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Abstract

This paper proposes an adaptive optimization-based
approach for under frequency load shedding (UFLS) in
microgrids (uGs) following an unintentional islanding.
In the first step, the total amount of load curtailments
is determined based on the system frequency response
(SFR) model. Then, the proposed mixed-integer linear
programming (MILP) model is executed to find the best
location of load drops. The novel approach specifies the
least cost load shedding scenario while satisfying net-
work operational limitations. A look-up table is arranged
according to the specified load shedding scenario to be
implemented in the network if the islanding event occurs
in the uG. To be adapted with system real-time conditions,
the look-up table is updated periodically. The efficiency of
the proposed framework is thoroughly evaluated in a test
pG with a set of illustrative case studies.

Nomenclature

Indices, Sets, and Mappings

b Load block index.

g Distributed generation (DG) index.

1,7 Bus indices.

P Cosine linearization segment index.

r Renewable energy source (RES) index.

Qp, Set of load blocks at bus .

Qr Set of lines.

Qc/QrEs Set of DGs/RESs.

QN Set of microgrid (uG) buses.

Qp Set of cosine linearization segments.

Mg/ Mpggs Mapping of the set of DGs/RESs into
the set of buses.

Parameters

BB Break point in cosine linearization seg-
ments.

CB Cosine value in the associated break
point.

H/D/R DG inertia/damping coeffi-

cient/governor droop.

URL: http://hdlLhandle.net/10125/50225
ISBN: 978-0-9981331-1-9
(CC BY-NC-ND 4.0)

G/B
M, M’
p" /7"

pRES/qRES

G,0
p

P M
P, tj\h4r

M
Pthr,SSF/DF
Shed

Shed /,,Shed
PssF/PDF

RV/RP
S
tShed/tmin

V*
7_T/TV

)\VOLL

I{PI/KPC/
KPP

le/ch/
k@F

Afssr/
Afpr

a1, Qg, a3,
B1, B2, B3, @,
miy,mo,ms,
c1,¢2, 3,90,
01,02, 03, 04

HYCSS

Conductance/susceptance of line.
Sufficiently large positive numbers.
Pre-fault active/reactive power con-
sumption of load obtained from state
estimation (SE).

Pre-fault active/reactive power produc-
tion of RES obtained from SE.

Active power generation of DG before
the load shedding.

uG pre-fault energy exchange with the
upstream grid obtained from SE.

The minimum amount of P which
activates the load shedding process.
Steady-state/dynamic threshold of P .
Minimum total amount of load drops.
Total amount of load shedding sat-
isfying steady-state/dynamic frequency
limitation.

Ramp-up/down limit of DG.

Capacity (apparent power) of DG.
Instants when the load shedding is im-
plemented and minimum dynamic fre-
quency occurs.

Pre-fault bus voltage magnitude ob-
tained from SE.

Turbine/governor valve time constant
of DG.

Value of lost loads (VOLL).
Coefficient of constant
impedance/constant  current/constant
power term in active power load.
Coefficient of constant
impedance/constant  current/constant
power term in reactive power load.
Steady-state/nadir value of frequency
deviation.

Axillary continuous parameters.
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Variables

fr/re Active/reactive power flow of line.

I Current flow of line.

p%/q% Active/reactive power output of DG
following the load shedding process.

pP /qP Active/reactive power consumption of
load following the load shedding pro-
cess.

\%4 Voltage magnitude of bus following the
load shedding process.

x Binary variable indicating the load
shedding status of load (0/1).

al /o Axillary continuous variable.

w Piecewise linear approximation of
cos (8; — 6,).

s/v Positive/binary variable used in cosine
linearization.

Symbols and Functions
u(e) Unit step function.
(o)m”‘/ ™A Symbol for variable lower/upper limit.

1. Introduction

In recent years, the proliferation of distributed energy
resources (DERs) has led to an increase in on-site elec-
tricity service procurement for customers. This new trend
has a set of advantages and disadvantages over the con-
ventional centralized power generation paradigm in terms
of reliability, cost of maintenance, economies of scale,
resiliency, and sustainability, to name a few [[1]. Moreover,
deploying DERs in a widespread and efficient manner
requires practical mechanisms to identify and resolve the
challenges of integration. In this context, microgrids (#Gs)
are emerging as a flexible way to aggregate DERs. The
Department of Energy (DOE) defines a uG as “a group
of interconnected loads and DERs within clearly defined
electrical boundaries that acts as a single controllable
entity with respect to the grid. A 4G can connect and
disconnect from the grid to enable it to operate in both
grid-connected or island mode” [2].

An unintentional islanding usually occurs in uGs in
the event of unforeseen faults in the upstream grid. IEEE
929-1988 Std. [3]] necessitates the disconnection of DERs
once the unintentional islanding event happens in the uG.
Furthermore, IEEE 1547-2003 Std. [4] enforces DERSs to
detect the unintentional islanding and cease energizing the
#G within maximum 2 sec. following the islanding event.
Therefore, in the case of unintentional islanding, blackouts
seem inevitable.

It goes without saying that the current practice of
disconnecting the DERs following an islanding event is

not economical since it imposes immense costs on the yG.
When a ;G with DERs is islanded, usually the frequency
will change. The frequency will either go up if there is
excess generation or down if there is excess load. The
former can be controlled by reducing the output power
of the distributed generators (DGs) or other DERs [5].
However, coping with the latter is more challenging. It is
worth mentioning that in the normal operating condition,
photovoltaic (PV) systems usually use maximum power
point tracking and variable speed wind turbines optimize
power coefficient (C},) to produce maximum power. Thus,
if all of the DGs are operating at maximum power and
the frequency still goes down, some loads have to be
shed to bring the frequency back to the allowable range.
Nonetheless, it is possible that PV generators and wind
turbines withhold production (these resources are non-
dispatchable, but curtailable), and this is a growing trend in
power system operation which provides further flexibility.

To address the weaknesses of conventional under fre-
quency load shedding (UFLS) scheme, researchers have
proposed adaptive load shedding schemes, which can be
classified into two main categories: decentralized and
centralized algorithms. Decentralized approaches use local
voltage and frequency signals at each bus to make the
decision about the load shedding process at that bus.
Indeed, using these algorithms, the location, speed, and
the amount of load curtailments are adjusted adaptively to
preserve the system stability following severe incidents.

Centralized methods, on the other hand, use the data
gathered from the grid in order to decide which load to
be shed. The centralized schemes proposed in [6] drop
loads at different buses based on their VQ margin and
post-fault voltage magnitude. Reference [7] adopts both
voltage and frequency information provided by phasor
measurement units (PMUs) to implement the appropriate
load shedding scenario in the network. Other centralized
methods determine the amount and location of load drops
according to the complete post-fault information about the
network [8]]-[[11].

Owing to the differences between ;Gs and bulk power
systems, the load shedding mechanism for a 4G should
be treated differently. ;/Gs usually have small generators
and, hence, small inertia. As a consequence, the frequency
declines more rapidly in pGs. This paper presents a cen-
tralized adaptive optimization-based load shedding scheme
to curtail the minimum amount of loads to preserve the uG
stability following an unintentional islanding event. The
developed technique arranges a look-up table including
the optimum amount and location of load curtailments.
The main contributions of the new methodology can be
summarized as follows:

1) Given a specific amount of power exchange between
the 4G and the upstream grid, the optimal total
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amount of load shedding is determined. Specifically,
this value depends on the response of both the
generators and the loads to the islanding event.
These responses are reflected in the system fre-
quency response (SFR) model as well as the uG
dynamic and static frequency limitations.

2) We developed a mixed-integer linear programming
(MILP) model for obtaining the amount of load
drops at different buses. In the optimization model,
an approximation of the uG AC operational limita-
tions are considered to ensure the network security
following the islanding event.

3) A hierarchical structure is proposed in this paper
so as to reduce both data and communication re-
quirements of the new centralized algorithm. To
give more explanation, the majority of the needed
information are periodically updated and only a
practically tractable share is gathered in real time.

The rest of this paper is organized as follows. Section
2 presents the overview of the proposed load shedding
algorithm. In Section 3, a method for estimating the
total amount of load curtailments is developed. Section
4 is devoted to introducing the optimization-based load
shedding scheme. Section 5 exhibits the efficiency of the
novel approach using an illustrative case study. Eventually,
conclusion is given in Section 6.

2. Overview of the Proposed Load Shedding
Algorithm

The general framework of the proposed load shedding
algorithm is depicted in Fig. [} In the first step, the
#G master controller (uGMC) gathers the network data
periodically (e.g., AT = 5 min.) and runs the state
estimation (SE) in order to obtain the proposed scheme’s
input parameters (operating point of the uG, load and
generation data, and puG topology). Then, the optimum
total amount of load curtailments is determined based
on the ©G SFR model and the power exchange between
the 4G and the upstream grid. Note that the obtained
total amount of load drops satisfies the G dynamic and
static frequency limitations. The total amount of load
shedding along with the SE data are fed into the proposed
optimization model in order to arrange a look-up table
including the location of load drops as well as appropriate
post load shedding strategies. On the other side, the
status of point of common coupling (PCC) circuit breaker
is monitored using indication (i.e., binary) data. If an
unintentional islanding happens and the amount of power
mismatch is greater than a specific value, the pre-specified
load shedding scenarios will be implemented in the uG.
Detailed explanations about different parts of the proposed
methodology are provided in the following sections.

Offline Analysis Real-Time Analysis

Monitor the Circuit
Breaker in PCC

Perform Data Polling and
State Estimation Periodically

l

Determine the Total Amount
of Load Curtailments

o —

Unintentional Islanding
Event Occurs?

Run the Proposed MILP
Model

Load Shedding Is

Load Shedding Required?

Y

Look-Up Table

Figure 1. The general framework of the proposed load
shedding algorithm.

Implement the Look-Up
Table in the Microgrid

Frequency

Steady-State Frequency

<\Minimum Dynamic Frequency

Time

Figure 2. A typical frequency response of a uG
following an unintentional islanding event.

3. Optimal Amount and Threshold for Acti-
vation of Load Shedding

The aim of this section is to determine the minimum
amount of load curtailments as well as a threshold for
activation of the load shedding process, while the uG
dynamic and steady-state frequency limitations are satis-
fied. The minimum dynamic and steady-state frequencies
are indicated in a typical frequency response of a uG
following an unintentional islanding event, Fig. 2.

3.1. Frequency Response of the ;G to an Island-
ing Event

As the first step, the frequency response of the uG to
an islanding event should be specified. To do so, we use
the aggregated SFR model of the 4G as shown in Fig.
3 [12]], [13]. This model is an equivalent single machine
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Figure 3. Block diagram of the adopted SFR model.

model of all DGs in the G, where the frequency of the
center of inertia is considered by ignoring intermachine
oscillations. The transfer function m in the forward
path represents the swing equation of the equivalent DG
as well as the effects of the uG loads which are lumped
into a single damping constant D. Moreover, the transfer
functions in the feedback loop are associated with the
governor droop, governor time constant, and turbine time
constant of the equivalent DG [13]].

The transfer function of the adopted SFR model can be
written as (T)).

a152 + 28 + a3
s34+ Bis? + Bas + B3’

H(s) = ey

where

IR U I B D AU

al_?H’a2_2H T 7V ’a3_2HTTTV
Voog T ar T vy o \ AT T LV

1

%+D
2HTTTV"
3.2. Threshold for Activation of Load Shedding
Scheme

Bs =

In the wake of an unintentional islanding, the gover-
nors and loads in the uG will respond to the incident,
thereby compensating for a portion of power mismatch.
Consequently, load shedding is not necessary in all cases.
Specifically, the minimum amount of power mismatch
which would activate the load shedding process is obtained

by ().
Pt]l»l[r = min {PtJ}»LIT',SSFW Pt]f»LIr,DF} ) (2)

where Pt%a’ ggp and Ptj}”lfr‘ pr are the steady-state and
dynamic thresholds of PM , respectively. Suppose that the
G is not equipped with any load shedding scheme. In this
condition, if an unintentional islanding happens, the input
power deviation of the SFR model in Fig. 3 is defined as
@).

_pM

AP (t) = —PMu(t),AP (s) = .

3)

Hence, the Laplace form of the frequency deviation func-
tion is obtained as (@).

Af(s)=H(s)AP(s) =
F(s)

4)

O[]_s2 + a8 + asg (—PM)
5 (83 4 152 + Pas + P3) )

Accordingly, F (s) can be decomposed into three terms
using partial-fraction decomposition as follows:

a152 —+ aos + ag

23(83+ﬂ182+628+53) (5)
B 571 O 035 + 04

s s—m; S$24+mas+ms’

F (s)

_pfetva-dg ol <ﬁ1+c1+62>
C1 ’

2 ’ 3
co = B} — 3P, c3 =257 — 98182 + 27Ps,
5, = g alm% + aomq + as

By 2T m3$ 4+ mam? + mamy’
03 = — (61 + 02) , 04 = (0182 + dams — a2) /m.

Taking the inverse Laplace transform of F (s), F (t) is
given by:

5Se%mgt
_ myt
F(t) = ((51 + dge™t" + c05 (9) cos (wt + qb)) u(t),
(6)
where
m3 @
w ms — —=, o8¢ =
4 5.\ 2
Yo (- 8)
Therefore, Af (t) can be written as (7).
Af(t)=—-PMF(t). (7)

3.2.1. Steady-State Threshold of P, Given Af (1) as
@, Afssr (i.e., steady state frequency deviation) can be
computed as (8).

Afssp = lim Af (1) = (—=PM) 5. (8)

The load shedding process will be triggered if the value
of Afgsr exceeds a given threshold A fgé%, that is:

|(—=PY) 61| > |AfEER )
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Therefore, the minimum amount of P™ which violates
the steady-state frequency limitation, and thus, triggers the
load shedding process is acquired as follows:

, 1
PM > |Afex (D - R) : (10)
Accordingly, we define the right hand side of as
the steady state threshold of P .

3.2.2. Dynamic Threshold of P, The time when the
frequency nadir happens (i.e., when the lowest frequency
is reached before the frequency starts to recover) can be
calculated by putting the first derivative of Af (¢) equal

to zero:
tmin = Mmin {t >0, dAC{t(t) = 0} .

Accordingly, the second trigger for the load shedding
process is associated with the violation of nadir frequency
limitation, that is:

‘Af (tmin)| > ‘Afgfa«“x . (12)

The solution to this inequality in terms of P, will
provide another criterion or lower bound (denoted by
Pt]‘,fn pp i ) for the activation of the load shedding
process.

3.3. Optimal Amount of Load Shedding

The minimum total amount of load curtailments satis-
fying both steady-state and dynamic frequency limitations
is calculated as (T3).

p*te! = max {355, v} (13)

where pghed and pP)i¢? are obtained as follows. Suppose

that the load shedding scheme is implemented in the uG
with a delay of t5"°? subsequent to the unintentional
islanding event. Accordingly, the input power deviation
of the SFR model will be defined as (T4).

AP (t) = —PMu(t) + pShedu (t —t5Md) . (14)
Taking the Laplace transform of AP (t) yields
1 ed
AP (s) = - (fPM 4 pShed—t™" ) . a5)
s

Hence, the Laplace form of the frequency deviation
function is obtained as (T6).

Af () = F(s) (~PM 4 pSete=™") 0 a16)

where, F (s) is obtained from (5). Taking the inverse
Laplace transform of (L6), Af (¢) can be written as
below

Af(t) = =PMF () +p*IF (t—t>"), a7
where F (t) is calculated in (6).

3.3.1. Load Shedding Value Based on the Steady-State
Frequency Limitation. Given Af (¢) as (17), Afssp can
be computed as (T8) [8].

Afssr = lim Af (1) = (=P" +p5gi) 1. (18)

Therefore, the minimum total amount of load shed-
ding satisfying the steady-state frequency limitation (i.e.,
[Afssr| < JAfEEE]) is acquired as follows:

1
pss = P — |AfSE (D + R) -9

3.3.2. Load Shedding Value Based on the Dynamic
Frequency Limitation. Similar to Section 3.2.2, the time
when the frequency nadir happens is acquired by solving
(1), where Af (t) is calculated according to (17). By
applying the nadir frequency limitation (i.e., |[Afpr| <
|AfBax]), the minimum amount of load shedding satisfy-
ing dynamic frequency limitation (i.e., p%$?) is obtained.
It should be noted that the proposed method in this paper
is aimed at bringing the frequency to the permissible range
(according to AfgéF and AfRE) with the minimum
amount of load shedding. Obviously, the frequency should
finally bring back to 60 Hz, but this transition can happen
with a short delay (2-3 minutes) with the advantage of
shedding fewer loads. Subsequent to load shedding, DERs
will try to bring the frequency back to 60 Hz. If this
cannot happen (e.g., due to some limitations in the output
of DERSs), further loads will be curtailed. This idea is
consistent with the load-frequency control mechanisms
which are done in three different successive steps (i.e.,
primary control, secondary control, tertiary control).

4. Optimization-Based Load
Scheme

Shedding

4.1. Basic Model

In this section, the basic model of the ;G load shedding
scheme is presented. The objective function and problem
constraints are outlined as follows:

min > N AR (L—wa)pl (20)
1€EQN bEQE,
subject to

DO D DL e

g:(9,i)EMa ri(ri)EMREs beQE,

Z fi ) i€ Qy

(1,5)€QL
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PN ED DI DI U

g:(g,i)EMc ’l‘:(’ni)EMREs bEQB
Z f(cij),Vi (S QN
(imj)eQL
(22)
fieqy) = G (Vf — ViVjcos (0; — 9j)) -
—Bij) (V;-V}-sm (0; — 9j)),V(i,j) €y
Q = _Bu (V2= ViVicos (0; — 0

f(’L,] (4,9) COS( j)

(24)

-G m)(vvsm (0; — t‘)j)),V(i,j) €O
—f < fE S S IERY G e (©25)

— [N < SR S FERTNV GG €QL (26)

G( ) 2 P,Loss,max
fon+ 16 ﬁlhm < ful
(4,9) (H')
G max > '
GQ*\ ns| V) e
(4,5) (w) @7
‘/imin S ‘/7 S ‘/imax7vi c QN (28)
_ *\ 2
P =Bl (Wl (Vi Vi) 09)
+ RRC (Vi Vi) + kBT ) Vi € Qb € Qp,
af = qzb( "WV
(30)
8 W/ +rE7) Vi€ Qb e O,
D_. G .G, U
—RY <p§ —p$° < RY Vg€ Qq (31)
psm < pl < p§mx Vg € Qg (32)
G <Teens @)

SN (= aa)ph = phe (34)

i€QN bEQE,

2 € {0,1},Vi € Qn, b € Qp,. (35)

The objective function, (20), is the load shedding cost
in the pG, which should be minimized. A9l is a

socioeconomic parameter and varies for different types of
loads (e.g., industrial, commercial, agricultural, residential,
and general loads). The group of equations ZI)—24) is
related to the AC power flow equations. Line flow limits
and bus voltage constraints are modeled through (23)-
(7) and (28), respectively. Incorporation of a suitable
load model for G loads plays an important role in power
system stability studies [9]]. Therefore, the active and re-
active power demands at different buses are modeled with
voltage-dependent load model referred to as ZIP model,
29)-(30) [14]. Constraints (BI)—(33) revolve around DG’s
ramp-up and ramp-down limits (31]) and active and reactive
power generation limits of DGs (32)-(33). The minimum
total load shedding constraint is expressed as (34), and
finally, the status of loads is characterized by a binary
variable in (33).

4.2. Linearization of the Basic Model

The developed problem in Section 4.1 is a mixed-integer
nonlinear programming (MINLP) model. In order to attain
computational efficiency, the nonlinear equations ought to
be linearized. The nonlinear terms :vibpiDb and xibqiDb in
(1)—(22) and (34) are the product of a binary and continu-
ous variables. We can linearize these terms with the big-M
method by introducing auxiliary semi-continuous variables
(.e., afz 2 xibpiDb and a% 2 mibqg) and the set of
equations (36)—([39). In order to reduce the integrality gap
in the linearized version of the aforementioned constraints,
Big-Ms (i.e., M;, and M/,) should be as small as possible,
and it is usually challenging to determine correct values
for them to use for each specific implementation. However,
in this particular application, we can set M;, = pL, and
M}, =gk, Vi € Qn,b € Qp,. Note that these data (i.e.,
the upper bounds of active and reactive loads) are usually
available in any system.

Moreover, considering reasonable assumptions given in
Table 1 [15]], AC power flow equations are replaced by
their piecewise linear approximation form as (@0)—@9).
Finally, considering the permissible range for bus voltage
magnitudes at different buses (i.e., 0.9 < V;,V* < 1.1),
(29-(30) can be reasonably approximated by (30)—(31)
[O]. With these changes, the proposed model is trans-
formed into an MILP model.

—(1—p) My < a plb

< My, (1 — xib) Vi e QN,b € QBi
(36)

—xp My, < afy < Mpaip, Vi € Qn,b € Qp, (37)
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Table 1.
Flow Equations [15]

Constituent Terms in the Linearized Power

Term Approximation Max. Abs. Error
Vf 2V; — 1 0.0025
ViVjcos (0; — 05) Vi+Vj+cos(6; —6;) —2 0.0253
ViVjsin (6; — 0;) sin (0; —6;) 0.0659
sin (0; — 6;) 0; —0; 0.0553
—(1— ) M}, < af} —af}

< M, (1—ap),Vi€ Qn,beQp,

—:Cibe < OzQ < Mbl'zb,VZ S QN,b S QB

fiy = Gup (Vi= Vi —wij +1)
- B(17]) (01 - 0]) ,V(%j) € QL
Q
fa =By Vi=Vi—wi ) +1)
= Gy (0i —05),V(i,5) € QL
wig) = Y, SaiwCes Y (i,4) € 2
pENpP
0;—0; = sajpBy,V(i,5) € QL
pEQP
Z S = L,V (4,7) € Qp
pEQP
Z U(i,j)p = 17V(l,]) S QL
peQp
S(iypr < V(i jypr» ¥ (157) € Qp
S(ij)p < V(ig)p — V(i,d)(p—1)s

V(Zaj) S QL7p S S)P)p7é {phpn}

S(i,)on < V(irj)(pn_1) ¥ (4, 5) € QL

v(i,j)pn = O,V(l,]) € QL

Ph = pzb( f(1+2vi-v)

+ kEC (Vi) Vi) + nﬁp>,w € Qn,beQp,

qu_qzb< (1+2(V V))

SV Vi) +

/@%P),Vi €QOn,beQp..

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

47

(43)

(49)

(50)

6D

Table 2. Technical Data of DG Units

Unit
Parameter
DG, DG, DG; DGy
pDG,min (MW) 1 1 1 1
pDGJm'*X (MW) 4 3.38 3.38 4.72
qDG,mm (MW) —0.5 —0.5 —0.5 —0.5
qDG,max (MW) 2 2 2 2

RY (MW/min.) 2.4 2.4 2.4 2.4
RP (MW/min.) 2.4 2.4 2.4 2.4

Table 3. G Dynamic Data [5], [18]

Parameter Value Parameter Value

H (sec.) 2 7V (sec.) 0.1
D 1 7T (sec.) 0.5
R 0.05  tShed (msec.) 100

AfP&S Hz) 0.2 AfE2(Hz) 05

5. Case Study and Performance Evaluation

5.1. System Model and Parameters

In this section, the performance of the proposed scheme
for the G load shedding problem is thoroughly evaluated
using a large-scale uG. All simulations were conducted
on a PC with Intel Core™i5 CPU @2.67 GHz and 4
GB RAM. The optimization model was implemented in
the GAMS®) IDE environment. The MILP and MINLP
models were solved with IBM ILOG CPLEX®) and BON-
MIN solvers, respectively. The modified IEEE 33-bus test
system, which is a radial medium voltage (i.e., 12.66 kV)
distribution system, is used as the test G in this paper.
The system topology and components are depicted in Fig.
4 and the feeders and loads’ data are obtained from [16]
and [17]. The test uG includes three DGs, whose technical
data are given in Table 2. Meanwhile, three wind turbines
as RESs with a total capacity of 3 MW are installed at
buses 14, 16, and 31. To have a more realistic study, the
load at each node of the uG is divided into three load
blocks. Furthermore, five different load types (i.e., general,
residential, agricultural, commercial, and industrial) with
different VOLLs are taken into account, Fig. 5 [9]. Finally,
the test system’s dynamic data can be found in Table 3.

5.2. Simulated Cases and Discussion

In this section, three different contingencies are sim-
ulated in the test system, Table 4. To evaluate the per-
formance of the proposed methodology, it is compared
with the conventional UFLS scheme. The amount and
setting of conventional UFLS relays have been designed
according to [19]. The simulation results are summarized
in the following figures and tables. According to Fig. 6, the
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Figure 5. VOLL for different types of loads.

amount of load shedding in the proposed method is less
than that of the conventional UFLS approach. Considering
the SFR model in the developed approach is the main
reason of this observation. Similarly, the load shedding
cost associated with the proposed method is much less
than that of the conventional UFLS approach, Fig. 7. The
reason is that in the conventional case, the locations of
candidate loads to be shed are fixed, despite the fact that
the VOLL of different feeders changes during the day.
Therefore, in the conventional case, the interruption cost
of dropped loads is not optimum around-the-clock. It is
worth mentioning that in the proposed method, although
the loads are shed according to their VOLL, operational
limitations play a more important role. Indeed, the model
is implemented in such a way that the load shedding cost is
minimized, and at the same time, the network operational
limitations are preserved.

As can be seen in Fig. 8, for all unintentional islanding
events, minimum frequency of the uG is greater in the
proposed approach due to its high speed in event indication
and implementing the load shedding scenario. Taking a
glance at Fig. 9 yields that the steady-state frequency
of the uG following all contingencies is higher for the
conventional UFLS method. On the other hand, the steady-
state frequency associated with the proposed scheme is
still in the safe range. Therefore, it can be inferred that the

Table 4. Simulated Contingencies

pM (MW) Shed Shed

Contingency No. PsE  Phr

1 3 1.81 1.7
2 4 2.81 2.86
3 5 3.81 4.15

§ 5 [| —a—Proposed Method Conventional UFLS‘ 7
£
]
o
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]
&2 1
=

N .
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Figure 6. Comparison between the proposed and
conventional UFLS methods in terms of load shed-
ding.
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Figure 7. Comparison between the proposed and
conventional UFLS methods in terms of load shedding
cost.

conventional method sheds non-optimal amount of loads
encountering different events. These results prove that the
proposed method is capable of preserving the system from
collapsing and moving it to a new steady state and stable
condition.

It is worth mentioning that keeping the bus voltages
and line flows within the permissible range would guar-
antee a secure (G operation following the load shedding
process. Therefore, if these constraints are violated in the
network, the proposed methodology seeks to return them
to the permissible range by modifying the available control
variables.

Table [3] provides the curtailed load blocks in contin-
gency 2 for both the nonlinear and linear optimization
models, where differences are highlighted in red bold.
In this contingency, the optimal values of the objective
function for the nonlinear and linear models are $623.4
and $625.6, respectively. Accordingly, the load shedding
costs are roughly equal in these two models, and the
curtailed loads are identical in most cases. Moreover, Table
[6] shows a comparison between the computation time of
the two models, which has been obtained using a relative
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Figure 8. Comparison between the proposed and
conventional UFLS methods in terms of minimum
dynamic frequency.
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Figure 9. Comparison between the proposed and
conventional UFLS methods in terms of steady-state
frequency.

optimality criterion (i.e., Optcr) of 1072, As can be seen,
the computation time is considerably diminished in the
linear model, and this is highly effective in precarious
situations such as the load shedding process, since prompt
measures can keep electromechanical dynamics away from
becoming stability threatening.

6. Conclusion

The proliferation of pGs all over the world has been
remarkable in recent years, and their growth prospects in
the future are astounding. uGs can improve the resilience
of the grid based on their self-supply and island-mode
capabilities. However, when a G unintentionally enters
the island mode, a considerable number of customers
(or even all of them) are disconnected from the grid in
order to maintain the load-generation equilibrium. New
methodologies are therefore required to optimize the load
shedding process in ©Gs. In this paper, an optimization-
based load shedding model is presented as a promising
tool to attain this goal. Mathematically, the load shedding
model is formulated as a MILP problem. The structure of
the proposed scheme reduces its communication require-
ments which is a major challenge in practice. The most
relevant aspects of the proposed load shedding scheme are
illustrated using a large-scale case study based on a 33-bus
1G. It was observed that the proposed method sheds less
amount of load in comparison with the conventional UFLS

Table 5. Comparison Between the Linear and
Nonlinear Load Shedding Optimization Models

Nonlinear Model Linear Model
Load Block # Load Block #
Bus # B1 B2 B3 B1 B2 B3

Table 6. Computation Time of the Linear and
Nonlinear Models

Contingency No.  Nonlinear model  Linear model

1 93 sec. 9 sec.
2 214 sec. 7 sec.
3 40 sec. 7 sec.

approach. Meanwhile, the developed structure outper-
formed the conventional scheme in terms of load shedding
cost and minimum dynamic frequency following the load
shedding process. Future studies could reformulate power
flow equations for radial systems (since the complex power
flow equations presented in this paper are not necessary
for radial networks). Moreover, an unbalanced power flow
model can be adopted to make the proposed load shedding
method more practical in real world applications.
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