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Abstract

To address the severe damage and outage risks to distribution networks caused by extreme
weather, this paper proposes a coordinated optimization strategy for distribution network
repair sequencing and rapid restoration, which considers multi-source collaboration and
incomplete fault information. In response to the challenge of incomplete fault information
after a disaster, a two-layer robust optimization model is constructed. The upper-layer
model aims to minimize the completion time of repairs for all faults under the most unfa-
vorable fault scenario to obtain a robust repair time for potential faulty lines, providing
a reliable basis for the restoration decisions of the lower-layer model. The lower-layer
model’s objective is to maximize the weighted restored load quantity by comprehensively
coordinating mobile diesel generators (MDGs), distributed generators (DGs), photovoltaics
(PVs), wind turbines (WTs), and energy storage systems (ESSs) to achieve the optimal
restoration strategy. The proposed service restoration strategy is validated through sim-
ulation on a modified IEEE 33-bus power system, and the results demonstrate that the
strategy can efficiently and comprehensively utilize multi-source collaborative resources
and improve the resilience of the distribution network.

Keywords: distribution network; service restoration; distributionally robust optimization;
incomplete fault information; multi-source collaboration

1. Introduction

With the increasing severity of global climate change, extreme weather events, e.g.,
typhoons and floods, are occurring more frequently, posing a serious threat to the safe and
stable operation of power systems [1-3]. As the final link connecting power users to the
main grid, distribution networks are highly vulnerable to natural disasters due to their
complex structure and wide geographic distribution, which often leads to large-scale power
outages [4-7]. The rapid development of various energy resources, such as distributed
generators (DGs) like wind turbines (WTs) and photovoltaics (PVs), as well as energy
storage systems (ESSs) and mobile diesel generators (MDGs), has provided new technical
means and strategies for post-disaster distribution network restoration [8-11]. The efficient
and rapid restoration of power supply to distribution networks and the enhancement of
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system resilience using these resources have become a hot topic and a major challenge in
current power system research [12-14].

Distribution network load restoration is one of the core issues in post-disaster emer-
gency management, aiming to restore as much de-energized load as possible with limited
repair resources and time [15]. Traditional load restoration research has mainly focused on
the scheduling of single types of resources, considering only power supply from the main
grid or the integration of fixed DGs [16,17]. However, with the development of new energy
technologies, distribution network restoration strategies need to more comprehensively
consider the collaborative utilization of multiple resources. Reference [18] proposed a
microgrid-based service restoration method that restores critical loads in a wind-penetrated
system by scheduling power sources. Reference [19] presented a robust load restoration
method that coordinates network reconfiguration, MDGs, and repair crews (RCs) to achieve
rapid load restoration. Reference [20] proposed a mixed-integer linear programming model
that co-optimizes RCs, resources, and grid operations while integrating different types
of photovoltaic systems in the restoration process, with simulation results showing that
multi-resource collaboration accelerates the load restoration speed. Therefore, in-depth
research and optimization of multi-source coordinated scheduling to maximize the restored
load quantity is of great significance for improving the efficiency of post-disaster restoration
of distribution networks.

In actual post-disaster repair processes, fault information is often incomplete or un-
certain due to damaged communication and failed monitoring equipment. Most existing
studies assume that fault information is fully known, which is an overly idealistic assump-
tion [21]. Incomplete fault information significantly increases the difficulty and uncertainty
of repair work, leading to suboptimal or even incorrect repair decisions. Therefore, it is
of great importance to study distribution network restoration strategies under incomplete
fault information. Currently, some studies have begun to address this issue. Reference [22]
proposed a two-stage stochastic mixed-integer linear programming model to co-optimize
distribution network operation and repair crew paths, using a log-normal distribution
to model the uncertainty of repair times. Reference [23] proposed a dynamic restoration
strategy that uses model predictive control to handle random repair times and coordinate
repair crew scheduling. Reference [24] used a stochastic programming method to handle
the uncertainty of line faults and traffic congestion and proposed an integrated sequential
service restoration model. However, these studies mainly focus on handling the uncertainty
of fault parameters, with less attention paid to situations where fault location information
is completely missing. This problem of missing information has a more fundamental and
challenging impact on repair decisions. Therefore, there is an urgent need for a compre-
hensive restoration strategy that can handle both uncertainty and missing information
simultaneously. The statistical comparisons among the proposed model and existing works
are shown in Table 1 to illustrate the gap of the proposed model and existing works.

Table 1. Statistical comparisons among the proposed model and existing works.
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To solve the above problems, this paper proposes a coordinated optimization strategy
for distribution network repair sequencing and rapid restoration, considering multi-source
collaboration and incomplete fault information. The main innovations of this paper are
as follows:

(1) In the presence of incomplete fault information, a robust optimization method is
used within a two-layer model framework to determine the robust repair time for potential
faulty lines, providing reliable repair guidance for the lower-layer load restoration.

(2) A multi-source collaborative distribution network restoration model is proposed,
which comprehensively considers the path scheduling of MDGs and the energy constraints
and time-varying load characteristics of DGs, PVs, WTs, and ESSs. The objective is to
maximize the weighted restored load quantity, thereby achieving coordinated optimization
of the distribution network repair sequence and load restoration.

2. Mathematic Formulation of the Proposed Strategy
2.1. Framework of the Proposed Strategy

The proposed two-layer model framework is designed to solve the problem of deter-
mining fault repair times, distribution network repair sequencing, and load restoration
plans under incomplete fault information. First, post-disaster data is input. Next, the
upper-layer model calculates the minimum repair completion time for all faults under the
most unfavorable fault scenario to obtain a robust repair time for potential faulty lines.
Finally, based on the robust fault repair time calculated by the upper-layer model, the
lower-layer model considers multiple resources such as MDGs, PVs, WTs, ESSs, and DGs
to maximize the weighted restored load quantity, thereby obtaining and outputting the
optimal restoration strategy.

The framework diagram of the proposed restoration strategy is shown in Figure 1 with
the detailed input data and restoration solution to make the service restoration solutions
clearer. As shown in the upper-layer model in Figure 1, this model aims to minimize
the repair completion time of all faults under the most unfavorable fault scenario. Its
constraints include RC scheduling and dual constraints for fault scenario probabilities.
The output of the upper-layer model is the repair completion time of all faults under
the most unfavorable fault scenario, which is then passed as input to the lower-layer
model to guide changes in the lower-layer’s network topology. In the lower-layer model,
a comprehensive fault restoration model is proposed, which aims to coordinate various
available resources to enhance the resilience and restoration capabilities of the distribution
network. As shown in the lower-layer model in Figure 1, the scheduling of MDGs is
constrained to their spatial movement between charging station nodes. At the same time,
the model fully considers the characteristics of DGs, PVs, WTs, and ESSs to optimize
resource utilization and demonstrates the power output capabilities of both static and
mobile resources. Additionally, constraints are placed on the power flow and node voltages
of the distribution network, while ensuring the radiality and connectivity of the network.
Dynamic adjustment of the distribution network’s topological structure is achieved through
remotely controlled switch operations, further enhancing the flexibility and effectiveness
of the distribution network’s resilience. The detailed upper-layer model and lower-layer
model are presented in the following subsections, and a nomenclature table is presented in
the Nomenclature.
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Input data: fault areas, number of RCs,
capacity of ESSs, travel time of RC between
potential fault locations, et al

Upper-layer model

Y

Minimize potential faulty line repair time: Equation (19)
Subject to:
RC scheduling constraints: Equations (2)—(10)
Dual constraint for fault scenario probability: Equations (21)—(23

nain
Lower-layer model i} r

Maximize weighted restored load quantity: Equation (24)
Subject to:
MDGs constraints: Equations (25)—(29)
PVs and WTs constraints: Equations (30)—~(33)
ESSs constraints: Equations (34)—(41)
Radiality constraints: Equations (42)—(46)
Operation constraints: Equations (47)—(59)

utput restoration strategy: the repair times an
sequencing of faults, the travel paths of the RCs and
the MDGs and restoration status of each bus at
every time step, et al

Figure 1. The framework diagram of the proposed restoration strategy.

2.2. Upper-Layer Model

The objective function of the upper-layer model is to minimize the repair completion
time of all faults under the most unfavorable fault scenario to obtain a robust repair time
for potential faulty lines, as shown in Equation (1).

Tmain

= minmax Y psT (1)
ueQ¥ac0? “5s

where T™3I" is the robust fault repair time of the upper-layer model; u is the decision
variable of the master problem; QU is the feasible domain of the master problem, including
Equations (2)—(10); a is the decision variable of the subproblem; A is the feasible domain of
the subproblem, including Equation (11); 0 is the set of fault scenarios; ps is the probability
of scenario s; T; is the repair completion time of all faults under scenario s.

2.2.1. Master Problem of the Upper-Layer Model

The master problem of the upper-layer model is the routing and scheduling of RCs, as
shown in Equations (2)—(10). Compared to common RC routing and scheduling models,
the RC routing and scheduling model proposed in this paper can achieve the repair time
for each potential fault location in different fault scenarios within the same repair path.

Y. fax < CapC,vd € QP )
keQX
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where OK is the set of potential fault locations; QP is the set of depots; fi i is a binary
variable, where 1 indicates that a repair crew travels from a potential fault location k’ to
k, and 0 otherwise; Ca pgc is the number of repair crews in depot 4. Equations (2) and (3)
indicate that all repair crews depart from and return to the depot, and the number of
dispatched repair crews cannot exceed the maximum number of repair crews available in
the depot. Equation (4) indicates that each potential fault location is visited exactly once by
one repair crew. Equation (5) enforces the flow conservation and ensures the continuous
movement of repair crews.

B A PP BTR (1 = fu )M VK € QU QP ke OX/{K'},s € O 6)
B Ap sty oPE 4+ BGTR — (1 = fr )M VK € QFuQP ke OF/{kr},s € OF (7)
RC,AR RC,CH RC,DE
TS > oM+ (T + A7) Y fur ke 0N se0f ®)
K eXuaP /{k}
RC,AR RC,CH RC,DE
TS < e M 4 (BT 4+ Aot EP) Y furtl—eVke QX s Q5 (9
K eOXuaP /{k}

T > Ags TR, Wk € QF,s € O (10)
where tR“AR s the time for a repair crew to arrive at potential fault location k in scenario s;

k,s p P
th'DE is the time required for repair crew to repair potential fault location k; tE,Ck’TR is the

travel time of repair crew between potential fault locations k" and k; th'CH is the time for
repair crew to inspect potential fault location k to check for a fault; Ay ; is a binary variable
parameter indicating whether potential fault location k belongs to scenario s, where 1 means
it belongs to scenario s and 0 otherwise; T,gs is the repair completion time for potential fault
location k in scenario s, which is an integer variable; M is a large parameter; ¢ is a positive
number approaching zero. Equations (6) and (7) calculate the arrival time of the repair crew
at each potential fault location in each scenario. Equations (8) and (9) calculate the repair
completion time for each potential fault location in each scenario. Equation (10) calculates
the total fault repair time for all faults in each scenario.

2.2.2. Subproblem of the Upper-Layer Model

The feasible domain of the subproblem is shown in Equation (11).

Y ’PS _Pisni’ <6

se0®
S _ ini
= {ps} € RY| maxlps = pi| < O an
Y ps =1
se0®

where Rﬁ_ is the set of positive real numbers for the scenario probability distribution; pi is
the initial probability of scenario s; ] and 6. are the maximum values of the first-order
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norm and infinite norm of the scenario probability deviation, respectively. Equation (11)
contains a nonlinear absolute value term, which is linearized to obtain Equations (12)—(18).

SEZQS ks < 01, (A1) (12)

ps — P <, Vs € O° (A2) (13)
ps = P > —x, Vs € 0% (A2) (14)
ks < Ooo, Vs € O (A;*) (15)

ks > 0,Vs € O ()\5) (16)

ps > 0,¥s € OF (Ag) (17)
SE%S ps =1, (/\7) (18)

where x; is an auxiliary variable introduced for the linearized absolute value calculation;
AL A2, A3, 0%, A2, A% and A7 are dual variables.

2.2.3. Dual Model of the Upper-Layer Model

The subproblem is transformed into its equivalent dual problem using the duality
theory. Since the subproblem becomes a convex problem after fixing the master prob-
lem’s decision variable u, it can be replaced by its corresponding dual problem. This
transforms the min-max problem into a min-min problem, which is a single-layer mixed-
integer programming problem. Therefore, the resulting single-layer problem is shown in
Equations (19)—(23).

Tmain — re Amin Moy + Y Api— Y AT+ Y Adbe + A7 (19)
fejortes ™ Teo Tor e’ se’ e’

AL A2 A3 A% A5, A6, A7

Equations (2)-(10) (20)

- A2 A3 A7 <0, Vs € O° (1)
A FAZ LA A <0, Ys e O (22)
ALAZ A3 AE > 0,75 € OF (23)

The objective function of the dual problem is shown in Equation (19), and the con-
straints are shown in Equations (20)—(23). Among these, Equations (21)—(23) are the dual
constraints of the subproblem, which are related to the original variables ps and x;. Note
that part of the formulation method for the dual model of the upper-layer model presented
in this subsection can be found in [29,30].

2.3. Lower-Layer Model

The objective function of the lower-layer model is to maximize the restored load
quantity, considering the importance of the nodes, and to minimize line losses. These
two objectives can be weighted and expressed as shown in Equation (24).

max Y Y wiopp— Y. Y. Lijmij (24)

teOT ie0B teQT ijet
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where OV is the set of distribution network lines; QO7 is the set of time steps; OB is the
set of distribution network buses; w; is the weight of buses; v;; is a binary variable for
the energized status of bus i at time step t, where 1 indicates the bus is energized and
0 otherwise; p%t is the active power demand of a bus; Ii]-,t is the square of the current
transmitted by a line; 7;; is the line resistance. Equation (24) sets maximizing the weighted
restored load quantity and minimizing network losses as the objective functions for the
lower-layer model.

2.3.1. Scheduling Model of MDGs

Y Ymip < 1,¥me QMPG re QT (25)
ieqC
E Ym,ip < CZM,VI' c0Steql (26)
meOMPG
Yijirk + Ymip < 1,¥m € OMPS k< Tf ¢ < T—k, Vi e Q°U AP, j e Q°UQP/{i} 27)
0 < PUPe < Yty ¥Ym € OMPS i e 0%, t e QF (28)
0< qlr\nd]z)tc < ’Ym,i,tﬁ?nA,Vm e OMPG e Cre T (29)

where OMPG is the set of MDGs; QF is the set of charging station buses; QP is the set of
depots; v, ; ; indicates whether MDG m is connected to charging station bus i at time t; C}\’I

is the maximum number of connections for charging station bus i; Tit?a is the travel time of

an MDG between charging station buses i and j; pMPC is the active power output of MDG m

at charging station bus i at time #; P! is the upper limit of the active power output of MDG
m; q%l?tc is the reactive power output of MDG m at charging station bus i at time t; 7 is the
upper limit of the reactive power output of MDG m. Equation (25) indicates that each MDG
can be connected to at most one charging station bus in each time step. Equation (26) limits
the number of MDGs that can be connected to each charging station bus in each time step.
Equation (27) ensures that an MDG cannot be connected to the distribution network while
moving from charging station bus i to j, thus guaranteeing that the movement between
different buses satisfies the required transfer time. Equations (28) and (29) are the active

and reactive power constraints for the MDG [8].

2.3.2. Scheduling Model of WTs and PVs

o<pt <pRvieQ"VT teql (30)
0<piy <pvied,reql 31)
PR <Py +rupty, vie QVTUOPY, te QT (32)
PR > P —xuphy, vie QWU el (33)

where p}’,\t’T is the active power of the WT at bus 7 at time £; p})tv is the active power of the PV
atbusiattimet; ?Et is the actual power of the new energy source at bus i; ?ﬁt is the predicted
power of the new energy source at bus i at time £; « is the robustness parameter; y is the
maximum prediction error of the new energy output. Equations (30) and (31) represent
the wind curtailment and light curtailment constraints for WTs and PVs, respectively;
Equations (32) and (33) are the new energy output limits considering the robust risk.



Processes 2025, 13, 3075 8of 19
2.3.3. Scheduling Model of ESSs

MG, < pf < aGprmvie QP e QT (34)

pP D, < ph < xbpP T vie QFS e QT (35)

g™, < g8 < x5t Vi e OFF r e QF (36)

gP™n D < gP < aBgP M vie FS e OF (37)

X+l <o, Vie QF5 e (38)

HMEM < E;, < HPXEM i € OF5 1 e QT (39)

E;jo = HMEM, Vi ¢ QFSS (40)

Eip1 = Eijp + 5 pSAT — (ph /nP)AT, Vi € QF5 1 e QT/{1} (41)

where QF is the set of buses where energy storage is located; pgt and pB are the charging

and discharging power of ESS i, respectively; xgt and xB are the charging and discharging
status of ESS i, respectively, where 1 indicates that ESS i is in a charging or discharging

D, D, . . . .
™M and pP™ are the minimum and maximum active discharging power of

state; p. ;
C,min C,max s . . .
ESS i, respectively; and are the minimum and maximum active chargin
P Y: Pit Pit gmng
power of ESS i, respectively; thmm and qD 1% are the minimum and maximum reactive
C min C,max

discharging power of ESS 7, respectively; 4,77 and g,
reactive charging power of ESS i, respectively; Hlmm, H®, and Hlml are the minimum,

are the minimum and maximum

maximum, and initial state-of-charge levels of ESS i, respectively; E;; is the remaining
energy of ESS i at time t; EM is the capacity of ESS i; 171.C and 7P are the charging and
discharging loss coefficients of ESS i, respectively; AT is the time duration of one step.
Equations (34) and (35) constrain the upper and lower limits of the active charging and
discharging power of the ESS [19]; Equations (36) and (37) constrain the upper and lower
limits of the reactive charging and discharging power of the ESS; Equation (38) indicates
that the ESS can only be in one state, either charging or discharging; Equation (39) limits
the energy of the ESS; Equations (40) and (41) are the formulas for calculating the energy of
the ESS.

2.3.4. Radiality Constraints [19]

Kijt + Kjjp = yij,tIVij S QL,t S QT (42)
Yo wjie =0, Vi€ QF/Q, t e QT (43)
jieQt
Y iy =0,YVie el (44)
jieQk
yije < vig, Vij€ Qb te QT (45)
vie < v Vij € Qb te QF (46)

where Q%' is the set of substation buses; Yij+ is a binary variable for the energized status
of line jj at time ¢, where 1 means it is energized and 0 otherwise; «;;; indicates whether
bus i is the parent bus of bus j at time t, where 1 means bus i is the parent bus of bus j, and
0 otherwise. Equations (42)—(44) are the radiality constraints, which convert the network
into a directed graph by assigning binary variables «;;; and «;; ; to each line. Equation (42)
indicates that line ij is energized (y;;; = 1) only when busj is the parent bus of bus i (a;; ; = 1)
or bus i is the parent bus of bus j («;;; = 1). Equation (43) indicates that each energized bus
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has only one parent bus, except for the substation bus. Equation (44) indicates that the bus
where the substation is located has no parent bus. Equations (45) and (46) indicate that
once a line is restored, the buses at its two ends should be restored.

2.3.5. Operation Constraints of the Distribution Networks

0PN < S < 0 p P Vi€ QS U QTP e QT (47)
0™ < 8 < 0P Vie QG UQTP e QF (48)
E?P < pﬁ — pgt 1 < pRP Vie QCuOstt te T (49)

where QF is the set of generators; piGt and qut are the active and reactive power of the

G,min

generator at bus i at time ¢, respectively; p;” Gymax

are the minimum and maximum
G,max

and p,

Gmin are the minimum and

active power of the generator at bus i, respectively; g; and g;
maximum reactive power of the generator at bus i, respectively; Ei P'and pRF are the ramp
rate upper and lower limits of the generator at bus i, respectively. Equations (47) and (48)
are the active and reactive power output limits for the generator. Equation (49) is the ramp

rate limit for the generator.

pa+e e+ Y e A pn—rat+ Y (Pie— i) =ogpin+ Y, P Vie QP teQl (50

meQMDG jieQk ijeQt

%H‘ ) qlr\n/Hz:)G + ‘73 - qft + Y (Qji — xjiliiy) = Ui,tq%t + ) QijuVie 0 teqTl (51)

meMDG

jieQt ijet
Vip < Vip—2(riiPijs + xiiQij) + Lij (rfj - xfj) + (- MvijeQteQl (52

V]',t > Vi,t — 2(1’1']'13,']'/,5 + x,‘]‘Qi]‘,t) + I,‘]'/t (1’12] + x%) — (1 — ]/ij,t)M/ Vij S QL,t enf (53)

2P
2Qi < I+ Vi Vije Qb te QT (54)
Lije = Vi ||,

v V<V <v;,V,Vie 0B et (55)
—Pijyijs < Pyjs < Pijyije, Vij € Q8 t € QF (56)
—ijij,t < Qijr < Qijyij,t/wj eabteql (57)

0 < Lijs < Ty Vij € Q4 € QF (58)

vigs < (t= T [QT))/[aT], (59)

where O is the set of fault areas; Pjj; and Qj; s are the active and reactive power transmit-
ted by the line, respectively; V;; is the square of the bus voltage; x;; is the line reactance;
q%t is the reactive power demand of a bus; V and V are the squares of the lower and
upper limits of the bus voltage, respectively; P;; and @i]- are the rated active and reactive
power transmitted by the line, respectively; [;; is the square of the rated current of the
line. Equations (50) and (51) are the power balance equations [19]. Equations (52) and (53)
describe the voltage drop across the buses at both ends of a line. Equation (54) is the
power flow based on SOCP. Equations (55)-(57) are the safety limits for bus voltage, active
power, and reactive power transmitted by the line, respectively. Equation (58) limits the



Processes 2025, 13, 3075

10 of 19

line transmission current. Equation (59) indicates that lines in the fault area can only be
re-energized after the fault has been fully repaired.

3. Results and Discussion
3.1. Simulation Parameters

The proposed strategy is validated on a modified IEEE 33-bus power system. This
paper assumes that the power system experiences a complete outage at the initial time step
due to an extreme typhoon event. The program is implemented on the AMPL platform, and
GUROBI 12.0.1 is used to solve the constructed model. The computer used has a 2.10 GHz
quad-core i7-12700 processor and 16 GB of RAM, with a set gap of 0.01%.

In the IEEE 33-bus power system, the total power demand is 3.715 MW + 2.3 MVar. It is
assumed that every line in the distribution network is a switchable line, and the parameters
of load and line are detailed in reference [31]. The time step is set to 15 min. The topology
of the IEEE 33-bus power system is shown in Figure 2. It is assumed that the fault occurs at
16:00, with five potential faulty lines: 17_g, 13 9, lg_10, lp7-28, and lpg_p9. The fault probability
of each line is generated randomly, with the sum of probabilities being 1.

OSubstation ©DG @ PV @WT @ESS ¥ Potential faulty line é Depot
B Charging station — —» typhoon path

Figure 2. The modified IEEE 33-bus power system.

The IEEE 33-bus power system is configured with 1 substation, 2 DGs, 1 RC, 2 MDGs,
2 WTs, 1 PV, and 2 ESSs. The parameters for the substation, DGs, and MDGs are detailed
in Table 2, and the parameters for the ESSs are detailed in Table 3. Two WTs with rated
power of 200 kW and 300 kW are added at buses 13 and 21, respectively, and a PV with
a rated power of 500 kW is added at bus 25. The output curves for WTs and PVs refer to
reference [32]. Considering the uncertainty of new energy output, the robustness parameter
« is set to 1, and the maximum prediction error for new energy output y is set to 0.1 [33].
In this case study, one depot is established, where both the RC and the MDG are initially
located. The travel times for the RC and MDG, as well as the repair and inspection times
for the RC, are randomly generated within 30 min. Load priority is categorized into
three classes, with the priority of each bus specified in Table 4. The time varying load
demand curve is detailed in reference [34]. V™" and V™3 are set to 0.96 p.u. and 1.04 p.u.,
respectively, with 6; = 0.5 and 6., = 0.4.
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Table 2. Parameters of DGs and MDGs.

Maximum and Minimum
Type Bus No. Power Outputs Other Parameters

ps7™ = 2000/1000/800 kW
ps ™ = 0/0/0 kW PR’ =350/100/100) kW /15 min

Substation and DG 0/4/29 G RP .
g;"" ™ =1500/600/600 kVar  p.* = —(350/100/100) kW /15 min
g™ = —(1500/600/600) kVar
=M
=200/100 kW
MDG / P =200/ /
7 = 150/100 kVar
Table 3. Parameters of ESSs.
Bus No. Parameters
pPm X =200/300 kW HM =0.1/0.1
p&mX = 200/300 kW HM* =0.9/0.9
11/23 gP™ =100/200 kVar H[" =0.5/0.5
gS™ =100/200 kVar 7 =09/0.95
EM = 600/900 kWh P =09/0.95
Table 4. Parameters of load priority.
Priority Bus No. Weight
Priority 1 2,4,12,16,20, 22, 24, 28 100
Priority 2 0,3,8-10,13-15, 17, 18, 21, 23, 26, 30, 32 10
Priority 3 1,5-7,11,19,25,27,29, 31 1

3.2. Result Analysis

There are 4309 variables and 9152 constraints in the proposed model for the modified
IEEE 33-bus power system. The computation time of solving the proposed two-layer robust
optimization model is 1.83 s. Solving the proposed two-layer model yields the optimal
repair sequencing and restoration strategy for the distribution network, with the results
presented in the following sections. Figure 3 illustrates the travel paths of the RCs. As
shown in Figure 3, the RC departs from the depot and sequentially visits the potential
faulty lines lo_19, lpg_29, l27-28, 17_s, and lg_g before returning to the depot. If a line is not
faulted in a given scenario, the RC will only perform an inspection of that line. The robust
fault repair completion time calculated by the upper-layer model is time step 8, which
means all potential faulty lines are repaired by the time step 8, and the potential faulty lines
are restored to an available state.

O Substation ODG @ PV eWT @ESS \Poten’dal faulty line a Depot
HE Charging station —» RC routing

Figure 3. Travel paths of the RCs.
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Figure 4 shows the travel paths of the MDGs. As shown in Figure 4, MDG1 departs
from the depot, and after one time step, it moves to bus 7 at time step 1. MDG1 continues
to supply power at bus 7 for three time steps and then moves towards bus 10 at time step 4.
After two time steps, MDG1 arrives at bus 10 at time step 6 and continues to supply power
there until time step 12. MDG2 departs from the depot and, after two time steps, moves to
bus 26 at time step 2. MDG2 supplies power at bus 26 for two time steps and then moves
toward bus 30 at time step 4. After two time steps, it arrives at bus 30 at time step 6 and
continues to supply power there until time step 12.

MDG1 |—>] Bus 7

MDG2 [ —> | Bus26 Bus 30

Bus 10 |
|

|
|
6 7 8 9 10 11 12

— T

Figure 4. Travel paths of the MDGs.

Figure 5 shows the active power generation of DGs, MDGs, WTs, and PVs. As can
be seen from Figure 5, at time step 1, the substation at bus 0 provides power support to
the distribution network. As the output of the substation at bus 0 increases, the buses
where DGs, WTs, and PVs are located are gradually restored and begin to provide power
support to the distribution network. During the fault recovery process, the total output
of the generating resources at each time step gradually increases, reaching a peak at time
steps 11-12.

S0 TG inbw0 [ wMpG2 T

[ IDGinbus4 [__]WTinbus13
[ 1DGinbus29 [ |WTinbus2l
4000 [ IMDGI [ 1PVinbus2s

3000, 7

20001 7

1000 7

Active power generation (kW)

0 1 1 1 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12
Time step

Figure 5. Active power generation of DGs, MDGs, WTs and PVs.

Figure 6 presents the situation of recovery status of each bus at each time step obtained
by solving the proposed strategy. The restoration results at time step 1 are shown in
Figure 6a. As can be seen from Figure 6a, in the initial stage of restoration, the substation at
bus 0 first restores the nearby distributed generation buses, namely the PV at bus 25 and
the DG at bus 4, to quickly acquire initial power support. Building on this, buses 1-5, 18,
22, and 25 are restored, forming a basic power supply recovery area. The restoration results
at time step 2 are shown in Figure 6b. As can be seen from Figure 6b, with the increase
in output from the substation and the restored DGs, the restoration area further expands,
and buses 23 and 24 are restored. The restoration results at time steps 3-7 are shown in
Figure 6¢. As can be seen from Figure 6¢ in conjunction with the content of Figures 4 and 5,
the restoration scope significantly expands during this stage due to the increasing output
of various distributed power sources such as the substation, DGs, MDGs, PVs, and WTs.
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Buses 6, 7, 19-21, 26, and 27 are restored, indicating that the system can utilize more
distributed resources to accelerate the restoration process. The restoration results at time
steps 8-10 are shown in Figure 6d. As can be seen from Figure 6d, the potential faulty lines
have been identified and repaired. As these lines return to normal, and in conjunction with
Figures 4 and 5, two MDGs are connected to nodes 10 and 30, providing power support
for load restoration. The distribution network further expands, and buses 8-17 and 28-30
are restored. The restoration results at time steps 11-12 are shown in Figure 6e. From
Figure 6e, it can be seen that the remaining buses 31 and 32 are successfully restored, and
all buses have now had their power supply restored. This demonstrates that the strategy
proposed in this paper can efficiently and comprehensively achieve rapid restoration of the
distribution network by considering multi-source coordination.

[ 1=11-12 | (o)

15

16 17 :

OSubstation DG ®PV @WT @ESS Y Potential faulty line {2) Depot
B Charging station ERestored area \ Faulty line has been repaired

L

Figure 6. The situation of the recovery status of each bus at each time step obtained by solving the
proposed strategy. (a) The recovery status of each bus at time step 1; (b) The recovery status of each
bus at time step 2; (c) The recovery status of each bus at time steps 3-7; (d) The recovery status of
each bus at time steps 8-10; (e) The recovery status of each bus at time steps 11-12.

Figure 7 illustrates the power and energy of the ESSs at different buses. In Figure 7,
the left vertical axis represents the ESS energy level, and the right vertical axis represents
the ESS charging and discharging power. Power greater than 0 indicates charging, while
power less than 0 indicates discharging. It can be seen from Figure 5 that the ESS at
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bus 23 discharges during time steps 2-3 to provide power support for the distribution
network’s restoration, and charges during time steps 4-7 to store energy. At time step 8§,
since the potential faulty lines have been eliminated and repaired, the outage area can be
restored after time step 8. Therefore, the ESS at bus 23 discharges during time steps 8-12
to provide power support for restoration. The ESS at bus 11 does not perform charging
or discharging operations during time steps 1-7 because, during this period, bus 11 is
in a fault area and has not been restored. After the potential faulty lines are eliminated
and repaired at time step 8, bus 11 is restored. The ESS at bus 11 then charges during
time steps 8-9 and discharges during time steps 10-12 to provide power support to the
distribution network. This demonstrates that ESSs can achieve a dynamic balance of power
in the distribution network over time. They not only provide rapid power support to
maintain the stability of the distribution network during a fault but also flexibly regulate
energy storage and dispatch through charging and discharging operations during the
restoration period, thereby improving the efficiency of power utilization in the distribution
network.

0.7 [ ESS Energy inbus 11 ' T T T T T T J 400
[ ESS Energy in bus 23| — — — 5
ESS Power inbus 11 - 300
0.6 ESS Power inbus 23 —
] 200
= 0.5 M M F100 2
‘%’ ‘ r ro &
ehn 4 z
504 -—-100 &
5 J_‘
=200
0.37 [] ’—‘
(“ (T(T RN
0. 1 - ———400
1 2 3 4 5 6 7 8 9 10 11 12

Time step

Figure 7. The power and energy of ESSs at different buses.

Figure 8 presents the total restored load quantity and restoration rate of loads with
different priority levels. In Figure 8, the left vertical axis represents the total restored load
quantity, while the right vertical axis shows the restoration rate for each load priority
level. As seen in Figure 8, the restoration rate for priority 1 loads is the highest at every
time step. The restoration rate for priority 2 loads is lower than that of priority 3 loads
during time steps 3—7. This is because at time steps 3-7, the potential faulty lines have not
been eliminated and repaired. In the current state of available lines, all restorable buses
have been recovered, and the proportion of priority 3 loads among all currently restorable
buses is relatively large, leading to a higher restoration rate for them compared to priority
2 loads. At time step 8, the potential fault locations are eliminated and repaired. From time
steps 8-10, the restoration rate of priority 2 loads is greater than that of priority 3 loads.
All priority 1 loads are restored at time step 8, and all priority 2 and priority 3 loads are
restored at time step 11. Therefore, the restoration strategy proposed in this paper can
achieve the prioritized restoration of priority 1 loads.



Processes 2025, 13, 3075

15 0f 19

50007 [ Load recovery ! ! j ) !
=@~ First priority

45007 |—m—second priority

40001 ——ae— Third priority r 0.8
35007 §
z F0.6 =
< 30001 g
= 2
£ 25001 g
g r0.4 é

20007

15007 0.2

10007

-0

1 2 3 4 5 6 7 8 9 10 11 12
Time Step

Figure 8. Total restored load quantity and restoration rate of loads with different priority levels.

Restored energy with different values of parameters p and « is shown in Table 5. It is
seen from Table 5 that restored energy increases with the increasing value of parameters
wand k. This is because large values of these two parameters result in the larger radius
bound of the difference between the actual power of the new energy generator and its
predicted one.

Table 5. Restored energy with different values of parameters p and k.

xk=0.2 k=04 x =0.6 k=08 k=1

p=0.1 8.718 8.718 8.759 8.792 8.806
p=0.2 8.718 8.759 8.803 8.947 8.997
u=04 8.759 8.947 9.013 9.087 9.196
u=0.6 8.803 9.013 9.150 9.231 9.342
n=0.8 8.947 9.087 9.231 9.342 9.359
p=1 8.997 9.196 9.342 9.359 9.457

4. Conclusions

This paper addresses the challenges faced by distribution networks under extreme
weather conditions, specifically the issue of incomplete fault information, by proposing a
repair sequencing and load restoration strategy based on a two-layer robust optimization
approach. The upper-layer model employs distributionally robust theory to determine the
robust repair time for potential faults under the most unfavorable fault scenario, effectively
addressing the uncertainty of fault information. The lower-layer model coordinates the
scheduling of multiple resources, including MDGs, DGs, PVs, WTs, and ESSs, to maximize
the weighted restored load. Simulation results on an IEEE 33-bus power system demon-
strate that the proposed strategy not only efficiently utilizes multi-source collaborative
resources but also ensures the reliability and effectiveness of repair and restoration deci-
sions in an uncertain fault environment. Additionally, it achieves the prioritized restoration
of high-priority loads.
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Nomenclature

Sets and Indexes

RS Set of positive real numbers for the scenario probability distribution.

oA Feasible domain of subproblem of the upper-layer model, including Equation (11).

0B Set of distribution network buses.

ac Set of charging station buses.

oP Set of depots.

OFSS Set of ESSs.

ofz Set of fault areas.

(o8 Set of generators.

o Set of potential fault locations.

ot Set of distribution network lines.

QMPG Set of MDGs.

oY Set of PVs.

s Set of fault scenarios.

Qs Set of substation buses.

of Set of time steps.

au Feasible domain of master problem of the upper-layer model, including
Equations (2)—(10).

oWt Set of WTs.

Parameters

C,M Maximum number of connections for charging station bus i.

Ca pgc Number of RCs in depot d.

EM Capacity of ESS i.

Hini Initial state-of-charge level of ESS i.

Hlmi“, Hax Minimum and maximum state-of-charge levels of ESS i, respectively.

T,-j Square of the rated current of the line.

M A large parameter.

pst'min, pgt’max Minimum and maximum active charging power of ESS i, respectively.

p?’min, p?’max Minimum and maximum active discharging power of ESS i, respectively.

pZG’min, p?’max Minimum and maximum active power of the generator at bus i, respectively.

ﬁﬁ Predicted power of the new energy source at bus i at time ¢.

M Upper limit of the active power output of MDG m.

E?P,ﬁfp Ramp rate upper and lower limits of the generator at bus i, respectively.

ﬁgt Actual power of the new energy source at bus i.

Pij, Qjj Rated active and reactive power transmitted by the line, respectively.

qft’min, qft’max Minimum and maximum reactive charging power of ESS i, respectively.

gomin, gPmax Minimum and maximum reactive discharging power of ESS i, respectively.

C,min G,max

q; 4q;

Minimum and maximum reactive power of the generator at bus i, respectively.



Processes 2025, 13, 3075 17 of 19

‘7}} Reactive power demand of bus 7 at time f.
ﬁ% Upper limit of the reactive power output of MDG m.
rij Resistance line 7.
th’CH Time for RC to inspect potential fault location k to check for a fault.
th’DE Time required for RC to repair potential fault location k.
tllf,,ck’TR Travel time of RC between potential fault locations k’ and k.
f;a Travel time of an MDG between charging station buses i and ;.
v,V Square of the lower and upper limits of the bus voltage, respectively.
w; Weight of buses.
Xjj Reactance of line ij.
€ A positive number approaching zero.
Maximum values of the first-order norm and infinite norm of the scenario
1, 6eo probability deviation, respectively.
K Robustness parameter of new energy source.
U Maximum prediction error of the new energy output.
17iC, nP Charging and discharging loss coefficients of ESS i, respectively.
AT Time duration of one step.
Variables
Ar, Binary variable indicating whether potential fault location k belongs to scenario s,
’ where 1 means it belongs to scenario s and 0 otherwise.
E;; Remaining energy of ESS i at time .
Binary variable, where 1 indicates that a RC travels from a potential fault location
fix k' to k, and 0 otherwise.
Lijt Square of the current transmitted by line ij at time .
Ps Probability of scenario s.
pgt, p?t Charging and discharging power of ESS i, respectively.
piG’t, qg Active and reactive power of the generator at bus i at time ¢, respectively.
p%t Active power demand of bus i at time ¢.
p%?tc Active power output of MDG m at charging station bus 7 at time ¢.
p})tv Active power of the PVs at bus i at time £.
pyXT Active power of the WTs at bus i at time ¢
DPijt, Qijit Active and reactive power transmitted by the line, respectively.
qgt, q?t Charging and discharging reactive power of ESS i, respectively.
qlr\n’“i?tc Reactive power output of MDG m at charging station bus i at time ¢.
tllisé’AR Time for an RC to arrive at potential fault location k in scenario s.
Tmain Robust fault repair time of the upper-layer model.
TR Repair completion time for potential fault location k in scenario s, which is an
ks integer variable.
- Binary variable for the energized status of bus i at time step ¢, where 1 indicates
’ the bus is energized and 0 otherwise.
Vit Square of the bus voltage.
€ 4D Binary variable indicating charging and discharging status of ESS i, respectively,
Lt where 1 indicates that ESS i is in a charging or discharging state.
. Binary variable for the energized status of line ij at time ¢, where 1 means it is
Vit energized and 0 otherwise.
i Binary variable indicating whether bus i is the parent bus of bus j at time ¢, where
1 means bus i is the parent bus of bus j, and 0 otherwise.
) Binary variable indicating whether MDG m is connected to charging station bus i
Tmit at time ¢.
Ts Repair completion time of all faults under scenario s.
Ks Auxiliary variable introduced for the linearized absolute value calculation.
AL AZ, A3,

A%, A2,A%,  Dual variables.
/\7
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