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Abstract—Distribution service restoration (DSR) is critical for
improving the resilience and reliability of modern distribution
systems by strategically and sequentially energizing the system
components and customer loads. Restoring electricity service to
affected customers also requires multiple crews with different skill
sets to perform multiple tasks that are procedurally
interdependent with safety guaranteed. However, in existing DSR
practices, switch operations and crew dispatch are scheduled
separately, and their interdependence is not fully considered. As
advanced technologies are enabling remote communication,
control, and dispatch, utilities now desire an integrated DSR
framework to achieve seamless coordination among multiple DSR
tasks such as switch operation, crew dispatch, and component
repair. In this paper, we introduce a synthetic model that
integrates the service restoration model and the crew dispatch
model based on a universal routing model. The proposed model
can provide the estimated time of restoration (ETR) for each load,
the switching sequence for safely operating remotely/manually
operated switches, and dispatch solutions for crews with different
skill sets. The proposed synthetic model is formulated as a mixed-
integer linear programming (MILP) model, and its effectiveness is
evaluated via the IEEE 123 bus test feeder and several large-scale
test feeders (EPRI Ckt5, Ckt7, Ckt24 and IEEE 8500 node test
feeder).

Index Terms—Distribution service restoration, crew dispatch,
mixed-integer linear programming, repair, switching sequence
management

[. INTRODUCTION

Increasingly in recent years, natural disasters are attributed
with causing widespread social and economic effects,
including large-scale power outages, and they normally take
utility companies several weeks before they can completely
restore electricity service [1, 2]. Recent hurricanes Nate, Maria,
Irma, and Harvey had caused massive customer outages and
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taken utilities great efforts to restore affected customers, as
reported in [3].

The daily power outages of distribution systems, which are
caused by randomly occurred short circuit or scheduled
component replacement and maintenance, are normally
restricted to a local area. In this situation, it is relatively easy to
restore the power to the affected customers through system
topology reconfiguration to re-route the energization paths by
operating the switches installed in the system [4-6]. Meanwhile,
repair crews are dispatched to the field to repair the faulted
components [7]. It is worth noting that remote-controlled
switches can be controlled by the system operator, whereas
manually operated switches must be operated by a qualified
crew [7, 8]. In the latter case, the crew must travel to the actual
switch location, pinpoint the pole where the switch is mounted,
and perform a series of procedures to operate the switch safely.
Normally, it takes much longer time for crews to repair
damaged components and operate (open/close) manual
switches. In practice, power utilities use outage management
systems (OMS) to handle power outages. The effectiveness of
OMS normally depends on its functional modules such as fault
location, isolation, and service restoration (FLISR) [9],
switching order management [10], crew management [7], call
entry and visualization, etc. Existing distribution service
restoration (DSR) and crew management are separated
applications involving different time scales in OMS. Once an
outage is located and isolated, the restoration process will
involve two stages: (1) DSR will be triggered first to
reconfigure the system topology using remote-controlled
switches; (2) the crews will be dispatched to the field to clear
fault, repair the damaged components and operate the
manually-controlled switches. This kind of restoration scheme
is efficient for normal outage scenarios with very few outages,
however it is not efficient for restoring large number of outages
during extreme events.

In the case of extreme events, such as hurricanes that can
cause multiple power outages within a short period of time and
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leave a large region within utility service territories without
power, not all remote-controlled switches are available and safe
to operate. In this case, repair crews must clean and repair the
components that prevent the remote-controlled switches from
operating. For example, the repair crew need to fix the upstream
faulty lines such that the downstream remote-controlled
switches can be operated. Meanwhile, the repair work must be
performed in a safe condition, which sometimes requires to lock
the upstream remote-controlled switch. In this sense, crew
dispatch and switching order management are tightly coupled
and become an operational challenge facing system operators.
Therefore, seamless coordination among DSR and crew
dispatch is the key to enhancing restoration efficiency and to
effectively reducing outage minutes. While the performance of
each OMS module is critical for reducing the outage duration,
it is equally important to improve the interoperability of
different OMS modules to further minimize the outage impact.

In the context of active distribution system (ADS), an
optimal DSR solution should contain a sequence of temporally
interdependent control actions [11, 12] that can coordinate
various controllable components over a time horizon, such as
distributed generators (DGs) [13, 14], microgrids [15-18] and
remote-controlled switches [19, 20]. In the recent works which
considers the sequence of abovementioned controllable
components [4, 5, 21-24], the time horizon is pre-determined
and divided into multiple fixed-length time steps (for simplicity,
we refer them as fixed-time step (FTS) models). In practice, the
time for crews to perform operation and repair tasks is usually
much longer than the time for dispatching and operating DGs
and switches. Therefore, FTS models are facing two trade-offs
between computational performance and solution optimality to
integrate both DSR and crew dispatch problems: (1) the
dilemma for choosing time horizon: longer horizon captures
more information of the repair and restoration process but
involves more variables to define and hence the computation
burden will be increased, while shorter horizon saves
computation time but cannot guarantee scheduling all the repair
tasks; (2) the dilemma for choosing the length of time intervals:
longer interval results in inaccurate solutions but relieves
computation burden, while shorter interval is more accurate but
increases the computation time. The research on DSR and crew
dispatch integration is still at early stage in recent years with
many concerns unaddressed. A. Arab and Z. Han et al.[25]
proposed a mixed-integer linear programming (MILP) model to
assign repair crews to damaged components while ignoring the
travel time and routing sequence. P. Van Hentenryck and C.
Coffrin et al. [26-28] decoupled power restoration and crew
routing problems to improve the computation efficiency at the
cost of compromising the solution optimality. A. Arif and Z.
Wang et al. [29, 30] formulated the problem using a fix-time
step model and applied heuristic techniques. The results
demonstrated the advantages of integrating DSR and crew
repair problems over traditional methods. To the best of our
knowledge, the existing methods did not consider the switch
operation performed by crews, which is a critical operation
during DSR. Furthermore, the computational capability

required for solving the integrated model appears to be a major
concern.

To overcome the aforementioned challenges, this paper
introduces a synthetic model for DSR and crew dispatch based
on a synthetic routing model. The proposed model bypasses the
dilemma of selecting the time intervals and can be easily
extended to consider various procedural constraints. The
proposed synthetic model can be also extended to consider
crews with other skill sets, such as resource transportation and
vegetation management. The remainder of this paper is
organized as follows. Section Il describes integrated DSR and
crew dispatch. Section Il introduces the universal routing
model. Section 1V introduces the mathematical synthetic model.
Section V provides numerical results to validate the proposed
synthetic model. Conclusions and future work are discussed in
Section VI.

II.INTEGRATED DSR AND CREW DISPATCH

In conventional OMS, the DSR module and crew dispatch
module function separately with limited coordination. When
facing large-scale power outages caused by extreme weather
events, system operators find it difficult to determine the
optimal restoration plan that can specify the switching sequence
for switches and assign detailed task orders for every
crewmember. If crews are not properly dispatched to perform
the designated tasks, system operators must revise the
restoration plan accordingly. Therefore, an integrated model
that can achieve seamless coordination between DSR and crew
dispatch will be preferred by the system operators.

A. Integrated Framework

To achieve the seamless integration of DSR and crew
dispatch, an integrated framework should be developed, where
the integration is implemented mainly through four stages, as
shown in Fig. 1. In Stage 1, various sources of data are collected
from the supervisory control and data acquisition (SCADA)
system, the customer information system (CIS), the smart meter,
field crew report, and distribution management system (DMS).
In Stage 2, the data collected enable the OMS to perform data
fusion and visualization, locate and isolate the faulted areas,
assess the faulted components, and perform initial-stage
restoration. The field crews dispatched for damage assessment
will report the damage status, initiate a repair request, and
estimate the repair time. In the initial-stage restoration, the
switches will be operated strategically to isolate and minimize
the faulted areas. It is worth noting that the initial-stage
restoration involves only “healthy” and remote-controlled
switches that are not affected by the severe weather conditions.
The optimal switching model for the initial-stage restoration is
outside the scope of this paper. Next, the system operator will
dispatch field crews to open manually operated switches to
further isolate the faulted areas. Eventually, the system operator
in OMS will be updated with the most current system states,
including the damage status of system components, estimated
repair time, current status of all of the switches, and the number
of affected customers, etc. With all of this information available,
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the integrated DSR and crew dispatch engine developed in
Stage 3 will generate the restoration solution accordingly. In
this paper, we assume the crews can be categorized into two
groups: (1) crew for operation, and (2) crew for repair. The
crew for operation is responsible for operating the manually
operated switches; and the crew for repair is responsible for
repairing any faulted components including switches. We
assume that the crew for repair is also capable of operating the
manually operated switches under de-energized condition right
after the repair is done. In Stage 4, the restoration plan will be
executed by sequentially operating the remote-controlled
switches and assigning task orders to crews. The system state
will be updated accordingly. The integrated DSR and crew
dispatch engine will continuously generate updated solutions in
response to unexpected events, such as succeeding outages,
unfinished task orders, and switch malfunction.

plan executed

SCADA OMS system switching Remotely
RS State sequence Operated
o Data Fusion r
IS Visualization Switch
SR W ° Eau:t :‘°clat,'°" Integrated DSR and
ault Isolation : :

Field Crew Damage Crew Dispatch Engine Crew for
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Information DSR request order Repair

system state updated

Fig. 1. The integrated framework for DSR and crew dispatch.

B. Interdependence between DSR and Crew Dispatch

In OMS, both the DSR and crew dispatch modules are
serving the objective of minimizing the affected customers and
restoring the electricity service as quickly as possible. To
achieve this objective, the interdependence between the
domains (i.e., DSR, crew for operation, and crew for repair)
must be identified, as summarized in TABLE I. To illustrate the
interdependency, Fig. 2 shows the system diagram of a simple
distribution feeder. The feeder is subjected to multiple faults on
remote switch A2, manual switch M2, line L1, and customer
C1. All of the switches are opened to isolate the faulted
components. For safety reasons, the switches used for isolating
a particular faulted component are locked until the repair is
completed. To restore the system, the remote switches should
be closed sequentially, and crews should be dispatched to repair
the faulted components and operate the manual switches in a
strategically scheduled order. Fig.3 shows an example

restoration solution, where the solution involves several entities:

the service restoration program (DSR), one crew for operation
(Crew 1), and two crews for repair (Crews 2 and 3). To operate
a remote/manual switch, the lock status, if any, must be
removed by repairing the associated components. For example,
Crew 2 is dispatched to repair L1 isolated by Al and M1. Both
Al and M1 should be kept open as Crew 2 is in the process of
repair. Once L1 is repaired, the lock on Al is removed and Al
is closed to energize a small segment of the feeder. However,

M1 still remains locked in order to isolate faulted M2. As
Crew 3 travels to M2 and finishes the repair, both M1 and M2
will be unlocked. After a short period of time, Crew 1, which
leaves the depot at the same time as Crews 2 and 3, arrives at
and closes M1. Then, Crew 1 travels to and closes M2, after
confirming that the repair work is done by the repair crew.
Similarly, A2 is closed after being repaired by Crew 2.

TABLE I. INTERDEPENDENCE BETWEEN DSR AND CREW DISPATCH

Domain

Crew for Crew
DSR - for
Operation .
Repair
N N A crew operates a manually operated
switch to energize components.
A switch can be operated only after the
J x/ : ;
lock status, if any, is removed.
A faulted component can be energized
only after being repaired. The crew can
operate the switch right after the repair.

Interdependence Description

To repair a faulted component, the
component should be isolated by opening
N upstream/downstream switches to ensure
crew safety. A switch cannot be
energized when an operation crew is in
the process of operating it.

Al L1 M1
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Fig. 2. An example system subjected to multiple faults.
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Fig. 3. An example solution considering the interdependence between DSR and
crew dispatch.

The example indicates that optimal coordination between the
DSR and crew dispatch requires the full consideration of the
travel time, repair time, operation time, and interdependence.
The power system constraints, such as thermal limits and
voltage profiles, further complicate the problem. As real-life
systems normally contain multiple feeders, crews, and depots,
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realizing optimal coordination becomes very difficult for
system operators by relying on their own experience. To
address these issues and challenges, we propose a synthetic
mathematical model for DSR and crew dispatch based on a
universal routing model introduced in the following sections.

III. UNIVERSAL ROUTING MODEL

The crew dispatch problem can be inherently formulated as
a classic routing model by modeling each crew as a travel agent.
In contrast, the DSR problem is normally formulated as a
multiple-step dynamic optimization model, where the time
interval between any two consecutive steps is fixed, thereby
causing inefficient integration with routing models because of
the heterogeneity between the two models. In this section, we
propose a universal routing model by formulating the DSR
problem as a routing problem and interdependence as a set of
constraints.

A.Energization Agent and Energization Path

Considering the process of DSR, the electricity travels along
the feeders from the sources (e.g., substations) to energize
downstream customers. The switching sequences for the
switches determine the energization paths, that is, the routes
along which the electricity should travel. For distribution
systems operated in radial topology, multiple energization paths
may be established to connect the sources and the customers
without forming loops. In this sense, the DSR problem can be
formulated as a routing problem by assuming each energization
sequence to be an energization path, and an energization agent
travels along the energization path. The difference between the
aforementioned model and the traditional routing model is that,
instead of assigning a fixed number of travel agents in advance,
the energization agent can “split” into multiple energization
agents when multiple downstream lines need to be energized.
The detailed introduction of the concept of an energization
agent can be found in the authors’ previous work [31].

B. Node Cell

Node cell is defined as a group of system components
interconnected by non-switchable lines [24]. Multiple node
cells are interconnected through switches. All the components
within a node cell can be energized at once by closing any one
of the switches connected to it.

C.Route Table and Arrival Time Table

The route table and arrival time table, which are commonly
used concepts in routing problems, can be used to formulate the
activities of different entities in the context of the proposed
synthetic model. We assume that there are three types of travel
agents: the operation agent (OA), repair agent (RA), and
energization agent (EA). For each type of agent, we can model
its activity using a graph G(V, €) with V" as the set of nodes
that the agent may visit, and £ as the set of paths that the agent
may travel. As shown in Fig. 4 (a), V' represents the depots and
manual switches for OA, the depots and faulted components for
RA, and the substations and node cells for EA.
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Fig. 4. The concepts of route table and arrival time table in the routing problem:
(a) three types of travel agents, (b) route table, and (c) arrival time table.

For each type of agent, the interpretation of the entries in the
route table and arrival time table is marked in Fig. 4 (b—c), and
explained in TABLE II. Various procedural interdependencies
can be formulated as constraints of the entries in both tables.

TABLE Il. DEFINITION OF VARIABLES IN ROUTE AND ARRIVAL TIME TABLES

No. Variable Definition

Diagonal terms of the route table.

x; = 1, if node i is the substation for EA or the
depot for OA and RA. It is also the “starting point”
for associated agents. x; = 0, if node i is not the
“starting point.”

Off-diagonal terms of the route table.

x;; = 1, if the agent travels from node i to node j.
Otherwise, x;; = 0. x;; = x;; = 1 indicates that the
agent travels by following the sequence i - j - k.
Dimension of the route table.

The route table is an n X n matrix, where n is the
number of node cells for EA, the number of manual
switches and depots for OA, and the number of
faulted components and depots for RA.

Entry of the arrival time table.

t; represents the arrival time when an agent arrives
atnode i. If x;; = 1, t; — ¢; is the travel time.
Dimension of the arrival time table.

The arrival time table is an n x 1 matrix, where n is
the same as the dimension of the route table.
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IV. MATHEMATICAL MODEL

A. Notation

We use superscripts ‘E’, ‘O,” and ‘R’ to denote the variables
that are associated with EA, OA, and RA, respectively. The
notations in this section are listed in TABLE III.

B. Routing Model Constraints for OA, RA, and EA

As mentioned in Section 111, the universal routing model can
be applied when formulating OA, RA, and EA routing problems.
Route table constraints for OA, RA, and EA routing problems
are specifically summarized in TABLE V. Each type of agent
has a set of similar constraints that regulate its traveling
activities. Note that for EA, constraints (9), (18), and (19)
ensure that the EA agents travel through the networks without
forming loops, thus guaranteeing a radial topology.
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TABLE I1l. NOTATIONS OF THE MATHEMATICAL MODEL o MAX
> TMAX — M 332 Lhei Xhi
Indices and Sets 0 MAX 0 (23)
DO, DR Set of depots for OA/RA t; <T + M Zh 1,h=i Xhi
SWE, M9, AF  Set of all/manual/remote switches Tl’f, Vi € DR. (24)
E GgE Set of all/faulted power source cells R R R
gE ng Set of all/faulted branches G =t + Tij - (1 h xij) i R i R
, Bf R R R R ,Vi e DR, vj e FR. (25)
LE,LE Set of all/faulted critical loads i<t +T; + (1- xij)M
FR Set of all faulted components t]R > tf + Ti};' + TiRP - (1 — xR
ct Set of node cells R R R RP R
e"(i,)) Index transfer from EA to RA for switch (i, ) tj st + Tij +T77 + (1 - X
e°(i,)) Index transfer from EA to OA for switch (i, j) Vi € g:'R\]v[O vj € FR i *J. (26)
o/ Index transfer from RA to EA for faulted component R R R RP 0 JMSR
re () ; =t +Ti + T + Tyed req) ~
1€(i) Index transfer from load c to its cell for load i tR < tR + TR + TRP + TO dIVQSR + (1 _ xl-R)M ’
Parameters o) J
10 nE Number of operation sites, repair sites, and electric vie FRn MmO, V] € TR.l' *J. 27)
e cells R MAX
>
Noup i Neapi Number of operation/repair crews in depot i T -M Zh Lhwi Xhi (28)
TS, TH Start time for operation/repair routing th < TMAX +M Zh 1,h#i x,}fl
Tl‘]’, TA Travel time between two operation/repair sites E vie gE\g (29)
TE, Tms Operation time for remote/manual switch E Tii, E A E
TRP Repair time for faulted component i t = max(ti 'fj )+ T — (1 - xij)M
MAX ime limi i E E £R E E ’
T ’ Tlme limit for OA to operate manual switches tj < max(ti 'fj )+ TE + (1 _ xij)M
Bi Weight for load i o E\ F
M A large positive number v(i,j) € A*\Bs. (30)
Variables frf(i) > tR + TFP,vi e FR. (31)
xl{;'xg'xéj Rou.te taF)Ie elements for OA/RA/EA ij _ O,Vj € C’E,j n re(TR) = 0. (32)
t7 bt Arrival time table elements for OA/RA/EA B
R Restoration completion time when all the damages E>TMAX _ MZ;{:L,#L- xfi . E\ ~E
J inside node cell j are repaired E MAX nE g (’ VieC\§ (33)
Mo gMsr Binary variable indicating whether OA/RA will t; =T + MZh:l,h:i Xhi
gty operate manual switch - _ The independent arrival time constraints for OA, RA, and EA
d"se, dmsde Bmary variable mc_ilcatmg whethe_r OA will operate can be formulated as constraints (20-23), (24-28), and (29-33),
U energized/de-energized manual switch tivelv. Constraint (20) defi the initial ti h
Si,tp’xij,tp Energization status for node i/branch (i, ) at time ¢, respectively. Constraint (20) defines the initial time when an

OA starts traveling. Constraint (21) requires that the to-site

TABLE IV. ROUTE TABLE CONSTRAINTS FOR OA, RA, AND EA ROUTING PROBLEMS

Route Table Constraints Travel Agents Defined in the Universal Routing Model

OA RA EA
Each type of agent should travel starting x=1vieD’ (1) xR =1vieDR 3) xE=1viegF (5)
only from the depot/substation. xQ=0VieM® (2 xR =0,vieFR (4) xf; = 0,Vi € CE\GF (6)

Each type of agent should not go back to the

- 7'.E . E
depot/substation. An EA can travel from one xioj —ovijeDoi%j (7) "5‘ =0,Vi,j EDR,i #j ®) Yh=1, n$lxhl =0,Vieg )

cell to another cell only along existing xf:=xf =0,v(,j) € B¥ (10)
switches.
r-ach possible foute can be visited no more X0 +x0 <1V €DOUMO (1)  xF+xf<1VijeDRUFR (12) E+xf <1, V(i,j) € BE (19)

The total number of agents dispatched out of
each OA or EA depot cannot exceed the
capacity of that depot.

For each type of agent, each destination can
be visited by at most one agent. For OA and
RA, an agent should leave or stay at the
visited destination. For EA, an agent leaving
a visited destination can split into multiple
agents.

o . R
Yhinjei X S gy Vi€ DO (14) i1 jei Xty S 1l ViEDR (15) -

YroxE <1viect  (18)

R
xf < Tl < 1vi€ MO (16) oty < Tkl S LVEE T (07) i xE < nF ¥RI, xf, Vi€ CF (19)

arrival time of an OA should not be less than the from-site

arrival time plus the travel time if an OA leaves from depot i to

0 a manual switch j. The additional manual switch operation time
=Ty, Vi€ D. (20)  js considered in (22) if an OA travels from manual switch i to
tf 2t + Tio (1 —xJ)M,vi € D, vj € M°. (21)  another manual switch j. Constraint (23) sets the close time to
t? =t + TS +T9s — (1 —x7)M,Vi,j € M°,i # j(22) be a large value T"4¥ if a manual switch is not visited by an
OA throughout the restoration process. In this paper, we set

TMAX to be 1,440 min. (i.e., one day). Constraint (24) defines

C.Arrival Time Table Constraints
1) Independent Constraints
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the initial time when an RA starts traveling. Constraints (25-27)
limit the to-site j arrival time of an RA, which should be equal
to from-site arrival time i plus travel time, travel repair time,
travel repair and manual switch operation time, respectively, for
the case that from-site i is depot, faulted component (not
manual switch), and faulted manual switch, respectively. It
should be noted that d e(R is a binary variable indicating

whether a faulted manual switch is switched-on by an RA, and
this binary variable will be introduced later in (34-35).
Constraint (28) sets the repair time to be TM4X if a faulted
component is not repaired by an RA. Constraint (29) defines the
initial energized time for healthy substation or black-start DG
node. Constraint (30) requires that if an EA travels from i to j
through electric route (i, j), the energization time of node cell j
(i.e., t®) should depend on both the energization time of i and

the damage status of j, as well as the operation time of the
remote-controlled switch between i and j . If j contains
damaged components inside, then the cell j can only be
energized after being repaired. This constraint ensures that
before the to-cell j is energized, the from-cell i must be
energized and all the damages inside the to-cell j must be
repaired. Constraint (31) ensures the repair completion time of
cell j should be larger than the sum of the arrival time of repair
crew and the repair time for every damage insider cell j.
Constraint (32) ensures that for those node cells without
damages, the repair completion time is set to be zero. Constraint
(33) sets the energization time of cell i to be TM4X if it is not
traveled by any other EA.

It is worth noticing that the proposed model assumes that
OAs can only operate manual switches, and RAs can only
operate a manual switch right after repairing it. However, the
model can be further extended to model crews with capabilities
of both operating intact manual switches and repairing damaged
switches, by setting the intact manual switches as damaged
components with required repair time to be zero.

2) Interdependent Constraints

In this section, the arrival time coordination constraints
between OA, RA, and EA are formulated.

First, we assume that the switch-on task for manual switch
(i,) can be allocated to either an OA or an RA. The allocation
can be indicated using two binary variables, d;;*® and d;;°,

respectively. The task allocation constraints are formulated as:

aMso —
s Ve (i,j) € MO\FE, (34)
d;; R=0
0+ dif’F =1
dMSO 2 Zh L X €0(i,) (
MS
dl.] f< Zh=1xh-er(i,j)
ve°(i,j),e"(i,j) € M° n FR. (35)
MsS
t e®(if) 2 t e (i) + Tr(l}) (1 - dij O) M (36)

Constraint (34) represents that a healthy manual switch can
be visited by an OA only. Constraint (35) requires that a faulted
manual switch could be visited by either an OA or an RA. When

an operation crew visits it, we have dj;*° = 1,d;;°F = 0,
which means an OA is responsible for operating the manual
switch, if needed. Otherwise, the RA will be responsible for
operating this switch, if needed. Constraint (36) ensures that if
an OA is to operate the faulted manual switch, the operation
time must be at least later than its repair completion time.

Second, the interdependent arrival time constraints between
RA and EA are formulated as:

MS
tf = th ) + T + Tas — (1= dj; F)M,
ve'(i,j) € M nFR, 37)
tF>tF — (2—xF—d)° }
7= y Uy (i i o R
,ve'(i,j) € M° nFR.(38)
MS
tf <tf +(2-xf—d; )M
treqy = tf + TP, Vi € Gf. (39)

tf = th )+ Toba )
t >t r(”)+Tr(”)
Constramts (37-38) depict that if an RA is to operate the
faulted manual switch, cell i must be de-energized before
finishing the operation, and cells i and j must be energized
together. Constraint (39) implies that a faulted black-start DG
will start immediately after being repaired. Constraint (40)
ensures that a cell can only be energized when an RA repairs all
faulted lines and critical loads inside the cell. Constraint (41)
ensures that both end-cells of a switch (auto and manual) should
be de-energized when it is being repaired.
Third, the interdependent arrival time constraints between
OA and EA are formulated as:
o tE

teo =t

} ve'(i,j) e SWENFR  (41)

o E
Mse _ teophi ofi i 0
sd;*s——+1Ve (i,j)) e m°. (42)
(B—xf - MSe)M
<tloqyy + T + (3 —xF —d;; e )M)
ve(i,j) € JV[O.
tf—(tgo(i,j)”f?ls) < gMSde < tf—(tg"(i,j)+T’gS)+ 1

= —= )

M J M
ve®(i,j) € M.

E < +E MSo  MSg
tf > t! —(3 xf — df%o — dlf e)M

tf<tf + (3 —xf—d;0 - dgsde)M '
ve®(i,j) € MO.
i’ +dt 21— (2—xf -
di’e +d e <1+ (2—xf -
ve(i,j) € MO. (46)
Constraints (42-46) imply when OA operates the switch

(dj;*° =1), it should be ensured that either the cell i is
MSe

MSO
d;;

MS
d o

tf > t"o(ij) + T2, —
t]
(43)

(44)

(45)
MSO )M

o]

energized before OA arrives (d = 1), or the cell is de-

energized until the OA finishes the operation (dMS"" =1),

which is defined by comparing the time relationship in (42) and
(44). Constraint (43) shows that if cell i is pre-energized, then
cell j will be energized after OA finishes the operation, whereas
(45) depicts that if cell i is de-energized, then cells i and j will
be energized together in later time. Constraint (46) ensures that
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cell i cannot be energized during the de-energized operation,
which is necessary for the consideration of safety.

Moreover, if manual switch (i, j) cannot be energized, the
operation crew should be prevented from closing that switch,
which is formulated as:

o 0 ..
Xho1%y 00 < Xij +xj;, Vel (i, ) € MO

j 47)

D.Physical System Constraints

Rather than adopting the fixed multi-step model, we use the
concept of a checkpoint to reduce the computation burden by
considering the operation characteristics of a radially operated
distribution system.

A checkpoint is a time instance when we want to check
operational constraints. In a radially operated distribution
system, when restoring an additional load, the voltage profiles
and line loading conditions are monotonically changed along
feeders under the assumption that the system is three-phase
balanced [32]. In this paper, we assume that all of the currents
are unidirectional, that is, flowing from substation to loads. We
also assume the loads in each cell are nearly three-phase
balanced because of a good switch placement strategy in the
planning stage. Thus, restoring an additional cell will lower the
entire voltage profile and increase the loading of upstream lines
as compared to the system configuration before this load is
restored. Obviously, only one instance should be checked when
no more loads are restored (denoted by t,), because the overall
voltage profile is normally at the lowest level in this condition.
The computational burden thus will be greatly reduced by
checking only the operational constraints at t,, rather than
checking numerous time steps in the multi-step time horizon
model. The relationship between energization status and route
tables is formulated as:

sk, = X3 xf;, Vi € CE, (48)
xg-,tp = (xf+ xﬁ)sftpsﬁtp,‘v’i,j € CF,(i,j) € SWE. (49)

Constraint (48) implies that the energization status of each
node cell i at time t,, depends on whether this cell is visited by
an EA. Constraint (49) shows that the energization status of
switch (i, j) depends on whether this switch is visited by an EA
and whether the node cells on both ends are energized at t,,.
Because x/; + x/; is in fact binary because of constraint (13),
(49) is the product of three binary variables, which can be
linearized with the method in [33].

Other electrical system constraints, which include the linear
three-phase power flow model, branch capacity constraints,
nodal voltage limit, and component connectivity constraints, as
well as topology constraints, can be accessed in the authors’
previous work [24].

E. Objective Function

The objective is to minimize the unserved energy, which is
formulated as:

min ¥ ez Xoe(abc) .BiLPi(bth(i) (50)
where tfc(i) is the EA arrival time for node cell [¢ (i) where load
i is located in; ¢ and {a, b, c} are index and set of phases,

respectively; and Pi"’ is the active power demand of load i
phase ¢.
V. NUMERICAL RESULTS

In this section, we validate the proposed synthetic mixed-
integer linear programming (MILP) model for DSR and crew
dispatch, which are solved by CPLEX 12.8 on an Intel Xeon
X5670 (with a 2.93-GHz CPU, 12 GB of RAM, and 64-bit
operating system).

A. Test on IEEE 123 Bus Test Feeder

1) Test Feeder and Case Design

Fig. 5 shows the modified IEEE 123 bus test feeder [34, 35],
which is a medium size unbalanced distribution system
operated at a nominal voltage of 4.16 kV with 3-phase
unbalanced loads of total 3385 kW. We modified it by adding
five additional switches (i.e., 1-7, 13-18, 23-25, 76-77, 87-89)
to form more node cells, while the unbalanced lines, unbalanced
loads, regulators and transformers are remained original. As
shown in Fig.5, the system is separated into 15 node cells by all
the 16 switches. We have performed case studies in two
scenarios on this test feeder. We set the MIP gap tolerance to
be 1% and time limit to be 3600 seconds in the CPLEX solver.
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Fig. 5. Modified IEEE 123 node test feeder.

a) Cases for Scenario |

In scenario 1, we assume the system contains 8 remote-
controlled switches and 8 manually operated switches. The
types and operating time for all switches are listed in TABLE
V. We also assume there is a black-start DG placed at node 451,
which can be utilized for quick service restoration. The
parameters of this DG are listed in TABLE VI. To observe
damages for different types of components, we assume four
damages which is substation, switch, line and critical load
respectively, and the positions and repair time of each damage
are listed in TABLE VII. The crews depart from two depots, as
shown in Fig. 5, and we assume that crew travelling time
between two sites is proportional to their geographic distance,
of which the maximum travel time between two sites along this



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8

test feeder is 34 minutes from node 33 to node 83. It should be
noted that the selection of all the parameters (switch operating
time, component repair time, travel time, etc.) is independent of
the proposed model and can be replaced by real data input by

operators.
TABLE V. SWITCH OPERATING TIME

Switches Type Operating Time (min.)
13-152, 60-160, 97-197, 150-149, Remote 1
250-251, 450-451, 300-350, 95-195
1-7,13-18, 23-25, 76-77, Manual 15

87-89, 18-135, 54-94, 151-300

TABLE VI. DG PARAMETERS

15

Cells energized by
Substation 150

Cells energized by
DG 451

De-energized cells

@ (b)
Fig. 6. Node cell energization status at the start (a) and end (b) times.

- - A ci1c1e2 c3,.c4 C5
Name Node PeX [P (KW) Q7' Qg™ (kVar) @
DG451 451 2,000/0 1,600/—1,000 @‘“EA oo o o ymin,
TABLE VII. DAMAGED COMPONENTS AND REPAIR TIMES B3 01 15 9 Ymin.
POSlthn Type Repalr Tlme (mln) il A B76-77 B87-89 B23-25 B1-7 B13-18 B18-135
Sub150 Substation 120 Crewfor Operation 13 2832 47 195 210 222 237 305 320 360 375 y/nin
B13-18 Manual Switch 60 % R 857-60 Sub150 81318 19
B57-60 Line 90 . 8 9 116 236 245 305 315 375 t/min.
L49 Critical Load 60 e

We have studied 3 cases in this scenario. In Case 1, depot 1
has one operation crew and depot 2 has one repair crew. In Case
2, each depot has one operation crew and one repair crew. In
both Cases 1 and 2, we assume that operation crew can only
operate manual switches, and the repair crew can only operate
the manual switch right after repairing it. In Case 3, we use the
same crew allocation as in Case 2. However, we assume each
crew can perform both operation and repair tasks.

b) Cases for Scenario Il

In scenario 11, we compared the computation capabilities of
the proposed synthetic model with existing methods. We
modified and implemented an existing method introduced in
[29] and tested both two methods. In scenario 11, the black-start
DG at node 451 is assumed to be unavailable, which means only
substation 450 is utilized as power source to pick up loads, and
all 16 switches are assumed to be remote-controlled switches.
We randomly generated 10 damaged branches (lines and
switches) to test both methods, and the repair time for each of
the damages is set to 60 minutes. We repeated the test 10 times.

2) Numerical Results and Discussion
a) Scenario |

In case 1 in this scenario, both the substation 150 and the
black-start DG451 are utilized as power sources for the
restoration process. Fig. 6 shows the simplified system
topology with only node cells and switches at the start time and
end time of the restoration process. Fig. 7 depicts the detailed
operation/repair/energization sequence for OA/RA/EA during
the restoration.

Node Cells energized by Substation Operation Crew Travel Status Repair Crew Travel Status

Node Cells energized by DG Operation Crew Work Status Repair Crew Work Status

Fig. 7. Repair and restoration sequence for EA/OA/RA

In Case 1, as depicted in Fig.6-7, two sub-systems are formed
after the restoration, of which the root nodes are substation 150
and DG 451, respectively. DG 451 energies node cells 6 — 10
by sequentially closing three remote switches and two manual
switches. DG 451 cannot pick up more loads because of the
power capacity limit. Substation 150 energies cells 1 — 5 by
closing two remote switches and three manual switches.
Damage line B57-60 is repaired at 98" minute right before
remote-controlled switch B60-160 is closed at 99" minute so
that node cell 6 can be picked-up. Substation 150 will be
energized once it is repaired at the 236" minute. Damaged
manual switch 13-18 is repaired at the 305" minute and then
closed by the operation crew, thus saving time for repair crew
to repair Load L49. All the loads are picked up by
substation 150 and DG 451 until the last cell C5 was energized
at the 375" minute. The restored load and unserved energy are
depicted in Fig. 8, in which the restored load is 3,385 kW by
375" minute and the total amount of unserved energy is
9,178 kWh represented by the meshed area.

3385

2665

2305

1905

estored Load (kW)

& 1230

990

670

0
11528 47 99 237 320 375
Time (minute)

Fig. 8. Restored load and total amount of unserved energy.
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The results of restoration completion time and unserved
energy, crew routing and task completion time, as well as
switching sequences and node cell pick-up sequences for Cases
1 -3 are listed in TABLE VIII — X, respectively.

TABLE VIII. RESTORATION RESULTS FOR CASES 1 -3

Case
1 2 3
Completion Time (min.) 375 210 133
Unserved Energy (kWh) 9178 5618 4328
Computation Time (sec.) 8.6 3.4 3.3

TABLE IX. CREW ROUTING AND COMPLETION TIME FOR CASES 1 -3

Case . Completion
No. Crew Routing Time (min.)
OA@D1: D1 — M76-77 — M87-89 — M23-25
1 — M1-7 —» M13-18 — M18-135 375
RA@D?2: D2 — B57-60 — S150 — B13-18 — L49 375
OA@D1: D1 — M87-89 — M23-25 — M13-18 182
2 OA@D2: D2 — M76-77 — M1-7 — M18-135 210
RA@D1: D1 — S150 — L49 210
RA@D?2: D2 — B57-60 — M13-18 167
Crewl: D1 — S150 132
Crew2: D1 — M87-89 — B13-18 — M18-135 133
3  |Crew3: D2 — B57-60 — M1-7 126
Crew4: D2 — M76-77 — L49 — M23-25 — M54-94
— B151-300 161

D: Depot; M: Manually operated switch; B: damaged branches; S: Substation;
L: Load.

TABLE X. SWITCHING SEQUENCE AND CELL P1CK-UP TIMES FOR CASES 1 -3

Case 1 Case 2 Case 3
Time Time Time
(min.) SSEQ. Cells (min.) SSEQ. Cells (min.) SSEQ. Cells
1 R450-451 7 1 R450-451 7 1 R450-451 7
15 R97-197 10 15 R97-197 10 2 R97-197 10
28 M76-77 8 25 M87-89 9 24  M87-89 9

47 M87-89 9 28  MT76-77 8 28  MT76-77 8
99 R60-160 6 99  R60-160 6 99  R60-160 6
210 M23-25 133 R150-149 1 114 M13-18

M1-7 2
237 R150-149 1 156 M23-25 126 M1-7

M1-7 2

320 M13-18 34 | 182 M13-18 34 | 128 M23-25
375 M18-135 5 | 210 M18-135 5 133 R150-149 .
M18-135

SSEQ: Switching sequence; R: Remote-controlled switch; M: Manually-
operated switch.

In Case 2, two repair crews go to the damage sites and two
operation crews go to close manual switches. In Case 2, both
the repair work and operation work are completed earlier than
Case 1, thus the unserved energy is less than that of Case 1. It
should be noted that, although adding more repair crews will
accelerate the restoration process, improvements to the
restoration time are also restricted by the crew’s pre-stage and
resource allocation decisions during the preventive response
stage, which will be the focus of our future work. In Case 3, all
the four crews are assumed to have no differences on working
skills/expertise. The crew routing results in TABLE IX show
that all the four crews complete repairing work and operating
intact manual switches, and the restoration completion time and
unserved energy is less than that in Case 2. It is also worth

noticing that, the service restoration process often involves
crews of different skills (e.g., tree trimming, manual switch
operation, damages repair, resource deliver etc.). In the future
work, we will extend the proposed synthetic model to consider
more skills of crews.

b) Scenario Il

The existing methods [25-29, 36] feature pre-determined
time horizon, which is evenly divided into multiple time
intervals. Decision variables and system state variables must be
defined for each time interval. However, the length of time
horizon is not required in the proposed routing-based synthetic
model. In addition, the control actions are not limited to be
defined at a fixed time interval but can be assigned accurate
operation time. For simplicity, we refer the existing method [29,
36] as fixed-time step (FTS) model, and the proposed method
as variable time step (VTS) model. It should be noted that, to
make these two methods comparable on computation time, we
didn’t consider the pre-processing method of clustering
damages to different depots as proposed in [29]. The
comparison of objective and computation time results for these
two methods are listed in TABLE XI.

TABLE XI. CASE RESULTS COMPARISON OF SCENARIO |1

Objective value / Computation Time (sec.) /

Case Best integer value (kWh) MIP gap
No. FTS VTS Objective FTS VTS Time
Improved saved
1 7409 7281 1.73% 833 39 95.3%
2 7161 6907 3.55% 1266 58 95.4%
3 9661 9302 3.72% (21.8%) 2362 NA
4 7021 6739 4.02% 1728 62 96.4%
5 6741 6638 1.53% 757 60 92.1%
6 5978 5957 0.35% 1368 142 89.6%
7 5448 5341 1.96% 2468 42 98.3%
8 8244 8092 1.84% (4.63%) 822 NA
9 7989 7281 8.86% 194 37 80.9%
10 8199 7882 3.87% 1824 552  69.7%

* For FTS results of case 3 and 8, CPLEX cannot converged within the given
MIP gap tolerance after 3600 seconds (time limit), thus the objective value is
the incumbent value with MIP gap listed in the corresponding lines.

TABLE XI shows that the proposed model achieved slightly
better objective values but saved a large fraction of computation
time compared to the FTS model. It is worth noticing that for
Cases 3 and 8, the computation time of the FTS model exceeds
the given time limit (i.e., 3600 seconds), and we listed the MIP
gap values as references. Whereas the proposed VTS model can
achieve the optimal value within the time limit.

B. Test on Large-scale Distribution Test Feeders

1) Test Feeder and Case Design

We have tested the proposed method on four large-scale
distribution test feeders, i.e. the EPRI ckt5, ckt7, ckt24 [37] and
IEEE 8500 node test feeder [35], as shown in Fig. 9. The size
of these four test feeders are listed in TABLE XII. We used the
reduction algorithm introduced in [38] to replace the laterals
without switches with equivalent models while keeping the rest
of system unchanged. The number of switches and node cells
are listed in TABLE XIII. We used the switches that originally
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come with EPRI Ckt5 and IEEE 8500 node test feeders (for
simplicity we use IEEE8500 to represent below), of which we
randomly chose 20 and 10 switches as manual switches. Since
the switch information is not available in the original data of
Ckt7 and Ckt24, we added 36 and 70 switches, and randomly
chose 10 and 20 out of them as manual switches. We set four
depots for each test feeder, and the number of crews in each
depot was set to be 5, 4, 5 and 4 for Ckt5, Ckt7, Ckt24 and
IEEE8500, respectively. Every crew is assumed to have the
skills of performing both operation and repair tasks. Besides,
we generated 20 branch damages, and the repair time of these
damages is generated randomly between 60 — 3600 minutes.
The MIP gap tolerance is set to be 5% and time limit is set to
be 3600 seconds.

© ()

Fig. 9. Large-scale distribution test feeders: (a) EPRI Ckt5; (b) EPRI Ckt7; (c)
EPRI Ckt24; (d) IEEE 8500 node test feeder.

TABLE XII. SYSTEM SUMMARY OF CKT5, CKT7, CKT24 AND IEEE 8500

Number of Buses Number of Branches Total

Feeder Before After Before After Loads
Reduction  Reduction  Reduction  Reduction  (KW)”

Ckt5 2918 300 2927 299 7133
Ckt7 1255 91 1254 90 5601
Ckt24 2167 294 2166 293 11253
IEEE8500 3698 719 3702 723 10773

* The total loads exclude the loads in the substation.

TABLE XIIl. PROBLEM SETUP OF CKT5, CKT7, CKT24 AND IEEE8500

. Node Manual
Feeder Switches Cells Switches Depots  Crews Damages
Ckt5 70 71 20 4 20 20
Ckt7 36 37 10 4 16 20
Ckt24 70 71 20 4 20 20
IEEE8500 43 39 10 4 16 20

2) Numerical Results and Discussion

The restoration results for these four large-scale feeders are
listed in TABLE XIV. The load restoration processes are
depicted in Fig. 10 (a —d).

TABLE XIV. RESTORATION RESULTS FOR LARGE-SCALE FEEDERS

Feeder Ckt5 Ckt7 Ckt24  IEEE8500
Completion Time (min.) 376 374 370 409
Unserved Energy (kWh) 34827 30590 48584 61853
Computation Time (sec.) 70.4 11.6 153.8 124.1
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Fig. 10. Restored load of (a) EPRI Ckt5; (b) EPRI Ckt7; (c) EPRI Ckt34; (d)
IEEE 8500 node test feeder.
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The results in TABLE XIV show that the proposed model is
effective in solving the synthetic DSR and crew dispatch
problems on large-scale test feeders, and the computation time
is acceptable at the given the tolerance. Fig. 10 presented a
sequence of coordinated operations of remote-controlled
switches, manual switches and crew repair work. The figures
show that the solution of the proposed model can supply utility
operators more accurate restoration and dispatch solutions.

V1. CONCLUSION

A synthetic MILP model for distribution system restoration
and crew dispatch was proposed to coordinate multiple DSR
tasks including switch operation, crew dispatch, and component
repair. The concepts of “energization agent” and “energization
path” were introduced and used to formulate the DSR problem
as a routing problem. Skill sets for different types of crews were
also considered in the integrated model based on the universal
routing model. Numerical results showed that the proposed
model can generate an optimal synthetic restoration solution,
which considers the switching sequence of remote-controlled
and manually operated switches, optimal routing sequence of
operation and repair crews, as well as load energization
sequence. The comparative studies exhibited the advantages of
the proposed model on computation time and objective values,
compared to that of the existing FTS models. Case study results
on several large-scale test feeders also showed the potential of
applying the proposed model in the large-scale distribution
systems. Future work will integrate this model with preventive
crew pre-positioning and resource allocation decisions for
better strategic resilience enhancement.
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