follow the Pascal’s triangle [32].
Pascal’s triangle is an array, which is formed by adding
adjacent elements in previous rows. Essentially, this triangle
comprises the values of binomial coefficients. Therefore,

in the n-th stage, the amount of load shedding encountered
by i-th load bus can be expressed using (17).

LSin=0—-r)"'xrixL (17)
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Hence, the load shedding factor of i-th bus in the n-th stage
(LF; ) is given by (18).

LFiy =1 —r)" ' xr (18)

It is pointed out that usually reactive power margin of a
load bus decreases with increase in total demand [33]. In the
proposed method, normalization is done while calculating the
reactive margin factor of all load buses. Thus, the impact
of load variation does not significantly affect the values of
reactive margin factor. Therefore, the load shedding factors
determined in a specific load level can be generally used
for other load conditions. The numerical results presented in
section 4 also conform to this proposition.

C. STEPS FOR IMPLEMENTATION

The proposed load shedding scheme is determined offline
while it performs online. However, it can adapt to system load
variation as mentioned in the previous sub-section. Particu-
larly, UFLS relays need to be set to shed different percent-
age of load using load shedding factor. Thus, the proposed
technique is practically implementable. Fig. 3 depicts a flow
chart to implement the developed scheme. Also, the steps are
briefly mentioned below.

Step-1: For all P-Q buses, calculate the reactive power
margins.

Step-2: Calculate the inverse values of reactive power mar-
gins of all load buses.

Step-3: Normalize above values to calculate the reactive
margin factors of all load buses using (8).

Step-4: Set UFLS relays for all load buses using load
shedding factors calculated via (18).

Step-5: Following a contingency, check if system fre-
quency (f) crosses the 1st UFLS threshold (fi;1). If yes, shed
LS; 1 amount of load quantified by (9) from i-th load bus.
If no, do not apply any load shedding.

Step-6: Check if system frequency (f) crosses the 2nd
UFLS threshold (fin2). If yes, shed LS;> amount of load
quantified by (10) from i-th load bus. If no, do not apply any
load shedding.

Step-7: Check if system frequency (f) crosses the n-th
UFLS threshold (fis,). If yes, shed LS;, amount of load
quantified by (17) from i-th load bus. If no, do not apply any
load shedding.

Step-8: When frequency excursion is eventually stopped,
conclude the load shedding process.

lll. STUDIED GRID AND SIMULATION OUTLINE

A. TEST NETWORK

The simulated grid is constructed based on the of South East
Australia 14-Generator Model [34]. The network diagram of
the studied grid is illustrated in Fig. 4. The system consists
of 59 buses and five interconnected areas.

Area-5 specifies the low inertia network, which is an
equivalent representation of South Australia’s high- voltage
transmission network. As South Australia has one of the
highest wind penetration levels compared to its demand in
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Step-4: Set UFLS relays for all load buses using
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9).
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No

Step-7: Is
f < fthn?

Shed LS; , amount of load from i-th load
bus where LS; ,, is quantified by Eq. (17).

v
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stopped, conclude the load shedding process.

|

End

FIGURE 3. Implementation steps of the developed method.

the world [35], it can be treated as a typical example of a low
inertia wind dominated power system. Area-5 is connected
to Area-3 (denotes the neighboring state Victoria) via a high
voltage AC interconnection. The total wind power genera-
tion capacity in Area-5 is around 1,800 MW [36]. Due to
this significant installed wind capacity, the number of fossil-
fueled power plants has been considerably reduced in recent
times. At present, there are only two major power plants.
These are TPS_5 (Torrens Island Power Station) and PPS_5
(Pelican Point Power Station). Each power plant has multiple
synchronous generating units. Table 1 contains the necessary
information regarding the conventional power plants.
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FIGURE 4. Single-line diagram of simulated power system.

TABLE 1. Information regarding conventional power plants.

Power Number | Unit capacity Unit MVA Unit inertia
plant of units (MW) rating constant (s)
name
TPS 5 4 200 250 4.0
PPS 5 6 150 166 7.5

In this paper, wind power plants (WPPs) are aggregated
according to geographical sites, and then connected to two
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buses — 508 and 509 in the simulation network. For dynamic
simulations, all the wind power plants are modeled using
type-3 WTGs.

It is worth mentioning that South Australia has around
1500 MW of distributed photovoltaic (PV) generation [36],
[37]. These PV sources are treated as behind the meter
mode, i.e. net load excluding PV generation is catered by
synchronous and wind power plants. Therefore, distributed
PV generation is not taken into account in this paper.
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TABLE 2. Outline of simulation scenarios.

No. of online . Synchronous Wind Interconnection
Case Inertia . . .
tudy synchronous (MWs) generation generation import
s generators (MW) (MW) (MW)
5 5500 719 650
1 4 4500 586 800 550
3 3500 448 950
5 5500 721 550
2 4 4500 589 700 650
3 3500 449 850

B. SIMULATION SCENARIOS

To investigate the worst case scenario, loss of interconnection
during power import to Area-5 from Area-3 is considered as
a contingency. Under such cases, Area-5 becomes islanded
and it has to depend on its limited number of online syn-
chronous machines and available load shedding mechanism
to control frequency. In this paper, two simulation cases are
considered to analyze frequency response. These are — loss of
an interconnection importing SS0MW (case study-1) and loss
of 650 MW interconnection import (case study-2). To emu-
late the low system inertia conditions, the number of online
conventional synchronous machines is step-wise varied from
5to 3 in both cases. The total load in Area-5 is kept unchanged
at 1,800 MW throughout the study. Wind generation is
changed from 650 to 950 MW. It results in a wind penetration
level of 28.63% to 48.77%. The simulation scenarios are
summarized in Table 2. Note that the total system inertia (/R
in MW5s) is calculated using (19).

J=Nc

IR= )" (S; x H)) (19)

J=1

where §; refers to the MVA rating of j-th synchronous gener-
ator, H; is the inertia constant of j-th synchronous generator
(ins) and N¢ denotes the total number of online synchronous
generators.

All the modeling and simulations are performed in PSS®E
software [38]. This power system simulation platform is
extensively utilized in industry and academia to execute
power system dynamic studies. To explore the effectiveness
of the proposed scheme in conservative conditions, variation
in frequency due to load damping is ignored.

IV. RESULTS AND ANALYSES

A. EVALUATION OF LOAD SHEDDING FACTORS

Load shedding factors are enumerated assuming that the pro-
posed load shedding scheme comprises three stages. In the
test network, there are four load buses viz. 504, 507, 508 and
509. The reactive power margins of all P-Q buses are deter-
mined from the corresponding Q-V curves. The reactive
margin factors are calculated using (8) during 1800 MW
load condition (with 5 online synchronous generators and
550 MW interconnection import). The values are shown
in Table 3. It is apparent that bus 509 has the lowest reactive
power margin. Consequently, it should incur higher percent-
age of load shedding compared to other buses.
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TABLE 3. Reactive margin factors of load buses during 1800 MW load.

. Reactive power Inverse of .
Reactive . . Reactive
Bus power margin margin (p.u. on reactive margin
ID (MVAr) 100 MVA system po.wer factor
base) margin (p.u.)
504 745.08 7.45 0.1342 0.1735
507 648.10 6.48 0.1543 0.1995
508 874.04 8.74 0.1144 0.1479
509 270.73 2.70 0.3703 0.4789

TABLE 4. Load shedding factors of load buses during 1800 MW load.

Load shedding factor (%

Bus ID 1st stage 2nd stagge 0 3rd stage
504 17.35 14.33 11.85
507 19.95 15.96 12.78
508 14.79 12.60 10.73
509 47.89 24.95 13.00

TABLE 5. Load shedding factors of load buses during 1600 MW load.

Load shedding factor (%

Bus ID st stage 2nd staie : 3rd stage
504 17.37 14.34 11.87
507 19.96 15.97 12.79
508 14.80 12.62 10.74
509 47.91 24.96 13.01

TABLE 6. Load shedding factors of load buses during 2000 MW load.

i 0,

Bus ID 1st stage o s::gdsltl:lgg:acmr 0 3rd stage
504 17.34 14.32 11.84
507 19.94 15.95 12.77
508 14.77 12.58 10.71
509 47.87 24.94 12.99

According to the reactive margin factors, load shedding
factors are evaluated using (18). The values of three stages
are provided in Table 4. It is evident that the proportion of
load shedding changes depending on bus strength.

To explore the adaptability of the proposed method
in different operating conditions, two additional load
levels — 1600 MW and 2000 MW are considered. Syn-
chronous generation, wind generation and interconnection
import are adjusted to meet the load. The load shedding
factors are re-calculated, which are provided in Tables 5 and 6
respectively.

It is apparent from the above tables that the load shedding
factors remains almost unchanged with the change of system
load. Therefore, the load shedding factors calculated in a typ-
ical load scenario can be used for other operating conditions.

B. FREQUENCY RESPONSE ANALYSIS

Performances of the proposed algorithm are explored via
two different UFLS settings. Here, the term “UFLS setting”’
refers to the frequency thresholds at which the load shed-
ding stages are activated. In the 1st UFLS setting, the fre-
quency thresholds are assumed to be 49.25 Hz, 48.75 Hz
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FIGURE 5. System frequency response following 550 MW interconnection
trip for 1st UFLS setting in 5 machines case.

and 48.25 Hz. It means the 1st stage of load shedding is
triggered when system frequency falls below 49.25 Hz and
so on. Meanwhile, in the 2nd UFLS setting, the frequency
thresholds are set as 49 Hz, 48.50 Hz and 48 Hz.

Following the interconnection trip, frequencies of online
synchronous machines are recorded. After that, Center of
Frequency (COF) (f) is estimated via (20). This equation
is utilized to remove meager variations amongst different
synchronous machines.

j=Nc
2 (i x Sjx Hj)
j=1
f=" (20)
(S} x Hj)
1

Jj=

where f; delineates the instantaneous frequency of j-th syn-
chronous generator (in Hz).

1) PERFORMANCE OF THE PROPOSED SCHEME

IN CASE STUDY-1

In this case, the loss of 550 MW interconnection is simulated.
The proposed scheme is implemented using the 1st UFLS
setting. After the interconnection trip, the system frequency
starts to decline. When it falls below 49.25 Hz, the 1st stage of
the load shedding scheme is activated. Likewise, depending
on the frequency excursion, the other stages are subsequently
enabled.

The frequency response curve for 5 machines case is
depicted in Fig. 5. From the figure, it can be inferred that
the frequency decline is successfully stopped at 49.05 Hz.
Therefore, only the 1st stage of load shedding is triggered,
which causes a total load cut of 355 MW.

When the number of online synchronous machine reduces,
the system frequency response deteriorates. As such, in 4
machines and 3 machines cases, the frequency nadirs are
found to be 48.90 Hz and 48.76 Hz respectively. The fre-
quency response curves are illustrated in Fig. 6 and Fig. 7.
In both conditions, the network encounters a total of 355 MW
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FIGURE 7. System frequency response following 550 MW interconnection
trip for 1st UFLS setting in 3 machines case.

load shedding due to the activation of only one stages in the
load shedding scheme.

The above simulations are re-executed using the proposed
load shedding mechanism for the 2nd UFLS setting. In this
setting, the frequency nadirs become 48.80 Hz, 48.71 Hz and
48.51 Hz in 5 machines, 4 machines and 3 machines cases
accordingly. Also, the 1st stage of load shedding is instigated,
which results in a total load cut of 355 MW in all three
cases. For better observation, frequency excursion curves are
illustrated in Fig. 8, Fig. 9 and Fig. 10.

It is evident from the above simulations that the proposed
scheme satisfactorily rescues the system frequency following
the loss of 550 MW interconnection. In addition, frequency
response performance improves when higher UFLS thresh-
olds are used (i.e. Ist setting). However, for both UFLS
settings, the amount of load shedding is found to be equal.

2) PERFORMANCE OF THE PROPOSED SCHEME

IN CASE STUDY-2

In this case, a more severe contingency of 650 MW intercon-
nection trip is applied. The proposed load shedding scheme is
examined for two UFLS settings as depicted in the previous
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sub-section. In the 1st setting, the proposed technique suc-
cessfully arrests the frequency excursion at 48.85 Hz in 5
machines case. Therefore, only the 1st stage of the load shed-
ding scheme is deployed. It causes a total load cut of 355 MW.

Furthermore, the frequency nadirs are found to be 48.73 in
4 machines and 48.52 Hz in 3 machines cases. Also, two
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FIGURE 13. System frequency response following 650 MW
interconnection trip for 1st UFLS setting in 3 machines case.

stages of load shedding are activated for these scenarios.
Therefore, the network faces around 505 MW load shedding.
The Frequency response curves under various operating con-
ditions are presented in Fig. 11, Fig. 12 and Fig. 13.

For the 2nd UFLS setting, the network frequency deviation
increases (compared to the 1st setting). Consequently, the fre-
quency nadirs become 48.70 Hz, 48.49 Hz and 48.38 Hz when
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FIGURE 15. System frequency response following 650 MW
interconnection trip for 2nd UFLS setting in 4 machines case.

5 machines, 4 machines and 3 machines are committed. Fre-
quency response curves are depicted in Fig. 14, Fig. 15 and
Fig. 16. In 5 machines case, the 1st stage of load shedding
is triggered. However, in 4 machines and 3 machines case,
Ist and 2nd stages of load shedding are enabled. Therefore,
the network encounters 355 MW load cut in the 5 machines
case, whereas 505 MW load is shed in both 4 machines and
3 machines cases.

It can be inferred from the above analyses that proposed
scheme successfully retains system frequency following an
acute contingency such as the interconnection trip. As a
result, the network does not encounter any blackout even in
a very low inertia operating condition (e.g. loss of 650 MW
interconnection during 3 machines case). Also, voltage sta-
bility is retained by proportionally applying higher amount
of load shedding to weaker buses. Therefore, the proposed
scheme can be utilized in a low inertia grid to enhance fre-
quency resilience during prolific wind renewable penetration.

C. VALIDATION OF THE PROPOSED SCHEME

To validate the proposed load shedding technique, its effec-
tiveness is thoroughly compared with a conventional UFLS
scheme. The conventional UFLS also includes several stages.
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In a specific stage, equal percentage of load is shed from all
load buses when the frequency collapses beyond a certain
threshold. Assume that there are m numbers of stages in the
conventional UFLS scheme. The stages are configured to cut
dy, d», ds,..., d,, percent of the load from each bus in the 1st,
2nd, 3rd, ..... m-th stage respectively. Therefore, in the m-th
stage, the amount of load shedding incurred by k-th load bus
can be obtained from (21).

LSk m = dm ¥ L 21

where Ly is the original load of k-th bus (in MW).

In this paper, the traditional UFLS scheme is assumed to
have three stages to shed 50% of the total load. To activate
the scheme, two UFLS settings as mentioned in the section
4.B are separately utilized. The effectiveness of the proposed
and conventional load shedding techniques is compared as
follows.

1) PERFORMANCE COMPARISON IN CASE STUDY-1
Frequency response is analyzed using the conventional UFLS
technique following the loss of 550 MW interconnection.
In the 1st UFLS setting (frequency thresholds are: 49.25 Hz,
48.75 and 48.25 Hz), the frequency nadirs are determined
to be 48.72 Hz, 48.66 Hz and 48.50 Hz in 5 machines,
4 machines and 3 machines cases respectively. However, the
corresponding frequency nadirs are 49.05 Hz, 48.90 Hz and
48.76 Hz when the proposed scheme is deployed. Therefore,
the system frequency nadirs improve by 0.33 Hz, 0.24 Hz
and 0.26 Hz in various operating conditions by using the
proposed technique. Also, the amount of load shedding in
all three cases is 530 MW for the conventional UFLS.
On the other hand, the proposed scheme results in a load
cut of 355 MW. Thus, the quantity of load shedding reduces
by 175 MW in all cases when the proposed scheme is uti-
lized. Figs. 17, 18 and 19 show the comparison of frequency
response between the proposed and the conventional load
shedding algorithms under various conditions.

For the 2nd UFLS setting (i.e. at49 Hz, 48.50 Hz and 48 Hz
thresholds), the conventional UFLS provides the frequency
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nadirs of 48.48 Hz, 48.45 Hz and 48.37 Hz in 5 machines,
4 machines and 3 machines cases respectively. The cor-
responding frequency nadirs are 48.80 Hz, 48.71 Hz and
48.51 Hz while the proposed scheme is in place. Thus, the
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case.

frequency nadirs enhance by 0.32 Hz, 0.26 Hz and 0.14 Hz for
the different number of committed synchronous machines.
Similar to the previous scenario, load shedding decreases by
175 MW in all simulation cases when the proposed scheme
is used.

2) PERFORMANCE COMPARISON IN CASE STUDY-2

In this case, 650 MW interconnection trip is simulated. In the
Ist UFLS configuration, the conventional technique yields
frequency nadirs of 48.65 Hz, 48.52 Hz and 48.32 Hz during
5 machines, 4 machines and 3 machines cases respectively.
In contrast, the corresponding frequency nadirs are found
to be 48.85 Hz, 48.73 Hz and 48.52 Hz after deploying the
proposed mechanism. Thus, the frequency nadirs improve by
0.20 Hz, 0.21 Hz and 0.20 Hz in different simulation cases.
Furthermore, the network encounters a total of 530 MW
load shedding with the traditional UFLS scheme in all cases.
However, in 5 machines condition, the amount of load shed-
ding is only 355 MW using the proposed technique. In addi-
tion, the load shedding amount is 505 MW in 4 machines
and 3 machines case. Therefore, load shedding decreases by
175 MW in 5 machines case when the proposed scheme is
utilized. In 4 machines and 3 machines, the reduction in load
shedding is 25 MW.

For the 2nd set of UFLS thresholds, the conventional
scheme stops the frequency excursion at 48.40 Hz, 48.34 Hz
and 48.12 Hz in 5 machines, 4 machines and 3 machines
cases respectively. On the contrary, the frequency decline
is arrested at 48.70 Hz, 48.49 Hz and 48.38 Hz while the
proposed scheme is in place. Therefore, the frequency nadirs
improve by 0.30 Hz, 0.15 Hz and 0.26 Hz under the different
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FIGURE 21. Frequency response comparison between proposed and
conventional schemes due to 650 MW interconnection trip in 4 machines
case.

situations. In addition, the reduction of load shedding via the
proposed scheme is same as that of the 1st UFLS setting (i.e.
175 MW in 5 machines case, and 25 MW in 4 machines
and 3 machines case). Figs. 20, 21 and 22 illustrate the com-
parison of frequency response between the proposed and the
conventional load shedding methods in different scenarios.
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TABLE 7. Performance summary of proposed load shedding scheme.

Improvement of Reduction of load
No. of online | frequency nadir (Hz) shedding (MW)
Contingency | synchronous 1st UFLS 2nd 1st UFLS |2nd UFLS
generators settin; UFLS settin; settin;
g setting s s

550 MW 5 0.33 0.32 175 175
interconnection 4 024 0.26 175 175
trip 3 0.26 0.14 175 175

650 MW 5 0.20 0.30 175 175
interconnection 4 0.21 0.15 25 25
trip 3 0.20 0.26 25 25

It is evident from these investigations that the proposed
scheme yields superior frequency response than that of the
traditional UFLS strategy in all simulation cases. Also,
the amount of load shedding reduces when the proposed
scheme is deployed. Therefore, the proposed load shedding
strategy is more competent compared to the conventional
UFLS technique. For better observation, superiority of the
proposed scheme is summarized in Table 7.

In this paper, high penetration of wind generation is consid-
ered while studying the performance of the proposed scheme.
Like variable speed WTGs, the utility-scale PV generators
usually do not participate in frequency regulation unless
additional control strategy is adopted. Hence, from frequency
response point of view, both wind and PV generators exhibit
similar behavior. Therefore, the proposed methodology is
also applicable to PV dominated low inertia grids.

V. DISCUSSIONS

A. SCALABILITY OF THE PROPOSED APPROACH

The scalability of the proposed approach can be discussed
from two different viewpoints viz., from network perspective
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and from load variation perspective. For a large network,
the number of load buses increases. Thus, to apply the
proposed approach, reactive power margins of all of the
load buses need to be determined to further obtain the load
shedding factors. Note that the load shedding factors are
determined offline before implementation. Therefore, the
recalculations of load shedding factors of all load buses
have to be performed only once. It implies that the pro-
posed methodology can easily be scaled-up for a large power
system.

In addition, for load variations in a certain network,
the load shedding factors remain almost unchanged (refer to
Tables 4, 5 and 6). This is due to the fact that in this method,
normalized reactive margin factors are taken into account
while calculating the load shedding factors. Consequently,
the proposed methodology successfully adapts to the various
load levels. In other words, the proposed approach is scalable
for various load conditions in a given network.

B. CONTROLLING PARAMETERS

The main controlling parameters of the proposed scheme are
load shedding factors and UFLS activation thresholds. The
load shedding factors are sensitive to the reactive margin fac-
tors. These factors are functions of reactive power margins of
load buses. Reactive power margins depend on system load,
load bus voltages and corresponding line reactances. Usually,
the line reactances are known to a system operator. In a given
load condition, voltages of load buses can be obtained from
load flow solutions. It is worth mentioning that load shedding
factors are eventually determined from normalized reactive
margin factors. Therefore, load shedding factors of different
load buses are almost unchanged in a specific network under
various load conditions. However, if a network is augmented
by adding new lines, buses etc., load shedding factors need to
be recalculated.

In addition, UFLS activation thresholds of different stages
can be chosen by a system operator according to the standard
practices. It may depend on the size of the largest possible
contingency and renewable penetration level. In this paper,
two sets of typical values are presumed to activate various
stages of the UFLS scheme. It is found that with similar set-
tings, the proposed approach provides better results compared
to the conventional scheme.

C. COMPUTATIONAL BURDEN

The computational burden for the proposed method consists
of two parts viz. time to calculate reactive power margin and
time to execute dynamic simulation. In this work, a com-
puter with the following specification is used: Intel®core™
15-8250 CPU@ 1.7-3.4 GHz. This computer takes around
763 ms to determine the reactive power margin of a load bus.
In addition, the above computer needs approximately 1.3 s
to complete a dynamic simulation in PSS®E software. For a
large network, deployment of a high configuration computer
would be able to minimize the computational cost.
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D. LIMITATIONS AND PRACTICAL APPLICABILITY
The limitations of the proposed methodology are as follows.

(i) Rate of change of frequency (ROCOF) is not con-
sidered while activating the proposed load shedding
scheme.

(i1) UFLS activation thresholds are fixed, which are under
the jurisdiction of a network operator. In other words,
thresholds are not being dynamically changed based on
the contingency size.

The above aspects will be considered in the future work.

In addition, a practical power system would be relatively
larger. Such a system usually contains high number of load
buses. Hence, to implement the proposed methodology, reac-
tive power margins of all of the load buses have to be cal-
culated to further determine the load shedding factors. Note
that the load shedding factors are computed offline before
implementation. Therefore, the recalculations of load shed-
ding factors have to be performed only once. Also, the load
shedding factors remain almost unchanged in various load
levels due to the adaptable nature of the developed technique.
Thus, the UFLS relays have to be set for once until the
network is augmented. Therefore, the proposed algorithm can
easily be extended in practical applications.

VI. CONCLUSION
In this research work, a frequency and voltage stability based

load shedding mechanism is developed to improve the fre-
quency resilience of low inertia power systems in presence
of high wind power penetration. The vast majority of the
existing works describe centralized and measurement based
load shedding techniques. These techniques may not perform
well in a large network due to communication delay and
lack of widespread deployment of PMU units in practical
power systems. To address this issue, an approach is pre-
sented in this paper, which does not require any high-speed
communication infrastructure and PMU. Particularly, higher
percentage of load shedding is applied to relatively weaker
buses to concurrently retain voltage and frequency stabilities
following a contingency. To this end, a general expression
of load shedding amount, which follows Pascal’s triangle
rule, is formulated based on reactive power margin. Also,
the impact of network load variation is taken care of in the
developed method. Notably, the proposed algorithm is scal-
able and implantable in large-scale practical power networks.
In addition, the computational burden for execution of the
developed technique is minimal.

The competency of the proposed method is investigated
due to the loss of an interconnection in a low inertia net-
work using two different UFLS settings. It is found that
during 550 MW interconnection trip, the frequency nadirs are
49.05 Hz, 48.90 and 48.76 Hz in 5 machines, 4 machines
and 3 machines cases respectively in the 1st UFLS set-
ting. Meanwhile for the 2nd UFLS setting, the correspond-
ing nadirs are found to be 48.80 Hz, 48.71 and 48.51 Hz.
Also, in both settings, the network encounters a total load
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shedding of 355 MW. Furthermore, subsequent to the trip
of 650 MW interconnection, the frequency excursion is
stopped at 48.85 Hz, 48.73 Hz and 48.52 Hz in 5 machines,
4 machines and 3 machines cases respectively for the Ist
UFLS thresholds. In addition, if the 2nd UFLS setting is
in place, the frequency nadirs become 48.70 Hz, 48.49 Hz
and 48.38 Hz. Under both UFLS configurations, the amount
of load shedding is 355 MW in 5 machines case; however,
it increases to 505 MW when 4 machines and 3 machines are
committed. The simulation results thus reveal that the pro-
posed load shedding algorithm ensures satisfactory frequency
response under high wind power penetration.

To validate the proposed scheme, system performance is
compared to that of a conventional UFLS scheme. It is noticed
that in all cases, frequency nadirs considerably improve when
the proposed scheme is utilized. In addition, the network
encounters less amount of load cut. Therefore, it is evident
that the developed load shedding scheme provides superior
frequency stability than the conventional one. Finally, it is
worth mentioning that the proposed scheme is generic in
nature. Thus, it is applicable to any power systems to enhance
frequency response by preserving voltage stability, especially
during prolific penetration of non-synchronous renewable
resources.
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