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Abstract—This paper presents a novel graph theory based ap-

proach for restoring large scale power systems afféed by com-
plete blackouts. The proposed graph theory based riwd as-
sesses the power system in blackout and represetite required
information in a graph. The graph is initially used to determine
the sectionalizing strategy. To do so, an un-normizked spectral
clustering algorithm is implemented. The method the applies
parallel power system restoration, restoring the oeated islands
in parallel. Thus, the restoration process is speed up. An algo-
rithm for computing the k-shortest simple paths from the black-
start unit in each island to the non-blackstart unis and loads in
the same island is then carried out. By implementip the pro-
posed method, cranking power can be rapidly sent tamon-
blackstart units and loads can be picked up quickly The new
graph theory based method is tested on the New Ergid 39-bus
test system. Simulation results are used to demonate the effec-
tiveness of the proposed method on restoring systemaffected by
complete blackouts.

Index Terms—Graph theory, parallel power system restoration,
spectral clustering.

l. INTRODUCTION

Power System Restoration (PSR) is the processdautit
after a partial or complete power system black&dstoring
the network as quickly as possible, taking intosideration
the static and dynamic constraints previously aefity the
grid codes, is the main objective of system opesatturing
PSR. By speeding up the restoration process, syspenators
directly reduce the cost of the power system blatko

Two main strategies to restore power systems atedsin
[1] and [2]. Nevertheless, it should be mentioneat the se-
lection of the strategy to be implemented in aipaldr power
system depends mainly on the characteristics ofrtb@vork.
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Since the restoration duration is significantly ueed
when implementing thebtild-up” strategy, PPSR is consid-
ered as the predominantly used worldwide restarat@heme.
When applying theBuild-up” strategy, the power system af-
fected by the blackout is assessed first. ThenStwionaliz-
ing Strategy (SS) is determined. The SS must defiree
boundary of the islands, such that each islancahésast one
Blackstart (BS) unit [1]-[6]. Other important corehts to be
considered when determining the SS are mentioneSei:
tion Il. When the SS is identified, the islands ezetored in
parallel. When the created islands are completalyle, these
are resynchronized and the entire system is finagtored.
During the synchronization of the created islatios,monitor-
ing of the boundary buses is vital for a succegsftioration.

Two main advantages on applying PPSR are: (i) eébtor
ration time duration is considerably reduced, aidn(case of
a large disturbance in an island, a recurrent lolaickvould
only occur in the affected area [1]-[3]. Howeves, the net-
work is separated into islands, the stability nesgif the is-
lands are an important issue to be considered gilRIASR.
Also, different blackstart (BS) units are requitedbe availa-
ble and distributed in the network.

Research on determining the optimal unit restarseg
guence and different network reconfiguration apphea can
be found in [6]-[8]. These methods present int@ngstesults
for these two particular problems during the regton pro-
cess. However, more general methods to aid opsrdtaing
the restoration process are still required.

As PPSR presents several advantages over libied-
down” strategy, this paper presents a new graph thieasgd
method to restore large scale power systems affdsgtecom-
plete blackouts. By representing the network asratirected
graph, the first step of the proposed metbguirates the af-

The *build-up” approactsectionalizes the entire power systemfected network into the fewest islands requiredatisfy vari-
into smallersubsystems, also calledslands. Then, the created ous PPSR constraints [1]-[6]. This first step cdess infor-

islands are restored in parallel by applying Par&bwer Sys-
tem Restoration (PPSR). On the other hand, i@ d-down”

mation obtained from the assessment of the netwobkack-
out. Unavailable machines, lines without synchreethre-

strategyreenergizes the bulk network before resynchronizing |ays, and information from system operators aresictamed

loads and generators. Extended analysis of thesstrategies
is presented in [1]-[5].

This work was supported in part by the Engineeand Physical Sci-
ence Research Council (EPSRC) in the UK and Thevedsity of Cost
Rica.

and eventually used when computing the SS. Thigs $6m-
puted using amn-normalized spectral clustering (USC) algo-



rithm. The determined SS must create islandingfyaig BS
availability, providing sufficient power generatiaithin each
island and ensuring that the tie-lines are equippikd syn-
chro-check relays.

The second step, which is carried out simultangoiasi
each of the created islands, applies an efficigdrithm to
determine thek-shortest simple paths between the BS unit
each island to the non-blackstart (NBS) units aadl$ in the
same island. When computing the shortest pathseleetwany
two elements, the number of connections requiredhper of
edges) and the electrical distance between theseecets are
determined. Then, the determined paths are ran&sddbon
the number of connections required for energizivegdlement
and the electrical distance between these. It tmistoted that
the number of connections required is proportiaadhe time
duration to restore that element. As Critical lo&@&s) are
more important than common loads, these are piokefirst.
In addition, cranking power is rapidly sent to NBSits. Fi-
nally, the sequence of events for each islandésegmted and
the estimated time to restore the elements is méted. It is
important to mention that this paper does not aw@rstime
constraints related to thermal machines.

The paper is organized as follows. Section Il preséhe
graph theory fundamentals. It also extends the PRBESR
proach. Section Il presents the graph theory nketBection
IV presents the simulation results and the analystion V
concludes the paper and presents future work.

1. POWERSYSTEM RESTORATION ANDGRAPH THEORY

In this section, some graph theory fundamentats,USC
and thek-shortest simple paths algorithms are introducéds T
section also extends the PPSR approach and dttailson-
straints and the assumptions considered in thisrpap

A. Graph Theory Fundamentals

Multiple power systems properties can be convelyieig-
scribed by means of a diagram consisting of a seertices
together with a set adges joining certain pairs of theserti-
ces. Therefore, an undirected gragh= (V, E, W) is used in
this paper to represent an electrical network withusesn,
generators ann BS units.

In the graphG, the elements; OV, i=1,2,..n, and

G,. Nevertheless, by applyimgcursive bisection [9], [10], the
method can also determine the SSrfer2. Thecut (1) is rep-
resented as the sum of the weights of the edgesined in
thecutset [11].

cut(V,,V,)= > w, (1)
. 6 0Es
N The graph-cut problem is then defined as findiregctiiset
that bisects the graph with minimuncut [11] i.e.
min {cut(V4, V,)}. In the sectionalizing problem, the set of

edges contained iRs represents the set of transmission lines

in the actual power system that should not be didgecreate
the islands after the blackout.

C. Spectral Clustering Algorithm

Representing the network in blackout as a graplverts
the sectionalizing problem into a graph-cut probl&averal
methods can be used to solve the graph-cut prolS$eectral
clustering is implemented in this paper to deteartime SS.
Theun-normalized Laplacian Matrix, denoted ak, is defined
for a graphG as shown in (2) [11].

L =D-W (2)
In (2), thedegree matrix, denoted a®, is defined as the
diagonal matrix with the degre(ei§=Z:_“’:lwlj . The valudl is
also equal to the total weight of the edges comuketd node
v; O V. Defined in this wayW andL are both symmetric for

any undirected graph. The USC algorithm, for theetiion
case, is summarized as follows [11]:

1. Compute thein-normalized Laplacian Matrix L (2).

2. Compute the first two eigenvectofls and9,, corre-
sponding to the two smallest eigenvalues, of thyef
problemLd =A93.

3. Let TOR™*? be the matrix containing the vectdrsand
9, as columns.

4. Fori=1,..n, lety, OR? be the vector corresponding to

thei-th row of T.
Cluster the nodegy, )., A0 R? into V, andV, using

the k-medoids algorithm [12].

When computing the steps mentioned above, theillisjo

e JEOVXV, i,j=1,2,..n, denote the set of nodes andeiSV1 andV; are determined. When requiring more than two
edges, respectively. The sétsandE represent the buses andslands, the set with various BS units (more thae BS unit)

branches in the power system, respectively. A subseV,
of sizeny, is defined to represent only those generatorstwh
are BS units. The elementg OW, i,j =1,2,..n, represent
the weight factors associated with each edg& E. The
weighted adjacency matrix, denotedvésis built by using the
susceptance ip.u., denoted ab;, between nodeisandj. The
un-weighted adjacency matrix, denoted/8g, can also be
computed by ignoring the weight factors and consigeonly
the connectivity between nodieand;.

B. Cutset Definition

In graph theory, autset Es, which partitionss, represents
the set of edges that needs to be removed to $eplheagraph
into r sub-graphs. For simplicity, thasection case (r =2) is
initially used to separat& into two disjoint sub-graph&; and

should be used to apply recursive bisection. Thevipus

:steps would need to be applied to this new set.

D. K-Shortest Smple Paths

Considering two designated nodgs 0V, a pathP of G
from a BS unit located at noddo a NBS unit or load located
at nodet is an alternating sequeneg € 1, V1, €1 2,---, €1 Vs
of distinct nodes; OV and edges; O E, wherev,=s and
v, =t. The total length(P) from stot in the pathP is defined
as the sum of the symmetric lengthscontained inP. It
should be mentioned that the lenglis defined as one, when
computing the number of connections required, orliag

(w; O W) when computing the electrical distance between th

connected nodésand].



|(p) = Z|,, 3 v. ensuring that all tie-lines are capable of swingieg-
N ®) eration and measuring synchronization with adjacent
The problem of finding the shortest simple pathnfito t subsystems.

is studied byDijkstra in [13]. However, considering all the  From the above list, the novel graph theory based a
problems that might arise during the restoratiacess, such proach presented in this paper ensures the fiesprsl and
as sudden unavailability of branches, this papgtéments an fifih constraints. It is assumed that system oesaill ade-
algorithm to determine tHeshortest_S|mpIe paths [14_]. There‘quately control the variables in the system duting actual
fore, when the absolute shortest simple path cap@ample- yestoration process. It is also considered thairtbleded re-
mented d_urmg the restoration process, the secomuthers ggyrces will be used by the operators in an apjaieoway to
shortest simple paths can be used instead. maintain steady-state stability (the frequency lbnsl voltages
The proposedt-shortest simple paths algorithm uses a supthin each island) during the restoration procégmnsient
routine of the first simple path to determine thersest simple stability should also be evaluated by simulating scenarios
path froms to t [13], [14]. Then, a set of-shortest simple to restore the islands i.e. by simulating the setépaths to
paths ', P%...,P!, P} is determined. Whe(P) for thek- send cranking power to NBS or the paths to picloads.
shortest simple paths from the BS unit to all NBftsuand
loads are computed, the case with minimum numberoof .
nections required is selected. In the case whemuheber of RESTORATION
connections between the restored elements to #meeek to The proposed graph theory based method is presénted
be energized is the same, the shortest electrissdnde is this Section. Fig. 2 shows the flow chart of thepgmsed
used as a second criterion. The algorithm to deterthek- method. As noticed, the only input to the methothés graph
shortest simple paths is presented in an ALGOLibkgjuage information presented in Section II-A. Then, the@J&lgo-
in [14] and it is illustrated in a flow chart ingil. rithm, explained in Section II-C, determines onet8Sepa-

rate the entire network into islands. The SS cse@knds
Compute the set of with at least one BS unit and constraints certaamt&hes to be
G=(V,E.W)

GRAPH THEORY BASED METHOD FORPOWERSYSTEM

shortest paths P by using excluded from the SS.
a subroutine of Dijkstra’s
Algorithm. Compute the
length of each path P and
stored in a list L

[Find POC with the smallest|

G=(V.E.W)

Sectionalize the network using the un-
normalized spectral clustering

Select origin node s
and destination node
¢ and define K

Compute the
shortest paths
tree 7(s) and 7(¢)

Compute the k-shortest simple paths from the

Compute in parallel BS units to the NBS units and loads
for each island o v

where o=12,....,r

Create a table with the number of
connections required to connect the
element and the electrical distance to it

Compute P' by
using Dijkstra’s
Algorithm

DefineC =00

N

[
Create a new updated table

A

End

with the number of
connections required and the
electrical distance to the
elements which are not

Based on the minimum
number of connections
and the proximity,
restore elements

Figure 1. Basic steps for thie-shortest simple paths algorithm
restored

E. Paralle Power System Restoration

When determining the SS to create islands in pasysf
tems affected by complete blackouts, several cainssr
should be taken into account [1]. Typically, ther8Sst create
islands satisfying the following constraints:

i. BS availability and capability within islands,

ii. ability to meet active and reactive power load vtith
active and reactive power generation in each island End

iii.  ability to maintain a suitable voltage profile,gizk up Figure 2. Flow chart of the proposed graph theory based rdetho

loads, to underexcite generations units, to chaage To exclude transmission lines without synchro-chebke

and to operate synchronous condensers, weight factors associated with the edge, reprasgnthe

iv. the monitoring of each island by the system contrtfansmission line to be excluded, is changed togh talue.
center to ensure correct operation, and Thus, the modified matri¥ must be computed. To ensure

BS availability, the USC algorithm is constrainedriclude a

Compute the k-shortest
simple paths from the
restored buses to the NBS (4N
units and loads which are
not restored

Are all NBS units and loads
in island o restored?

Y



nodev; O B within each island. When the SS is obtained, throblem is obtained. Since the weight factors daseat with

total active power consumptiofR"*) and maximum active

power generatior( PG”E‘X) within the islando, 0= 1,2,...r, are

max

computed. Here, it is expected thRt>™ can be met byR.:

within the same island. If the maximum active pogenera-
tion is smaller than the active power load withie same is-
land, a new SS will be computed. It is importaniiention
that the final SS must: (i) satisfy the BS avaii&i (i) pro-
vide sufficient power generation within each islaat (iii)
ensure that the tie-lines are equipped with synchexk re-
lays.

When the final SS is determined, the proposed ndeteo
stores the created islands in parallel. Thus,ektoration pro-
cess is speeded up. As shown in Fig. 2,kisbortest simple
paths from the BS unit in each island (source rg)de all the
NBS units and loads within the same island (destinanodes
t) are computed. It should be noted that this péesarried
out in parallel for all the created islands. Theaths are tabu-
lated with the corresponding valuesl@). When the number
of connections and the electrical distance betwierBS unit
and all the NBS units and loads, within each isard com-
puted, the element with minimum number of connestis
restored. It must be mentioned that CLs, or NBSsurire
picked up, or cranked, first. Non-critical loadsghti be picked
up before CLs or NBS units, only if these are ia plath from
the restored element to the CL to be picked up dh¢ NBS
unit to be cranked. When the number of connectiegsired
from the restored element to the element to begizest is the
same, the electrical distance is considered. Tthaslectrical-
ly closest element is restored first. When thisnget is re-
stored, a new updated table is computed with the vedues
of I(P) from the restored buses to the remaining eleme
which are not restored at this stage of the restorgrocess.
Therefore, the proposed graph theory based methathw
converted into an iterative process which updatevipus
solutions and stops when all elements are restdred. last
process is repeated until all NBS units and loadsub-graph
G, 0=1,2,..r, are in service.

V.

The proposed graph theory based method for regt@rin
power system in blackout is tested and validatadguthe
New England 39-bus test system. Fig 3 shows theldagy of
this test system. The scenario of a complete skhutde as-
sumed. The susceptance of the lines, the powerraj@re
limits and the possible power consumption are abthifrom
[15]. This paper assumes the availability of thB&units: G3
(nodevsy), G4 (nodevss) and G8 (noders;). Therefore, this
test system can be sectionalized into three islamte re-
maining generators are considered as NBS units. &t& d0-

SIMULATION RESULTS

cated at nodesy, Vig Vo1, Vo3, Vog. The remaining loads are

considered non-critical loads.

The transformers in the New England 39-bus tedesys
are all constrained to be excluded from the SS.sEt®f edg-

es {12 .15 €1514 IS also excluded from possible solutions.

These lines are assumed without synchro-checkseksfyer
applying these constraints, the new mathixis created. By
using the USC algorithm, the solution to the seetiizing

the edges represent the susceptance of the branones
transmission lines are expected to be includedhm $S.
Therefore, the problems caused by the reconnedfidong
and unloaded lines during the first stages of #mtoration
process can be reduced. As a consequence, thosdhthe
sectionalizing problem reduces high charging cusrgsro-
duced when reconnecting long and unloaded linemgliihe
first stages of PSR.

G8

Gl %37
30 25 24|

38

S |
i i

v .iL
2 — G6
. _R_F-_w 2%
— 16 35
G10 v 15 v —
& ! o
39, 4 4
v v 19
S
6 t
20 Pl
13
2 v 11
31 L 3 G4 36
9 ; ~O

G5

0
G2 32
G3

Figure 3. Single line diagram of the New England 39-bus ¢gstem

The solution to the sectionalizing problem using WSC
algorithm is shown in Fig. 4. As expected, thisusioh in-
cludes a BS unit within each island. Thus, BS uaitsiodes

Va7, V3o andvaz are included in the Island 1, Island 2 and Island

3, respectively. It can also be noticed that thagformers and
'Mees without synchro-check relays are all excluftedn the

SS. To conclude that the SS satisfies the consldeom-

straints, the total active power consumption amdnttaximum

active power generation within each island are adeth Ta-

ble | shows these values for each of the createdds.

Island 1

Figure 4. Sectionalizing strategy for the New England 394as$ system
sectionalized into three islands



As noticed in Table I, there is sufficient activeyer gen- mission line 26-29 is suddenly unavailable, systgarators
eration within each island. Therefore, the loadscomption must use the second shortest path. Thus, it isriaoto de-
within each island can be completely restored. Thus con- termine various paths in case of unexpected prabléuning
cluded that the created islands are independebleTaalso the restoration process.

shows the CLs and the NBS nodes within each isl@ihts  TABLE Il Two SHORTESTSIMPLE PATHS TORESTOREELEMENTS IN
information is used to determine the optimal seqaeio re- THE ISLAND 1
store the elements within the islands. ceum | NBSuni = Number of
TABLE I. RESULTSWITHIN EACH ISLAND USING THEDETERMINED SS Load Connections
Va7 Vi {Va7, Vas, Vo, Vi} 3
Island pmax pmax Critical Load NBS Va7 V3 {Vaz, Vs, Va, Va} 3
No. Lo G.o Nodes nodes v v { Va7, Vas, Vi, V3, Vig} 4
1 1711.1( 2469.0( Vg, Voe Vg, Vae ¥ 8 { Va7, Vas, Vg, Vo7, Vi, Vig} 5
2 2384.0: 2471.0( V7 V31, Vag Va7 Vs { Va7, Vos} 1
3 2159.1( 2427.0( Va1, Vo V34, Vas, Vae Va7 Vae { Va7, Vos, Vag} 2
Va7 Vac {Va7, Vas, Vo, Vag} 3
. . . Va7 Vo7 {Va7, Ve, Vg, Vor} 3
When the SS is determined, tkeshortest simple paths— Vor {Var, Var, Vac, Vo) 3
from the source nodes, the BS units, to the degimaodes, Va7 Vac { Va7, Vos, Vag, Vack 3
the NBS units and loads, are then determined. Btuate the Var Vg { Va7, Vzs, Vg, Vg, Vag} 4
time required to restore the islands, Table Il enés the time { Va7, Vas, Vae, Ve, Voo, Vae} 5
to complete restorative actions [6], [16]. Thesees are con- ' '
sidered in the search for transmission paths. Margwitching As it can be noticed, the CL at nodg has not yet been

times need to be incorporated when computing theahees- restored. Therefore, the graph theory based metwbdsh
toration time in real power systems [6], [16]. Disespace focuses on CLs before reconnecting non-CLs, resttes
limitation, the actual restoration of the islandsekplained in element after 30 min (A2+A6+A2+A6). This load iskéd up
detail using the Island 1. from nodev,, which was previously restored. It should be not-
ed that load at node is also restored during this process. To

TABLE II. TIME TO COMPLETE ANACTION DURING PSR . X -
_ _ ' conclude the restoration of the Island 1, it cambtced that
Action T'melém'“) the load nodes;, v,; andv,g are the last three loads to be re-

(Al)-Restart BS unit : stored. Considering that these loads cannot beecterh at the
(A2)-Energize a bus from BS unit 5 .
(A3)-Connect tie line >E same time, the loads at nodgsv,; andv,g are restored after
(Ad)-Crank power to a NBS unit from a bub 15 45 min (A2+A6+A2+A6+A2+A6). Nevertheless, it is cem
(A5)-Synchronized subsystems 20 mon that system operators restore various loadseasame
(A6)-Pick up load 10 time, which will eventually reduce the restoratidaration.

This Island 1 is completely restored after closthg lines

As the BS unit in the Island 1 is located at neglethis Which remain open. As noticed, there are threes|stél open
node is then considered as the source node. Therée BS (€718 €177 @ndes 9 and these are close after 15 min. Thus,
unit is in operation after 15 min (Al in Table IBor simplici- @ it can be concluded, the Island 1 is completsiiored after
ty, the value ok is set to be two. With this value kf path 195 min.
redundancy, defined as multiple paths fretot, is ensured in Similar analysis can be carried out for the Isl@nahd Is-
case of unexpected unavailability of branches. Zisbortest |and 3. Table IV presents the sequence of restoraiitions to
simple paths to the NBS units and loads in thentsla are pe carried out in the Island 2. It must be mentbtieat the
shown in Table Ill. The second shortest path isshawn in  method does not consider the synchronization of ngec-
some cases since the number of connections reqisiredt tions buses as &¥stored Element”. In other words, this paper
acceptable for PSR. As noticed in Table I, thadat node considers the restoration of generation nodes aad hodes
Vo5 requires only one connection from the BS unit. §hthis  with consumption different to zero.
element is restored after 15 min (A2+A6). Restotimg node
Vo5 reduces the number of connections required toneshe
CL at nodev,s. Therefore, as the method focuses on restoring Path Restored Actions Time

TABLE IV. RESTORATIONSEQUENCE FOR THHSLAND 2

CLs, this load is restored. After 15 min (A2+A&)etCL at - BES'elTrﬁ?\tZ_ AT (”1"5”)
node vy is picked up fromw,s. Since the objective is also t0 [y, vi, vis, v, va | NBS UNitve, | AZ+AZ+AZTASTAG 35
restore the NBS units, the NBS unit at neglgs then selected {Ve, v7} CLv, A2+A6 15
to be restored from,s. Thus, after 25 min (A2+A2+A4) this {Vr, Vo, Vo, Vag} LoadvgVovse | A2+AG+A2+AG 60
NBS unit is assumed in operation. It must be naked this * NBS unitvse +AZHAATAB

paper does not consider the time required by gemerso be {{V‘;“V:lvi} 'I‘_%z%‘\’/f AQZAJ';;SAG %g

able to inject power to the system. Also, it shobéd noted

that nodev, is a zero injection node. Following the sequence shown in Table IV, the renng;

As it can be noticed, the NBS unit at naggrequires now Jines still open in the Island 2 must be closed.itAsan be
two connections. This NBS unit is, therefore, remtioafter getermined, there are five lines which must beedd® com-
35 min (A2+A6+A2+A4). As noticed, when sending &y pletely restore the Island 2. Thus, after 25 mimemfor a total
power to this NBS unit from nodes, the load at nodey is  of 185 min, this island is restored.
also picked up. Here, it is important to note tifidhe trans-



It is important to note that the method does natsiter
degree of importance to load buses. It also negjlibet ther-
mal time presented in generators. Therefore,as@imed that
these machines can be restored when the graphythaeed
method determines these must be restored.

Table V shows the sequence of restoration actmmeen-
pletely restore the Island 3. This sequence, irtiaddto the
reconnection of line 16-24, completely restores ¢htre Is-
land 3 after 180 minutes.

TABLE V. RESTORATIONSEQUENCE FOR THHSLAND 3
Restored ) Time
Path Elements Actions (min)
- BS UnitV3g Al 15
Loadvyo
{ Va3, V1g, V2o, Vas} NBS unitv A2+A2+A6+A2+A4 40
Load
{ Vi, Vi, Vo1} cL V\zllm A2+A6+A2+A6 30
{V21, V22, V35} NBS UnitV35 A2+A2+A4 25
CL va3
{ V22, V23, Vag} NBS uni Vae A2+A6+A2+A4 35
{Voz, Vag} Load vz, A2+A6 15
{ Va6, Vag} Loadv;: A2+A6 15

When the three islands are completely restoredgetican
be resynchronized. As noted in the SS, four tiedimre in-
cluded in this SS. In addition, using the timesvted in Ta-
ble Il, it can be noticed that the three islands @synchro-
nized after 100 minutes.

V. CONCLUSION AND FUTURE WORK

This paper presented a novel graph theory baselomhet

for restoring large scale power systems affected¢dyplete
blackouts. An un-normalized spectral clusteringpathm was
implemented to determine the sectionalizing stratémuclud-
ing at least one BS unit within each island andigng suffi-
cient active power within the created islands aflawe effi-
cient and independent restoration in parallel &f theated
islands. The created islands are restored basadapological
analysis. For this purpose, an effici&rghortest simple paths
algorithm was implemented. The minimum number afi-co
nections and the electrical distance, from theorestelements
to the elements to be energized, were the onlyideration
taken into account to determine the element tebtarted. By
using the number of connections and the electdisthnce,
the proposed method speeds up the restorationdditian,
cranking power can be rapidly sent to non-blackstaits
within each island from the blackstart unit in geme island.
In addition, loads in each island can also be piake quickly.
Excluding transmission lines without synchro-cheekays
from the sectionalizing strategy allows the moritgrof the
boundary buses during the resynchronization of dteated
islands during the last stage of the restoratiacgss.

When computing the SS, reactive power support stegy
operators was not considered. Thus, it is of giarest to
introduce such constraint in future studies. Furtbteidies
considering degree of importance in loads, i.e. esdoads
must be restored before others, are also requinadher re-
search also needs to consider the time constregfated to
thermal units, the constraints related to capabdiirves and
the constraints related to cranking power capaoitye sent to

NBS units. These constraints must be taken int@wdcto

reflect the actual power system restoration. Rampime in

synchronous machines should also be considereetéonine
the actual restoration duration. Future work migt ocus on
restarting NBS units and picking up loads to siabilma-

chines, considering stability constraints. The tireguired by
NBS units to be able to inject power to the sysstould also
be taken into account. Charging currents produckdnre-
connecting remaining long and unloaded lines misi be

studied. All these issues are of great interesufgport system
operators during the restoration process.
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