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This paper presents an integrated electric-gas energy system fault recovery method based on bidirectional
coupled devices. Simulation examples of an IEEE 13-node electric system and a 6-node natural gas system are
used to validate the effectiveness of the method. YALMIP is used to model the simulations in the MATLAB
environment, while CPLEX is used to solve the optimization issue. Three recovery strategies are compared
under the system failure scenarios: independent failure recovery, failure recovery with GFT coupling only,
and failure recovery taking into account both GFT and P2G coupling. The power and natural gas systems are
bi-directionally coupled through one GFT and one P2G device. The outcomes demonstrate that the recovery
strategy that incorporates the consideration of two-way coupled devices can greatly enhance the recovery of
natural gas and electricity loads. Scenario 3’ s total recovery is 41,488.12, which is 66.64% and 55.94% of Scenario
1 and Scenario 2’ s respective recoveries. Through a detailed analysis of the changes in network topology and
the output of energy conversion equipment during the recovery process, the resilience and effectiveness of the
method presented in this study under various fault scenarios are confirmed.
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1. Introduction

The trend of connecting the development of the natural
gas and electric power systems has emerged due to the
shift in the energy structure and the steady rise in the share
of clean energy. Reducing greenhouse gas emissions, in-
creasing energy supply reliability, and increasing energy
utilization efficiency are all potential benefits of this type
of Electric-Gas Integrated Energy System (EGIES) [1, 2]. In
actuality, though, EGIES still has a lot of difficulties, par-
ticularly when it comes to handling system malfunctions
and achieving quick recovery. A popular topic in current
research is how to use distributed energy supplies and con-
nected devices within the system for effective fault recovery
[3].

An integrated electric-gas energy system uses linked
equipment to convert energy in both directions between
the networks for natural gas and electricity. Power-to-Gas
(P2G) and Gas Fired Turbines (GFT) are common coupling
devices. While P2G devices may convert excess energy
back to natural gas and are useful for regulating the natu-
ral gas system, GFT devices can convert natural gas into
electricity and are appropriate for power system support
[4, 5]. The secret to raising EGIES’ overall reliability in the
event of a system failure is figuring out how to coordinate
the operation of these linked devices to quickly restore the
natural gas and electric systems [6].

The possibility for numerous connected devices func-
tioning in concert has not been adequately examined in
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recent studies on fault recovery strategies for integrated
electric-gas energy systems. These studies have primarily
focused on unidirectional coupling or the employment of
basic energy conversion devices [7]. Furthermore, after a
fault, there are fewer dynamic evaluations of the topologi-
cal changes that occur during the recovery phase in natural
gas and electricity networks. By coordinating the operation
of GFT and P2G devices, a fault recovery method based
on bidirectional coupled devices is proposed in this study
with the goal of improving the recovery efficiency and re-
liability of the systems and optimizing the recovery paths
and resource allocation of power and natural gas systems
[8, 9].

Extreme weather events may induce transmission line
abnormalities and component outages, thereby causing
power supply interruptions and increasing operational
stress on distribution systems. In such circumstances, in-
tegrated electric-gas energy systems provide additional
operational flexibility through coordinated electricity-gas
interactions and energy conversion mechanisms.

This paper presents a novel optimization technique for
cooperative fault recovery of two-way coupled devices.
Detailed simulation experiments are used to validate the ef-
fectiveness of this technique in enhancing the resilience and
energy supply reliability of integrated electric-gas energy
systems (EGIES). The study’ s findings offer fresh perspec-
tives and technical backing for EGIES’ s upcoming failure
recovery plans.

2. The kind and quantity of points in a spatiotem-
poral configuration

The kind and quantity of configuration points affect the dy-
namic pipe flow PDE model’ s accuracy and efficiency for
gas networks using STOC [10]. The STOC-based dynamic
pipe flow modelling framework transforms the transient
natural gas flow process into an optimal control problem
defined over both temporal and spatial domains. To im-
prove computational tractability, the continuous state and
control trajectories are represented by a finite number of
spatiotemporal configuration points. Table 1 [11] illustrates
the primary distinctions between the three often utilized
configuration point types: Legendre-Gauss (LG), Legendre
Gauss-Radau (LGR), and Legendre-Gauss-Labotto (LGL).

Table 1 defines (L_K) as the Legendre polynomial of
order (K). The solution accuracy of LG, LGR, and LGL con-
figuration points was comprehensively evaluated in [12],
which showed that LGL points are slightly less accurate
than LG and LGR points, while the STOC validation in
[13] confirmed the efficiency and superiority of using LGR
discretization in time and LG discretization in space. The

deterministic N-1 contingency criterion is adopted to repre-
sent the loss of a single critical component while maintain-
ing the secure operation of the remaining interconnected
infrastructures. The considered contingency scenarios es-
tablish the basis for evaluating system resilience and deter-
mining appropriate corrective recovery actions following
fault occurrences.

Though the validation examples in the literature [14]
focus on low-dimensional nonlinear control problems, for
high-dimensional nonlinear natural gas networks, the spa-
tial endpoints of the pipeline must be included in the con-
figuration points in order to introduce the state variables
of f (x, t) at the pipeline endpoints to participate in the opti-
mization, given that the flow equilibrium conditions at the
network’ s nodes must be satisfied. In light of the aforemen-
tioned factors, this study uses LGR configuration points for
the gas network’ s state variables in the temporal domain
and LGL configuration points in the geographical domain.
The proposed STOC formulation provides an efficient ap-
proximation of the dynamic gas flow process, practical
integrated electric-gas systems may exhibit strongly non-
linear transient behaviors during fault recovery and rapid
load transitions. The adopted LGR configuration point
discretization provides an efficient approximation of the
dynamic behaviour of integrated electricity-gas systems
while maintaining a relatively low computational burden.
Owing to the spectral properties of the LGR scheme, the
discretization approach can effectively capture transient
state variations and preserve the consistency of dynamic
state representations during fault recovery processes.

3. Model of optimal energy flow with safety con-
straints

This section develops a safety-constrained optimal energy
flow model to determine corrective control strategies for
N-1 faults in the integrated electricity-gas system based on
dynamic gas pipeline flow constraints. The model utilizes
the post-fault energy flow state as the reference operat-
ing point and minimizes corrective control costs subject
to electricity-gas coupling, natural gas system, and power
system constraints.

3.1. Constraints of the natural gas system

The safety-constrained optimal energy flow model incorpo-
rates dynamic pipe flow, node flow balance, pipeline-node
connectivity, safety limits, and state variable boundary con-
ditions of the natural gas system. According to the pro-
posed STOC-based dynamic pipe flow model, the transient
gas flow process satisfies the constraints at the defined
spatiotemporal configuration points.
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Table 1. Dissimilarities among the three types of configuration points

Types of Configuration method Node distribution

LG Gauss orthogonal arrangement ’s zero point (finding nodes inside the domain)
LGR Radau orthogonal arrangement ’s zero point (including -1)
LGL Labotto orthogonal arrangement -1.,+1 zero point (including ±1)
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In the pipe mn, at the spatiotemporal configuration

points (xi,tj ), are the values of the mass flow rate and gas
pressure, respectively, represented by fmn,i,kandpmn,k,j,i =
0, . . . , Nx,nm + 1; j = 0, 1, . . . , Nt,nm.

At the natural gas system’ s node, the flow balance equa-
tion is provided by
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(2)
where Ωin(m) and Ωout(m) are the set of nodes connected
to the common pipeline flowing into and out of node m,
respectively; fS,m,j, fL,m,j, fT,m,j is the value of the mass flow
rate of the gas source at node m, the mass flow rate of the
gas unit inlet, and the mass flow rate of the other gas loads
at the time configuration point tj.

The mass flow rates at the time configuration point tj are
tj at the gas network pipeline’ s exit (m) and fnm,Nx,mn+1,jat
the pipeline’ s input (mn);At time configuration point tj, the
mass flow rates at the outlet m of the compressor pipeline
nm and the inlet m of the compressor pipeline mn are tj

and fmn,0,j, respectively. The set of nodes connected to the
compressor pipeline flowing into and out of node m is
represented by tj and fnm,Nx,mn+1,j.

The natural gas system’ s pipeline and node pressures
meet the

pmn,0,j = pm,j = pnm,Nx,nm+1,j, m ∈ Ωin(m), n ∈ Ωout(m)

(3)

At time configuration pointΩg,in(m), the pressure at
node m is represented byΩg,out(m). The natural gas system
variables must satisfy the following safety limit constraints:
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where the pipe mn’s working pressure has upper and lower
bounds of i = 0, . . . , Nmn

x ; j = 0, 1 . . . Nmn
t , p̄mn, and p

mn
,

respectively.
The maximum and minimum gas flow rates that the

pipe mn can supply are f̄mn and f
mn

, respectively; the max-
imum and minimum gas flow rates at node m are f̄Sm and
f

Sm
.

The lower bound of node m’s load flow is f
Lm

. The
upper and lower bounds of the gas unit’s adjustable intake
at node m are f

Tm
and f̄Tm. The lower and upper bounds of

the gas unit’s adjustable intake at node m have to be met for
node m. It is necessary to fulfill the following requirements
for node m, ∀m, n ∈ γ.
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where f 0
mn,i and p0

mn,i are the values of the pipe mn at the
configuration point ξi at the initial moment, respectively;
and pmn,ij is the value of the gas density in the pipe mn at
the spatio-temporal configuration point (ξi, τj);

The initial moment’s mass flow rates for the node m gas
source, gas load, and gas unit intake are fSm,0, fLm,0, fTm,0;
the corrective control strategy’s mass flow rates for the
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node m gas source, gas load, and gas unit intake are
f set
Sm , f set

Lm, f set
Tm.

The state equation between gas pressure and density is
represented by the first equation in Eq. (5); the boundary
conditions that the pipeline mn’ s state variables (pres-
sure and mass flow rate) satisfy at the initial moment tjare
represented by the second and third equations. The AC cur-
rent constraints are reformulated using second-order cone
programming to obtain a convex representation of branch
current limits while maintaining computational tractability.
The SOCP formulation preserves the principal electrical
characteristics of the network and enables efficient enforce-
ment of line loading restrictions during fault recovery and
restoration processes.

3.2. Electric power system constraints

restrictions on AC current and safety limits are two exam-
ples of power system restrictions. With respect to online
applications, the AC current limitations based on second-
order cone programming are [15] in order to satisfy the
computational efficiency requirement.
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where Λ is the set of grid nodes, PTi and QTi are the active
and reactive power generation of the gas unit at node i, PLi

and QLi are the active and reactive load power of node i,
and PGi, QGi is the active and reactive power generation of
the conventional unit at node i;

The node flow balance equations are formulated accord-
ing to the mass conservation principle of natural gas net-
works. At each gas node, the total gas inflow together
with local gas injections must be balanced by the total gas
outflow and nodal demand, thereby ensuring physically
feasible gas transportation throughout the network. Pij and
Qij are the active and reactive power flowing from node i
to j, respectively; PCi and PEi are the active power utilized
by the electric compressor and the active power of other
electric loads at node i.

3.3. Restrictions on the electricity-gas coupling element

This research examines an electric-gas coupling device
that comprises of a pressurization station and a gas unit.

Among these, the gas unit serves as both a power generator
and a gas load for the natural gas network. In the proposed
framework, the GFT unit serves as a bidirectional energy
coupling component and provides supplementary power
support during fault recovery. In practical integrated en-
ergy systems, however, the operational characteristics of
GFT units may exhibit significant temporal variations ow-
ing to fluctuating load demands, renewable energy inter-
mittency, and dynamic network conditions. Its electric
power can be thought of as being proportionate to the
quantity of natural gas it uses. In the proposed framework,
the P2G device utilizes surplus electrical energy to support
natural gas recovery and improve system restoration ca-
pability. In practical integrated energy systems, however,
renewable energy generation exhibits significant temporal
variability and uncertainty. The energy conversion rela-
tionship for m ∈ γ, i ∈ Λ fulfills, assuming that the gas
generator at node i of the grid is a gas load at node m of the
natural system.

PTi = ηTi,m f set
Tm HG (7)

where HG is the natural gas’s calorific value and ηTi,m is
the gas generator’s operational efficiency.

Assume for m, n ∈ γ, i ∈ Λ that the grid node i’s electric
load is the electric pressurization station on the gas pipeline
mn, and that its energy conversion relationship meets


PCi = ηCi,mn fCmn,Nmn

x Nmn
t

KCmn =
pmn,Nmn

x j

pmn,0j

∀j = 1, . . . , Nmn
t (8)

where PCi is the amount of electricity used at grid node
i by the electric compressor; The pressurization ratio is
fCmn, and the proportionality coefficient between the elec-
tric power used by the pipeline electric compressor and its
prime mover drive flow is ηCi,mn. For m, n ∈ γ, the pipeline
mn pressurization station satisfies the safety limitations and
boundary condition restrictions as follows:


f

Cmn
≤ fCmn,ij ≤ f̄Cmn

fCmn,i0 = f 0
Cmn,i

∀i = 0, . . . , Nmn
x , j = 1, . . . , Nmn

t

(9)
where 0C, f 0

Cmn,i is the mass flow rate of the pipeline mn
pressurization station at the beginning moment t0; f̄Cmn

and f
Cmn

are the maximum and lower bounds of the mass
flow rate, respectively. During the recovery process, the
various energy resources operate in a coordinated manner
to maximize restoration capability and improve system
resilience. Distributed wind and photovoltaic generators
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primarily supply renewable electrical energy and reduce
the dependence on conventional generation resources. Bat-
tery energy storage systems provide rapid charging and
discharging support to compensate for renewable genera-
tion variability and satisfy short-term load requirements

4. Calculus analysis

This section verifies the efficacy of the methods presented
in this paper using two examples: an IEEE 13-node sys-
tem and a 6-node natural gas system. The optimization
model is modeled by YALMIP, solved by CPLEX, and the
final simulation results are achieved using MATLAB as
the simulation programming environment. The optimiza-
tion framework employed CPLEX owing to its computa-
tional efficiency and capability to solve large-scale opti-
mization problems involving coupled electricity-gas sys-
tem constraints. Although the present case studies demon-
strated satisfactory computational performance, practical
integrated energy systems may involve higher-dimensional
decision spaces and increased operational uncertainties.

Figure 1 illustrates the topology of the integrated
electricity-gas system, in which one GFT and one P2G de-
vice establish bidirectional coupling between the balanced
IEEE 13-node electrical network and the 6-node natural gas
network. The symbols E and G denote electrical and gas
nodes, respectively, while brackets represent transmission
lines and pipelines. The proposed optimization framework
was implemented in YALMIP due to its flexibility in mod-
elling coupled electricity-gas optimization problems with
multiple operational constraints. Although the present
study considered a medium-scale test system, the mod-
elling framework is generic and can be extended to larger
integrated energy networks containing additional coupling
devices and operational variables.

Three scenarios were considered (see Table 2): Scenario
1 performed independent gas and electrical network recov-
ery without coupling, Scenario 2 incorporated only GFT
coupling, and Scenario 3 employed the proposed bidirec-
tional GFT-P2G coupling strategy. The computation times
were approximately 1 s for all scenarios, with Scenario
3 achieving the highest objective value (41489.14) due to
maximum restoration of both electrical and gas loads.

The restoration process in all scenarios satisfied oper-
ational requirements through progressive network recon-
figuration and load recovery actions. While Scenarios 1
and 2 primarily improved electrical load restoration using
renewable sources and GFT support, Scenario 3 further
restored additional gas loads through P2G-enabled bidirec-
tional energy conversion, resulting in the highest objective

Fig. 1. 13-6: Integrated Energy System with Node for
Electricity and Gas

function value is shown in Figure 2.

Fig. 2. Three scenarios of the recovery process

The amount of electrical load restored for Scenarios 2
and 3 is contrasted in Figure 3 at each stage of the restora-
tion procedure. There is no restoration of load in the cor-
responding Scenario 3, which is a trade-off because addi-
tional restoration of natural gas network loads can be made
in the subsequent steps of Scenario 3. As can be seen, the
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Table 2. Values of the objective function for various circumstances

Scene Objective function value Recoverable capacity for electric loads Capacity to recover gas loads Calculation time/s

1 24521.16 18562.14 4548.24 0.85
2 38572.04 32458.58 4685.42 0.96
3 41489.14 28742.42 18574.85 1.14

amount of electrical load restored in Scenario 2 is 180 kW
and 285 kW in Steps 3 and 6 of the restoration process,
respectively.

Fig. 3. Recovery process schematic illustration

Despite the vulnerable fault transfer topology formed
during recovery, the proposed method maintained all node
voltages within the safe operating range throughout the
restoration process. All nodes were successfully restored,
with the minimum voltage occurring at node E9 in Step 10,
reaching 0.97 p.u is given in Figure 4.

Figure 5 illustrates the active power variations of stor-
age batteries, GFT units, and P2G devices during recovery,
showing their coordinated roles in maintaining network
operating limits under changing topology and load condi-
tions. The integration of wind and PV units in Steps 4 and
7 reduced battery output, while the GFT and P2G devices
commenced operation in Steps 3 and 8, respectively.

Scenario 4 was configured as a control case of Scenario 3
with different line and pipeline faults to evaluate the robust-
ness of the proposed bidirectional electricity-gas recovery
strategy. Although its recovery objective function reached
95.75% of Scenario 3, the results demonstrate that the pro-
posed method maintains effective restoration capability
under various fault locations is given in Figure 6.

Fig. 4. Power network node voltage

Fig. 5. Energy conversion equipment’ s output curve for
the integrated electric-gas energy system

5. Conclusion

This work proposes an optimization technique for EGIES
fault recovery using bi-directionally connected devices.
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Fig. 6. A schematic representation of scene 4’ s recovery
procedure

Through simulated studies on an IEEE 13-node power sys-
tem and a 6-node natural gas system, the superiority and
efficacy of the suggested method are confirmed. Three
distinct recovery scenarios were set up in the simulation:
independent recovery, recovery taking into account solely
GFT coupling, and integrated recovery taking into account
both GFT and P2G coupling. Based on the electric and
natural gas load recovery being only 55.94% of Scenario 3,
the results indicate that Scenario 1 (independent recovery)
has the worst recovery effect. This is because no electric-
gas coupling equipment is used in this scenario. When
only GFT coupling is taken into account, Scenario 2 (which
results in an overall recovery of 66.64% of Scenario 3) en-
hances electric load recovery by using GFT equipment to
convert excess natural gas to electricity. However, due to
downstream natural gas network breakdown, Scenario 2
is unable to recover. With an objective function value of
41,488.12, which is significantly better than the other sce-
narios, Scenario 3 (which takes into account both GFT and
P2G coupling) maximizes the use of GFT and P2G equip-
ment and achieves a two-way synergistic restoration of the
natural gas and electric systems. It also has the largest total
load restoration of gas and electricity.
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