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ABSTRACT Blackstart restoration in active distribution networks requires switching strategies capable
of balancing restoration speed, voltage recovery quality, and operational feasibility under heterogeneous
distributed energy resources and unbalanced conditions. This paper presents an operator-oriented multi-
objective framework for blackstart restoration planning based on MATLAB-OpenDSS quasi-static time-
series (QSTS) co-simulation. Candidate plans are assessed through chronological simulations with time-
indexed voltage constraints, while a feasibility-preserving repair mechanism enforces logical energization
dependencies among inverter-based and dispatchable sources, reactive support devices, and load blocks.
The problem jointly minimizes the integral of time-weighted absolute error (ITAE) of voltage deviations
and the total restoration time, and a genetic algorithm generates Pareto-optimal plans revealing the trade-
off between faster service recovery and smoother voltage stabilization. The framework is evaluated on the
IEEE 123-bus feeder, in which the staged re-energization is referenced to a firm voltage source rather
than to an autonomously formed island. Representative non-dominated solutions are analyzed through
switching schedules and per-phase voltage trajectories at critical buses: the ITAE is reduced by 56% at
the cost of a 36% increase in restoration time, and all trajectories remain within the admissible band.
The framework thus provides operationally meaningful restoration alternatives for decision support under
different priorities.

KEYWORDS Blackstart, distribution system restoration, multi-objective optimization, quasi-static time

series (QSTS), MATLAB-OpenDSS co-simulation, ITAE

I. INTRODUCTION
The restoration of large-scale power outages requires care-
fully designed strategies for the staged re-energization of
the network [1]], [2]]. In active distribution networks, this
task is substantially more challenging due to the increasing
penetration of distributed generation (DG), inverter-based
resources, reactive support devices, and inherently unbal-
anced operating conditions [3|]. Restoration actions must be
executed under strict voltage limits while accounting for
sequential switching effects, source coordination, and the
risk of voltage excursions that may trigger protection systems
or stress sensitive equipment [4]]. Blackstart is the process of
re-energizing a de-energized network from resources able to
start without an external supply, progressively rebuilding the
system until normal supply is resumed. At the distribution
level this is therefore no longer a purely procedural task, but
a constrained decision-making problem involving multiple
interacting resources and conflicting operational objectives.
Conventional practice still relies heavily on operator expe-
rience and predefined rule-based procedures, which become

increasingly limited as distribution systems evolve toward
higher operational complexity, particularly under renewable
intermittency, converter-dominated resources, and heteroge-
neous controllable assets [5], [6]. To address combinatorial
and nonlinear power-system decision problems, evolution-
ary metaheuristics have been widely adopted in optimal
power flow, distributed generation placement, and network
reconfiguration [[7], and more recent studies explore hybrid
and large-scale multi-objective approaches for constrained
mixed-integer planning with renewable resources, battery
energy storage, and intertemporal constraints [8]]. Black-
start and service restoration studies have likewise incor-
porated renewable variability, multi-objective criteria, and
operational constraints [4], [9]. Nevertheless, distribution-
level formulations that explicitly combine (i) chronological
restoration assessment, (ii) feasibility-preserving switching
logic, and (iii) operator-oriented analysis of the trade-off be-
tween restoration speed and voltage recovery quality remain
limited. In particular, few studies evaluate restoration plans
in unbalanced feeders through time-indexed simulations that
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reflect staged switching and the operational dependencies
among dispatchable sources, reactive support devices, and
load blocks.

From an operational perspective, restoration quality cannot
be characterized solely by service pickup speed, since de-
layed or poorly damped voltage deviations along the restora-
tion trajectory may compromise equipment performance and
practical feasibility. The integral of time-weighted absolute
error (ITAE) is adopted here as a dynamic performance index
because it penalizes persistent deviations and favors faster
settling behavior, a criterion that remains relevant both in
classical control and in recent power-system optimization
studies concerned with dynamic response quality [[10], [L1].
The conference version of this work [12] minimized the
energy not supplied (ENS) together with the recovery time;
being an aggregate energy measure, the ENS is insensitive to
how the voltage evolves between switching stages, and the
ITAE is adopted here as the complementary criterion that
resolves this trajectory-quality dimension.

Motivated by these gaps, this paper proposes an operator-
oriented multi-objective framework for distribution-level
blackstart restoration in active and unbalanced feeders, inte-
grating a genetic-algorithm-based search with a MATLAB-
OpenDSS QSTS co-simulation procedure and a feasibility-
preserving mechanism for energization dependencies among
diesel generators, photovoltaic (PV) units, capacitor banks,
reactors, and load blocks. Rather than seeking a single
optimal sequence, the approach generates non-dominated
restoration plans that expose the trade-off between restora-
tion speed and voltage recovery quality. The framework is
assessed on the IEEE 123-bus unbalanced feeder [13]], [[14]
within a MATLAB-OpenDSS environment [15], showing
how representative Pareto-optimal solutions lead to distinct
switching timelines and voltage recovery profiles at critical
buses.

Il. RELATED WORK AND CONTRIBUTIONS

Representative studies on restoration and multi-objective
planning in active distribution networks leave distinct gaps
with respect to the problem addressed here. Reviews of
blackstart with renewable and distributed resources map
the control and planning requirements of the problem but
remain at the survey level and are largely oriented to the
transmission system [4f]. Response-based and coordination-
based restoration formulations determine which loads to pick
up and from which sources, yet they evaluate the restored
configuration rather than the chronological path taken to
reach it, so that the quality of the voltage recovery between
switching stages is not an explicit criterion [9]], [16]. Large-
scale multi-objective evolutionary approaches have been
applied to distributed-resource planning with storage and
intertemporal constraints, but on a planning horizon rather
than on a switching sequence [8]]. Finally, the conference
version of this work optimized the energy not supplied

jointly with the recovery time [[12], an aggregate measure
insensitive to how the voltage evolves between stages.

Against this background, the main contributions of this
work are:

1) an operator-oriented multi-objective formulation
jointly accounting for restoration speed and voltage
recovery quality through an ITAE-based metric in
unbalanced feeders;

2) a feasibility-preserving sequencing strategy that en-
forces energization dependencies among distributed
sources, reactive support devices, and load blocks,
preventing operationally inconsistent plans during the
search;

3) a chronological MATLAB-OpenDSS QSTS co-
simulation framework for evaluating restoration trajec-
tories under staged switching and time-indexed voltage
constraints;

4) a decision-support interpretation of Pareto-optimal
plans, linking optimization outcomes to switching
schedules and per-phase voltage behavior at critical
buses.

lll. PROBLEM FORMULATION

Let x € {0,1}*! denote a binary decision vector that au-
thorizes the participation of controllable elements (DG, PV,
capacitor banks, reactors, and load blocks). Two objectives
are minimized simultaneously: an ITAE-based voltage recov-
ery metric and the plan restoration time. Fig. [T] summarizes
the framework; the implementation of each block is detailed
in Section [V]

Initialize MOGA population, x € {0, 1}451
Repair operator and decoding: enforce DG/PV —»
BC/Reactors — Loads; staging delays 7, , completion times

MATLAB — OpenDSS (COM): ap-
ply switching scheduled for ¢},

12
[ OpenDSS QSTS solve, At = 0.1 s: bus voltages V; ()

!

J
e
|
}

yes

Evaluate f1 (ITAE), f2 (tyest). penalty IT(x) ]

Non-dominated sorting and crowding distance ]

!

es

[ Pareto-optimal set of restoration plans ]

FIGURE 1. MATLAB-OpenDSS co-simulation and optimization loop.
Shaded blocks are executed by OpenDSS.
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A. Objective Functions

Voltage trajectories are evaluated at a representative set of
critical buses B = {40, 47, 60, 76, 83, 92, 103, 112} and
on the available phases ®; at each bus ¢. The aggregated
voltage error is

e(t;x) = !

1
" B Z ] Z [Viet — Vip(t;x)|, (1)

1€ Berit PED;

where Vier = 1.0 p.u. and V; 4 (¢;x) is the per-phase voltage
magnitude. The first objective is the ITAE of the aggregated
error,

T
fix) =) te(t:x), )
t=0

which penalizes late deviations more heavily and promotes
faster stabilization [|10]. The second objective is the restora-
tion time,

f2 (X) = trest (X)7 (3)

defined as the completion time of the last energized element
in the plan, as detailed in Section [V] Subsection [C|

B. Constraints and Penalties

At each simulation step, OpenDSS computes the bus volt-
ages of the updated network, and operational feasibility is
enforced through the admissible voltage band:

Vi < Vit x) < VRVt )

Violations of the voltage band, unsatisfied dependencies, or
dependency cycles are penalized through a nonnegative term
II(x) added to both objectives during ranking:

Fi(x) = fi(x)+A11(x), Fy(x) = fa(x)+pI(x), (5)

with A\, > 0, so that no infeasible plan survives into the
non-dominated set. The numerical values adopted for the
limits, staging delays, and resource ratings are consolidated
in Table 2

C. Multi-Objective Genetic Algorithm (MOGA)

A multi-objective genetic algorithm (MOGA) is employed to
explore non-dominated restoration strategies by simultane-
ously minimizing conflicting objectives [[7]. Each candidate
is encoded as a binary vector representing the energization
state of controllable elements (DGs, PV units, capacitor
banks, reactors, and load blocks), and logical dependencies
are enforced by a repair operator that preserves the hierarchy
DG/PV — Capacitors/Reactors — Loads. Its configuration
is listed in Table [I} and its application to the restoration
problem is explained in Section [V] Subsection [D}

IV. QUASI-STATIC TIME-SERIES SIMULATION

QSTS simulation analyzes the system through a sequence
of steady-state solutions at discrete time steps. Each step is
a quasi-stationary operating point: fast switching transients
are not resolved, and network variables are approximated by
their phasor values for the prevailing conditions of loads,

TABLE 1. MOGA configuration parameters

Parameter Value
Population size (V) 100
Chromosome length (L) 451
Number of generations (G) 100
Crossover probability (pc) 0.7
Mutation probability (ps,) 0.01
Selection method Tournament
Crossover type Single-point
Mutation type Bit-flip
Elitism Enabled

distributed energy resources (DERs), and switching states.
This contrasts with electromagnetic transient (EMT) simula-
tion, where high-frequency phenomena require much smaller
integration steps and detailed device switching models [[17].
The approach follows the QSTS methodology widely used
in distribution-system studies [18], [19], and is appropriate
when the relevant operational changes occur over seconds to
minutes, while fast electromagnetic transients are not critical
to the study objectives.

Let t; denote the discrete instants of a QSTS simulation
with constant step At:

te =to+kAt, k=01,..., K. ©6)

At each instant t; the scheduled switching actions are
applied, the steady-state model is solved for the updated
topology and injections, the voltage constraints are checked,
the time-aggregated indices are updated, and the simulation
advances to try;. The evolution is stepwise and event-
driven, so the stage-to-stage voltage excursions—rather than
waveform-level transients—are quantified consistently across
candidate sequences. This suits optimization loops, where
many switching policies are evaluated under identical con-
ditions without the burden of EMT simulation for every
candidate.

The scope of the approximation must be stated explicitly:
QSTS does not resolve sub-cycle dynamics and therefore
cannot reproduce inrush currents, power-electronic switching
behavior, or fast converter interactions immediately after
energization. When such effects materially influence the
decision, an EMT-QSTS co-simulation is appropriate, es-
calating fidelity only for the most promising candidates
[L7], [20]. For the questions addressed here—voltage-band
compliance after each switching action and time-aggregated
performance along the horizon—the quasi-static representa-
tion is sufficient.

V. METHODOLOGY

The proposed framework couples MATLAB (orchestration
and optimization) with OpenDSS (power-flow and time-
domain simulation), enabling the evaluation of restoration
sequences in unbalanced feeders by integrating the logical
activation of devices with their electrical response. For every
candidate vector generated by the MOGA, MATLAB issues

Eletrénica de Poténcia, Rio de Janeiro, v. 31, e202640, 2026. 3


https://creativecommons.org/licenses/by/4.0/

Azeredo et al.: Operator-Oriented Blackstart Restoration Planning for Active Distribution Networks via QSTS-Based Multi-Objective Co-Simulation

sequential commands to OpenDSS via its COM interface.
OpenDSS is operated in time mode with time-based control,
so that each solution advances the simulation clock by a fixed
step of At = 0.1 s and each energization stage is followed
by the staging delay of the corresponding device class.
The recorded voltages are used to evaluate the objective
functions, and constraint violations trigger penalty terms
that reduce the dominance rank of infeasible solutions. The
division of tasks between the two tools is shown in Fig.

A. Test Feeder

The IEEE 123-bus feeder is a detailed benchmark for testing
optimization and control methods in distribution systems
[13]]. It models a medium-voltage network at 4.16 kV with
mixed overhead/underground sections, multi-phase laterals,
and unbalanced loading [|14]], while voltage regulators and
shunt capacitor banks provide voltage support and introduce
interacting control layers during switching operations [16].
The OpenDSS implementation is adopted here for its support
of time-series simulation and MATLAB-based co-simulation
[[15]. The topology, line data, and unbalanced load allocation
are those of the published benchmark [13]], [14] and are not
reproduced here.

B. Resource Models and Converter Representation

The restoration is referenced to a stiff voltage source
(Vsource, bus 1, 4.16 kV, 1.00 p.u., three-phase short-
circuit level of 2000 MVA) that provides the voltage and
angle reference required by the phasor solution through-
out the restoration horizon. The substation source of the
benchmark model is disabled at the start of every sim-
ulation, so this reference is the only external anchor of
the system, and the trajectories reported here characterize
the staged re-energization of the feeder against a firm
voltage reference rather than the autonomous formation of
an unreferenced island. Unlike the experimentally assessed
grid-forming schemes of [21]], [22], the present formulation
does not reproduce that control layer. The four diesel units
are dispatched against this reference as voltage-controlled
sources, modeled in OpenDSS as Generator objects
(4.16 kV, 100 kVA, Model 3, V,, = 1.0) connected at
buses 150, 47, 60, and 83, and provide the local voltage
support that precedes PV enabling and load pickup. The 91
PV plants are grid-following, inverter-interfaced resources
modeled as PVSystem objects; they can only be enabled
after the dispatchable units are synchronized and supporting
the local voltage, which is the physical reason for the
ordering enforced by the repair operator. Reactive support
is represented in aggregated form: a lumped three-phase
capacitor bank at bus 150, whose rating is selected in
ten weighted steps spanning 0-3900 kvar, and a lumped
three-phase reactor at the same bus with fixed impedance
(R =001 9, X = 0.1 Q). The phasor formulation also
implies that frequency is not a state of the model: the diesel
units are represented by their steady-state voltage-control

behavior, without governor droop, inertial response, or load-
damping dynamics, and no frequency constraint enters the
optimization. Frequency excursions during load pickup are
therefore not captured, and the staging delays of Table [2] act
as the only proxy for the time a unit needs to stabilize before
the next block is connected. Because the QSTS formula-
tion represents converters through their steady-state power
injections, the inverter dynamics are captured only through
their capability limits, and the apparent-power rating acts as
the binding constraint at each restoration stage. The load
data follow the IEEE 123-bus benchmark specification [[13]],
and the remaining simulation parameters are consolidated in
Table 21

TABLE 2. Simulation, constraint, and resource parameters

Parameter Value Resource Value
At 0.1's Voltage ref. (bus 1) Vsource, 1.00 p.u.
Horizon T' plan-dependent 2000 MVA
pminyymax 0.95 / 1.05 p.u. Diesel (4 units) 100 kVA, 4.16 kV
Thold 30s Model 3
Staging delays (T1,) PV plants 91 PVSystem
Diesel sync. 60 s Capacitor (bus 150) 0-3900 kvar, 10 steps
PV enabling 20 s Reactor (bus 150) R=0.01, X =0.1Q
Cap./reactor sw. 5s Load blocks 91, IEEE 123 benchmark
Load-block pickup 10 s
Fixed idle 0.1s

C. Decision-Vector Encoding (451 Binary Variables)

Each candidate restoration plan is encoded by a binary vector
x € {0, 1}*%! that specifies what to energize and implicitly
when each device completes its energization, given logical
dependencies and the staging delays realized in simulation.
The index ranges of x are organized as shown in Table

TABLE 3. Mapping of the 451 binary decision variables

Block Description Indices in x
BC sizing weighted kvar steps 1-10
BC participation activation flags 11-128
Reactor sizing impedance selection bits 129-136
PV units on/off flags for PV plants 137-227
Reactor participation  activation flags 228-356
Diesel generators on/off flags (4 units) 357-360
Load blocks on/off flags for loads 361-451

A value z;, = 1 authorizes device k to participate in the
plan, but the completion time of each device depends on both
the satisfaction of upstream dependencies and the staging
delay of its class. Dependencies are encoded via a binary
matrix D € {0,1}*51%451 where Dy, = 1 means device
k requires device ¢ to be active beforehandE] With Py :=
{¢ | Dge = 1, xp = 1}, the completion time of device k
follows

Tk xk:17 Pk’:®7

tr =< maxt;+ 71, zp=1, P, # O, 7
Le Py,
—00, Tk :07

n practice: Diesel — PV/BC; BC — Reactors; Reactors — Loads.
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where 7, is the staging delay of the device class, listed in
Table [2| The plan restoration time iS tyest = MaXy: g, =1 Lk,
and cycles or unsatisfied dependencies incur a large penalty
(infeasible plan).

The sizing bits of the capacitor block jointly select the
rating of the lumped bank, while the participation bits of the
capacitor and reactor blocks authorize their insertion in the
sequence; for PVs, diesels, and load blocks, the bits act as
on/off authorizations. In the reported results the reactive sup-
port is aggregated at a single bus with the reactor impedance
held fixed, so the reactor sizing bits do not alter the electrical
model; they are retained in the encoding for compatibility
with the distributed-placement formulation left for future
work. This encoding assumes that every controllable element
has an independently operable switching device, which is an
idealization: in present distribution networks remote switch-
ing is typically available at feeder and lateral level rather
than per load block, so the decision space explored here is
an upper bound on the flexibility an operator would actually
command. Communication latency and breaker actuation
times are not modeled separately; they are absorbed into
the staging delays 7, of Table 2] which set the minimum
interval between consecutive actions of each device class.
Coarser, more realistic switching granularity would reduce
the dimension of x and the attainable resolution of the
Pareto front, but it does not change the structure of the
formulation. Evaluation proceeds in a fixed priority pass
(Diesel — PV/BC — Reactors — Loads), but the actual
completion times are governed by (7); hence two plans with
the same active set can yield different ¢,y depending on
dependency chaining and on the selected capacitor rating.

D. Monitored Buses and Optimization Process

The set B used in (E]) was selected to cover upstream, mid-
feeder, and downstream locations and to expose the worst-
case voltage excursions during staged restoration. Buses
47, 60, and 83 lie at the diesel connection points, where
local voltage control is strongest; buses 40 and 76 are mid-
feeder nodes influenced by several switching stages, serving
as sentinels for excursion propagation; buses 92 and 112
are lateral/remote nodes where voltage is more sensitive to
topology and reactive support; and bus 103 is the far-end
node of the critical-load area, useful to verify steady-state
compliance after full pickup. In addition to B, buses 9,
25, and 65 are monitored for verification of lateral behavior
and are reported in Fig. [3] but they do not enter the ITAE
aggregation of ().

The MOGA introduced in Section Subsection [ is
applied as follows. Each generation begins with the initializa-
tion or reproduction of individuals, followed by simulation
and evaluation of their objective functions; solutions are then
ranked through non-dominated sorting and refined with a
crowding-distance measure to ensure proper spread along
the Pareto front [7]. The repair operator embedded in the
decoding process guarantees that each energization sequence

adheres to the hierarchy DG/PV — Capacitors/Reactors —
Loads. Beyond preventing invalid switching combinations,
this hierarchy reproduces an operator-inspired restoration
procedure: the dispatchable units must be synchronized first
to support the voltage at their connection points, after which
inverter-based PV units and reactive support are coordinated
before progressive load pickup. Enforcing this ordering
therefore guarantees physical executability and avoids eval-
uating switching permutations that would not be considered
in practice.

VI. RESULTS AND DISCUSSION

A. Pareto Front Analysis

Fig. [J] presents the Pareto front obtained for the proposed
blackstart restoration problem, in which the ITAE is evalu-
ated against the total restoration time (¢.5). The front is well
distributed and exhibits a clear monotonic trade-off: faster
restoration plans tend to be associated with larger cumulative
voltage deviations, whereas smoother voltage recovery is
achieved at the expense of longer restoration times. This
confirms that restoration speed alone is insufficient to char-
acterize restoration quality in active distribution networks,
since the chronological electrical behavior during staged
energization also plays a relevant operational role.

Par1e7t00 Front - Multi-Objective Blackstart Optimization

[ ) Pareto Front
L @ BestITAE
160 @ Fastest Time
® Trade-off
150
140
T 130
=
o
S 120
<
= 110
100 [ ]
90 -
80 - 1

70 . . . .
2000 2200 2400 2600 2800 3000
Recovery Time (s)

FIGURE 2. Pareto front of the multi-objective blackstart optimization
(ITAE vs. recovery time). Highlighted points: Fastest Time (blue), Trade-off
(green), and Best ITAE (red).

Three representative non-dominated solutions were se-
lected for detailed discussion—Fastest Time, Trade-off (knee
point), and Best ITAE—whose objective values are given in
Table ] Moving from the Fastest Time to the Best ITAE plan
reduces the ITAE by 56% while increasing the restoration
time by 36%; the knee point captures 71% of the total
ITAE reduction for only 28% of the additional time. The
Fastest Time plan energizes larger portions of the system
earlier and picks up load with reduced temporal separation
between switching actions: the final restored state remains
feasible, but the voltage security margin during the early
and intermediate stages is narrower, which makes such plans
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inherently less conservative. The Trade-off solution adopts a
more gradual schedule that allows the coordinated insertion
of reactive support and distributed sources before the pickup
of heavier load blocks. The Best ITAE solution uses longer
effective intervals before connecting additional load blocks,
producing the most homogeneous electrical response at the
price of a longer restoration time; it is therefore relevant
when voltage quality and equipment stress reduction are
prioritized over the fastest possible service recovery.

TABLE 4. Objective values of the representative Pareto-optimal solutions

Solution ITAE trest (S)
Fastest Time 166.5 2195
Trade-off (knee) 100.5 2415
Best ITAE 74.0 2975

Overall, the conflict between restoration time and voltage
recovery quality is structurally relevant rather than marginal.
The intermediate region of the front indicates that mod-
erate increases in restoration time can produce substantial
gains in voltage performance, whereas moving toward the
extreme minimum-ITAE region yields progressively smaller
improvements relative to the additional delay, reinforcing the
practical relevance of the knee-point solution.

B. Voltage Trajectories and Switching Chronology

Voltage per phase (KNEE)

104

Voltage (p.u.)
5
sg

Voltage per phase (FAST Restoring)

Vollage (p.u.)

E

2 5 8 e E] 3 o 8 8

Voltage per phase (BEST ITAE)

1. b

Voltage (p.u.)

Critical bus (unique)

[N Prase A B Phase 8 [ Phase C

FIGURE 3. Per-phase voltages at the critical buses for the three
Pareto-optimal cases: KNEE, FAST Restoring, and BEST ITAE.

Figs. @] and [5] describe the time evolution of voltages at the
critical buses during staged energization, while Fig. [3] em-
phasizes the final per-phase operating points after restoration
completion, enabling a joint assessment of voltage security
along the trajectory and of phase behavior at the final
condition. Two observations must be separated. First, in all
three plans the voltages remain inside the admissible 0.95—
1.05 p.u. band throughout the entire restoration horizon, with
all recorded values contained within 0.975-1.005 p.u.; no
candidate among the analyzed solutions violates the operat-
ing limits at any stage. Second, the trajectories nevertheless

Voltages (panel 1/2)

Bus 40 Bus 47

1.005 1.005

g
<0995
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u.)
V (p.u.)
s 2
8 & -

o
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Time (s) Time (s)
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Bus 60 Bus 76

FAST Restoring
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f
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V(p
o
8

0.985
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Time (s) Time (s)

FIGURE 4. Voltages (panel 1/2): per-phase voltages under QSTS for the
FAST Restoring, KNEE, and BEST ITAE solutions.
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FIGURE 5. Voltages (panel 2/2): per-phase voltages under QSTS for the
same three solutions, showing the steady-state clustering around the
nominal range and the phase imbalance among them.

differ systematically, and the ordering of these differences
follows the ITAE ranking.

The FAST Restoring case exhibits the sharpest stage-to-
stage changes and the widest spread of per-phase values,
reflecting the aggressive pickup pattern and a correspond-
ingly smaller margin with respect to the admissible limits
during intermediate stages. The KNEE solution shows a
more coordinated progression, with reduced phase dispersion
and smoother transitions, consistent with the knee-point
interpretation observed in the Pareto front. The BEST ITAE
case presents the smoothest and most homogeneous behav-
ior, with the lowest voltage stress during staged restoration
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and final per-phase values more tightly grouped around the
nominal region. These differences, although systematic and
consistent along the front, are small in absolute terms—
within 0.01 p.u. among the three plans—so the benefit of
the ITAE-oriented plans lies in the additional security margin
retained during the intermediate stages, not in avoiding limit
violations.

Switching timeline (BC / Reactors [ Loads / PV / Diesel) — seconds
. |
= I
FAST Restoring -
Reactors BEST ITAE
> e
: N
{=2]
L Loads
©
) [ —
“ |+ AR
Diesel l I I
0 500 1000 1500 2000
Time (s)

FIGURE 6. Switching timeline for the three Pareto-optimal strategies,
showing the energization sequence of Diesel — PV — BC — Reactors —
Loads.

The relationship between switching actions and voltage
behavior becomes clearer in Fig. [6} The energization se-
quence shows that the observed voltage evolution is not a
numerical artifact of the optimization process, but a direct
consequence of the adopted restoration logic: the prior
insertion of voltage-forming sources and reactive support
prepares the feeder for subsequent reactor connection and
load pickup, improving voltage regulation along the horizon
and explaining the smoother responses of the more conser-
vative solutions.

Feasibility is assessed by the joint satisfaction of two
conditions: completion of the switching schedule, which
defines t,cst, and a per-bus restored condition requiring V; (¢)
to stay inside the admissible band for at least Tj,01q; plans
failing either are penalized. The voltage trajectories should
therefore be read as chronological restoration paths rather
than final operating snapshots.

C. Limitations

Six limitations delimit the scope of the reported results. First,
the reported front corresponds to a single execution of the
MOGA, with no statistical campaign or quality indicators,
so it is a representative outcome of the adopted configuration
rather than a converged estimate of the true front. Second,
no alternative algorithm was used as a benchmark, so the
performance of the adopted MOGA against comparators
such as NSGA-II or SPEA2 remains open. Third, reactive
support is aggregated at a single bus, so its spatial allocation
is not optimized. Fourth, the assessment is restricted to

a single benchmark feeder; validation on a real Brazilian
distribution network, for which public data are available,
would strengthen the external validity of the conclusions
and is left for future work. Fifth, the restoration is assessed
against the firm voltage reference of Section Subsec-
tion so the trajectories do not characterize the stability
of a fully autonomous island, where the dynamic response
of the grid-forming units would govern the post-switching
behavior [23]. Sixth, as detailed in Section sub-cycle
phenomena are outside the modeling scope. None of them
affects the internal consistency of the comparison, since all
candidates are evaluated under identical settings, but they
bound the generality of the reported values.

VIl. CONCLUSION

This paper presented an operator-oriented multi-objective
framework for blackstart restoration in active distribution
systems, jointly minimizing the ITAE of voltage deviations
and the total restoration time while representing the sequen-
tial energization dependencies among distributed generators,
reactive support devices, and load blocks inside a MATLAB—
OpenDSS QSTS co-simulation loop.

For the unbalanced IEEE 123-bus feeder, the ITAE was
reduced by 56% between the fastest and the smoothest
plans at the cost of a 36% longer restoration, with the
knee point retaining 71% of that gain for only 28% of
the additional time. All plans kept the critical-bus voltages
inside the 0.95-1.05 p.u. band throughout the horizon, so
the differences among them concern the security margin
preserved during the intermediate stages rather than com-
pliance at the final operating point. The framework there-
fore delivers Pareto-optimal alternatives for decision-making
under different operational priorities instead of a single
optimal solution. Future work will address the limitations
of Section [VI[ Subsection [C} a statistical campaign with
quality indicators, benchmarking against established multi-
objective algorithms, distributed placement and sizing of
reactive support, and reintroduction of the ENS criterion
of [12]] jointly with the ITAE.
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NOTE TO READERS

This article extends the paper presented at the 18th Brazilian
Power Electronics Conference (COBEP 2025) [12]], adding
the quasi-static time-series formalization (Section [[V), the
aggregated multi-bus ITAE formulation that replaces the
energy-based criterion of [12], the operator-oriented reading
of the Pareto front, and an expanded voltage-trajectory
analysis.
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