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MILP Formulation for Islanding of Power Networks
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Abstract—In this paper, a mathematical formulation for the requirement for strategies that obey non-linear power flow
islanding of power networks is presented. Given an area of equations and satisfy operating constraints.
uncertainty in the network, the proposed approach uses mb@  Anhroaches in the literature broadly differ according to

integer linear programming to isolate unhealthy componens of . . ) e
the network and create islands, by (i) cutting lines, (i) skedding the motive of islanding, and within that the search method

loads and (iii) switching generators, while maximizing lod €mployed to determine the splitting boundary. The simplest
supply. A key feature of the new method is that network example of the former is forming balanced islands. In [11], a

constraints are explicitly included in the MILP problem, resulting  three-phase ordered binary decision diagram (OBDD) method
in balanced, steady-state feasible DC solutions. A subseept 5 ron0sed that determines a set of islanding strategies.

AC optimal load shedding optimization on the islanded netwdk .
model provides a feasible AC solution. Numerical simulatios The approach uses a reduced graph-theoretical model of the

on the 24-bus IEEE reliability test system and larger system Network to minimize the search space for islanding; power
demonstrate the effectiveness of the method. flow analyses are subsequently executed on islands to exclud

Index Terms—Power system modeling, Power system security, strategies that. violate .operating constraileig, line limits. _
Optimization, |nteger programming’ B|ackouts’ |S|anding An alternatlve motive Seeks to Sp“t the network Into
electromechanically stable islands, commonly by spittio
that generators with coherent oscillatory modes are gmbupe
|. INTRODUCTION Determing the optimal cutset of lines involves consideradi

N recent years, there has been an increase in the gf load-generation balance and other constraints; afyost
curence of wide-area blackouts of power networks |iHcIude exhaustive search [12], minimal-flow minimal-aits

2003, separate blackouts in Italy [1], Sweden/Denmarkii2] a d&termination using breadth-/depth-first search [13],gragh
USA/Canada [3] affected millions of customers. The widelMPlification and partioning [14]. The authors of [15] note
area disturbance in 2006 to the UCTE system caused fﬁ‘é‘t s_pllttmg based simply on slow coh_e_rency is not always
system to split in an uncontrollable way [4], forming thregﬁecwe under C_Omp'_ex osqllat(_)r_y cond|t|0ns_, and prepa
islands. More recently, the UK network experienced a systefiamework that, iteratively, identifies theontrolling group of
wide disturbance caused by an unexpected loss of generatidachines and the contingencies that most severely impact sy
blackout was avoided by local load shedding [5]. tgm stability, and uses a_heurlstlc_method tp search forit spl
While the exact causes of wide-area blackouts differ frofff'd Strategy that maintains a_de5|red margin. Wang et &l .[1
case to case, some common driving factors emerge. Mod mployed_a power flow tracmg algorithm to first determine
power systems are being operated closer to limits: litemali € fjborlnaln, of eachh generatar% tt?e set ?f I(;]ad bu.sesk
tion of the markets, and the subsequent increased comrher At ‘be ong to eac gengra}tor. u ;equent y, the .neth)r
pressures and change in expenditure priorities, has IeolcR)arser.spht alqng d_omgln intersections before refindroén
a reduction in security margins [6]-[8]. A more recentl)Po\l/Jvnhc_jFr'es to r?mlmflzle |mbale_1nces._ ; ltti aty
occurring factor is increased penetration of variableritisted lle several useful strategies exist for splitting a nekwo

generation, notably from wind power, which brings signifita into synchronous balanced islands, little attention hasiged
challenges,to secure system operati,on [9] on islanding in response to particular contigencies. If,efo-

For several large disturbance everdg, [3], studies have ampll.i’ ? Ilqe fallurbe o(;:cu.rs tz)alndtsu_bs:acluent Casﬁad'n?é?'m
shown that wide-area blackout could have been preventedEH IK€ly, It may be desirable '0 1solate a smafl part ot the
network—the impacted area—from the rest. A method that

intentionally splitting the system into islands [10]. Bylating q t take the | ted int t when desiani
the faulty part of the network, the total load disconnectethe . 0€s not take the Impacted area Into account when designing
islands may leave this area within an arbitrary large sactio

event of a cascading failure is reduc€adntrolledislanding or . .

system splitting is therefore attracting an increasing @amof of the network, all of which may bec.o".‘e Insecure as a result.
attention. The problem is how to efficiently split the netkwor In this paper, We propose an opt.|m|zat.|on-based approaqh
into islands that are balanced in load and generation, afgSystem islanding a_nd load sheddmg. legn some unce_rtam
have stable steady-state operating points. This is a camsi _et of buse_s and/or Imes_, solving an o_pt|m|zgt|on deteesiin
able challenge, since the search space of line cutsets gr sthe optimal set of lines o cut, (if) which generators

combinatorially with network size, and is exacerbated by tﬁo switch off, and (iii) which loads to shed. The solution
Isolates the suspected parts from the rest of the network

This work was supported by the UK Engineering and Physicérges while ma)_“m'Z'ng load SUpDIY- A key feature of t_he method is
Research Council (EPSRC) under grant EP/G060169/1. that any islands created are balanced and satisfy power flow
~ The authors are with the School of Mathematics, Universify Eal- equations, and also operating constraints are handledatigitu
inburgh, James Clerk Maxwell Building, Edinburgh EH9 3JZotand . Lo
(e-mail: paul . tr odden@d. ac. uk, w. a. bukhsh@ns. ed. ac. uk by the constrained optimization framework. The approach

a. grot hey@d. ac. uk, k. ncki nnon@d. ac. uk) uses two stages: solving a mixed-integer linear programgmin
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(MILP) islanding problem, which includes the linear DCWe would also like the problem section to shed as little load
flow equations, determines a DC-feasible solution, and an AS possible. Fig. 1(b) shows a possible islanding solution f
optimal load shedding optimization subsequently proviges this network, where all uncertain buses have been placed in
AC-feasible operating point. a section0 and all uncertain lines with at least one end in
Integer programming has many applications in power sysectionl are disconnected. We make the following distinction
tems, but its use in network splitting and blackout prevanti betweensectionsandislands
is limited. Bienstock and Mattia [17] proposed an IP-based. The optimized network consists of two sections, an
approach to the problem of designing networks that are tobus “unhealthy” sectiord and a “healthy” section. No lines
to sets of cascading failures and thus avoid blackouts;venet connect the two sections. On the other hand, neither
to upgrade a line’s capacity is a binary decision. Fisher et section is required to be a single, connected component.
al. [18] propose a method for optimal transmission switghin « An island is a connected component of the network.
for the problem of minimizing the cost of generation despatcThus, either section may contain a number of islands, as in
by selecting a network topology to suit a particular load. Ifig. 1(b), where section comprises islands, 3 and4, while
common with the formulation presented here, binary vaeisblsectiono is a single island. The boundaries of sections and the
represent switches that open or close each line and the R&mber of islands formed will depend on the optimization.
power flow model is used, resulting in a MILP. However, in We will assume that generator outputs and load levels
this paper sectioning constraints are present, and thégmmobimmediately after the initial fault are known. We have cahtr
is to create balanced islands while maximizing load supplycontrol of generation, load shedding and line breakers; we
The organization of the paper is as follows. The next sectigiay instantaneously reduce the demand and disconnect any
outlines the motivation and assumptions that underpin thges. Furthermore, we assume that we have a certain degree

approach. The islanding formulation is developed in Segf control over a generator’s output. We require that atber t
tion Ill. The AC optimal load shedding problem is described iadjustments the system is a feasible equilibrium.

Section IV. In Section V, numerical simulations are presdnt

Finally, conclusions are drawn in Section VI [1l. MILP | SLANDING FORMULATION
In this section, we present a MILP formulation for islanding
Il. MOTIVATION AND ASSUMPTIONS and minimizing the load shed in a network under stress.

The motivation for the formulation is stated as follows. Consider a network that comprises a set of buBes-

B H _ L
Following some failure, we assume that limited information!:2:--+:7 } and a set of linesC = {1,2,...,n"}. The

is available about the network and its exact state is urigertalVO VECtorsF” and T’ describe the connection topology of the
%{work: a linel € £ connects bud to bus7;. We assume

there are parts of the network that are suspected of havin ) i

fault and some where we are reasonably sure have no fa e also exists a set of gegerat(jr& {1,2,...,n”} and
We assume that in such a case, a robust solution to prev_@rﬁet of loadD = {1,2,. o T 3 A SUbsetgb of generators
cascading failures is to isolate the uncertain part of theior 1S attached to bus € B; similarly, D, contains the subset of
from the certain part, by forming one or more stable island92ds Present at buse B.

Fig. 1(a) depicts such a situation for a fictional networ

uncertain lines and buses are indicated. 53‘ Sectioning Constraints

We aim to allocate buses and lines into the two sections
0 and 1. We suspect that some subsgt C B of buses and
some subser® C £ of lines have a possible fault. These
subsets thus contain all “uncertain” buses and lines, while
the remainder of buses/lines are defined as “certain”. hés t
uncertain components that we wish to confine to sediion
() Network prior to islanding We introduce a binary decision variablge with each bus
Section 1 | Section 0 Section 1 b € B; v, shall be set equal to if b is placed in section
i f 0 and~y, = 1 otherwise. To partition the network in such a
way, we need to disconnect lines. Accordingly, we define a
binary decision variable, for eachl € L; p; = 0 if line [ is
disconnected angd;, = 1 otherwise.
Constraints (1a) and (1b) apply to each lineot assigned
to £Y. The line is cut if its two end buses are in different
sections ite. v;, = 0 and~yy, =1, or yp = 1 andyg, = 0).
Otherwise, if the two end buses are in the same section then
Fig. 1. (a) Fictional network with uncertain buses and finasd (b) the -, < 1, and the line may or may not be disconnected. Thus,
islanding of that network by disconnecting lines. . . -
these constraints enforce the requirement that any cditi@n
Our aim is to split the network into disconnected sections $@tween section8 and 1 shall be disconnected.
that the possible faults are all in one section. It is de#ir#inat 0
this section be small, since it may be prone to failure, aadl th s ltam —om, Ve L) EO’ (1a)
the other section is able to operate with little load shegldin pr<1—=9r +yn, Ve L\ L. (1b)

Island 1 Island 2 : Island 3 Island ¢
(b) Network post islanding
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Constraints (1c) and (1d) apply to lines assigned(tb

A line I € £° is disconnected if at least one of the ends; = 0 but

When the sectioning constraints set a particglae 0, then

pr may take whatever value necessary to satisfy

is in section1. Thus, an uncertain line either (i) shall behe KVL constraint (3). Conversely, jf, = 1 thenpt = pt.

disconnected if entirely in sectioh (ii) shall be disconnected

if between section® and 1, or (iii) may remain connected if
entirely in sectiorD.

pr <1 =g, Vel (1c)
14/ S 1- ’7T17VZ S an (1d)

Constraints (1e) and (1f) set the value @f for a bus
b depending on what section that bus was assigned to.

Line limits P-™2* may be expressed either directly as
MW ratings on real power for each line, or as a limit on
the phase angle difference across a line. Since in the model
the real power through a line is just a simple scaling of the
phase difference across it, then any phase angle limit may
be expressed as a corresponding MW limit. Note that at the
very minimum P-max > plmax hyt these limits should be
widarge enough to allow two buses across a disconnected line

define B! to be the set of buses that are desired to remain iy maintain sufficiently different phase angles.
sectionl. It may be that we wish to exclude buses from the
“unhealthy” section, and such an assignment will in general | 5sg Modelling

reduce computation time.
v =0,Vb € B, (le)
w =1,Yb e B (1f)
Given some assignments B, B! and£°, the optimization

will disconnect lines and place buses in sectiore 1, hence
partitioning the network into sectiors and 1. What else is

placed in sectio, what other lines are cut, and which loads |

While the DC power flow model allows the islanding
problem to remain linear, one disadvantage is that real powe
losses in the network are assumed to be zero. The lossless
DC model will under-estimate the amount of load that needs
to be shed when forming islands, and thus could lead to
poor islanding decisions. In this paper, three loss modals a
considered in addition to lossless DC. The actual loss fonct
is derived from the AC real power flows, and is then

and generators are adjusted, are degrees of freedom forébﬁroximated byt
I

optimization, and will depend on the objective function.

B. DC Power Flow Model

The power flow model we employ is a variant of the “DC”
model, assuming unit voltage at each bus and small phase

angle differences, but accouting for line losses. Kirclieof
current law is applied at each bus 5:
SS=>"m+ > - >, wr—hp), @
g€y deDy leL:F1=b leL:T;=b
Wherepf]3 is the real power output of generatpe G, at busb,

PR is the real power demand from loatle D,. The variable
p’ is the real power flow into the first end (bd3) of line I,

and p; — hy is the flow into of the second end, reduced by
the lossht. Loss modelling is described later in this section.

When a linel is connected, Kirchhoff’s voltage law (KVL)

demands that a flow of real power is established depending
only on the difference in phase angle across the line. Horveve

we may not equate} directly to this flow, since if a line

is disconnected by the optimization, zero power will flow
through that line. In this case, we must allow different ghas
angles at each end of the line. To achieve this, the KVL 4)

expression is equated to a variaple
—B}‘

ﬁll_ = ((SFL - §Tz)v 3

where constant®!, 7, are, respectively, the susceptance and

off-nominal turns ratio of liné. Then, when liné is connected
we will setp; = pr, and when! is disconnecteg} = 0. We
model this as follows.

Assume the maximum possible magnitude of real power

flow through a linel is P ™2, Then
_plPlL max < pll_ < I:)IL maxpl7
—(L=p) PP < pp —pp < P - ).

(4a)
(4b)

1) In the standard lossless DC modk, = 0.

2) Constant loss. The loss for each line is determined from
the current operating point of the network, in which
line I has a flowp;*, voltagesv}, and vy, and a
corresponding los&;* = hy (pf*, v}, , v7, )

hi = piht*,

The inclusion ofy; drives the loss to zero if the islanding
optimization cuts the line.

Linear loss. The AC line loss function is linearized about
the operating point, assuming constant voltages.

3)

L L ahll-*
hi = pih™ + P
Then if p, = 0, pv = 0 and ht = 0. The bound

R} > 0is included to exclude the possibility of negative
line losses in the solution. Consequently, the linear loss
model restricts islanding solutions to a region around the
pre-islanding operating point, and prohibits lines from
generating real power.

Piecewise linear (PWL) loss. The AC loss function is
first approximated by assuming, = vy, = 1 so that

Gll‘ 1 Tl L

5 on 2ot

Tl |:Tl A o8 Blel

This function is then approximated over an interval by
a number of line segments, to givé. The line binary

variable p; may be included in the PWL expression to
setht =0 whenp, = 0.

(pk — pupk™).

L
ht ~

D. Generation constraints

In situations where there is a need to react quickly to
an unplanned contingency, to prevent cascading failures th
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time available to island the network and adjust loads am®mponents and may fail. Accordingly, we introduce a load
generators will be short. Therefore, we must assume thhat fldss penaltyd0 < 5; < 1, which may be interpreted as the
re-scheduling of generators and/or the addition of newsunit probability of being able to supply a load if placed in
the network will not be possible. On the other hand, a certasection 0. If d is placed in sectionl we realize a reward
amount of spinning reserve will be available in the network{; per unit supply, but ifd is placed in sectior), with the

for small-scale changes. For any unit, we will assume thanhcertain components, we realize a rewardSphly; < M.

a new setpoint, close to the current operating point, may e objective is to maximize the expected load suppli&d,
commanded. This setpoint should be reachable within a short .

time period, and also must not violate limits. In practicaestf Jbc = max Z MaPq (ﬁdO‘Od + qu), )

governer action will quickly raise/lower real power outpat deb
the new setpoint, before the spinning reserve takes over. where,
_A furthe.r assu_mpuo_n we make is thgt a generator obeys a g = oiog + g, Vd € D, (8a)
binary regime: either it operates near its previous realgrow
output, or it may have its output switched to zero. That is, 0<aps <1,¥d €D, (8b)
0<aig <, Vbe B,de Dy. (8c)

pS € [P, PET] U{0}. _ _
) Here we have introduced a new variallg; for the loadd
This latter case models the removal of the source of mechagisivered in sectiors ¢ {0,1}. If 7 = 0, and the load at bus

cal input power; it is assumed that electrical power will fal is in section0, thenayy = 0, apy = g and the reward is
zero within the timeframe of islanding. Although the switch B4M,4Pyq. On the other hand, i, = 1 thenayy = ay and
off generating unit contributes no power in steady statdé& t%d — 0, giving a higher reward\/, P;aq. Thus the objective
network, it remains electrically connected to the network. 55 4 preference for, = 1 and a smaller sectiof.

To model this disjoint set constraint, we introduce a binary

variable(, € {0,1} for each generator. 1 .
G € 10,1} g G. Overall formulation

G— G G
Py <pg < Cng+, Q) The overall formulation for islanding is to maximize (7)
for all g € G. If ¢, = 0 then generatoy is switched off; subject to (1)—(8). The resulting problem is an MILP.

otherwise it outputg® € [PG— PG*} These limits depend Remark 1 (Penalizing line cuts and generator switching):
g g 79 )

on the ramp and output limits of the generator, and the amol¥pile the sectioning constraints force certain lines to be
of reserve available to the unit. cut, it may also be desirable to penalize the unnecessary

disconnection of other, healthy lines in the network. To do
) so will also encourage binary variablgs to take on integer
E. Load shedding values in the LP relaxations of the problem. This may be
Following separation of the network into islands, and giveachieved by adding a small reward in the objective for
the limits on generator power outputs, it follows that it nme¢  non-zero values ofy;:
be possible to fully supply all loads. However, the optintiza
is to determine a feasible steady-state for the islandedankf €1 Z pi ©)
and thus it is necessary to permit some shedding of loads. LEL\LO
Suppose that a loafle D has a constant real power demanéor similar reasons, it may be desirable to penalize the
PP. We assume this load may be reduced by disconnectingwitching-off of generators in the objective by rewardirann
proportionl — «y. For alld € D: zero values of},
PR = auPp, (6) 22 Wil (10)
geyg
where 0 g ad < 1. _In determining an feasible islandedynere W, is some weight. A uniform weighte.g, W, =
network, it is in our interests to promote full load supply; v will encourage large generators to switch off, rather than
and so load shedding is minimized in the objective functionyeyeral small units, for any given decrease in total geiterat
Generation disconnection can be more evenly penalized by
F. Objective function instead settingV, equal to the generator’s capaciBf*.

The overall objective of islanding is to minimize the risk
of system failure. In our motivation we assumed that there is V. POSTISLANDING AC OPTIMAL LOAD SHEDDING
some uncertainty associated with a particular subset adsbus The solution of the DC islanding optimization includes a set
and/or lines; we suspect there may be a fault and so we wishlines to disconnect, new generation levels, and the propo
to isolate these components from the rest of the network. tions of loads to be shed. In general, however, the predistio
Suppose we associate a rewad} per unit supply of load of the DC model will not match reality, and no consideration
d. Inislanding the uncertain components, we wish to maximize given to reactive power and voltage. Therefore, to detegm
the total value of supplied load. However, in placimgyload a feasible AC solution for the islanded network, we propose
in section0, we assume a risk of not being able to supplthat an AC optimal load shedding (OLS) problem is solved
power to that load, since that section containts “unhealthimmediately after the islanding optimization.
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. . . TABLE |
The AC-OLS optimization problem is a standard OPRg anpinG SOLUTIONS FOR DIFFERENT LOSS MODELSVITH 8, = 0.75.

problem albeit with load shedding. The AC-OLS is solved

for the network in its islanded state. That is, the geis | oss Buses in cut lines (£, T;) Disconnected
modified by removing lines for whicly; = 0. Furthermore, section0 generation
any generator for whicly, = 0 has its upper and lower bounds None 1, 3, 24 (1,2), (1,5), (3,9) 155 MW at bus23
on real power set to zero; others are free to vary real powegonstant 1, 3, 24 (1,2), (1,5), (3,9), 155 MW at bus23
output within a restricted region, as described previausly . 3, 24 (1,2) ((?1 ?)3) (3,9) None
This problem also maximizes the value of total real power (3,24), (9,12), (15, 24)
supplied to loads: PWL 1, 3, 24 (1,2), (1,5), (3,9) 155 MW at bus23
Jac =max Y RgoqPy, (11)  immediately following the failure of ling15, 24) the flow
deD through (3,9) rises quickly from25 MVA to 123 MVA.
subject to, Furthermore, the voltage at busfalls from 1.014 p.u. to
flz)=0, (12a) 0.883 p.u; similarly, bus24 has falls from1.006 p.u. to
g(x) <0, (12b) 0.857 p.u. We suspect that further failures may occur and are
(pg, qge) € 0,,Yg €6, (12¢) uncertain about the status of buseand24 and line(3,9).

oY 5 b In taking preventative action, the generator limits are set
(Pd>4q) = aa(Pg,Qq),Vd € D. (12d) to allow a small movement from the pre-islanding operating

Here, R, is the reward for supplying load, and is equal POINtpg*. Ramp ratesR? (MW/min), for the generators may
to M, if the load has been placed in sectionand 3,1, be foynd in [21]. A time limit of two minutes is gssumed for
if placed in sectior). The equality constraint (12a) capture$@mping to any new real power level. Thus, limits are set as
Kirchoff’s current gnd voltage laws in a compact form; Pf* _ min{p?* 4 2R;3’Pgmax}’ (13a)
denotes the collection of bus voltages, angles, and reative G G G mmin
power injections across the islanded network. The inetyuali Py = maX{pg —2Rg, Py } (13Db)
constraint (12b) captures line limits and bus voltage bmit 1) Load shedding without islandingSolving an AC-OLS

O, is the post-islanding region of operation for generatam the post-failure network seelsl.1 MW of the 180 MW
g, and depends on the solution of the islanding optimizatidoad at bus3 shed. The voltages at bus&sand 24 rise to
and pre-islanded outputs of the generator(Jf= 1 the unit 0.979 p.u. and0.950 p.u. respectively, and the power through
remains fully operational, and its output may vary withitdine (3,9) falls to 93 MVA.
some region around the pre-islanded operating point; mostf, however, the uncertain ling, 9) subsequently trips, then
generally (p%, %) € O, (pS*,qS*), where (pS*,¢*) is the more load must be shed. A second AC-OLS sheds a further
pre-islanding operating point ard, is defined by the output 68.0 MW of the bus3 load. However, lin€6, 10) is at capacity
capabilities of the generating unit. If real and reactiveveo (175 MVA) and—moreover—the uncertain bus8sand 24
are independenp$ € [PS~, PS*] and ¢S € [Q$~,QST]. have not been isolated, leaving the operation of the whole
If, conversely, the islanding optimization has ggt= 0, then network prone to further failures.
real power output is set to zer@? = 0. In that case, the 2) Islanding: We assign busekand24 to B° and line(3, 9)
unit may remain electrically connected to the network, witto £°, and solve the islanding optimization. The solutions for
reactive power output free vary within some specified irdervthe four different loss models are described in Table | for a
[QS*, QS*]. Loads are assumed to be homogeneous; real dndd loss penalty3; = 0.75. An 8-piece approximation was
reactive components are shed in equal proportions. used for the PWL model. Common to all but one loss model

The AC-OLS is a nonlinear programming (NLP) problenis the islanding of buse$, 3 and 24; the linear loss model
and may be solved efficiently by interior point methods.  opts to island only buse® and24. The former choice retains

bus1’s generation capability in sectidi) while the latter does

V. NUMERICAL SIMULATIONS not. Nevertheless, in all cases the “unhealthy” sectiorbeas
This section presents numerical simulation results ugieg tisolated; furthermore, lin€3, 9) has been cut, and so none of
above islanding formulation. the solutions is sensitive to failure of this line.
o Table 1l shows generation levels, load supplied, losses and
A. |EEE 24-bus Reliability Test System objective values for the post-islanding DC and AC solutjons

The IEEE RTS [19] comprise24 buses and8 lines. Of and for each of the loss models. Three of the four models elect
the buses] 7 have loads attached. All loads are assumed to beisland busl in addition to3 and24. The linear loss model
constant, and total load demand®i&0 MW. Total generation islands only buse8 and 24, with no generation capability in
capacity is3405 MW from 32 synchronous generators. that island, and as a consequence ffievalues (both from

The failure scenario we simulate is the consecutive trigpirthe islanding optimization and the AC-OLS) are lower.
of line (15, 24) followed by line (3,9). Hazra and Sinha [20] The PWL model best estimates the losses, with a small over-
showed this to be the most probable collapse sequence $or #stimation, and shows the smallest mismatch between DC and
network. We consider the network immediately after the firé¢C objective values. The lossless DC and constant-loss lmode
line trip, and our objective is to avoid total network faduoy under-estimate losses. However, all three loss modelsedeli
using controlled islanding. the same AC-OLS objective value.
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TABLE I
DC AND AC SOLUTION DATA FOR THE ISLANDED NETWORK

Post-islanding DC Post-islanding AC
Loss model | >, pF .05 3 hy oo | .05 Taph  Xihb Jie
None 2754.0  2754.0 0.0 2706.0 | 2800.6 2750.3 50.3  2703.3
Constant | 2795.8  2753.9 41.9  2705.9 | 2800.6  2750.3 50.3  2703.3
Linear 2726.2  2670.0 56.2  2670.0 | 2723.4  2670.0 53.4  2670.0
PWL 2804.8  2749.9 55.0  2702.9 | 2800.6  2750.3 50.3  2703.3
10% ,
B. Larger networks o Feasible

1) Computational resultsThe speed with which islanding 10% 5? m:E gap
decisions have to be made depends on whether the decision is 102k o gap
being made before a fault has occurred as part of contingency &
planning within secure OPF, or after a problem has occurred, g 1ot}
in which case the time scale depends on the cause of the 8
contingency. Especially in the second case it is important t 100 F OH,
be able to produce feasible solutions within short timeqaksi 101} v\v J
even if these are not necessarily optimal. ?ﬁ’ 1 ﬁ

Fig. 2 shows the times required to find obtain feasible 10—2 1 213030 & s 00
islanding solutions to varying proven levels of optimality 8
Times are recorded for different networks ranging frorfi-a (a) Lossless model
bus system to 800-bus system. Three of the four loss models 10% F— ~ ——
are compared; the linear model is omitted. For each network, © Feasible
50 scenarios were generated by assigning a single randomly-  10° - ?g’ m:,z gzp
chosen bus td3". The same set of scenarios is simulated for 102 ’ gap
each loss model. No pre-assignments were made to dither @
or G'. For the networks with no ramp rates or spinning reserve £ 10}
data available, it is assumed that each generator may \&ary it «~
output by-£5% of the pre-islanding level. Where no line limits 10%¢ J o ]
are present for a network, a maximum phase angle difference ;-1 ‘ ¢
of 0.4 rad is imposed for each line. The PWL model assumes ?ﬁ
an 8-piece approximation to the line loss over the phase angle 1072 9 14 2130 39 57 s 300
difference interval[—0.4,0.4] rad. In the objective function, B
the values ok; andes in (9) and (10)—the penalties on line (b) Constant-loss model
cuts and generator disconnection respectively—ateand 10% F— ~ —

0.0001, with W, PGJr in the latter. This penalizes line
disconnection more heaV|Iy 0%

Problems are solved on a dual quad-core 64-bit Linux 102k ]
machine with8 GiB RAM, using AMPL 11.0 with parallel @ ok
CPLEX 12.3 to formulate and solve MILP problems. Compu- £ 10'f 3
tation times quoted include only the time taken to solve the ~ ool #
islanding optimization to the required level of optimalignd
not the AC-OLS, and are obtained as total elapsed seconds 1p-1} HT 4) #T ° g%aﬂ?';gap ]
used by CPLEX during theol ve command. The required o 5 1% MIP gap
levels of optimality for each problem are ‘feasible’—areiger 10 = =T 2130 39 o7 118 300
feasible solution—and relative MIP gaps % and1%. The nB
PWL loss model is implemented using AMPL’s piecewise (c) PWL model

linear function builder notation and special ordered sdts @ig. 2. Mean, max and min times for finding, to different levef optimality,
type 2 (SOS-2) in CPLEX. An additional penalty @H—4 islanding solutions using each of the loss models.
times the total line loss (MW) is imposed in the PWL caseopot note, aided by CPLEX’s cut generation, without reagjri
to encourage the SOS-2 conditions to be met in solutions lmfanching; thus, the rise in computation time is largelyrayvi
the LP relaxations at nodes in the branch and bound (B&B) the increasing size of the LP relaxation problem.
tree. This was found to significantly aid computation. For the PWL model, while times less than one second are
Examining first the times required to find a feasible islandecorded for networks up and including to tB&bus system,
ing solution, the results in fig. 2 show a rise in solve timehes t solution times to feasibility rise thereafter. In partiaylthe
network size increases. The lossless and constant-losslsnodhean and maximum times to feasibility for t860-bus net-
perform well: all problems are solved to feasibility wellthin ~ work are approaching0 seconds. An immediate observation
1 s. In every case tested, a feasible solution is found at tisethat the LP relaxation problems are larger, since ea@h lin
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TABLE Il 100 — , —— , —
RELATIVE ERRORS BETWEEN OPTIMAL AND RETURNED SOLUTIONS /P‘ ____ A
98 /ﬁ.\g //
Feasible 5% gap 1% gap // N/

Lossless 10.79%  0.31%  0.03% s % / ‘u/

Constant loss  9.12%  0.37%  0.04% ht K

PWL 2.31%  0.50%  0.05% e 94 /

= % ol /
has an additional SOS variables. Secondly, more branching is G\\ N
required, in order to satisfy the SOS-2 conditions on evies;, | 90 W,—?’é o ggn'gtsasn£
as the network size increases. In the worst case, for example e PWL
10,794 B&B nodes were required to find a feasible solution B 11 2130 39 57 118 300
for one 300-bus problem. nB
For a MILP problem solved by branching, the optimal (a) AC obiective—expected load suoblied (%)
integer solution is bounded from below (for maximization) 2 ' SN '
by the h_|ghest integer objective value found so far during OF §:ecg - g A
the solution process, and from above by an objective value _ SR A\
. = -2} ‘i \ \ ),// A

deduced from all node subproblems solved so far. The relativ. = = AN - R y
MIP gap is the relative error between these two bounds. Fig. 2 ¢ —4 \%____ 4 \
indicates the progress made by the CPLEX solver, in terms 7 _6 ¥ \
of the times required to reach relative MIP gaps56§f and .9 \/' \
1% respectively. Performance of the lossless and constast-lo ™ -8 o-No | © \\

. ; . - -No loss A
modelsf is again g_ood, the majority of problems are solved to —10}, - constant \
1% optimality within ten seconds. The exception is fifebus o LEZPWL, L ‘ Y
network. While all57-bus lossless and constant-loss problems 9 14 243039 57 118 300
are solved td% optimality within two seconds, the times to nB
1% MIP gap can be significantly longer. (b) Difference between DC and AC objective values

Future work will investigate heuristics and techniques fcﬁig. 3. AC performance—absolute and relative objectivaieslobtained

L. . . . . rom post-islanding DC and post-islanding AC optimizaton
exploiting network topology and improving solution times.
. . 27 . . TABLE IV

One practical consideration is that it may be desirable tkema  nyueer oF UNIQUE PROBLEMS INCLUDED IN THE COMPARISONS
assignments to the sefié andG!, leaving fewer free variables
in each optimization and reducing computation times furthe s 9 14 24 30 39 57 118 300

For practical_ gpplication in real time_—with the ngtworl_<in @ problems compared 8 11 10 16 15 20 30 23
stressed condition—a good, but possibly sub-optimalge&rte mip gap> 0% o o 1 0 0 5 5 14
solution may be acceptable, given that islanding is a lastC infeasible 2 10 6 8 4 5 8
resort course of action and fast decision making is requiredTotal 13 21 22 23 29 40 45
Moreover, because the DC model is an approximation ofF
the AC model, it may make little sense to pursue provagase is that from solving the problem to full optimality. &n
optimal DC solutions. Table Il shows the means of the re¢ati some PWL problems require a long time to solve, only those
errors between the solution value returned at termination problems solved to optimality withih0* seconds, for all mod-
the solver and the actual optimum, where known. The ‘readls, are included. Furthemore, a number of islanding smisti
gaps between early termination solutions and the true @ptinvere found to be AC infeasible, and so were removed from
are nearer zero thab% or 1%. Therefore, good islanding the comparison. (The AC infeasibility problem is discussed
solutions—at least with respect to the DC model—can hike next section.) Tab. IV indicates the number of problems
provided even when the solver is terminated early. Moreovéicluded in the comparison for each network.
these solutions can be found quickly with either the lossles Examining the relative performance of the loss models in
or constant-loss models. The PWL model generally requirig. 3(a), with the exception of thé-bus network, there is very
longer solve times; one question is whether the extra compittle difference between the islands formed by the differe
tation time, and more accurate loss modelling, providegebetmodels with respect to the AC objective.
islanding solutions. In the following subsection, we irigste The comparison of DC and AC objective values, shown in
the quality of these solutions with respect to the AC modelfig. 3(b), illustrates that the ability of the DC model to pietd

2) AC performance:Fig. 3 provides two comparisons; thethe AC objective depends on the loss model. The measure
mean values of the post-islanding AC objective and, segondl;- — J3 indicates an over-estimation of the load shed/lost
the error between the objectives as predicted by the DiCpositive, and an under-estimation if negative. The PWL
islanding optimization and the post-islanding AC-OLS. Famodel is generally nearer zero and in one case is positive; on
the former, to enable easier comparison the AC objectivetlge other hand, the lossless and constant-loss models salway
expressed relative to the total load; a valuel66% means under-estimate the load shed or lost.
that no load has been shed or assigned to seciieithe In conclusion, despite the more accurate modelling of
best possible outcome. The adopted islanding solutiondh edine losses, the PWL model rarely provides better islanding

0
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solutions with respect to AC power flow. In comparisorframework allows linear network constraints—a loss-medifi
the simpler loss models allow solutions to be found quicklpC power flow model, line limits, generator outputs—to be
without degradation in the quality of the resulting AC s@at explicitly included in decision making, and produces bakh
Accurate modelling of line losses, then, should not be sieady-state feasible DC islands. AC islanding solutiars a
primary consideration in designing network islands; a mofeund via the subsequent solving of an AC optimal load shed-
pressing concern, as indicated by tab. IV, is the AC feasjbil ding problem. The approach has been demonstrated through
of the network after islanding. simulations on th@4-bus IEEE system. Simulations on larger
networks have indicated the practicality of the method, in
terms of computational time, and have shown that the quality

of islanding solutions does not benefit from the accurate

A number of islanding solutions obtained by S(.)lvmg_th?r)odelling of real power losses. Thus, line loss modelling
MILP problem were subsequently found to be AC |nfea5|bl€r.],as been found to be less important than the modelling of
that is, there was no solution to the AC-OLS lying withiq

C. Network voltage profile

normal voltage bounds. In fact, by softening the norm
voltage bounds a solution was found to all of the ‘infeasibl
instances in tab. IV. This subsection analyses a case sty
of such voltage-infeasible situation. The conclusion iatth
designing network partitions by consideration of real and

reactive power balances in each island is not sufficient tg;
produce solutions with a good voltage profile.

Consider the24-bus network with bus assigned td3° and 2
Ba = 0.75. The optimal islanding solution obtained isolatesz
busesl, 2 and 6 by disconnecting linegl, 3), (1,5), (2,4)
and (6, 10). Though two 19-MW units are switched off at !
busesl and2 respectively, there remains sufficient real powe|[
capacity in both islands to meet demand, and no load is shefé]
Moreover, there is sufficient reactive power capacity inheac
island to meet the total reactive power demand. Even thouggy
the islands are balanced, the AC-OLS fails to find a feasible
solution. Softening the voltage constraints allows a $ofuto (7]
be recovered, but with out-of-bound voltages at busend g
6 (v2 = 1.1461 andvs = 0.8452). This results in95.5 MVAr
being extracted from the lin€2,6) at bus6, yet the power
demand there is onlg4.1 MVAr. However, a shunt reactor
at bus6 consumesl00v? MVAr. To meet this demand, an
abnormally large voltage drop is required across the(iné). (10]
If the shunt reactor is removed, or if a synchronous condense
is placed at the bus, a feasible AC-OLS solution with volsagél1]
within limits can be found.

Further inspection of the network reveals that this sitrati [1]
has arisen because of the disconnection of liiel0), an
underground cable with high shunt capacitance. In norntaf!
operation, the passive reactor at usvould locally balance [14)
the reactive power and maintain a satisfactory voltage Iprofi

This is just one example of where an islanding solutio
formed by considering only real power—even if networ
constraints are included—is unsatisfactory. However,lsb a
shows that even if a global reactive power balance is actijevEe!
local shortages or surpluses of reactive power can lead to an
abnormal voltage profile. Many of the IEEE test networks af&7]
prone to the same problem, as observed from our results.

El

5]

(18]

VI. CONCLUSION [19]

In this paper, an optimization-based approach to conttolle
islanding and load shedding has been presented. The pobpd3d
method uses MILP to determine which lines to cut, loads {g;;
shed, and generators to switch in order to isolate an unicerta
or failure-prone region of the network. The optimization

active power to ensure a healthy voltage profile in allpart

ithe network after islanding. Future research will inigeste
ethods for improving computation times for islanding, and
é(hniques for finding feasible and optimal AC solutions.
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