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Abstract—The evolving demands for improved reliability and
resilience in power systems have driven the integration of
advanced technologies such as microgrids and distribution au-
tomation into distribution networks. Microgrids (MGs) offer a
practical solution, integrating distributed generation and en-
ergy storage to autonomously supply localized power when the
broader grid is compromised. Coupled with advanced automation
technologies MGs enable utilities to perform rapid fault isolation,
resilient load restoration, and coordinated recovery. Despite
demonstrated improvements, assessing the true impacts of MGs
and automation on reliability and resilience remains complex
due to stochastic outputs of distributed local resources, dynamic
outage scenarios, and the limitations of existing metrics. To ad-
dress these challenges, this paper presents an mixed-integer linear
programming (MILP) based Distribution Service Restoration
(DSR) approach that incorporates temporal variation of demand,
generation, storage availability to optimize switching operations,
DER dispatch, load prioritization, and MG island formation
during outages and thereby reflect the true performance of
MGs and automation. The proposed approach is in integrated
with standardized reliability metrics and resilience measures to
present an assessment framework to evaluate the impacts of MG
integration and automation in distribution networks, facilitating
utility investment decisions and enabling efficient system-level
planning for enhanced reliability and resilience.

Index Terms—Microgrids, reliability, resilience, restoration,
distributed generators, mixed integer linear programming

I. INTRODUCTION

Distribution grids are facing challenges from infrastructure
aging and extreme weather events. In such situations, mi-
crogrids (MGs) provide utilities with practical solutions for
improving distribution reliability and resilience [1]. A micro-
grid is a localized electrical system, integrating distributed
resources, energy storage, and controllable loads, capable
of operating in either grid-connected or islanded mode. By
autonomously managing voltage, frequency, and power flow,
MGs enable utilities to maintain service to critical loads during
emergency conditions [2], [3]. When coupled with advanced
distribution automation, such as intelligent electronic devices
(IEDs), automated switches, real-time sensing, and ADMS,
MGs function as strategic operational assets [4], [5]. This
transforms MGs into utility-operated resilience cells when the
broader grid is compromised.

Distribution service restoration (DSR) leveraging MGs com-
bined with advanced automation has been extensively studied
[6]-[10]. These studies on DSR have focused on determining
the sequence of control actions (e.g. switching, MG forma-
tion and asset dispatch) that can restore customers after a
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fault and presented approaches span from heuristic rule-based
strategy [6], cluster-based models [8], to mixed integer linear
programming (MILP) [9], [10]. Most commonly adopted DSR
approaches involve MILP to jointly optimize switching oper-
ations, DER dispatch, load pickup, and MG-island formation,
while enforcing radiality, voltage, and thermal constraints
[7], [11]. However, effective DSR requires coordinating the
operation of MGs and switching actions over the expected
outage horizon and existing approaches have limitations in
incorporating some variables that are changing over time
including demand, generation & storage availability [12].
Furthermore, assessing the true impact of MG and automa-
tion on system reliability and resilience presents significant
challenges for utilities towards justifying investment costs.
Quantifying such impact is inherently complex because of
stochastic DER outputs, variable load profiles, and complex
outage scenarios [13], [14]. While some efforts have presented
reliability assessment approaches [15], reliability metrics such
as SAIDI & SAIFI fail to capture the full spectrum of
resilience benefits. Towards quantifying resilience, some ex-
isting studies have presented probabilistic and scenario-based
approaches [16]. However, the lack of standardized resilience
metrics and computational complexities of the analyses lim-
its their practical implementation for utility decision-making
[13]. Even if MG and automation can enhance reliability &
resilience, quantifying their impact remains a complex task.
To overcome this challenge, this paper presents an assess-
ment framework for evaluating the impacts of microgrids and
automation in enhancing the reliability & resilience of distri-
bution systems. It develops an enhanced MILP-based DSR
approach that incorporates temporal variation in estimated
demand, generation, and storage availability to determine the
sequence of DSR control actions restoring maximum possible
customers throughout the predicted outage duration. The study
integrates the DSR approach with outage scenarios and stan-
dardized metrics to evaluate the impacts in improving reliabil-
ity and resilience. The key contributions are: (1) an enhanced
DSR approach that captures the true restoration performance
of microgrids and (2) an assessment approach to separately
quantify the improvements in resiliency and reliability and,
thereby, facilitate utilities with investment decision-making.

II. QUANTIFYING RELIABILITY AND RESILIENCE

Reliability in electric power systems is the ability of the grid
to deliver electricity continuously with minimal interruptions,
reflecting both resource adequacy and system security. Quan-
tification of reliability has been standardized through IEEE



1366 reliability indices: SAIFI (average number of sustained
outages per customer), SAIDI (total outage duration per cus-
tomer), CAIDI (restoration time per interruption) [17]. These
indices have become the industry standard, widely adopted
by utilities and regulators for benchmarking, performance
reporting, and reliability-focused investment planning. IEEE
1366 also defines Major Event Days (MEDs) using the Beta
method to exclude statistically abnormal outage days from
routine metrics, ensuring fair performance assessment.

__ Total Customer Minutes of Interruption
SAIDI = Total Number of Customers Served (1)
__ Total Number of Customers Interrupted
SAIFT = Total Number of Customers Served (2)
__ Total Customer Minutes of Interruption __ SAIDI
CAIDI = Total Number of Customers Interrupted ~—  SAIFI (3)

Using reliability metrics presents several challenges in the
assessment of resilience as they were designed to measure per-
formance under routine operating conditions, not the system’s
ability to withstand, adapt, and rapidly recover from high-
impact, low frequency (HILF) events i.e. Resilience. IEEE
1366’s treatment of MEDs intentionally excludes extreme
events from standard reliability calculations, making these
metrics insufficient for evaluating resilience improvements
from upgrades like microgrids and automation. Resilience also
involves dynamic system behaviors like islanding, recovery,
and the temporal evolution of outages that are not captured
by existing indices. As a result, utilities and regulators face a
gap between measurable reliability and resilience performance,
complicating cost justification and investment prioritization.

Towards addressing that gap, the IEEE Distribution re-
silience Working Group (WG) has defined resilience as “the
capability of electric power distribution systems to deliver
electric energy to end-use customers by avoiding interruptions
and/or recovering this capability following exposure to natu-
rally occurring HILF events”. The WG has also proposed a set
of resilience metrics to capture operational performance of a
system during HILF events: Sustained Interruption Reduction
Index (SIRI) - evaluate the effectiveness of automation in pre-
venting customer interruption (CI), Restoration Effectiveness
(RE) - focuses on reductions in the number of customers
without power for more than a threshold “H” hours and
REPAIR - evaluates the effectiveness of event response team
organization and scheduling, as given by (4).

SIRI = Avoided Sustained CI by Automation/Hardening ( 4)
Avoided Sustained CI by Automation/Hardening + Sustained CI
RE-H = Customer without power for more than H hours (5)
Avoided Sustained CI by Automation/Hardening + Sustained CI
— CrewHours = AUPC

Where CrewHours denotes the total hours spent on the field by
crew and AUPC is the area under the restoration curve which
reflects the tracked restoration efforts vs emerging outages.

III. SERVICE RESTORATION WITH MICROGRIDS
This section illustrates the adopted method for resilient
restoration of distribution systems using microgrids as follows.
A. Restoration Problem Definition

A radial distribution system with n number of three-phase
nodes is represented using a directed graph G = (V,€),
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Fig. 1. Restoration process with an example feeder.

where © = {1,2,...,n} is the set of available nodes and
E = {(i,7)|i,7 € V} is the set of connected branches. To
restore loads after an extreme event, the original system graph
can be divided into m number of radial sub-graphs with m
being the number of distributed generators (DGs), for example,
battery energy storage systems (BESSs), as shown in Fig. 1.

In the restoration method, a DG is considered to be con-
nected to the substation through a virtual switch (vsw). During
the normal operation as shown in Fig.1(a), DGs remain
inactive and the loads are supplied by the substation. After
an event, the proposed DSR approach first isolates the fault
location so that the fault is not fed from any direction. If
the fault isolation process disconnects the substation from the
feeder, the optimization method may close the virtual switches
and the DGs come into action to restore loads, creating self-
sustained microgrids (MGs). The formulation ensures that
reconfigured topology for each MG, including DGs and loads,
is radially connected, as illustrated in Fig. 1 (b). Note that vsw
is introduced only for developing the optimization model for
the DSR problem and doesn’t exists in real system.

The restoration problem is formulated as a multi-period
mixed-integer linear program (MILP) by linearizing the system
nonlinear constraints to obtain the global optimal solution and
speed-up the computation, with a multi-objective of maximiz-
ing the amount of load served and minimizing the switching
operation of the smart switches in the system as given in (7).
Here, P7 , is the active load at node 4 at time 7, Cr; € 0,1
is the loafd-criticality, ~; and d;; refer to the binary decision
variables for -; and the branch ¢ — j. w; and ws represent
weight factors of the two objective functions which enables
a configurable prioritization between maximizing load pickup
and minimizing the number of switching actions.

Max: w1 Z Z Yi CL,iPZ,i — W2 Z 57,']' (7)

TET ieN iJEE
B. Restoration Problem Constraints

After the fault is isolated, all possible radial feeders (with
respect to the substation) are generated by performing com-
binations of tie switches, sectionalizing switches and virtual
switches as described in [10]. The restoration method would
select one of these radial feeders. For a particular feeder,
the restoration method considers nodes, branches and loads
with binary status (connected or disconnected), which are
represented by v, s and § respectively. In addition, these are



the fixed variables irrespective of the number of simulation
intervals. Now, to form a microgrid, the DG connected node
must be energized. In addition, to make sure a radial power
flow from parent to child nodes, maximum one DG needs to
be enabled. These are given by the constraint in (8), where M
is the set of available DGs in the system.

Ule, vagl

VkeM
If a load is to be served or not, the load node must be

energized, which is enforced by ~v; = v; s;. However, this is
a multiplication of two binary variables and, hence, nonlinear
term, which is linearized in (9), Vi € V,Vk € M.

Yo SO Ssl w2l sl -1 ©)

Vke M,VieV 8)

Radial topology is ensured in (10) where % is the set of child
nodes, whereas (11) ensures uncontrolled switches are always
energized and unavailable branches are not energized.

oF —vf <0, Vj e, Vie V,VkeM
oF —oF =0,0f + 0¥ <1,Vj €, Vie V,Vk e M

(10)
(1)

The energy capacity of a DG is denoted as the state of
charge (SOC) being defined in (12), where 7 € T (set of
simulation time intervals in hours), P. and P; are charging
and discharging power of DG, At indicates interval duration,
1. and 7y denote the charging and discharging efficiencies,
respectively and Egq is the rated capacity of a DG.

SOCH™ = SOCkT! 4 (ncPf‘T - mpf,f> At/EE,  (12)

Charging and discharging power, P, and Py, are bounded as
given in (13), where P/*%*, P are maximum charging and
discharging power with u. and uy4 being the corresponding
associated binary decision variables respectively.

PET < pmaT kT pRT S 0 Vke M NTET

13)
PyT < PPTWET PYT >0 Vke MY ET
DG active output power Py, is defined in (14).
Pyt =PpT —PYT Nk e MNTET (14)

The reactive power of DG, Qay = /53, — P3, with Sy, being
the rated power. However, this is a nonlinear equation and,
hence, it is linearized by the set of Octagon constraints in
(15), where ¢y = V2 — 1 is the coefficient of the Octagon
constraints and Sgg is the rated active power of DG.

k, k k, k
Qd;— < 5dg7 ngT > 75dg
k, k, k k, k, k
cr Pym 4+ Qg < Sagy cf Pyy” — Quy < Sag
Pk,T Ny Qk,‘r <5k Pk,‘r _ Qk,‘r <5k
dg f %dg =2dgr Lag Cf dg = 9dg

The distribution of Py, and (44 over three phases is defined
in (16), making the DG provide unbalanced power. Here, a, b
and c are the three phases of a node.

15)

k,T k,T k, 7 __ pk,T k,T k,T k.7 _ kT
Pdg,a + Pdg,b + Pdg,c - Pdg 7ng,a + ng,b + ng,c - ng
(16)
The per-phase active power of a DG is tightened in (17).
k,T k k,T k,7 k k,T k,T k k,T
Pdg,a < Pag ug Pdg,b < Pag ug Pdg,c < Pag ug 17
Pk,T > 7?k k,T Pk,T > 7?k k,T Pk,T > 7?k k,T ( )
dg,a = dg Uc dg,b = dg Ue dg,c = dg Ue
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The per-phase reactive DG power is also constricted as in (18).

18)

k,T k k,T k k,T k
dg,a S fpdga ng,b S ngv ng@ S -(Pdg
Solar PV inverters inject active power according to dynamic
solar irradiance, where Z is the set of available PV inverters

and %, is the available active PV power.
P <@, Qul <P, VEZ

pv

(19)

Reactive power of PVs is calculated as Qpv = /Spu? — P2,
with S, being the PV inverter rating which is limited by £an,.

This is linearized using the Octagon constraints given by (20).
cr Pyl 4 Qi < By, cp Pl — Qi < B,
PLl 4 ey Qhr <@, PhT—c; QLT <@,
Network power flows are time coupled and get updated each
time instant or interval as the simulation continues. Network
power flow is solved by using the Simplified DistFlow method
[18], a linear power flow solver, as given in (21)-(23), where
p and ¢ denote active and reactive branch flows, Pr and
Q@1 are active and reactive loads, V' represents node voltage
magnitude, r and x are resistance and reactance of a branch,
and V,, is the nominal voltage magnitude of the DG connected
node. The set of following power flow equations are valid
Y(i,7,) € V, V7 € T, and VI € Z. Also, C; =1ifj € 2,
and O otherwise, where z is the set of PV nodes.

(20)

k,T k k,T I pl, 7
P = P+ Y. piT. -G P @1
J— €L i#Fa
k,7 k k,7 I Al
Qi =5 QL,]' + Z 9o — Cj pv (22)
JoaEEi#a
k,T k,T k,T k,T k
Vit = VI — (g pity +wi 4i205)/ Vo 23

When a microgrid is formed, the restoration method enables
the corresponding MG (see Fig. 1) and the power flow through
this switch should be equal to the DG power, as defined in
(24) with V4, being the substation bus voltage, assuming that
1 — j =1 — 2 is the parent branch in the radial microgrid.

Vi= Vi, Pi0 = PoT i, = Qb Ve vr e T (24)

Node voltage magnitudes should be within the minimum
(Vinin) and maximum (V,,,.,) bounds as shown in (25).

OF Vinin < VT <0F Vipaw, Vie V,Vke MNT €T (25)

IV. NUMERICAL RESULTS

The restoration approach is implemented on the modified
IEEE 123-Node Test Feeder in Fig. 2. The system has normally
closed (NC) switches between buses 150-149, 13-152, 18-135
and 97-197, and normally open (NO) tie-switches between
47-250 and 35-66. The test case involves two DGs, DG-1 at
node 40 and DG-2 at node 67. DG-1 and DG-2 are rated
450kW and 400 kW respectively. Both DGs have capacity of
2.25 MWh. The test case also includes two PV systems, PV-1
at node 41 and PV-2 at node 68, each rated 200kW. System
dynamic load multipliers and solar irradiance for a typical
summer day are shown in Fig. 3. Since criticality of the loads
were not known, the DGs were assumed to be placed near the
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Fig. 3. Load and PV profiles
critical loads and Cr; in (7) was considered to be uniform
for all the loads. Considered weights in (7) are w; = 100 and
wy = 1e~%, giving more priority to maximize the load served.
The proposed DSR model is developed on Python3.12 and
solved by Gurobi solver [19] with the MIPGap of 0.75%.

A. Performance of Proposed Restoration Method

To demonstrate the performance of the proposed DSR
model, an extreme weather event is assumed to happen on line
13-18 at 9 AM for 8 hours. At the very first step, the restoration
method isolates the fault by opening the NC switches 150-
149, 13-152 and 18-135, disconnecting the substation from
the rest of the grid. Once the fault is isolated, the algorithm
generates all possible combinations of radial feeders with
respect to the substation, while considering the virtual switches
between DG nodes and the substation. Then, the DSR model is
solved to determine the optimal reconfiguration. The topolog-
ical solutions (whether connected or disconnected) regarding
nodes, branches and loads remain unchanged throughout the
simulation intervals, which is shown in Fig. 2. However, the
dispatches from DGs, PVs and the substation changes over
each time interval the restoration model is solved.

From the optimal reconfiguration solution (see Fig.2), it
is seen that the NC switches 60-160 and 61-610 are open,
while closing the NO tie-switch 35-66. Thus, both DGs are
enabled to make self-sustained microgrids, MG1 (shaded blue)
and MG?2 (shaded green) led by DG-1 and DG-2 respectively.
Dispatches from DGs and PVs are shown in Fig.4. As the
restoration model prioritizes full utilization solar energy, active
power injections from PV exactly follow the solar irradiance
as given in Fig. 3. Consequently, active power from DGs keeps
decreasing as PV rises. It is noticed that dispatches from PVs
are identical, whereas DG dispatches vary. This is because
both PVs follow the same solar irradiance profile, whereas
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Fig. 4. MG dispatches: (a)-(c) dispatch from DGs, (d)-(e) dispatch from PVs,
and (f) load served by the MGs. TABLE 1

FAULT AND RECONFIGURATION (MG: MICROGRID)

Fault Info Reconfiguration Solution
Line |Hours Switch to Open Switch to Close MWh
1 [150-149,13-152,18-135,60-160,97-197 [MG1, MG2,151-300,35-66| 0.85
3 [150-149,13-152,18-135,60-160,97-197 [MG1, MG2,151-300,35-66| 2.16
5 [150-149,13-152,18-135,60-160,97-197 [MG1, MG2,151-300,35-66| 3.54
13-18 7 [150-149,13-152,18-135,60-160,97-197 [MG1, MG2,151-300,35-66| 5.00
9 150-149,13-152,18-135,97-197 MG1, MG2,151-300 6.57
15 150-149,13-152,18-135,60-160 MG1, MG2,35-66 7.14
21 150-149,13-152,18-135,97-197 MGI1, MG2,151-300 6.81
1 13-152,60-160,97-197 151-300, 35-66 0.09
2 18-135,60-160,97-197 151-300, 47-250 0.22
4 60-160,97-197 151-300 0.57
74-75 6 18-135,60-160,97-197 151-300, 47-250 0.99
8 13-152,18-135,60-160,97-197 151-300, 47-250,35-66 | 1.41
14 18-135,60-160,97-197 151-300, 47-250 1.57
22 18-135,60-160,97-197 151-300, 47-250 1.57
1 [150-149,13-152,18-135,60-160,97-197 [MG1, MG2,151-300,35-66| 0.85
2 [150-149,13-152,18-135,60-160,97-197 (MG1,MG2, 151-300,35-66| 1.50
4 |150-149,13-152,18-135,60-160,97-197 [ MG1,MG2, 151-300,35-66| 2.83
30-250 | 6 [150-149,13-152,18-135,60-160,97-197| MG1,MG2,151-300,35-66 | 4.31
8 |150-149,13-152,18-135,60-160,97-197|MG1,MG2, 151-300,35-66| 5.82
14 |150-149,13-152,18-135,60-160,97-197|MG1,MG2, 151-300,35-66| 7.13
22 |150-149,13-152,18-135,60-160,97-197 MG1,MG2, 35-66 6.62
1 18-135,97-197 47-250 0.12
2 18-135,97-197 47-250 0.32
4 13-152,97-197 35-66 0.92
108-300| 6 18-135,97-197 47-250 1.66
8 13-152,18-135,97-197 47-250, 35-66 238
14 18-135,97-197 47-250 3.14
22 18-135,97-197 47-250 3.14
1 13-152,60-160 151-300 0.12
3 13-152,18-135,60-160 151-300, 47-250 0.59
5 13-152,60-160 151-300 1.28
64-65 7 13-152,18-135,60-160 151-300, 47-250 2.03
9 13-152,18-135,60-160 151-300, 47-250 2.68
15 13-152,18-135,60-160 151-300, 47-250 3.14
21 13-152,18-135,60-160 151-300, 47-250 3.14

DG dispatch depends on the amount of load being restored,
which may differ. Reactive dispatches from DGs and PVs are
optimally determined to maintain system voltage constraints.
DG SOCs are in Fig.4(c) keeps declining as they continue
serving loads. The total load served, as shown in Fig.4 (f),
follows the similar trend of DG dispatch. The reason behind
this is DG dispatches vary as per the load profile, which is the
lowest during this fault duration, completely utilizing PVs.

B. Improvements on Reliability and resilience metrics

Thirty events are created to occur on lines 13-18, 152-52,
30-250, 108-300 and 64-65 at 9 AM on thirty different days.



TABLE II
RELIABILITY AND RESILIENCE METRICS

Metrics [Base Case[ DA [MG & DA

Reliability Metrics

SAIDI (All Event Days) 10804.91 (8747.59| 6570.56
SAIFI (All Event Days) 21.36 16.96 11.59
CAIDI (All Event Days) 505.85 |[515.78 566.92
SAIDI (Non Major Event Days)| 1365.65 [1010.65| 826.57
SAIFI (Non Major Event Days) 7.95 591 4.12
CAIDI (Non Major Event Days)| 171.78 | 171.01 200.62
resilience Metrics
SIRI (Major Event Days) N/A 0.175 0.44
RE-12 (Major Event Days) 0.44 0.37 0.29
1400
m ) —=—- Base
3 11
% 1200 i\ ===~ Automation
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Fig. 5. SAIDI with the base case and microgrids.
The fault information and the optimal reconfiguration solution
with MWh served are shown in Table.l. It is observed that
MGs are formed for the faults on lines 13-18 and 30-250
as the fault isolation process fully disconnects the substation.
Whereas, substation remains connected for the other cases to
supply loads and, hence, MGs are not formed. Also, it is seen
that MGs help serve more MWh for longer fault durations.

Improvement on reliability and resilience metrics is demon-
strated with a list of faults given in TableI for three sce-
narios: base case, automation with smart switches, and au-
tomation with microgrids. Fig.5 depicts the SAIDI profiles
for these three scenarios. It is observed that the restoration
with microgrids and automation brings the most significant
improvement on SAIDI, compared to the base case with and
without automation. In addition, all reliability and resilience
metrics determined are given in Table II. It is observed that the
microgrid with automation gives the most improved metrics.
Only the CAIDI values are increasing, which is because the
declining rate of SAIFI is higher than SAIDI.

From a practical standpoint, the metrics can facilitate
decision-making between microgrid & automation projects
based on the degree of reliability & resiliency improvements
as compared to the cost of deployment (i.e. cost-benefit ratio).

V. CONCLUSIONS

This paper present an MILP-based framework for Distri-
bution Service Restoration (DSR) that leverages microgrids
and automation to enhance distribution system reliability and
resilience. By incorporating dynamic system parameters such
as demand, DER generation, and storage SOC, the framework
optimizes switching operations, DER dispatch, and microgrid
island formation during outages. The proposed approach ad-
dresses limitations in traditional reliability metrics, introducing
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probabilistic and scenario-based resilience measures for quan-
tifying impacts. Results demonstrate that microgrids coupled
with automation significantly reduce restoration times, prior-
itize critical loads, and enhance system resilience, providing
utilities with actionable insights for investment planning.
Some potential future directions include analyzing the sen-
sitivity of the weight-factors (maximize loads vs minimize
switching actions) along with integrating the metrics with
interruption costs estimates (ICE- [20]) to evaluate the avoided
interruption costs as compared to cost of deployment.
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