= Energy Engineering & Tech Science Press

D0i:10.32604/e€.2025.061586 .

ARTICLE Check for

updates

Coordinated Service Restoration of Integrated Power and Gas Systems with
Renewable Energy Sources

Xincong Shi"’, Yuze Ji"", Xinrui Wang’, Ruimin Tian’ and Chao Zhang’

!College of Electrical Engineering, Zhejiang University, Hangzhou, 310000, China
*Power Dispatch and Control Center State Grid, Shanxi Electric Power Company, Taiyuan, 030021, China
*Planning Division of Power Dispatch and Control Center, State Grid Jincheng Power Supply Company, Jincheng, 048000, China

*Corresponding Author: Yuze Ji. Email: jiyuze@sx.sgcc.com.cn

Received: 28 November 2024; Accepted: 13 January 2025; Published: 07 March 2025

ABSTRACT: With the development of integrated power and gas distribution systems (IPGS) incorporating renewable
energy sources (RESs), coordinating the restoration processes of the power distribution system (PS) and the gas
distribution system (GS) by utilizing the benefits of RESs enhances service restoration. In this context, this paper
proposes a coordinated service restoration framework that considers the uncertainty in RESs and the bi-directional
restoration interactions between the PS and GS. Additionally, a coordinated service restoration model is developed
considering the two systems’ interdependency and the GS’s dynamic characteristics. The objective is to maximize the
system resilience index while adhering to operational, dynamic, restoration logic, and interdependency constraints. A
method for managing uncertainties in RES output is employed, and convexification techniques are applied to address
the nonlinear constraints arising from the physical laws of the IPGS, thereby reducing solution complexity. As a
result, the service restoration optimization problem of the IPGS can be formulated as a computationally tractable
mixed-integer second-order cone programming problem. The effectiveness and superiority of the proposed framework
are demonstrated through numerical simulations conducted on the interdependent IEEE 13-bus PS and 9-node GS.
The comparative results show that the proposed framework improves the system resilience index by at least 65.07%
compared to traditional methods.

KEYWORDS: Service restoration; renewable energy sources; integrated energy systems; extreme events; convex
optimization

1 Introduction

The rapid development of integrated energy infrastructures has led to increasing interdependencies
between power systems (PS) and gas systems (GS), coupled through micro gas-fired turbines (MGTs) and
electrically driven facilities (EDFs) such as electrically driven compressors (EDCs) and electrically driven
gas sources (EDSs) [1]. During extreme events, such as natural disasters, these interdependencies can trigger
cascading power and gas outages, resulting in substantial socioeconomic losses [2]. Consequently, enhancing
the integrated power-gas system’s (IPGS) resilience has become an urgent priority [3]. Developing effective
restoration strategies is key to improving system resilience [4]. Meanwhile, the penetration of renewable
energy sources (RESs) in power systems has reached unprecedented levels. Leveraging RESs to formulate
system restoration strategies presents a promising opportunity. However, designing restoration strategies that
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adequately address the inherent interdependencies between GS and PS while fully utilizing RESs remains a
significant challenge.

The restoration processes of PS and GS are bi-directionally coupled. Power outages caused by extreme
events may last several to more than ten hours. During such outages, EDFs cease operation, severely
impacting gas supply and pressure. Notably, node pressure is critical for maintaining gas loads; for example,
micro gas-fired turbines (MGTs) cannot start or operate if gas pressure falls below a specific threshold [5].
Conversely, power load restoration relies on MGT generation. Moreover, EDFs cannot be restarted unless the
power loads that provide power supply to EDFs have been restored. Therefore, these mutual dependencies
highlight the need to fully account for the bi-directional coupling between PS and GS when developing
service restoration schemes.

Additionally, GS has a slower response than PS due to the gas flow dynamics, which significantly
affects the sequencing of restoration steps. Hence, it is essential to incorporate the dynamic response of GS
into restoration planning. Furthermore, RESs introduce additional challenges due to their uncontrollable
and weather-dependent nature, increasing the risks associated with system restoration in vulnerable states.
Coordinating the restoration of MGTs and EDFs while accounting for GS dynamics and the uncertainties in
RESs represents a critical and urgent challenge.

Existing studies mainly focus on utilizing local generation resources to restore critical loads in the
distribution system [6-8] and microgrids [9,10]. The service restoration approach in [6] concentrated
on determining the optimal restoration strategy coordinating multiple sources to serve critical loads
after blackouts. A service restoration model for unbalanced distribution systems and inverter-dominated
microgrids is proposed in [8], in which frequency dynamics constraints are developed to optimize the
amount of load restoration and guarantee the dynamic performance of system frequency response during the
restoration process. Reference [10] proposed a decentralized framework for resilience-oriented coordination
of networked microgrids and a novel multi-agent reinforcement learning method to restore critical loads
using distributed energy resources. To take full advantage of local restoration resources, References [11,12]
used mobile emergency sources to restore critical loads. Moreover, Reference [13] discussed the dominant
ways to utilize RESs for service restoration.

Due to increasing couplings between PS and GS, some researchers have focused on the resilience
enhancement of IPGS after disasters. Reference [14] proposed a planning method for co-expansion and
design of IPGS for resilience enhancement. An integrated model for resilience evaluation of IPGS is proposed
in [15] under extreme weather events, focusing on windstorms. Reference [16] introduced a risk-constrained
strategic resilience enhancement method for PS and GS through G2P and P2G planning and distributed
load restoration against floods. References [17,18] focused on post-disaster optimal combined repair crew
dispatch problems. A minimax-regret robust resilience-constrained unit commitment strategy is proposed
in [19]. Reference [20] proposed a robust network hardening strategy for enhancing the resilience of IPGS
against natural disasters.

As for load restoration to enhance the resilience of IPGS, researchers have made valuable efforts.
In [21,22], a load restoration strategy is proposed based on power and gas conversion to restore important
loads as much as possible. Reference [23] proposed a two-stage restoration model using power storage,
gas storage, P2G, and other devices considering coupling operation of power and natural gas systems.
Reference [24] introduced a decentralized operating paradigm for the real-time coordination of local multi-
energy microgrids towards system-wise IPGS load restoration. At the same time, a novel topology-aware
multi-task reinforcement learning method with soft modularization is proposed to solve it. A coordinated
strategy for regional integrated electricity-natural gas system load restoration and repair schedule is pro-
posed in [25] and transformed into a mixed integer second-order cone programming (MISOCP) model.
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Reference [26] concentrated on the collaborative load restoration of the IPGS after extreme weather events
and formulated the problem as a mixed-integer linear programming (MILP) model. In [27], the load
restoration problem is devised as a mixed-integer second-order cone programming model to minimize the
total load loss cost of IPGS, considering network recon-figuration and the coupling effect. References [28-30]
focused on coordinated load restoration optimization of power-gas integrated energy systems with mobile
emergency sources.

However, the above studies do not focus on bi-directional restoration couplings between GS and PS by
utilizing RESs. Power load restoration and gas load restoration are mutually constrained for IPGS. Loads
restoration strategy without considering the interdependencies of two systems and output uncertainties of
RESs may lead to a failed restoration process. In addition, to the best of our knowledge, the existing load
restoration strategies of IPGS do not consider the GS dynamic restoration process. Due to the physical
characteristics of gas flow, gas load restoration takes a long time, which can influence the restoration
sequence significantly.

This research presents a decision-making framework to coordinate the restoration of PS and GS by
leveraging local RESs and other sources. Compared to the existing state-of-the-art references, the key
contributions of this work are as follows:

1.  The influences of bi-directional couplings between PS and GS and the GS’s slow restoration response
during the restoration process are analyzed.

2. A partial differential equation-constrained optimization model is formulated to enable the coordinated
service restoration of PS and GS, comprehensively accounting for the interdependencies between
the two systems and the dynamic restoration process within the GS. The model incorporates opera-
tional, restoration, and interdependency constraints governing the coupled power and gas distribution
network.

3. The non-convex constraints in the optimization model are transformed into convex ones with accu-
racy and efficiency reserved. The partial differential equations (PDEs) constraints describing the GS
dynamics are significantly transformed into linear algebra constraints using finite difference methods.
An uncertainty management method of RES power generation is adopted to model RES output.

The remainder of this paper is organized as follows. Section 2 discusses the problems of the
coordinated service restoration process. The coordinated restoration optimization model is formulated
in Section 3. Section 4 deals with non-convex constraints and uncertainties in RESs, transforming the
original coordinated restoration optimization model into a convex one. Simulation results are presented
in Section 5. Finally, Section 6 concludes the paper.

2 Problem Description

As shown in Fig. 1, PS and GS are interconnected through MGTs, EDCs, and EDSs. Note that there
are few non-electrically driven facilities (NEDFs), such as non-electrically driven compressors (NEDCs)
and non-electrically driven gas sources (NEDSs), which are independent of electricity, running by gas or
gasoline. PS contains various generation resources such as RESs, micro gas-fired turbines (MGTs), and
distributed storage.

Assuming a large-area blackout occurs after an extreme event, the power transmission system is
disconnected from IPGS. PS loses all power loads, and EDSs in GS are shut down without a power supply.
GS maintains operation with low gas supply pressure, and partial gas loads such as MGTs gas supplies are
shed due to low pressure. With the knowledge of disasters and their impact combined with the transmission
system restoration strategy and process, the power outage time of IPGS can be evaluated. To improve the
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system’s resilience, it is important to form an island PS and coordinate different local restoration resources
in two different systems to restore the critical power and gas loads. Thus, this paper mainly focuses on the
service restoration problem, considering the interdependencies between the two systems and the restoration
dynamics of GS. The black process of forming the island PS is not considered in this paper.

Transformer
ﬁ gjﬁ]ﬁ Power critical loads

Micro gas-fired turbines

Non-electrically driven compressors
Electrically driven compressors
Non-clectrically driven gas sources
Electrically driven gas sources
Distributed generators

Renewable energy resources

7 BB O

Gas critical loads

Figure 1: Structure of IPGS

In the service restoration process, there are three problems to be solved.

(1) The interdependencies between PS and GS restoration are inherently bidirectional. The restoration of
MGTs and the restart of EDFs are interdependent. If EDFs cannot be restarted as soon as possible, gas loads
supplying GFTs cannot be restored quickly, which means the generation of GFTs is significantly limited. For
IPGS, generating GFTs is vital for PS restoration and operation. With limited generation of GFTs, only a few
power loads can be restored, resulting in a slow restoration process.

(2) Compared to the PS, the GS exhibits a much slower dynamic response (e.g., tens of minutes to
hours) due to the large time constant of GS, which can significantly influence the sequencing of restoration

steps. Gas flow physics is described mathematically by partial differential equations, leading to complex
model construction.

(3) Since the restored power system is typically fragile after a blackout, prioritizing highly reliable power
sources is essential. In modern power systems with a high share of renewables, reliable generation from
thermal and gas power is commonly limited during restoration. Leveraging renewable energy generation can
provide significant benefits for system restoration. However, the variability in renewable generation poses
challenges to maintaining power balance in the restored system, which can significantly impact the feasibility
and optimality of the restoration strategy.

To address these challenges, it is crucial to develop a coordinated service restoration optimization model

that accounts for system interdependencies, generator dynamics, and the management of uncertainties
in RESs.
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3 Problem Formulation

This section describes a coordinated service restoration optimization model for IPGS. The entire
restoration process is divided into T time steps. The input data of the model are system data model parameters
and initial status of devices. The solution of the model is the restoration strategy of IPGS, including generator
output, power loads restoration, restart of EDFs, and gas loads restoration at each time step.

3.1 Resilience Index

In-line equations/expressions are embedded into the paragraphs of the text. For example, E = mc?. In-
line equations or expressions should not be numbered and should use the same/similar font and size as the
main text.

This paper focuses on rapidly restoring power and gas supplies to meet the demands of affected loads
following a blackout. For the PS, the primary objective is to maximize the duration of power and gas supply
to loads, weighted by their respective priorities. Additionally, the secondary objective is to minimize the
losses in electrical loads during the restoration process. The mathematical formulations of the primary and
secondary objectives for the PS are presented in Eqs. (1) and (2), respectively.

maxfi= Y X wplrpllAT 1)
IEQPL IGQT

minfz = Z Ploss ()
IEQT

For GS, the objective is to maximize the gas supply time of shed loads, which can be expressed as follows:

maxf;= Y Y wgiry Mg (3)

IEQCL IEQT

Thus, the overall objective for the IPGS is defined as the summation of the normalized objectives for the
PS and GS, as presented in Eq. (4). The value calculated from Eq. (4) represents the resilience of the IPGS
following extreme events, commonly referred to as the resilience index.

max f = S - wy f2 + I (4)
flbase f2base f3base

flbase = Z Z Qpl pl, IAT (5)
iEQpL iEQT

f2hase = Sbase (6)

fibase = ¥ % Qgily AT (7)
i€eQpp i€eQr

where wy is the weight coefficient connecting objective terms; 1! o, and lt ; means that the restoration status
of power load i and gas load i are 1 at ¢, respectively. wy is deﬁned by the user or dispatcher, and different
weight coefficient values can result in different restoration strategies. Considering that service restoration is
the main objective and reducing network loss is the minor goal, the value of the weight coefficient should
not be too large. According to the author’s experience, setting w0 as 0.1 is a desirable choice.

Eq. (5) denotes that the base of the primary objective of PS is the objective value when all power loads
are restored. F.q. (6) denotes that the base of the secondary objective of PS is the system base. Eq. (7) denotes
the base of the GS objective value when all gas loads are restored.
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3.2 PS Constraints

PS constraints include topology constraints, operation constraints, and restoration constraints, as

follows:
r{,,ij+r1§)ji:rlt’ij,V(i, j) ey (8)
Qp
rt .. =r1b, Vie —=
L rb 9)
rIt’,lj =0,V (1, j) e QL (10)
Y Sty=shit X (St -azmll), VieQp Vi Oy )
jEQ,‘_,j o ’ jth—>i '
s{m —s;i—sf)irél)i,VieQB,VteQT (12)
% 2 ..
Vi~ v{,’j >-N (1 - rf)ij) +2Re (zl)l.jSlt’ij) - ‘zl,,»j‘ llt’l.j, V(i,j)eQr,VteQr (13)
* 2 . .
v =vh <N (1=ry) + 2Re (28E ) = el 14, ¥ (1)) € O1, Ve € O (14)
ul vy =SSty V(i j) € Qu, Ve e Qp (15)
Pli)SS:Re('Z sé,i— x sf)ir;u),VteQT (16)
IEQG IEQPL
2
It < (Ilmj) iV (isj) € QL Ve Qp (17)
vemin) <ol < |vmes? vie Qg Ve Qf (18)
—Nrf)ij (1+)) < Sf)l.j < Nrf)ij (1+7),V(i,j) e Qr,VteQr (19)
0 <sg,; < PoiX+ jQg,Vie Qg, Ve Qr (20)
—PP™ < PLL < PIOM Vie Qg U Qy, V€ Qp (21)
. ¢’
SOCP™ < SOCY +k; ¥ P, ¥ st /AT < SOCM™,Vie Qg uQy, Yt € Qr (22)
t=1 t=1
t .
ie%TPg)iAT < Egi,i€Qg, (23)
r;ili < r;u, VieQpp (24)

Constraints (8)-(10) are topological constraints, guaranteeing that the topology of restored PS is radial.
Constraint (8) indicates parent relationship bus 7, bus j, and line ij. Constraints (9) and (10) denote that
each bus has a parent bus except the root bus. Bus 1 is assumed to be the root bus in this paper. Con-
straints (11) and (12) denote the power flow balance for each bus. Constraints (13)-(15) denote Ohm’s law and
apparent power equation. Constraints (13) and (14) indicate the voltage relationship between two connected
buses. Constraint (15) denotes the definition of apparent power flow, derived by multiplying its conjugate
on both sides. Constraint (16) denotes the power loss calculation for the restored PS. Constraint (17)
denotes the steady state current limit for each line. Constraint (18) denotes the voltage limits for each
bus. Constraint (19) denotes the connectivity of bus i and bus j. If bus i and j are not connected, there is
no power flow. Constraint (20) means power output upper and lower bounds for each generator except
RESs. Constraints (21) and (22) are battery-based storage devices (e.g., distributed storage, electric vehicles)
constraints. Constraint (21) denotes the charging and discharging limits of storage devices. Constraint (22) is
a state of charge limits. Constraint (23) is energy limits for all generation resources. For battery-based storage
devices, energy stored is limited. Besides, critical infrastructure may be damaged by extreme events. During
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restoration, gas and diesel cannot be resupplied for MGTs or diesel turbines. Constraint (24) indicates that
they will not be powered off once power loads are restored.

3.3 GS Constraints

The flow of natural gas through pipelines is driven by pressure gradients, which are influenced by factors
such as gas composition, temperature, density, and pressure. The one-dimensional fluid dynamics along the
pipeline establish relationships between various gas state parameters, including velocity, temperature, den-
sity, and pressure. This flow behavior is typically described by three fundamental equations: the momentum
equation, the material-balance equation, and the state equation [31].

dp 9 (pw)

T Voo’ 25

Py + ox 0 (25)

d(pw) 9(pw?) oIl _ Apw? (26)
o + oy +a+pgsm9+ D =0

II= czp (27)

The material balance equation, Eq. (25), represents the conservation of mass within the gas pipeline.
The momentum equation, Fq. (26), comprises five terms: the first three describe the effects of acceleration,
convection, and hydrostatics on the natural gas flow. The fourth term accounts for altitude variations along
the pipeline, while the fifth term represents the second-order deviatoric stress tensor. Finally, the state
equation, Eq. (27), establishes the relationship between the gas’s temperature, density, and pressure.

Based on the physical characteristics of GS, the second term and fourth term can be neglected.
Introducing gas velocity base value @ and gas mass flow rate M, Eqs. (25) and (26) can be simplified
as follows:

dp oM

LR 28
97 ' Aox (28)
oM JIl AM

SO Mo 29
Aor  ox  2DA” 29

Thus, gas flow dynamics are described by PDEs (27)-(29). To incorporate gas dynamic constraints into

the optimization model, (27)-(29) are transformed into a series of linear algebra constraints, as shown in (30).
The detailed transformation of PDEs will be discussed in Section 4.

la (Ht

n,i’

I, M}, o M,

in,ij> out,ij

)=0,vteQr, VijeQp (30)

Gas dynamic flow and pressure can be obtained by solving (30) with initial and boundary conditions.
Initial conditions include the steady state value of GS before restoration. Boundary conditions indicate node
gas flow balance, pressure, gas flow, and gas supply boundaries.

> M= X M, VteQrVjieQ
iEQi_,j outty kGQj‘,k ’Jk ! ] : (31)
I =T, rl =LYt e Qr, VijeQc (32)
I, =10, 1l =0,V e Qr, Vije Qc (33)
I =TI, Ve Qr, Vije One (34)
an)ij :Mgut)ij,we Qr,Vije QcuQne (35)
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), =M, rl, =1, Vte Qr,Vie Qg (36)
0<II!_; <TI,,rl, =0,Vte Qr,VieQs (37)
) =TI0, ., Vi e Qr, Vie Qg (38)
MI <MY < MR Ve Qr, Vi€ Qs (39)
rl MPN <ML <rl MPR Ve Qr, Vi€ Qg (40)
Mgy g0 = Mgin Vi€ Qr, Vi€ Qnar (41)
M., ai = rél Mgi, Ve Qr,VieQqr (42)
g“Hgfl?<H; a0 VEEQr, Vie Qg (43)
Tapi < ;ﬂ,Vte(; Vie QgL (44)

Constraint (31) denotes node gas flow balance. Constraints (32)-(35) are compressor-related constraints.
Constraint (32) denotes that if EDCs are restarted, the output node pressure of EDCs is sustained at the setting
value. Constraint (33) denotes that output node pressure equals input node pressure for EDCs with bypass
mode due to power outage. Constraint (34) denotes that the output node pressure of NEDCs is unaffected
by power outages. Constraint (35) denotes the gas flow relationship for compressors (including EDCs and
NEDC:s). Constraints (36)-(40) are gas sources related constraints. Constraint (36) denotes that if EDSs are
restarted, the output node pressure of EDSs is sustained at the setting value. Constraint (37) denotes that
EDSs cannot control the output node pressure if EDSs are shut down due to a power outage. Constraint (38)
denotes that the output node pressure of NEDSs is unaffected by power outage. Constraints (39) and (40)
are gas supply upper and lower limits for gas sources. EDSs are not able to supply gas unless being restored.
Constraints (41) and (42) denote the gas flow of gas loads. For shedding loads, there is no gas flow unless
being restored. Constraints (43) and (44) are gas load restoration constraints. Constraint (43) denotes the
minimum pressure requirements for gas loads. Constraint (44) denotes that once gas loads are restored, they
will not be powered oft again.

3.4 Interdependency Constraints

Interdependency constraints of PS and GS include restoration logic constraints and energy limit
constraints for coupling facilities.

Tai < Tgpp V€ Qr,VieQp (45)
Egi= Eg)i + rgl_f’iN, VteQr,Vie Qr (46)
Qr

rétljs ;l cip VHE— T ,Vije Qe (47)

t+1< v Qr Vie Q (48)
rpl 8,00 tET, 1€ (g

t t+1 v Q V Q (49)

rw]_ aij e — n ije Q¢

t t+1 ‘Q 50

rs,l—SI’VtET VIEQS ( )

Constraints (45) and (46) are constraints of MGTs. Constraint (45) denotes that the gas supply of MGTs
can be restored only if corresponding gas loads are restored. Constraint (46) indicates that once the gas
supply of MGTs is restored, there is no energy limit for MGTs. Constraints (47)-(50) are constraints of EDFs.
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Constraints (47) and (48) denote that EDFs can be restarted only if corresponding power loads are restored.
Constraints (49) and (50) are restarting constraints; once the EDFs are restored, they will not be powered
off again.

3.5 Optimization Model Formulation
To sum up, the optimization model of the coordinated service restoration model for IPGS is formulated
as follows:
fi f:

NLP: max f = —wo—2— + IE
1base fzbase f3base

s.t. (8)-(24), (30)-(50)

4 Model Transformation

It is important to note that the nonlinear programming (NLP) model contains non-convex constraints,
which pose significant challenges for solving the model. Specifically, constraints (15), (32), (33), (36), and (37)
are non-convex, complicating the optimization process. Additionally, constraint (20) incorporates the output
of renewable energy sources (RESs), whose inherent uncertainties should be effectively managed.

4.1 Transformation of PDEs Constraints

For PDEs (27)-(29) describing gas flow dynamics, the Wendroft difference technique is adopted to
transform these PDEs into linear algebra equations [32], as follows:

At Qr ..
LA, (MéEi,] - MltI:lHl] + M(t)ut,ij - Mitn,ij) + P::jl +pati P;,j ~Pni=0,Vte T Vije Qp (51)
1 At
A (Mé_&z] + Mltrle; - Méut,ij - Mitn,ij) + . (H;+Jl ~ I+ H;,j - H;,i)
1] 1] (52)
+M (M(l;t:i'—’_Mitr_:li'—i_MctJuti‘—i_Mitni') =0,Vte &,Vije Qp
4D1]Al] 1 1 1 1 T
I}, = c?pl nVte Qr,Vie Qy (53)

Constraints (51)-(53) are concrete expressions of (30), representing the material-balance equation,
momentum equation, and gas state equation, respectively. Space and time steps are AT and L}, respectively.

To eliminate the numerical oscillation caused by the change in gas pressure boundary condition and
finite difference technique, average gas pressure for two successive time steps is calculated [33]. Therefore,
constraint (43) is transformed into (54).

ra 0 < ﬁ;_gl,i, VieQr,VieQqar (54)

4.2 Transformation of Non-Convex Constraints

The branch power flow constraint (15) is a quadratic equality for PS. The convex relaxation technique
is used to relax (15) into a second-order cone constraint [34]. Reference [35] shows that this relaxation is
exactly the case for radial PDE restoration problems.

v 2SSt V(i) € Qu, Ve e Qr (55)
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For GS, constraints (32), (33) and (36), (37) are both conditional constraints. This paper uses a large
positive integer N to transform conditional constraints into linear inequality constraints as follows:

I ; <Hf <IIY “]N VteQr,Vije Qc (56)
ng, - (l—rCl])N<Ht <+ (1= ;) N, Ve e Qr, Vije Qc (57)
0<TII! _;, <TI?, + 7L ;N,Vt e Qr, Vi e Qg (58)
Hg’i—(l—rs’i)NSHt L <TI0+ (-7 )N, VteQr, Vie Qg (59)

4.3 Uncertainties Management of RESs

To handle the uncertainties in RESs, the conditional value-at-risk (CVaR) values of predicted values are
used instead of expected values [36]. The p; ; is formulated as (60), which is the sum of the predicted value
and prediction error at t. Eq. (61) represents the cumulative distribution function of probabilities for p; ; not
exceeding the threshold «!. Assume ¢ («!) is continuous for «;, VaR with confidence § is obtained as (62).
The corresponding CVaR can be calculated by (63) and (64).

phi=foiverrl ,VieQg (60)
¢ (af) = fp;,iza; p(Pli)dpe Vie Qr (61)
ag,; =max{aj € Rig(aj) > p},VieQp (62)
(D%,i = “pt%,i - ﬁ /p;’ing I:‘x;;,i - Pfl,z‘]mx p(ph)dpl. VieOr (63)
[Z2]"" = max {0,Z} (64)

According to (63), it is not easy to obtain CVaR values due to the complex formula and unavailable
p ( pfl,i). Therefore, the transformation of CVaR formulas is introduced. According to [37], Eq. (65) can
be obtained. With function A is defined as (66), CVaR can be obtained by optimizing (65). For system
restoration steps, the CVaR value of uncertain power is calculated for each step. Thus, the sampling data
Py ; should contain the uncertain value at different time points in a specific time interval, as shown in (67)
and (68). By dispersing an integral part, (66) can be further transformed into (69). Introducing the auxiliary
variable v = [(xf - pfl,i]max, the CVaR value can be obtained from the objective of (70) subject to (71).

max {Ag (a})} = (Dﬁ »ValeR (65)
1 max .
Ap(af) = ai = =7 < [af =pii] P (PL) APy Vi€ On (66)
* *,1 Y *, Y *, Y, T
p= (i) o (et ) e (o) (67
*, *, Y,
Pt =[Ptk P ] (68)
A% (af) =alf - 1 g: [a? -p! -]max VieQp (69)
B i i N (1 _ ﬁ) o) i u,i
t t 1 N v Q
.= . i , 1 € 70
Py = maxqa; — NO-p) 2 1 ieQg (70)
v;?20,v720¢f—pz’f,V1eQR,neN (71)

CVaR calculation model (CCM) is summarized as follows:
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1
CCM: to—— N ynlvieQ
ma"{“’ N(l—ﬁ)z’”v'} Hethe
s.t. (71)

CCM is an integer linear program, and the CVaR value of uncertain RES output can be obtained from
its objective.

4.4 Convex Optimization Model

In summary, a mixed-integer second-order cone program (MISOCP) is formulated as follows:

MISOCP: max f = j - wo f + S
flbase f2base f3base

s.t. (8)-(14), (16)-(24), (31), (34), (35), (38)—-(42), (44)-(59), (70), (71)

5 Case Studies

The proposed coordinated service restoration model (MISOCP) is implemented with the convex
package in Julia based on the test system. The MISOCP model is optimized using the Gurobi solver. The test
environment is an Intel Core i7 CPU at 2.60 GHz with 16 GB of RAM.

5.1 System Information

An IPGS is proposed that consists of a modified IEEE 13-bus power system [37] and a 9-node gas
system [17]. The IPGS topology and coupling relationships are shown in Fig. 2. PS contains 4 DGs. 2 MGTs
are located at buses 1and 2. DG at bus 4 is a DS and DG at bus 13 is a RES. The total power load amount is 1340
kW + 650 kVar. All loads in IPGS are divided into three levels according to their priorities. The weighting
factors of 1-level loads, 2-level, and regular loads are 100, 1, and 0.01, respectively. GS contains nine nodes,
seven pipelines, two gas sources, one compressor, and four gas loads. The compressor between nodes 2 and
4 is an EDC. The gas source at node 7 is an EDS.

g Q(

s| .
p6 i Y 1-level critical load
i [ 2-level critical load

/\ regular load

Substation3
A Ef i <-power supply
RS A Gooigas supply

Figure 2: Schematic diagram of 13-bus PS with 7-node GS
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Assume that a large-area blackout happens after an extreme event, IPGS is disconnected from the power
transmission system, and gas pressure is maintained at a low level because of the shutdown of EDFs. Power
distribution lines 8-9 and 9-10 are faulty and isolated. All DGs can be controlled to restore power loads, and
all EDFs can be restarted if the power supply is restored. It takes five hours to restore the power transmission
system based on evaluating the disaster impact and restoration process. The time of restoration step At of
IPGS is set to 10 min. Thus, total restoration steps T are 30.

5.2 Restoration Strategies

The input data of the proposed model includes test system data, parameters, and the initial status of
devices. It takes 53.47 s to obtain the service restoration strategy with the proposed method. The optimized
solution of the model is the restoration strategy of IPGS, including generator output, power loads restoration,
restart of EDFs, and gas loads restoration at each time step. Based on the restoration strategy, system energy
can be calculated. Restoration results such as system energy, number and amount of restored load, and gas
node pressure curve can be calculated. The switches 12-13 are opened. The other switches in the system
are closed. Table 1 shows the IPGS service restoration strategy, and Table 2 shows the system energy during
restoration. Note that if the gas supply of MGT is restored, it is assumed that the generation energy for each
MGT is 10,000 kWh. The number and amount of restored loads during the restoration process are shown
in Fig. 3. The power output of DSs is shown in Fig. 4. Bus voltage during the service restoration process of
1-level and 2-level power loads is shown in Fig. 5.

Table 1: Power load service restoration scheme

Time/min PL! GL? Coupling facilities
0 2,3,6,11,12 \ \
10 2,3,6,11,12 \ CP1
20 2,3,6,7,11,12 1 CP1, EDGSI1, MGT1
30 2,3,4,6,7,1,12  1,3,8 CP1, EDGSI, MGTI1, MGT2
40 2,3,4,6,7,1,12  1,3,8  CP1, EDGSI, MGT1, MGT2
50 2,3,4,6,7,9,1,12 1,3,8,9 CP1, EDGS1, MGT1, MGT2

Note: ! PL means power load. > GL means gas load.

Table 2: System energy during the restoration process

Time/min 0 10 20 30 40-300
System energy/kWh 1175 1049 10,000 20,000 20,000

With the restoration of power loads 6 and 12 at 0 min, CP1 and EDGSI are restarted at 10 and 20 min,
respectively, which leads to the restoration of gas loads 1, 3, 8, and 9. MGT1 can be restored at 20 min, and
MGT?2 can be restored at 30 min with the restoration of gas loads 1 and 3, which provide gas to them. Once the
gas supply is restored in 30 min, MGTs ramp up to their maximum output to restore more power load. The
system’s power and energy generation are enhanced incredibly by restarting MGTs. With the power output
ramping of MGTs, the output of DSs starts to decrease to save the energy stored.
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Figure 3: The number and amount of restored load during the restoration process: (a) Number and amount of restored
power load; (b) Number and amount of restored gas load
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Figure 4: Power output of DGs during the restoration process
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5.3 Strategies Comparison and Analysis

A comparison between the four different restoration strategies is demonstrated to verify the superiority
of the proposed method considering the interdependencies of PS and GS. In strategies 1, 2, and 3, the service
restoration decision is made from the perspective of PS without considering interdependencies between two
distribution systems and PS dynamics [6], referred to as traditional methods. Strategy 1 considers that all
MGTs cannot be restarted due to a gas supply outage. In strategy 2, MGTs can be restarted once their gas
supply is restored, which can be calculated with the restoration time of EDFs-related power loads using GS
dynamic simulation. Strategy 3 considers that EDFs-related power loads and MGTs-related gas loads are 1-
level loads, so corresponding weight factors are modified. It should be noted that EDF-related power loads
are usually considered as 2-level loads in China.

Table 3, Fig. 6,and Fig. 7 show comparisons of results for different restoration strategies. Compared with
strategies 1, 2, and 3, the proposed method can achieve a much higher resilience index, restore more service,
and improve the restoration process. One important thing is that coupling facilities can be restarted early
using the proposed method. The reason is that considering the interdependencies of the two distribution
systems, the proposed method can coordinate the PS restoration and GS restoration so that MGTs and EDFs
can be restored as soon as possible. With the restart of MGTs and EDFs, more power and gas loads can
be restored. More importantly, compared with strategy 3, the proposed method contributes more to system
resilience, which means adjusting the load priorities cannot handle the interdependencies of PS and GS
during the service restoration process. Therefore, to enhance the system’s resilience, it is indispensable to
consider bi-directional couplings to create service restoration schemes for IPGS.

Table 3: Result comparison for different restoration strategies

Strategies Resilience index System energy left/kWh Restoration time/min
MGT1 MGT2 CP1 EDGS1

1 0.931 10 \ \ \ \

2 1.143 10,000 140 \ 130 \

3 1.145 20,000 230 240 220 10
Proposed 1.890 20,000 20 30 10 20
method

mstrategy]l ®strategy2  ®strategy3  ®proposed method mstrategy]l ®strategy2 ®strategy3  ®proposed method

o0
-

o

[¥]

Numbei of restored load
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Numbei of restored load
(] L)

. z - : 0 +—T—r e e U L L

0 40 80 120 160 200 240 280 0 40 80 120 160 200 240 280
Time/min Time/min
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Figure 6: Comparison of the number of restored loads for different strategies: (a) Comparison of the number of restored
power loads; (b) Comparison of the number of restored gas loads
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Figure7: Comparison of the amount of restored loads for different strategies: (a) Comparison of the amount of restored
power loads; (b) Comparison of the amount of restored gas loads

5.4 GS Dynamic Response Analysis

Due to the physical characteristics of gas flow, GS dynamic response plays a significant role in service
restoration. For example, in strategy 3 in Section 5.3, it takes more than 200 min to restore the gas supply of
MGTs after EDGSI is restored. Four scenarios are assumed to demonstrate the influence of GS dynamics in
service restoration. In scenarios 1 and 2, CP1and EDGSI cannot be restarted due to a control system problem.
In scenarios 3 and 4, CP1 and EDGSI take 200 min to repair the control system problem during restoration.

Table 4 shows the results of different scenarios for GS dynamic analysis. Note that the restoration time
of the gas load is not the same in a specific scenario because different gas load locations have different
dynamic responses. Compared with five scenarios, different CP1 and EDGSI restarting combinations result
in different GS dynamic responses, leading to different gas load restoration times. In addition, it can be seen
from Fig. 8 that node pressure recovery is a slow process, which takes tens of minutes. A restart of CP1 causes
node pressure fluctuations around 80 min of gas load nine. In summary, GS dynamic response is a complex
and slow process determined by gas flow characteristics, GS topology and parameters, and EDFs starting
situations, significantly influencing the decision-making of service restoration strategy.

Table 4: Result of different scenarios for GS dynamic analysis

Scenario Restoration time/min

CP1 EDGS1 GL1 GL3 GL8 GL9

10 20 20 30 30 50
\ 130 \ \ \ 140
10 \ \ 20 \ \

210 200 220 220 220 250
70 210 80 220 220 220

W N = O
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Figure 8: Node pressure curves of gas loads in scenario 4

5.5 Computation Efficiency Analysis

To evaluate the effectiveness and computation efficiency of the proposed method, different power outage
times, such as 3, 4, 5, 6, 7, and 8 h, are assumed. The testing result is shown in Table 5; with power outage time
increasing, loads’ power and gas supply time increases during the service restoration process, so the obtained
resilience index is getting larger. As for computation time, the maximum computation time is 304.66 s,
and the average computation time is 129.45 s. The proposed method achieves an efficient computation. The
longer the power outage time, the more time the computation will take. This is because as power outage
time becomes longer, there will be more binary integer variables, which results in branches being much
more and makes it difficult for the solver to search for optimal solutions. It should be noted that in a worst-
case scenario, the solution time for integer optimization problems grows exponentially with the size of the
problem. However, based on operational experience, the warm-start technique can reduce the size of binary
variables, resulting in lower computation time for scenarios with longer power outage times.

Table 5: Result for different power outage time tests

Power outage time/h  Resilience index Computation time/s

3 1.816 7.45
4 1.862 62.81
5 1.890 53.47
6 1.903 304.66
7 1.921 20116
8 1.931 147.16

6 Conclusions

This paper proposes an optimal service restoration decision-making method for coordinated restoration
of IPGS with RESs, considering the interdependencies of two systems and GS dynamics. Considering
the PS restoration constraints, GS dynamic restoration constraints, interdependent constraints, and RES
uncertainty management, the restoration problem is formulated into a MISOCP model using convexification
techniques. The case studies indicated that the proposed method is effective and can improve the system
resilience index by at least 65.07% compared with the traditional method proposed in [6].
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Stability issues are crucial for practical power system restoration, which may cause system oscillation,
leading to restoration failure. Some researchers have started to work on power system restoration problems
with transient constraints [38,39] and dynamic constraints [40-42]. In future work, restoration interdepen-
dencies between different energy supply systems, such as water and heat supply systems, and dynamic and
transient stability issues of IPDS should be further studied.
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Nomenclature

Abbreviations

IPGS Integrated power and gas distribution system
PS Power distribution system

GS Gas distribution system

RESs Renewable energy sources

MGTs Micro gas-fired turbines

EDFs Electrically driven facilities

EDSs Electrically driven gas sources
NEDFs Non-electrically driven facilities
NEDCs Non-electrically driven compressors
NEDSs Non-electrically driven gas sources
DGs Distributed generators

MILP Mixed-integer linear program
MISOCP Mixed-integer second-order cone program
MINLP Mixed-integer nonlinear program
CVaR Conditional value-at-risk

Sets

Qr Set of restoration time step

Qpr. Set of power loads

QgL Set of gas loads

Qp Set of power distribution lines
Qbus—i Set of buses adjacent to bus i

Qp Set of power buses

% Set of buses without the root bus

Qi Set of buses connected to bus i
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Qg Set of generators

Qs Set of distributed storage

Qv Set of electric vehicles

Qp Set of gas pipelines

Qn Set of gas nodes

Qi Sets of gas inflowing and outflowing nodes for node j
Qp Set of pipeline intersection nodes

Qc Sets of electrically driven compressors

Once Sets of non-electrically driven compressors

Qg Sets of electrically driven gas sources

Qns Sets of non-electrically driven gas sources

QneL Set of gas loads unaffected by power outage

QgL Set of gas loads affected by power outage

% Set of restoration time step without time step T

Qr Set of micro gas-fired turbines

Parameters

AT Time interval for each restoration step

Wp,i Weight factor for power load i

Wg,i Weight factor for gas load i

wo Weight coefficient connecting objective terms

1;1, ; Restoration status of power load i is 1 at ¢

1;1’ ; Restoration status of gas load iis1at ¢

rb Root bus of PDS

zZij Impedance of power line i, z['; ; is conjugate of zy,;

N A large number positive integer

I Amplitude of the limited current flowing through power line ij
Vomin Lower bound of the voltage amplitude of bus i

Vo™ Upper bound of the voltage amplitude of bus i

P Upper bound of the active of generator i

Qg™ Upper bound of the reactive of the generator i

P Max charging power of the storage device i

Pgi’max Max discharging power of the storage device i
socmin Lower bound of the state of charge that satisfies normal operation of storage device i
socr Upper bound of the state of charge that satisfies normal operation of storage device i
soc? Initial state of charge of storage device

k; Conversion factor of storage device
A Fanning friction coefficient

D Diameter of the pipeline

A Cross-sectional area of the pipeline
g The net body force per unit mass

0 Pipe inclination

c
@

Speed of sound
Flow velocity of the natural gas
I, ; Setting values of outlet gas pressure of NEDS i
o i Setting values of outlet gas pressure of NEDC ij
I, Setting values of outlet gas pressure of EDS i
I, Setting values of outlet gas pressure of EDC i
M Lower bound of the gas supply capability of EDS i

M ;f‘fx Upper bound of the gas supply capability of EDS i
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Variables

t
rgl,i

t
rgl,i

t
,ij

Lower bound of the gas supply capability of NEDS i
Upper bound of the gas supply capability of NEDS i
Mass flow rate of gas load i

Minimum gas pressure requirement of gas load i
Initial energy value of ¢ generator i

Length of the pipeline ij

Probability density function of p; ;

Cumulative distribution function

Confidence level

Threshold value

Sampling value of the gth of i at ¢

Total number of selected time points in a time interval
Sampling number at each time point

Sampling number, N = G*T
auxiliary variable, v = [af - p ;]

Binary variable of restoration status of power load i at ¢

Binary variable of restoration status of gas load i at ¢

Binary variable of restoration status of power line ij at ¢

Binary variable of parent relationship between bus i and j

Binary variable of restoration status of EDS i at ¢

Binary variable of restoration status of EDC ij at t

Binary variable of restoration status of gas load supplying MGT i at ¢

Binary variable of restoration status of electric load associated with the EDC ij at ¢
Binary variable of restoration status of electric load associated with the EDs i at ¢
System active power loss at ¢

Complex power flowing through lines ij at ¢

Complex power flowing into bus i at ¢

Current of power line ij at £, I}, is conjugate of I} ;. I ;; = I} ;I ;;

Voltage of bus i at £, V% is conjugate of V' ,, vy ; = Vi ;W%

Output complex power of generator i at t, s, ; = Py ; + jQq ;

Active power output of generator i at ¢

Reactive power output of generator i at ¢

Energy limit of generator i

Natural gas density

Natural gas flow velocity

Time

Spatial distance of pipelines

Mass flow rate of natural gas flowing into the pipeline ij at ¢

Mass flow rate of natural gas flowing out of the pipeline ij at ¢

Mass flow rate of the EDSs i at ¢

Mass flow rate of the NEDSs i at ¢

Mass flow rate of gas load i at ¢

Gas pressure of node i at ¢

Gas pressure of node connected to NEDS i at ¢

Gas pressure of node connected to EDS i at ¢

Average gas pressure for two successive time steps of the node of gas load i at ¢
Real power output of RES i at ¢
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1 Predicated value of RES i at ¢
erry; Prediction error of RES i at ¢
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