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Cascading Failure Propagation Simulation in
Integrated Electricity and Natural Gas Systems

Zhejing Bao, Qihong Zhang, Lei Wu, and Dawei Chen

Abstract—The sharp increase in the total installed capacity of
natural gas generators has intensified the dynamic interaction
between the electricity and natural gas systems, which could in-
duce cascading failure propagation across the two systems that
deserves intensive research. Considering the distinct time re-
sponse behaviors of the two systems, this paper discusses an in-
tegrated simulation approach to simulate the cascading failure
propagation process of integrated electricity and natural gas
systems (IEGSs). On one hand, considering instantaneous re-dis-
tribution of power flows after the occurrence of disturbance or
failure, the steady-state AC power flow model is employed. On
the other hand, gas transmission dynamics are represented by
dynamic model to capture the details of its transition process.
The interactions between the two systems, intensified by energy
coupling components (such as gas-fired generator and electrici-
ty-driven gas compressor) as well as the switching among the
operation modes of compressors during the cascading failure
propagation process, are studied. An IEGS composed of the
IEEE 30-bus electricity system and a 14-node 15-pipeline gas
system is established to illustrate the effectiveness of the pro-
posed simulation approach, in which two energy sub-systems
are coupled by compressor and gas-fired generator. Numerical
results clearly demonstrate that heterogeneous interactions be-
tween electricity and gas systems would trigger the cascading
failure propagation between the two coupling systems.

Index Terms—Cascading failure propagation, integrated elec-
tricity and natural gas system (IEGS), gas compressor, transmis-
sion dynamics.

[. INTRODUCTION

ITH the increasing installation of energy coupling
components such as gas-fired generators and electrici-
ty-driven gas compressors, the electricity system has been
coupled with the natural gas system more intensively, form-
ing the integrated electricity and natural gas system (IEGS)
[1], [2]. Specifically, gas-fired generators serve as power
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sources in the electricity system and as gas loads in the gas
system. Electricity-driven compressors installed along gas
pipelines [3] can compensate for pressure losses due to trans-
mission friction and/or heat transfer by consuming electric
energy [4], [5]. Indeed, compressors can sustain pressures
and facilitate the delivery of natural gas to load nodes, espe-
cially gas-fired electricity generation nodes. This is of cru-
cial importance since gas-fired generators are more suscepti-
ble to pressure drops than other non-generation natural gas
loads [6], [7].

The increasingly complicated interactions and interdepen-
dencies of the two distinct physical networks impose remark-
able challenges on the reliable operation of IEGS [8], [9]. In-
tuitively, a local disturbance or failure in one system could
propagate to the other and even reflect back to the original
system through energy coupling components [3], [10], [I1].
This dynamic interaction continues until a new operation
state is reached.

Indeed, in IEGS, there are many types of interactions that
can spread local disturbances or failures throughout the
whole system [12]. For example, in severe weather situa-
tions, e.g., unusual chilly days, the demands for electricity
and gas may peak together. The increasing gas demand can
significantly elevate mass flow rates through compressors
and simultaneously lower the inlet pressures at gas-fired gen-
erators. As a result, compressors need to consume more elec-
tric energy for maintaining the normal operation of gas-fired
generators, which, along with the electricity demand peak,
can further stress the power system operation [2], [9], [13],
[14]. Similarly, when a local failure in the electricity system
causes forced outage of compressors, inlet pressures at gas-
fired generators could gradually decrease. When pressures
are lower than the threshold, electricity generators will be
forced offline, leading to a further re-scheduling of electrici-
ty system. Consequently, it is imperative to investigate the
cascading failure propagation procedure in the IEGS.

Existing researches on the IEGS have mainly focused on
the interdependency analysis as well as the coordinated
scheduling and planning. The unidirectional effect of inter-
mittent wind generation on pressures fluctuations in gas pipe-
lines has been studied in [15] by adopting gas dynamics
equations, while the influence of variations of gas pressures,
mass flow rates, and compressor electricity consumption on
power flow re-distribution is not discussed. A quasi-dynamic
simulation by extending the simulation tool SAlInt has been
developed to analyze the impact of the interdependence on
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supply security [10]. The impacts of interdependencies be-
tween electricity and natural gas systems in terms of security
of energy supply have been analyzed in [16] via a steady-
state gas flow model. A robust security-constrained unit com-
mitment model is proposed to enhance operational reliability
of IEGS against transmission line outages [17]. A long-term
robust co-optimization planning model for IEGS is presented
in [4] to minimize the total investment and operation costs.
An interval optimization based operation strategy for IEGS
considering demand response and wind uncertainty is pro-
posed [18]. The optimal unit sizing for integrated energy sys-
tem has been investigated, using multi-objective interval opti-
mization and evidential reasoning approach [19]. A coordi-
nated model of IEGS, formulated as a mixed-integer linear
programming (MILP) problem, has been proposed to study
the interdependence of electricity and natural gas transmis-
sion networks [20]. An analytical methodology has been de-
veloped to quantify operational flexibilities and restrictions
that the gas system would introduce to the power system
[21]. An MILP formulation to couple the electricity and gas
systems has been investigated, accounting for gas adequacy
to assure the power system reliability [22]. A robust schedul-
ing model for the wind-integrated IEGS has been developed
in [23] considering N—1 contingencies of both gas pipelines
and electricity transmission lines.

However, to the best of the authors’ knowledge, research
on the cascading failure propagation procedure triggered by
various interactions between electricity and natural gas sys-
tems is very limited. Specifically, the cascading failure prop-
agation throughout the IEGS is very different from that in in-
dividual electricity or natural gas system, due to distinct
physical characteristics of the electricity and natural gas sys-
tems as well as the operation mode switching of gas com-
pressors during the propagation process. Thus, in order to
discover the cascading evolution dynamics during the distur-
bance or failure propagation, this paper proposes an integrat-
ed co-simulation solution.

The major contributions of this work are twofold:

1) As an important energy coupling component, a natural
gas compressor during the disturbance or failure induced
transient process is modelled via four operation modes and
their transition. The switching among operation modes is
triggered when certain operation constraints are activated.

2) A unified co-simulation framework is proposed to dis-
cover the bi-directional interaction between electricity and
natural gas systems, in which the models of gas transmission
and power flow are combined via energy coupling compo-
nents, such as gas-fired generators and electricity-driven gas
compressors. In the co-simulation, considering the slow ve-
locity of natural gas, a dynamic transmission model of the
natural gas system is adopted. Meanwhile, the steady-state
AC power flow model is applied owing to the instantaneous
power flow re-distribution, and an economic power dispatch-
ing under failure propagation is included to derive reason-
able results.

The remaining paper is organized as follows. The mecha-
nism of cascading failure propagation and the integrated sim-
ulation framework of IEGS are presented in Section II. Sec-

tion III addresses the modelling of integrated simulation solu-
tion to describe the cascading failure propagation. Simula-
tion results are presented in Section IV, and the conclusions
are drawn in Section V.

II. MECHANISM AND CO-SIMULATION FRAMEWORK OF
CASCADING FAILURE PROPAGATION IN IEGS

The operation of electricity and natural gas systems be-
comes increasingly interdependent, due to the intensified
physical interconnection via energy coupling assets in both
systems. The cascading failure propagation is a consequence
of such interdependence and coupling. An illustrative sche-
matic on the mechanism of cascading failure propagation be-
tween the two systems is depicted in Fig. 1, in which natural
gas and electricity systems are denoted as A and B, respec-
tively, while the interaction takes place through two energy
coupling components.

Figure 1 describes a complicated bi-directional interaction
between the two systems in the cascading failure propaga-
tion process. Assuming that the IEGS operates at an initial
steady state, a disturbance or failure Al occurs in system A,
which induces the change in the input of energy coupling
component 1. Coupling component 1 will respond to the
variation in the input, which makes its output deviating from
the initial value. This may lead to a consequent disturbance
or failure Bl in system B, which can further result in the
variation in the input of another energy coupling component
2. The corresponding change in the output of coupling com-
ponent 2 would trigger another disturbance or failure in sys-
tem A. Thus, the bi-directional interaction process can be un-
derstood as follows: the local disturbance or failure Al in
system A is the source of cascading failure propagation pro-
cess; the disturbance Bl in system B is a consequence of dis-
turbance Al in system A; finally, B1 imposes a further im-
pact on system A, by triggering a new disturbance or failure
A2 in system A.

Electricity and natural gas system A Electricity and natural gas system B

Input :
Disturbance |—2" Coupling
or failure Al component 1 Disturbance
) | or failure B1
Distgrbance Output Coupling
or failure A2 component 2

Fig. 1.
in IEGS.

Schematic illustration of cascading failure propagation mechanism

The time constants of dynamics in electricity and natural
gas infrastructures vary from milliseconds to hours. That is,
the transportation of the two types of energy occurs in differ-
ent timeframes. Specifically, electric energy travels at the
speed of light, while the velocity of natural gas delivery is
typically low (10 m/s) [10]. Thus, after a disturbance or fail-
ure, electricity system may divert itself to a new operation
state instantaneously, and consequently the steady-state mod-
el of electricity power flow is considered. On the contrary,
in the gas system, the time evolution of mass flow rates and
pressures after the occurrence of a disturbance or failure can-
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not be neglected, and as a result, the dynamic model will be
applied to capture dynamic behaviors of natural gas transmis-
sion, especially during the propagation process. In order to
accurately describe the direct and indirect impacts of disrup-
tions originating from one system and spreading to the other,
the integrated co-simulation of gas and electric power sys-
tems needs to be implemented in a unified framework.

The proposed co-simulation framework is shown in Fig.
2. With known initial electricity demands, non-generation

963

gas demands, and gas source pressures, the optimal schedul-
ing of electricity system considering steady-state power flow
is implemented every Af, period. And during the time span
between two consecutive electricity optimal scheduling, the
dynamic natural gas flow calculation is conducted with a
much shorter simulation step A¢,. The alternating execution
of electricity scheduling and natural gas flow calculation
will cover the entire time evolution process, aiming to
achieve an integrated co-simulation solution.

Scheduling of electricity
system considering
steady-state power flow

Scheduling of electricity
system considering
steady-state power flow

Scheduling of electricity
system considering
steady-state power flow

[

Simulation time evolution

[
|

Dynamic natural gas flow

f—{

calculation with simulation
step Atg over time span Afp

Dynamic natural gas flow
calculation with simulation
step At over time span Afp

t t+At,

1+2At,

Fig. 2. Timeframe of integrated co-simulation solution to describe cascading failure propagation in IEGS.

III. MODELLING OF INTEGRATED CO-SIMULATION SOLUTION
DESCRIBING CASCADING FAILURE PROPAGATION

A. Modelling of Energy Coupling Components

The electricity and natual gas systems are physically inter-
connected via a number of assets. In this study, two of the
most significant energy coupling assets interconnecting the
two systems are considered, i.e., electricity-driven natural
gas compressors and gas-fired electricity generators.

Natural gas compressors are installed along pipelines in or-
der to compensate pressure losses. Maintaining the pressures
of natural gas flows by compressors requires the consump-
tion of electric power. The electric power consumption P, (f)
of a compressor is given by:

k=1

T (t)) T

x RTZp,
k—1 K,

P.(0=/ (M

il (n 0)
where M, () is the mass flow rate through a compressor;
7, (t) and 7, (f) are the pressures at the outlet and inlet of a
compressor, respectively; x=1.3 is the isentropic coefficient
of natural gas; p, is the gas density at reference conditions;
K, is the product of adiabatic efficiency of compressor and
the driver efficiency; gas constant R=1500; temperature 7 =
273 K; compressibility factor Z=0.9; and f is the fraction of
total driver power provided by electric drivers. All the other
parameters are empirical parameters of compressors, which
can be referred to [10]. Equation (1) indicates that the elec-
tric power consumption is determined by the pressure ratio
between suction and discharging as well as mass flow rate
through it.

The natural gas mass flow rate running through a compres-

sor with the pressure lifting is constrained by:
MM <M, () SM™ )

where M ™" and M ™ are the lower and upper limits of mass

flow rate through it, respectively.
The pressure ratio is also limited within a feasible range

as in (3), which is based on compressor characteristics:
T, (t

O

min —

3)

in

where PR, and PR, are the lower and upper limits of
pressure ratio between the outlet and inlet, respectively.

The pressure at the outlet of a compressor =, (f) is also
constrained by:

max

n.min < nom (f) < n.max

o < o “4)
where 7" and 7™ are the lower and upper limits of outlet
pressure, respectively.

The natural gas compressor is commonly described via
the following four operation modes:

1) Mode 1: fixed inlet mass flow rate.

2) Mode 2: fixed boost ratio =, (#)/ 7, (¢).

3) Mode 3: fixed outlet pressure.

4) Mode 4: acting as a regular pipeline.

Indeed, in Mode 4, the compressing function does not
work and the compressor acts as a regular pipeline. This
mode could be triggered when the electricity supplied to
compressor is insufficient or the mass flow rate through it
becomes a negative value, i.e., running from outlet to inlet,
based on the assumption that the compressed mass flow is
uni-directional.

The switching among four operation modes is illustrated
in Fig. 3 with three dimensions, i.c., mass flow rate, pres-
sure ratio, and outlet pressure. Specifically, (D in the normal
operation, the compressor usually works in Mode 1, denoted
by point A; @ the occurrence of a disturbance forces the op-
eration point to move from A to B, while during the process,
it still operates in Mode 1 with the fixed mass flow rate; (3
once completely moved to point B, the pressure ratio reach-
es its upper limit, and the operation mode switches from
Mode 1 to Mode 2; @ from point B, the operation point ad-

max
out
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justs to C, maintaining the maximum pressure ratio; (5 at
point C, the upper limit of outlet pressure is reached, and
the operation mode transits from Mode 2 to Mode 3; ® in
Mode 3, the operation point moves from C to D, with the
outlet pressure at its upper limit; (7) when the operation
point goes from D to E, the mass flow rate through the com-
pressor falls under the lower limit of the compressed mass
flow rate, and the operation mode changes from Mode 3 to
Mode 4, i.e., the compressor works as a regular pipeline. In
summary, the disturbance or failure can lead to the operation
point of compressor switching from A all the way to E,
while its operation mode switches from Mode 1 to Mode 4
through Mode 2 and Mode 3. In addition, during the failure
evolution procedure, certain compressor operation limits
might be activated which trigger the switching of operation
modes.

Upper Upper Lower = Tou

limit limit limit Tin
Tou
Upper limit BMode 2 C o

Lower limit L7
Mode 14 Mode 3\ |D -
A Mode 4\ E 7 ’
Lower limit 7
M,
Fig. 3. Operation mode switching of a natural gas compressor.

As another energy coupling component, a gas-fired elec-
tricity generator connects the electricity and natural gas sys-
tem by consuming natural gas to generate electricity. The re-
lationship between natural gas consumption and the electrici-
ty generation can be formulated as follows:

M, ()= 0P (0) )
where M, (¢) is the mass flow rate of natural gas consump-
tion to generate electricity at the level of P,,,(¢); and a is
the constant energy conversion coefficient.

In addition, the operation constraints on the pressure at
the inlet of gas-fired generator are usually imposed, which
will be presented in the following section when modelling
gas transmission dynamics.

B. Modelling of Power Dispatching Considering AC Power
Flow

The steady-state AC power flow model is adopted to simu-
late the impacts of a disturbance on the power grid, includ-
ing instantaneous re-distribution of power flows as well as
reactive power and bus voltage. Constraints of the AC pow-
er flow model are described as follows.

1) Power flow constraint

P.O)=V.@)V,;(t)G, cos 0, (t)+ B, sin 0,(¢)) 6)

Q:()=V.()V;()(Gsin 0, (1)— B cos 0, (1)) (7
where P,(¢) and Q,(¢) are the active and reactive power injec-
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tions at bus 7 at time ¢, respectively; V,(¢) is the amplitude of
the voltage at bus i at time #; 0, (1)=0,(t)—0,(¢) is the differ-
ence in phase-angles of the voltages at bus i and bus j at
time #; and Y, =G, +jB; is defined as the admittance of the
system.

2) Generator Output Constraint

PI"<P, ()<PI™ ieG (8)

<0, <0y ieG 9)
where P, (f) and Q,,(¢) are the active and reactive power out-
puts of generator i, respectively; Pg™, Pz", Oy", and Q"
are the corresponding upper and lower limits of P, (f) and
0, (), respectively.

3) Bus Voltage Constraint

Vimin < I/l (t)S Vimax (10)

where V™ and V™" are the upper and lower limits of bus
voltage V,(t), respectively.
4) Branch Capacity Constraint

—F™<F, ()< F™ (11)

where F,(f) is the power transferred through branch b; and
F ;™ is the capacity of branch b.

In actual grid operation, load shedding is considered as
the last resort to ensure system security. Constraint (12) is in-
cluded to consider load shedding in the economic dispatch
model.

0<P,(<P) iel (12)
where P, (¢) is the electricity load at time #; P} is the original
electricity load at bus i before load shedding; and L is the
set of electricity load.

The dispatching objective in electricity system usually tar-
gets on minimizing the total operation costs, including gener-
ation cost and load shedding cost:

min Y [e,, (P, (1) + ¢, (NP} =Py ()]

ieG (13)
where c,, (¢) is the price coefficient for electricity generator j;
and ¢, (t) is the price coefficient of load shedding at load i.
Usually, ¢, (f) is much higher than c,,(¢), indicating that load
shedding is the last resort for maintaining system security. In
the simulation, ¢, (¢) for electricity-driven compressor is iden-
tical to that for other electricity loads, i.e., they are given the
same priority for load shedding, while the optimal load shed-
ding strategy will drive the minimum system losses.

The optimization problem composed by objective (13) and
constraints (6)-(12) can be solved by particle swarm optimi-
zation (PSO). In PSO, AC power flow is calculated by New-
ton-Raphson iteration, the constraints (8), (9) and (12) are
satisfied in particle generations, and the constraints (10) and
(11) are satisfied by imposing penalty on the optimization
objective.

C. Modelling of Natural Gas Transmission Dynamics

In natural gas system, the travelling time of natural gas
mass from source nodes to load nodes is not negligible. In-
deed, after the occurrence of a disturbance or failure, the gas
system would take a much longer response time to reach a
new steady state. Thus, during the transient propagation pro-
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cess, gas dynamic model has to be used to describe such
transmission characteristics.

In order to represent the dynamic characteristics of natural
gas system accurately, the basic principles of fluid dynamics
is used to describe natural gas transmission along pipelines.
The mass-balance equation is formulated as follows, describ-
ing the conservation of natural gas mass in a pipeline [24]:

a—p+ o _ (14)
ot Aodx
where p and M are the density and mass flow rate of natural
gas, respectively; ¢ and x are the time and spatial indices, re-
spectively; and 4 is the cross-sectional area of the pipeline.

In the theory of natural gas transmission dynamics, the
momentum equation, also known as Navier-Stokes equation,
is used to represent the momentum transport in the continu-
um of natural gas. With proper assumptions, the equation
can be simplified as the following form [24]:

oM or L M’

dot ot 2d (15

where d is the diameter of the pipeline. The value of friction
factor A is usually chosen as 0.015. The relationship between
pressure 7 and density p can be expressed as m=c?p, where
parameter ¢* = RTZ. It is noteworthy that fluid dynamics con-
straints (14) and (15) are partial differential equations, and
their solutions can be approximated by the Wendroff differ-
ence method. Consequently, (14) and (15) can be reformulat-
ed as (16) and (17), describing the dynamic characteristics
of natural gas mass flow rates and pressures at two nodes m
and n of a pipeline mn. It can be seen that considering trans-
mission dynamics, the mass flow rates and pressures of natu-
ral gas within a pipeline are coupled in space and time.
T,(t+({+ DAY +7, ¢+ + DA) -7, (¢ +IA) -7, (t+ IAL) +
Atc?

LVIIVIAWIH
M, (t+IA)— M, (t+IAD)] =0 1=0,1,..

[M,(t+({+DAH)—M, (t+({+ DA+

N1 (16)

AL [M,(t+({+DAD+M, (t+({+ DAH)— M, (t+ A1) —

mn

M, (t+IA)] + LA—I [z, ¢+ + DA -z, (t+(+ DA+

mn

Mo,
T, (t+IAD)— 10, (¢ +IAD)] + ——— [M, (t+ (I + DA+

4dmnAmn
M, (t+({+DAOY+M,(t+IAO)+ M, (t+IAH)] =0
[=0,1,...,N,—1 (17)

where L,,, is the length of pipeline mn; N, is the number of
steps to simulate gas dynamics during an execution period
of electricity scheduling, and is equal to Az /At,; and @,, is
the average gas flow rate, which is calculated as w,, =
M, @), (O)+M, (), (1)) (24,,).

In addition, in natural gas system, at an intersection where
nodes m,m+1,---,mm are connected, a consensus gas pres-
sure as well as a balanced mass flow rate needs to be guar-
anteed. Such boundary conditions are imposed as follows:

965
w,t+({+DAt)=x,,, t+{+DAH)=...=
7, t+(+ DA 1=0,1,...,N,—1 (18)
M, t+({+DA)+M,, t+(+ DAt)+ ...+
M, t+(1(+DAH=0 [=0,1,...N,—1 (19)

In the natural gas system, the mass flow rates at genera-
tion and non-generation gas load nodes, M, (t+(/+ DA?), I=
0,1,... N,—1,ne GLUNGL (GL and NGL are the sets of
generation and non-generation natural gas load nodes, respec-
tively), are known during the time span of gas dynamics sim-
ulation. The mass flows and pressures also need to satisfy
their upper and lower operation limits given in (20) and
(21), respectively. Constraint (21) also includes limits on nat-
ural gas pressures at inlet of gas-fired generators.

MM, (t+(+DAHSM™  [=0,1,..,N,~1 (20)
[=0,1,...N,—-1 21

When considering the natural gas transmission dynamics,
(16)-(21) constitute an LP problem, which can be effectively
solved by commercial LP solvers such as CPLEX to deter-
mine the pressures 7, (£+(/+ 1)Af) and the mass flow rates
M., t+({+1DAr),[=0,1,...,N,~1 at the two nodes m and n
of each pipeline.

™ <x, (t+( + DA< 7

D. Procedure of Cascading Propagation Simulation

The procedure of the integrated co-simulation for cascad-
ing failure propagation in IEGS is described as follows.

Step I: at t=0, calculate initial steady state of the electrici-
ty and natural gas system. Assuming that the compressor op-
erates in Mode 1 with the given inlet mass flow rate, calcu-
late the initial steady-state operation point of the natural gas
system by the steady-state model [25], with the initial values
of generation and non-generation gas demands as well as the
pressures of gas source nodes. With the compressor electrici-
ty demand, implement electricity dispatching optimization
(6)-(13) to derive the initial steady state of the electricity sys-
tem.

Step 2: initiate a cascading propagation by starting a trig-
gering event.

Step 3: conduct power dispatching optimization (6)-(13) to
derive a new electricity steady state in terms of generations
and loads, when AC power flow calculation converges.

Step 4: derive natural gas consumptions of gas-fired gener-
ators via (5) and on/off state of electricity-driven natural gas
COmpressors.

Step 5: perform the simulation of natural gas transmission
dynamics over the following Af, time period. In the simula-
tion of gas dynamics, switching among the four operation
modes of natural gas compressor is achieved by checking
whether the pressure ratio, outlet pressure, or mass flow rate
reaches the corresponding limit.

Step 6: calculate the electricity consumption of natural gas
compressor via (1).

Step 7: set t=t+At, and go to Step 3 if the cascade still
keeps spreading till the operation states of the IEGS remain
unchanged, i.e., a new steady state of the entire IEGS is
achieved.
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During the co-simulation procedure of cascading failure
propagation, if a disturbance or failure occurs, i.e., the varia-
tion of electricity or natural gas demand, or the outage of an
electricity branch or a gas pipeline, it will be considered in
the corresponding power dispatching in Step 3 or the compu-
tation of natural gas transmission dynamics in Step 5.

In summary, in a unified time frame, different time scales
are used to alternately solve the two models, i.e., natural gas
transmission dynamics model and AC power flow based elec-
tricity dispatching model, to simulate the disturbance or fail-
ure propagation process between the two coupled systems.

IV. CASE STUDIES

An IEGS is established to explore the disturbance or fail-
ure propagation process, which consists of a 14-node 14-

DG1

branch natural gas system and the IEEE 30-bus electricity
system, as shown in Fig. 4. The natural gas system includes
2 sources at nodes 1 and 12, 3 non-generation sinks at nodes
9-11, and 1 gas-fired generator GG at node 7. The gas-fired
generator, as an energy coupling component, is also located
at bus 2 in the electricity system. Besides the gas-fired gen-
erator, there are diesel generators DG1-DGS5 in the electrici-
ty system. As shown in Fig. 4, the natural gas and electricity
systems are coupled by the gas-fired generator and the eclec-
tricity-driven compressor. In the natural gas system, the
length of all pipelines is set as 1 km, except the one be-
tween nodes 8 and 13 which is 15 km. Consequently, a com-
pressor is installed between nodes 13 and 14 to boost gas
pressure, aiming to compensate for pressure losses due to
the long-distance natural gas transmission.

(D) Gas-fired generator; () Diesel generator; ({) ) Transformer; B Compressor; [_| Non-generation gas load; /\ Source

Fig. 4. Topologies of electricity and natural gas systems in IEGS.

A. Case ]

In the simulation, the parameters are set as Az, =2 s and
At,=10 s. We consider that the IEGS initially operates at a
steady-state point as described in Tables I-IV.

The compressor works in Mode 1 with the fixed mass
flow rate of 3 kg/s, and the pressure ratio between outlet and
inlet is 1.774. For the compressor, the limits on pressure ra-
tio, outlet pressure, and compressed mass flow rate are set
as [1, 1.9], [0.0344, 0.0907]MPa, and [0, 20]kg/s, respective-
ly. And as a common pipeline in Mode 4, the reversed mass
flow rate through it is constrained by [-20, 0)kg/s. The pres-
sure at inlet of gas-fired generator is limited within [0.0425,
0.0638]MPa. In addition, during the disturbance propagation,
the two natural gas sources operate under the constant pres-
sure and variable mass flow rate (CP-VR) strategy, with the
fixed pressure 0.0927 MPa and 0.0613 MPa, imposed on
nodes 1 and 12, respectively.

In Case 1, it is assumed that at £=600 s, the step increas-

es by 50% of the present values occur simultaneously in non-
generation gas demands at nodes 9-11, which is shown in
Fig. 5. With the CP-VR strategy, the mass flow rates from
the two sources increase significantly as a response to the in-
crease in gas demands, while the increase in gas supply
shows a little delay because of slow gas transmission dynam-
ics.

TABLE I
INITIAL STEADY-STATE VALUES OF NATURAL GAS PRESSURES AT NODES

Node Pressure (MPa) Node Pressure (MPa)
1 0.0927 8 0.0392
2 0.0612 9 0.0267
3 0.0588 10 0.0473
4 0.0610 11 0.0541
5 0.0612 12 0.0812
6 0.0601 13 0.0353
7 0.0532 14 0.0626




BAO et al.: CASCADING FAILURE PROPAGATION SIMULATION IN INTEGRATED ELECTRICITY AND NATURAL GAS SYSTEMS 967

TABLE I
INITIAL STEADY-STATE VALUES OF MASS FLOW RATES THROUGH PIPELINES

Pipeline ~ Mass flow rate (kg/s) | Pipeline Mass flow rate (kg/s)
1 11.6620 8 5.0000
2 2.9408 9 3.0592
3 0.7212 10 6.0000
4 1.1138 11 5.0000
5 1.8350 12 9.1730
6 4.8350 13 3.0000
7 8.0000 14 3.0000
TABLE III
INITIAL STEADY-STATE VALUES OF ACTIVE POWER FLOW THROUGH
BRANCHES
Branch IE&W\% Branch f&z‘?; Branch 531\:’5; Branch f&vx;
1 —3.2380 12 -0.9920| 23 -03137| 34 -0.3510
2 -2.6922 13 2.6895| 24 0.6377| 35 0.1782
3 -2.2855 14 -34540| 25 -0.8577| 36 -1.5104
4 24445 15 -2.1367| 26 -0.4823| 37 -0.6109
5 —4.5809 16 2.5365| 27  -1.6719| 38  —0.6929
6  —2.6691 17 —-0.8482| 28  —-0.8254| 39 -0.3671
7  —1.8293 18  —-1.8823| 29 0.0781 40  -0.6103
8 1.1623 19 -0.7719| 30  -0.6381 41 —0.9001
9 34423 20 -0.2257| 31 —0.7381
10 1.6373 | 21 -04177| 32 -0.3129
11 —0.7645| 22 -0.6349| 33  -0.1783
TABLE IV

INITIAL STEADY-STATE VALUES OF NET IINJECTION POWER AT BUSES

Bus Power (MW) Bus Power (MW) Bus Power (MW)
1 5.9962+2.4889i | 11 2.6895+2.9667i || 21  —1.7500-1.1200i
2 6.4640-1.27011 || 12 —1.1200-0.7500i || 22 0
3 —0.2400-0.1200i || 13 2.5365+3.5928i || 23 —0.3200-0.16001
4 -0.7600-0.1600i | 14 —-0.6200-0.1600i || 24  —0.8700-0.6700i
5 =5.7360+0.3504i || 15 -0.8200-0.2500i | 25 0
6 0 16 —0.3500-0.1800i || 26 -0.3671
7  —=2.2800-1.0901i | 17 —-0.9000-0.5800i || 27 0
8 2.2500+0.37401 | 18 —0.3200-0.0900i || 28 0
9 0 19 -0.9500-0.3400i | 29  —0.2400-0.0900i
10 —0.5800-0.2000i || 20 —0.2200-0.0700i || 30  —1.0600—0.1900i

Figure 6 further shows that, during the process of natural
gas source increase, due to unbalanced supply and demand
of mass flow rates, the average pressures in the natural gas
system decrease.

As for the compressor, the pressure ratio between the out-
let and inlet is depicted in Fig. 7, where the compress ratio
increases rapidly to mitigate the pressure decline caused by
the initial triggering event. At 1=608 s, the compress ratio
reaches its upper limit and its operation mode is switched
from Mode 1 to Mode 2. After the switching of the working
modes of the compressor, the outlet pressure of gas-fired

generator still falls gradually. Finally, the gas-fired generator
is off at t=752 s, because the inlet gas pressure falls below
its lower bound, and the mass flow rate delivered to it be-
comes zero as shown in Fig. 5. Since the generation gas de-
mand at node 7 is shed, the mass flow rates from the two
sources decrease and the average pressures in the natural gas
system upswing shown in Figs. 5 and 6.
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Line 8 (outlet)
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— Line 12 (inlet)
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Fig. 5. Mass flow rates through pipelines in natural gas system in Case 1.
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Fig. 7. Outlet/inlet pressure ratio and working mode of natural gas com-

pressor in Case 1.

During the period from =608 s to t=752 s, the electrici-
ty demand from the gas compressor varies with the change
of compress ratio or mass flow rate, which induces fluctua-
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tions in active power flows through electricity branches, as
shown in Fig. 8. After 1=752 s, due to the offline of the gas-
fired generator, all electricity demands are supplied by the
other 5 diesel generators and power flow re-distribution is in-
duced.

Active power flow (MW)
)
o0

900 1200 1500 1800
Time (s)
Branch 3; — Branch 4;— Branch 9

0 300 600

—— Branch 1; — Branch 2;

Fig. 8. Active power flows through branches in electricity system in Case 1.

In summary, the propagation process can be divided into
two periods. During the first period from =600 s to =752
s, a triggering event of non-generation gas demand increase
causes the pressure drop, the increase of compress ratio, and
power flow fluctuations. During the second period after ¢=
752 s, the inlet pressure drop forces the gas-fired generator
offline and in turn causes the power flow re-distribution. Af-
ter the transient process, the IEGS completes the transition
from an initial steady state to a new one.

B. Case 2

In Case 2, the propagation process between the electricity
and natural gas systems is investigated, initiated by the out-
age of natural gas pipeline 5 at 1=600 s. Since the failure
occurs on gas pipeline 5, the outlet pressure of gas-fired gen-
erator falls rapidly and soon falls below its lower bound at =
624 s, inducing the outage of gas-fired generator. And the
mass flow rate at outlet of pipeline 6 becomes zero, as
shown in Fig. 9.

15
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Fig. 9. Mass flow rates through pipelines in natural gas system in Case 2.

After the outage of the gas-fired generator, the pressures
at nodes 6, 7 and 14 upswing rapidly. On the contrary, the
inlet pressure of the compressor at node 13 rises gradually
because of the slow gas transmission dynamics, which is
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shown in Fig. 10.
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Fig. 10. Pressures at nodes in natural gas system in Case 2.

The compress ratio variation and working mode switching
during the propagation are illustrated in Fig. 11. After a tem-
porary descent, the sharp lift of pressure at compressor out-
let leads to a significant increase in compress ratio. During
600-672 s, the compressor still works in Mode 1 with the
fixed mass flow rate 3 kg/s. As the compress ratio keeps in-
creasing, it reaches the upper limit 1.9 at r=672 s. During
the period 672-736 s, the compressor works in Mode 2 with
the compress ratio fixed at 1.9, and meanwhile, the outlet
pressure goes up continuously. At =736 s, the outlet pres-
sure of compressor reaches its upper limit 0.0907 MPa, and
then its working mode is switched from Mode 2 to Mode 3.
At t=760 s, the mass flow rate through compressor reverses
due to the outage of gas-fired generator, and the compressor
is forced to Mode 4. After =760 s, the compressor is
forced off and regarded as a gas pipeline, and then the mass
flow rate through it tends to be zero after a slow dynamic
process because there is no natural gas demand at its down-
stream nodes. The working mode variations of compressor
induce power flow variation, as shown in Fig. 12.
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Fig. 11.  Outlet/inlet pressure ratio and working mode of natural gas com-
pressor in Case 2.

C. Case 3

At t=600 s, the electricity branch 33 encounters an out-
age, and a new electricity steady state is instantaneously
achieved by re-dispatching, as shown in Fig. 13. The power
supply from the gas-fired generator changes from 8.634 MW
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to 5.507 MW. Indeed, due to the capacity limit through elec-
tricity branch, some power loads including the load at bus
26 are partly shed. Thus, the power supply to the compres-
sor is insufficient; and consequently, the compressor is
forced to be in Mode 4 as shown in Fig. 14. The variation
of power output from gas-fired generator leads to a conspicu-
ous change of gas consumption, from 4.835 kg/s to 3.084 kg/
s as shown in Fig. 15.
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Case 3.
1.8
1.6+
g
&
14 Model Mode 4
g
S
1.2+
1.0 L : : ‘ : ‘
0 300 600 900 1200 1500 1800
Time (s)

Fig. 14. Outlet/inlet pressure ratio and working mode of natural gas com-
pressor in Case 3.

As shown in Fig. 15, after 1=600 s, the mass flow rates
from two natural gas sources decrease significantly due to
the reduction of mass flow rate delivered to the gas-fired
generator. The average pressures in gas system increase to
mitigate the unbalance of gas supply and demand during the
slow transient process, as shown in Fig. 16.
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Fig. 16. Pressures at nodes in natural gas system in Case 3.

D. Discussion

The disturbance in the natural gas system such as non-gen-
eration gas demand variations, pipeline outage as well as in-
duced changes of mass flow rates or pressures, can bring
about a slow gas dynamic process and propagate to the elec-
tricity system through coupling components after a transient
period, not instantaneously. On one hand, the increase in
electricity demand of compressors can influence the opera-
tion points of the electricity system, but this influence is not
significant due to the relatively small proportion of electrici-
ty consumptions of compressors in the total demand. On the
other hand, the decrease in inlet pressure of gas-fired genera-
tors can lead to forced outages of gas-fired generators,
which could vary the operation points of the electricity sys-
tem significantly and even cut off some electricity loads, es-
pecially when certain branches are heavily loaded.

The re-distribution of power flows induced by the distur-
bance or failure in the electricity system is achieved instanta-
neously. It propagates from the electricity system to the natu-
ral gas system through electricity-driven natural gas compres-
sors and/or gas-fired generators. Generator outages might
lead to negligible impact on the network operation, owing to
the small proportion of generation gas demand in the total
gas demand and the flexibility of linepack within pipeline in-
frastructure. On the contrary, compressor outages would
cause sharp and immediate decline of pressures at its down-
stream nodes including the inlet pressure of generator, which
in turn forces the offline of gas-fired electricity generators.
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V. CONCLUSION

This paper investigates the disturbance or failure induced
cascading propagation process in the IEGS with energy cou-
pling components, including gas-fired generators and electric-
ity-driven natural gas compressors. An integrated simulation
approach is proposed to describe the cascading failure propa-
gation by integrating gas transmission dynamics and AC
power flow based electricity optimal dispatching in a unified
co-simulation framework, in which distinct time responses
of the two systems are represented and the working mode
switching of gas compressors is considered. Numerical case
studies are implemented to illustrate the cascading propaga-
tion triggered via various interactions. Specifically, the distur-
bance of gas demand variation or gas pipeline outage can in-
duce a slow propagation from the natural gas system to the
electricity system. Meanwhile, compressor outage can lead
to an immediate offline of gas-fired generators, which could
bring about load shedding in the electricity system, especial-
ly when the electricity system is stressed. Consequently, it is
suggested that special attentions need to be paid to maintain
the normal operation of compressors. In addition, facing the
slow propagation, prevention measures may be effective,
which will be explored in our future research work.
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