energies

Article

Dynamic Interactions between Local Energy Systems Coupled
by Power and Gas Distribution Networks

Yajing Hu !, Jing Liu ? and Xiandong Xu 2*

check for
updates

Citation: Hu, Y,; Liu, J.; Xu, X.
Dynamic Interactions between Local
Energy Systems Coupled by Power
and Gas Distribution Networks.
Energies 2022, 15, 8420. https://
doi.org/10.3390/en15228420

Academic Editor: Abu-Siada
Ahmed

Received: 9 October 2022
Accepted: 4 November 2022
Published: 10 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Beijing Smartchip Microelectronics Technology Company Limited, Beijing 100192, China
School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China
*  Correspondence: xux27@tju.edu.cn

2

Abstract: Supplied with electricity and natural gas, local energy systems (LESs) with gas-fired
generations increase the operational flexibility of urban energy supply. However, the increasing usage
of these LESs may lead to adverse impacts on the urban energy system supply via power and/or
gas distribution networks. Dynamic interactions between the LESs, electricity, and gas networks
subject to different disturbances need to be investigated due to the complexity of the problem. To
address this issue, this paper first presents the topology and operating mode of the LESs as well as the
relationship with power and gas networks. Second, an extended microturbine model is developed
to reflect the nonlinear dynamic propagation of disturbances between the two networks. A general
model of the interconnected LESs is developed to analyze the mutual impacts between gas and
electricity networks under different modes. Finally, an iterative method is proposed to simulate
the mechanism of disturbance propagation between the electricity network, gas network, and LESs,
incorporating the impacts of loads and renewables. Case studies reveal that simultaneous regulation
of multiple gas-fired generators would reduce the minimum pressure to 50% of the steady-state value.
The resulted pressure drop is even lower than the case with higher total gas demand but only one
gas-fired generator regulated. Moreover, it is shown that state fluctuations of the gas system last
20 times longer than the electricity system within the LESs. The electrical link between LESs, such as
soft opening point with shorter response time, could smooth the fluctuations.

Keywords: dynamic modeling; gas and power distribution networks; interactions; local energy
systems; microturbine

1. Introduction

Due to the advances in hydraulic fracturing technology, it becomes a growing trend to
use natural gas, which is abundant and cleaner, in power generation [1]. This trend, along
with the emergence of renewable generations and combined heat and power technologies,
has profoundly changed the traditional paradigm of energy supply systems [2]. However,
intermittent renewable energies and interactions between thermal (heating/cooling), gas,
and electric systems could impose significant challenges on the security and management
of the urban energy system [3]. Technical implications associated with the energy system
integration require detailed analysis, such as the disturbance propagation and mutual
support between electricity and gas networks.

However, this analysis requires developing models and tools for the design and
analysis of integrated energy systems (IES) [4,5]. Two challenging issues are identified,
namely, how to describe the behaviors of the coupled energy systems and how to quantify
the interactions among different energy networks. These issues have been intensively
researched separately for both the coupling units and energy networks. For coupling units,
the energy hub is a representative system in describing the energy conversion process
and has been used in the coordination study and design of the IES [6]. However, the
energy hub cannot be able to describe the relationship of interconnection between nodes
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among different energy networks. Additionally, it is not friendly to dynamic and nonlinear
behaviors [7]. At the system component level, a key issue is to understand the coupling
effect of the microturbines (MTs) in the power and gas systems, since any adjustment in the
MT can be transmitted to the power output. Some black-box and analytical models have
been developed to describe the energy conversion processes inside the MT [8,9] and the
interactions between gas and electricity systems [10]. The problem is that these models
mainly focus on certain variables or are designed for the MT operated around the rated
operating point, which indicates the models cannot reflect the dynamics of the whole system
in a wide range [11]. For energy networks, power and gas systems are coordinated through
a unified framework, which incorporates transfer and line-pack capabilities of gas networks
in the security and operating cost analysis of electricity systems [12,13]. Furthermore, a
multi-vector energy system analysis is conducted to simulate the steady-state behaviors of
interrelated heat, gas, and power networks and the impact of renewable integration [14,15].
In [16], a steady-state analysis model with bi-directional energy conversion is used to
investigate the effect of renewable energy on the integrated power and natural gas system.
In [17], gas traveling velocity and compressibility are taken into account to study energy
adequacy in short-term operations. In [18], the integrated electricity and gas system of EU-
28 is modeled to examine the potential impacts of gas supply interruptions. These models
and analysis methods perform well in the planning and scheduling of the IES, while they
may encounter voltage violation or pressure swing problems due to the ignored network
and coupling unit dynamics [19,20]. The dynamic model and simulation of a single energy
system is mature and used widely in practice, such as PSASP and PSCAD/EMTDC in
electricity system, TGNET and SYNERGI in gas system. Though there are no recognized
commercial tools for IES, it is attracting great attention. Based on MATLAB/Simulink,
an integrated simulation model is established to study the short-term dynamic behaviors
of integrated power and gas system. However, it still adopts AC power flow model and
steady-state hydraulic model [21]. In [22], a model that can realize a single time frame
simulation of two systems is proposed. The model considers the dynamic equation of
the natural gas pipeline and the AC power flow model of electricity system. The detailed
model of MT is not considered. Compared with electricity system, the dynamic behavior
of gas system is slower, ranging from minutes to hours. The distinguished time scales
between natural gas and electrical systems result in different and more complex behaviors
in the operation [23]. Therefore, there is a pressing need for the development of dynamic
analysis approaches for integrated energy systems.

Even though this topic has been intensively studied, two main challenges still exist:
(1) How to reflect the mutual impacts of LESs coupled by gas and electricity systems with
different dynamics; (2) How to characterize the nonlinear behaviors of gas-fired generators.
To address this need, this paper will study the LESs in urban areas as an example, which
features electricity and gas distribution networks and LESs which integrate renewable
generations and gas-fired units. An interconnected system model will be developed to
characterize the dynamic interactions among different energy systems as well as mutual
impacts between different LESs through the gas network. The model describes the dy-
namics of the LES and electricity networks formulated in differential algebra equations
(DAESs), and gas networks formulated in partial differential equations (PDEs). A novel
Hammerstein-Wiener model for the MT is proposed to reflect dynamic interactions between
the two systems. A two-time-scale iterative simulation methodology is then proposed to
investigate the dynamic behaviors in the whole system. Numerical results reveal that the
variations in LESs can cause a large pressure drop in gas networks with some swings, which
will propagate to both the electricity and gas networks in surrounding areas. Moreover,
the results show that LES energy changes can help in improving the security of energy
networks.

Compared with existing studies, the scope of this paper is extended from steady
state to dynamic responses of interconnected LESs following different disturbances. Main
contributions include: (i) Framework and operating modes of the interconnected LESs in
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which the structure of future urban energy systems are clarified; (ii) A novel MT model
is developed to reflect the interactions and speed variations in a wider operating range;
(iii) An iterative system model is developed to characterize the complex behaviors of the
LESs and their energy exchanges with external grids.

The remainder of this paper is organized as follows. Section 2 introduces the frame-
work of interconnected LESs. Section 3 presents the model and disturbance propagation
mechanism between LESs. In Sections 4 and 5, case studies are conducted to discuss inter-
actions among different energy systems and how to smooth the gas pressure fluctuations
by coordination within the electricity system. Section 6 concludes the paper.

2. Interconnected LESs Coupled by Electricity and Gas Networks
2.1. System Topology

From the topological perspective, a typical urban energy system consists of electricity
and gas networks owned by utility companies. By integrating various local generations, the
LESs can be connected to electricity or gas networks via timelines, as shown in Figure 1. In
this paper, the LESs that are connected to both electricity networks are named as dual-grid-
interfaced LESs, which may be owned by customers or third-party investors. Apart from
the LESs, the two networks are also coupled by energy conversion units, such as gas-fired
distributed generations (DGs), power-driven compressors, and power-to-gas equipment,
etc. In most cases, gas-fired DGs, such as MTs, account for the largest proportion of energy
exchange units between the two networks. Therefore, the coupling function of MTs, will
be highlighted in the following sections. In addition to energy conversion units, the LESs
couple power and gas grids by integrating various energy units and loads and exchanging
energy with the two networks.

Electricity \ Gas-Flred
Network Generatxons
| N |
| > - - :
| ~ 3 e |
I . P :
| N - |
Region 1 Region II

Figure 1. Framework of the interconnected LESs.

2.2. Operating Modes

As shown in Figure 2, different energy systems, i.e., electricity, gas, and thermal sys-
tems, are coupled by energy conversion units, such as MTs, gas boilers, and air-conditioners.
These systems, combined with other DGs and energy storage facilities, exchange energy
with external electricity and gas networks, and provide energy services to host facilities. In
most cases, LESs only take in gas from the gas network when no gas acquisition equipment
exists, such as LES 2 and 3 in Figure 1. The LES without gas loads is considered a special
form of LESs which is connected to the electricity network only, such as LES 1. Using
different coordination strategies, LESs can operate independently or in conjunction with
nearby LESs. For example, LES 1 and 2 in region I can exchange power with each other
through channels, such as soft opening points (SOP) [24].
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Figure 2. Structure of dual grid-interfaced LESs.

According to their connection states with energy networks, the operation of LESs can
be divided into the following modes.

(1) Dual-Grid-Tied Mode: When the LES is accessed to both gas and electricity networks,
and takes in energy from the two networks according to heat and power demands.
When DGs and gas producers exist, the LES can also feed gas and electricity back to
the energy networks.

(2) Gas-Grid-Tied Mode: When a contingency occurs to the electrical grid, the LES can
be isolated from the main grid and operated independently. If connected to the gas
network, the LES can still keep facilities running for a long period using CHP and
renewable generations.

(3) Power-Grid-Tied Mode: When there is no gas-fired equipment or when gas valves are
closed, LESs are considered to be operated in the power-grid-tied mode. In this mode,
LESs only exchange energy with the electricity network. Gas demands can be met by
gas storage for a short period. In the longer term, there should be some gas producers,
such as biomass gasifiers. Other energy demands are supplied by power sources.

(4) Isolated Mode: When serious disasters, such as earthquakes or hurricanes occur, both
gas and electricity infrastructures may be disrupted or even destroyed. In this scenario,
the LES is operated in the isolated mode by coordinating DGs, energy storage, and
demand response. In some rural areas where the power grid is weak or unavailable,
people build biomass gasifiers and power supply systems, which can be seen as
another form of LES operated in this mode.

2.3. Energy Network and LES Disturbances

As illustrated in Figure 2, the LES, the electricity network, and the gas network interact
with each other through the MT. Therefore, the electric utility, the gas utility, and the
LES owners are interrelated with each other in the urban energy supply system. On one
hand, the gas network and the electricity network interact with each other through the
MTs. On the other hand, LESs owned by third parties may also affect the operation of
each other through the energy networks at the same level. From a location standpoint,
the set of disturbances D can be divided into LES disturbance Dy rs and energy network
disturbance Dy.

Disturbances in the electricity network cause state variations in the electricity network,
and then affect LESs through electric timelines. Disturbances in the gas networks propagate
to LESs by affecting the state of their gas inlet. The set of network disturbance Dy can thus
be described by

Dy = Dgn U Dgn, @
where Dy represents disturbances in the electricity network, such as electric load varia-
tions, generation adjustments, interconnected community coordination actions, etc. Doy
represents disturbances that occurred in the gas network, such as gas load variations, and
valve or compressor adjustments, etc.

LES disturbances come from the variations of renewable generations, loads, and energy
exchanges with external networks. For these renewable generations, weather conditions,
such as solar irradiance, temperature, and wind speed, can also affect the LES operation.
The disturbance set of LES DM can be expressed as
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DM = DR u Df** U DX, ©)

where DRe" and D1 represent the sets of renewable energy sources and loads in LES .
DIEX represents the disturbance from LESj,j=1,2,..,N,j #i.

3. Interconnected System Model

Considering various system characteristics and property rights of different sectors, the
LES in this paper is described as interconnected energy systems, including the power grid
¥0, the gas grid X7, and LESs X gs.

3.1. Dynamic System Model
3.1.1. Power Grid

The power grid including loads and generations can be expressed by [25]

(Ze :>{fo Joldorde) ©)
0 = ge(%e, Y, tie)
where u, is power grid disturbances, such as load variations, generation adjustments, etc.

T
Xe = [x?, xé’ , xg} € R™" are state variables at each phase of the network, including

generators, control systems, and loads. y, = [y?, L, yg} ' € R™ are algebraic variables
at each phase of the network, including magnitudes and phase angles of the bus voltage
and current. f, : R"* x R — R" are dynamic state variations of each phase and its
relations with other phases. g, : R"™" x R™ — R™ are steady-state variations of each
phase and its relations with other phases.

3.1.2. Gas Grid

The gas grid model consists of the pipeline model and the network topology. Based
on the mass and momentum conservation laws, the gas flow in a pipeline can be expressed

as [26]
(o-gerd

202 4
O:g—z+%i’a—l\f—0—%sin9+fBM @

2DA%p

where B? = (dp/dp)s is the sound speed, s stands for the isentropic process, A is the cross-
sectional area of the pipe, D is the diameter of the pipeline, M is the mass flow, f is the
friction coefficient, g is the acceleration of gravity, and 8 is the angle between the horizon
and the pipeline.

The network topology can be described by initial conditions and boundary conditions.
Initial conditions, including node pressure and pipeline flow, can be obtained by calculating
the steady-state gas flow. The stationary mass flow along a pipe is equal to the connected
load. Boundary conditions include the conservation of mass at each node, as well as
pressure or mass flow of gas sources and loads. Therefore, the gas network X, in the
interconnected systems can be modeled by

at’zg —)fg(tfxg' Ipxg)

x.(0,p) =x

Tt § 8 , 5

(%) xg(£,0) = gg (ug, xg) ®
xg(t, D) = hg (ug, xg)

1
8

of the LESs. u§ is the gas demand of other gas loads. x, is the node pressure and pipeline

T T
where ug = {ué”, uf,} € D¢y is the gas demand. ugf = {ué,ué, e, } is the gas demand

flow of the gas network, p is the position variable. D = [Dy1, D5, - - -, Dk}T is the length of
the pipelines in the gas network. k is the pipeline number. g, and kg are the boundary

conditions of the gas network. xg is the initial condition of the gas network.
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3.1.3. LESs

In this paper, the MT is considered due to its coupling function to the energy networks
as well as loads and DGs in LESs. Specifically, a single shaft MT is modeled. In traditional
MT models, the MT speed is usually assumed to be around 1.0 p.u. When the MT output
increases, the MT speed decreases. This assumption is inconsistent with the real MT
characteristics, where the speed increases as its power output rises. The problem lies in the
reference speed which needs to be adjusted according to the load signal. Inspired by the
Wiener-Hammerstein model [9], an improved MT model is proposed here by extending the
model in [10] with a nonlinear part. Due to the strong nonlinear characteristics, a radial
basis function (RBF) neural network model is used to describe the reference speed and
the load signal. The model is a linear combination of RBF neural nodes. A fast-recursive
algorithm [27] is employed to select the hidden nodes and model the relationship between
the load signal and the rotational speed. The parameters of the model (6) are obtained by
the identification method based on data acquired from physical experiments. With this

model, the load signal P,:ftf of the MT is converted to the reference of the engine speed w,f,
and then transmitted to the linear part as an input.

Wrep = Y 1)\4;1( “f o, l) = oA, )

where ® = [471,4)2,- ¢m]T, A = [A, Ay, -, Aw]" is the linear output weight of node
i, and 471( gy ,al,cl) denotes the RBF of the ith hidden node. ¢ = [c1,cp,- - - ,cm]T and

o=|o,0,, -, O'm]T are the center and width vectors of the Gaussian function.

Based on mechanism analysis, the linear part of the model is obtained to describe
the interactions between the two networks. The reference value for the engine speed is
combined with the obtained model to describe the MT behavior on a wider operating scale.
MT fuel consumption Fy; is also an input of the model. MT power output P,,; and fuel
inlet pressure p,;; are chosen as outputs of the model. The MT model can thus be described
b

g { i = S Yt =) )
0 = gi(Xmt, Y,y Umt) ’

T
wherey,,, = [Pout, pmt]T is the MT output, uy; = [Pref Fmt} , T represents the combustor

mt /
time delay and the exhaust time delay, x,;; is the MT state variable, including the engine
speed, the exhaust gas temperature, etc.

The load signal of the MT u,;; is determined by
_ (Pl ( Ren Load mmt) , (8)

where ¢; represents the energy management system of LES i; m,,;; represents the operating
mode of the MT in LES i.

3.1.4. Overall System Model

Combining the MT model with other DGs and load models, the dynamic model of
LES i can be expressed as

; v = fi(xi,yi)
(Zm ){ gzgi(;i,]/yi, )+h(cu Clyttl, ) ’ ©)

where x; € R and y; € R" are state variables (rotor angles, rotor speeds, gas node
pressure, water temperature, etc.) and algebraic variables (voltages, angles, gas flows,
etc.),i=1,2, .., fi: R™ x R" — R™ and Qi R™ x R" — R" are hybrid continuous
and discrete functions, and represent dynamic and algebraic relationships between energy

[ Load Ren} T
i

subsystems in LES i; ul, = represents the variations of loads uLo“d € DL"“d

Ren c DRen

and renewable generations u; ui and c, are the power exchange and connection
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state between LES i and the electricity network; ufg, and ci are the gas exchange and

connection state between LES i and the gas network; u}, = cl1 Lull ci2yi2 o cll gl } are

the power exchange between LES i and other LESs; c and ) are the power exchange and
connection state between LES i and LES j, j # i. If Zl 0,i c)h= 0, LES i is supported by

itself. Otherwise, it is cooperating with LES j, if cm #1

3.2. Iterative Simulation Method

In contrast to gas and power networks, LESs include multiple energy systems with
complex behaviors in small spatial scales. When integrated into the energy networks, it is
difficult to simulate the whole system in a unified framework. To characterize the behaviors
of the interrelated subsystems, an iterative methodology is utilized to simulate this system,
as shown in Figure 3.

,,,,,,, ¢
| v
| Substitute uncce into (3), and update x. |Step 5

v

/ Input the data of energy networks /

Substitute un‘c. into (3), update xe, Sten 6
and obtain gas demand P

Step 1| Estimate the interface variables ug’ and ue

| tr=tr+ Aty |Step7

v U Y N >
Step 2| Obtain the gas flow and gas pressure |
v

Y

Substitute umscg and ug into (5),
Step3| =0, =0, and initialize Ln, % Ls | update gas network Step 8
v
Step 4 Solve (9) and update the LES and pass . ts =t + Ats, exchange the data of gas Step 9
P and ugto energy network network with others P

T
Initialization | Y
* !

Figure 3. Flow chart of the iterative simulation method.

3.2.1. Initialization

The interrelated subsystems are initialized by calculating the steady-state energy flows
of the energy networks. The specific initialization process is presented as follows.

Step (1): Estimate the interface variables (gas exchange 1’ and power exchange u.”)
between LESs and energy networks based on DG outputs and loads of LESs.

Step (2): Set LESs as PQ buses in the electricity network, and then solve the electric
power flow according to the power exchange .. Calculate the gas demand of the electricity
network if gas-fired generations exist.

Step (3): Solve the gas flow according to the LES gas demand 1" and calculate the gas
pressure of each node as initial conditions of (5).

Step (4): Set ts =0, tr=0, and then initialize state variables of LESs X, the power grid
Y, and the gas network Zg.

3.2.2. Tterative Simulation

One key factor that affects the computational efficiency is the step size for the simula-
tion. It is safe to select a constant, small step size for all subsystems as long as the attraction
region exists. As the spatial step and time step are correlated with each other, a smaller
time step indicates more spatial steps and will significantly increases the dimension of the
integrated system. The time required for the simulation will be significantly longer. Never-
theless, it is also necessary to finish the analysis in a finite period, particularly for long-term
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simulations. Considering the slow response time of the gas system, it is simulated with a
larger step At; compared with other parts of the system.

Incorporating different subsystem characteristics while ensuring the performance
of the algorithm, an iterative dynamic simulation method is employed to describe the
behaviors of the interconnected system. The algorithm is presented as follows.

Step (5) Solve (9) to update LES internal states and interface variables. The obtained
power exchange u, and the gas inlet pressure u, are passed to the energy networks.

Step (6) Substitute u,,°c. into (3), and update the power grid states. Then, calculate its
demand from the gas network if gas-fired generations exist.

Step (7) Set tr=tr+ Atf, if >t + Ats, continue; otherwise go to Step (5).

Step (8) Substitute u,8ce and variations of other gas loads ug into (5), and then calculate
the states of the gas network.

Step (9) Set t; = t; + Ats, and exchange the data of the gas network with LESs and the
electricity network. If t; < t,,4, go to Step (5), otherwise terminate.

Although the iterative method avoids simulating the systems with different dynamics
as a whole, the mutual impacts through the coupling variables bring about new issues
for numerical implementations. For example, an evident change in the gas flow injected
into the MT within one time step may result in the divergence of the other systems and
further influence the overall system simulation. To address these issues, a key condition
that needs to be met is that the state changes of one system caused by the change in the
coupling variables must lie inside the convergence domain of the integrated system. In
addition to the mutual impacts, controlling the step and grid sizes is also required to solve
a given problem with a specified accuracy within a certain amount of time. In practice, a
proper choice of the step and grid sizes is usually custom-designed for specific applications,
and they should satisfy the following rules: (1) The fast step size Aty is set according to the
accuracy requirements for the analysis of LESs and the external electricity network; (2) The
slow step size is set to ensure that the fast system can converge to a steady state within At
under any step changes of the gas system; (3) For the gas network discretization, the spatial
and temporal grid sizes should satisfy Ap < BAt,.

4. Case Studies

In this section, the proposed interconnected model and simulation method are applied
to investigate the dynamic behaviors of interconnected LESs. As shown in Figure 4, the
test system includes two LESs with MTs which are accessed to both power and gas grids.
To reflect future elements in the urban energy systems, a SOP is also setup. It is assumed
that the upper-level gas grid can maintain the gas pressure of Node 1 at 5 kPa (hereafter
gauge pressure is used to describe the pressure). Parameters of the pipelines are illustrated
in Table 1.

Based on the model, this section will discuss the interactions between LESs and energy
networks under different scenarios. As illustrated in Figure 4, the power grid is connected
to the gas grid indirectly through LESs or directly through gas-fired generations. The
gas grid is used as an energy source for the LESs and the power grid. LESs without MTs
(operated in the power-grid-tied mode) are treated as part of the power grid in urban areas,
since they have no direct impacts on the interactions between the two energy networks.
For the dual-grid-tied LES, the MTs are usually used to supply heat and power to facilities.
Under normal conditions, the output variations mainly include the pre-planned scheduling
variation and short-term load following. Their impacts on the gas grid depend on the loads
of the LESs. For the grid level operation, when a MT is employed to smooth renewable
generations or support the power grid operation, the interactions between the two grids
are similar to the case between a LES and the gas grid. Next, we will first investigate
interactions between gas grid and LESs operated in the dual-grid-interfaced mode under
internal disturbances. Then, mutual impacts between LESs are studied. Finally, impacts of
power grid faults are analyzed.
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Figure 4. Integrated simulation platform for the test system.

Table 1. Parameters of the gas network.

Start Node End Node Length (m) Diameter (mm)
1 2 500 50
2 3 700 50
2 4 500 50

The coupling unit model, i.e., the MT model, is obtained by adding a nonlinear part
to the model developed in [10]. The parameters of the nonlinear part are extracted from a
Capstone C30 MT. According to (6), the load signal and the engine speed of the MT are
selected as the input and output of the nonlinear model. Two groups of data are employed
for model training and validation, as depicted in Figure 5. It can be observed that, with the
nonlinear part included in the model, the proposed model can well reflect the change trend
of the MT rotational speed. As a further validation, the simulation results of MT power
output are compared with the field measurement data. It can be seen that from Figure 6,
the power output of the proposed model is highly consistent with the field measurement
in most cases. Note that some fluctuations of MT power output are observed in the field
measurement when the set-point reaches 25 kW. This is due to the fact that the studied MT
is connected to a low-pressure gas network that limits the maximum MT power output.
The MT shows strong nonlinear features when closing to the maximum power output.
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Figure 5. MT model acquisition.
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Figure 6. Comparison of MT power output simulation results and field measurement data.

5. Results and Discussion

In this section, the results of interactions between LESs and energy networks are
discussed separately, including mutual impacts of LESs via gas network and electricity
network, and impact of power grid contingencies on the gas grid.

5.1. Mutual Impact of LESs via Gas Network

Without loss of generality, the MT in LES I (hereafter referred to as MT I) is adjusted
to analyze its impact on the gas network. The power output of MT is shown in Figure 7.
The power output of MT II is set be constant at 15 kW. As shown in Figure 8, the MT
output variations lead to the pressure fluctuation of the whole gas grid. As the MT output
decreases at 120 and 160 s, the gas pressure increases when it reaches steady states. It
can be noticed that the proposed model is able to capture the changing use of fuel during
the transient process. Due to less gas consumption, the maximum value of the MT inlet
pressure is higher than its steady-state value during the deceleration process. Similar results
can be observed as the MT output increases at 200 and 240 s. During the MT acceleration
process, more gas is absorbed and leads to a serious pressure drop which is lower than
2000 Pa. The short-term pressure drop can further affect the state of other gas-fueled
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equipment connected to the same gas network. In the extreme scenarios, it can trigger the
protection scheme and shut down the pressure sensitive equipment, such as the MT.
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Figure 7. Variations of MT power output.
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Figure 8. Variations of pressure during the MT output adjustment process.

From the viewpoint of the LESs, the pressure change in the gas grid can affect the
operation of the LES, as well. As illustrated in Figure 9, although the output of MT Il is
set to be constant, some speed swings can be observed in the MT. This is due to the fact
that the MT fuel control system increases the valve opening to maintain the MT output
at the set-point. Moreover, compared with the smooth power output changes, the gas
system requires a significantly longer period (more than 20 s) to converge to the steady
state. Therefore, to avoid the lagging influence of the slow varying gas system, its dynamics
should be taken into account in LES control and dispatched if it involves MT adjustments.

10

Engine speed (p.u.)

6 I T I I

100 150 200 250 300
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Figure 9. Variations of engine speed during the MT output adjustment process.
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5.2. Impact of Electricity Exchanges between LESs

In LESs, the mismatched energy between the loads and the generations can be pos-
itive or negative. If the energy imbalance can be exchanged between the two LESs, less
MT output adjustments will be conducted. Therefore, it is easy to understand that the
exchanged energy can mitigate the impact of the LESs on the gas grid. In this case, a SOP is
setup to investigate the short-term impact of LES energy exchanges on MT outputs and gas
grid. The relevant exchange energy between the two LESs is shown in Figure 10. It can be
seen that although the exchanged energy varies with different amplitudes, less than 1%
of MT output variations can be seen at 190 s, as depicted in Figure 7. Due to the isolation
of DC links, no fluctuations are observed in the gas grid and MT states. Since the SOP
is implemented based on power electronic devices, other inverter-interfaced DGs have
similar effects with the SOP. Therefore, we can conclude that power grid and other DGs
almost have no impacts on the gas grid and MT states in the short term unless the MT is set
as the slack bus of the LES in the gas-grid-tied mode. In the long term, variations in the
power grid and LESs affect the gas grid through their energy management systems.

150

100 - =

50 - 1

-50 T\\\ — |

-100 : :
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Figure 10. Energy exchanges between the two LESs.

Power (kW)

5.3. Impact of Power Grid Contingencies on the Gas Grid

In contrast to energy grids, LESs are more vulnerable to external conditions includ-
ing grid faults, weather conditions, human behaviors, etc. These condition changes are
transmitted to the energy grids, notably when LESs are connected to only one grid. Under
normal operating states, all LESs can be influenced by disturbances from their accessed
grids. In this paper, we focus on the network disturbances due to power grid faults. Gas
grid faults are not considered, given the line-pack capability of the upper-level gas network.
Compared with normal adjustments in LESs, power grid faults can make greater impacts
on the gas grid since different LESs are likely to be disconnected from the power grid
simultaneously. If MTs are used as slack buses of the LESs, the energy imbalance of all
LESs will be transmitted to the gas grid through MTs. In the worst scenarios, all these
imbalanced values are negative, which will lead to a sudden load rising to the gas grid.

Assume that a fault occurs to the power grid at 54.9 s, the two LESs are then discon-
nected from the power grid at 55 s. The operating mode of the LESs is switched from
the dual-grid-tied mode to the gas-grid-tied mode to adapt to the mismatch between the
generations and the loads. Suppose that the two LESs require more generations, the two
MTs increase their power outputs as shown in Figure 11. A pressure drop can be observed
in the gas grid at 55 s as shown in Figure 12. The minimum pressure of the gas grid is
lower than half of the steady-state values, which will affect the operation of other pressure-
sensitive loads in the surrounding areas. Moreover, impacts of the two MTs on the gas grid
overlay during the transient process. Although the inlet pressures of the two MTs converge
to values which are higher than 3600 Pa, the minimum value of the pressure during the
adjustment process is below 2500 Pa, due to the increasing use of gas for both MTs. The
minimum value at Node 4 is even lower than the steady-state value after the MT power
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output increases at 149 s, where more gas is consumed by the MTs. Since the amount of
energy imbalances are not the same, the required periods for MT adjustments are different,
which lead to some pressure fluctuations during the mode switching process in addition to
the pressure drop. When multiple MTs co-exist in one gas grid, behaviors of the gas grid
and LESs can be more complex. Therefore, dynamic analysis is vital for the design of LES
management and control system.
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Figure 11. MT state variations during the mode switching process.
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Figure 12. Gas pressure variations during the mode switching process.

After switching to the gas-grid-tied mode, the fluctuation of solar panel power outputs
and loads, are partially passed to the gas grid via MTs. These fluctuations are treated as a
whole. The resulted MT output changes are shown in Figure 11. The output increase in MT
I results in the gas pressure drop at Node 3. Then, this pressure variation is propagated to
Node 4. It can be seen from Figure 12 that speed swings are observed in MT I, as the output
of MT I changes at 135 s. Similar observations can be found at 190 s when the power output
of MT Il is adjusted. Although no clear output variation of the two MTs occurs, the impacts
on the MT speed should be considered from the viewpoint of security operations, since
the engine speed plays a key role in the MT operation. It should be noted that although
the amplitude of pressure drops can be different when various parameters of the control
system are set, their impacts cannot be ignored in the gas grid analysis.

In practice, valves in the upper level will be activated to maintain the gas pressure
level, but may not be fast enough to follow the gas pressure fluctuation caused by MTs.
Moreover, the capability of valves may not be able to cover the gas needs of the newly
installed MTs, particularly in the extreme cases where the power output of MTs in all LESs
increase evidently at the same time. Considering the serious pressure drop in the short
term, these impacts need to be carefully checked in both steady and dynamic states from
the viewpoint of the gas network. When the valves cannot maintain the pressure level,
certain coordination schemes can be put in place to the energy management system of the
LESs in order to avoid the unexpected shutdown of other gas loads.
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6. Conclusions

This paper investigates in detail the dynamic interactions between LESs coupled by
the electricity and gas networks in urban areas. By taking into account the energy services
provided by the gas networks, various operating modes of LESs are studied, namely dual-
grid-tied mode, gas-grid-tied mode, power-grid-tied mode, and isolated mode. A novel
MT model has been proposed to capture the nonlinear interactions between the gas and
electricity networks. Based on the MT model, an interconnected system model is proposed
to characterize the dynamic behaviors of interconnected LESs. An iterative methodology is
then proposed to reflect the disturbance propagations among different LESs.

Numerical studies reveal that although LESs are able to increase the flexibility of the
local energy systems, the required gas delivery may increase the vulnerability of the energy
supply systems if MTs in different LESs are not well coordinated. First, fast changing
loads and DGs can result in the pressure swings of the gas grid when MTs are used to
smooth the impact of renewables or to follow loads. During the transient process, the
minimum pressures are significantly lower than their steady states due to the increasing
gas consumptions for MT accelerations, which will cause negative impacts on surrounding
gas consumers. Second, in the case that multiple LESs are connected to one gas grid,
disturbances in one LES can be transferred to other LESs through MTs. Due to the isolation
of the DC link, neither MT outputs nor the power grid are significantly influenced by the
gas grid variations during normal operations. However, evident speed swings can be noted,
which is closely related to the operation security of MTs. Third, when a power grid fault
occurs, different LESs may be switched to the gas-grid-tied mode, the imbalanced energy is
then passed to the gas grid simultaneously and lead to MT speed changes and a pressure
drop with longer durations. In extreme cases, the pressure drops can lead to MT output
saturation or even shutdown.

In the future, the dynamic fluctuations and stability issues observed in this paper will
be further studied via theoretical tools, such as eigenvalue analysis or Lyapunov functions,
particularly for the urban areas with multiple LESs. The tools will be able to help in
optimizing the operation strategies and enhancing the system security level.
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Nomenclature

Dy Set of disturbances in the energy network

Den, Doy Sets of disturbances in electricity and gas systems

DM Set of disturbances in LES i

DRen, DiL"”d Sets of renewable energy sources and loads in LES i

Ue Disturbances in the electricity network

Xe State variables at each phase of the electricity network

Y, Algebraic variables at each phase of the electricity network
g Gas demand of gas network

Xg Node pressure and pipeline flow of gas network

X, Y; State variables and algebraic variables in the overall system model

Ats, Aty Large step size and fast step size for simulation, respectively
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