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Abstract—In this paper, detailed mathematical formulation
considering a coupled electro-thermal model for transient studies
on transmission systems is presented. Regarding the thermal
modeling, volume-element-method (VEM) is used to represent
heat transfer equations on a 2D axisymmetric line model to be
solved and temperature distribution over space and time to be
determined. For the modeling of the electric part, a constant-
parameter (CP) finite-difference time-domain (FDTD) method is
utilized to calculate voltages and currents over space and time.
The analysis is conducted on a gas-insulated transmission line
(GIL) to highlight the electric and thermal domain interaction
in case of transients. A set of fault scenarios are imposed on the
electric part and transient analysis is conducted while considering
the line thermal performance.

Index Terms—coupled electro-thermal modeling, finite-
difference time-domain (FDTD), gas-insulated transmission line
(GIL), short-circuits, transients, volume-element-method (VEM).

I. INTRODUCTION

IL were first proposed as an alternative transmission

system in Japan and due to their specific characteristics
described in [1], they are preferred in case of high-capacity but
short-distance links. A characteristic example of such an instal-
lation is the 275 kV-3.3 km Shinmeika-Tokai project described
in [2]. Main advantages of GILs are the low electrical losses,
the increased safety and operation aspects, such as limited
need for reactive compensation and non-aging characteristic
of gases [3]. The possibility of installing GILs in structures
along with application issues to be addressed by necessary
studies is discussed in [4].

Several studies have addressed a series of issues considering
GIL operation. Heat transfer characteristics of GILs under
varying temperature conditions were studied in [5], while
coupled electromagnetic and thermal problems in GILs were
discussed in [6]. Finally, [7]-[10] focused on technical aspects,
such as insulation co-ordination, magnetic fields and modeling.

Moreover, transient simulation techniques and correspond-
ing computational tools are becoming increasingly relevant to
the design and analysis of transmission systems, such as GILs.
Reliable tools are useful to provide a framework of secure
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operation and identify limitations, difficult to test even through
experimental setups. Most modeling methodologies focus on
the electromagnetic analysis of power systems, mainly for
operating and optimization purposes in order to simulate
their performance under different conditions, geometries and
material properties. Additionally, thermal analysis is crucial,
since it is vital to keep operating conditions within certain
limits and prevent further equipment damage.

The scope of this paper is to present an efficient method-
ology in the area of coupled electro-thermal modeling for
GIL by combining discretization techniques such as VEM
methodology for the thermal part and FDTD for the electric
part, respectively. The flexible parabolic-elliptic partial differ-
ential equations (PDEPE) solver [11] of MATLAB® [12] is
used to calculate the temperature profile for all GIL layers
over varying time and space. Heat transfer by conduction,
convection and radiation is considered, and the analysis is
applied on the GIL configuration presented in [1].

The contribution of this paper is to extend similar models
developed only for the thermal analysis in terms of solver
efficiency and to provide a fully analytic coupled electro-
thermal model of GIL. This paper proposes a generic and
accurate model that can be used as an efficient simulation and
design tool to analyze any GIL. The proposed model predicts
thermal behavior for transient conditions and can be useful to
identify an overall framework of secure operation.

In Sections II and III the thermal problem formulation
and the VEM analysis are presented, respectively. In Section
IV the FDTD formulation for the electric modeling part is
presented, whereas in Section V the electro-thermal coupling is
described. Section VI is devoted to results and finally Section
VII concludes the paper.

II. THERMAL PROBLEM FORMULATION

Thermodynamics and heat transfer laws are expressed by
partial differential equations (PDEs) written in the generic
form of (1). PDEs are introduced into PDEPE solver of
MATLAB®, which deals with initial-boundary value problems
for varying space z and time t.

oT\ oT m 0| oT
c<z,t,T,6Z>at:z Bz{z f(ZJ’T’az)}

+s (z,ﬁ,T, 6T> . (D
0z



$=3.16-10" Q'm

« R;=023m p=3.44-10° Q-m

Ry=024m

r
* R,=85cm

Im
* R =65cm - N zZ

p=100 Q-m

Al AA6101-T64

‘ SFe
Air

Ground

Fig. 1. GIL configuration.

All PDEs hold for tg <t <ty and a < z < b, where tg
and ?; represent the start and end time of simulation, while
a and b represent the sending and receiving end of the GIL.
Superscript m corresponds to the symmetry and can be 0, 1
or 2 for slab, cylindrical or spherical symmetry, respectively.
Considering the numerical solution of (1), it is important to
define the vector functions of flux f(z,¢,T, %—f) and source
s(z,t,T, %—Z) terms. The coupling of the partial derivatives
with respect to time is restricted by multiplying with a diagonal
matrix ¢(z,t, T, %—Z), with diagonal elements either zero for
elliptic equations or positive for parabolic equations [11].

Initial conditions for the simulation start ¢ = ¢y and all z,
i.e., over the whole length, are given by:

T(z,t0) = To(2)- 2

Boundary conditions for all ¢ and for one of the GIL
terminations, a or b, are determined by (3) and are expressed in
terms of the flux term f. Therefore, two boundary conditions
are introduced for the whole timespan, one for z = a and
one for z = b. Vector functions p and ¢ are both time and
space dependent, whereas only p may depend also on 7'. The
elements of ¢ are either identically zero or never zero.

p(z,t,T) 4+ q(z,t)f <z, t,T, gf) =0. 3)
Scalars z and t are considered as inputs, while vectors T’
and %—Z represent the solution 7' and its partial derivative
with respect to z, respectively. The solution 7" for the thermal
problem is the temperature distribution for varying space and
time. PDEPE calculates temperature distribution over space
and time for all finite volume elements (VEs) of any layer. As
initial conditions in this work, temperature at ¢ = ¢ and all 2
for GIL layers is considered.

III. VEM ANALYSIS

VEM analysis divides GIL layers in finite volumes using
cylindrical coordinates for simultaneous discretization over
time and space. Energy equations in terms of thermodynamics
and heat transfer are solved in order to identify the variation
of properties, such as temperature, over the GIL length and
time. The analysis that follows results in a system of PDEs
representing heat transfer, between VEs in r and z directions.
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Fig. 2. Heat transfer and volume element discretization.

TABLE 1
MATERIAL PROPERTIES AND INITIAL CONDITIONS
‘ k P Cy Tinit
Material (W/mK) (kg/m3) (J/kgK) (°C)
Aluminum 226 2700 895 27
SFg 0.0136 6.2 56.928 27
Air 0.0257 1.225 718 27

The GIL geometry studied in this paper is based on [1], for
long-distance GILs. The configuration is illustrated in Fig. 1.
All relative permeabilities are equal to 1.0, while the conductor
and enclosure permittivity is 1.057 and 1.0, respectively.

The mathematical formulation can be easily extended and
applied to any cross-section regardless complexity. Such for-
mulation is typically used in complex configurations where
either gases [13] or liquids, as for example in case of liquid
nitrogen-cooled superconducting cables are used [14]. Alu-
minum Al AA 6101-T64 is considered as the conducting
material for both the GIL conductor and enclosure, while
sulfur hexafluoride SFg is used for insulation. For the inner
pipe air is considered. Details on the material properties and
the initial conditions 7i,;; are given in Table I. Temperature
conditions are within limits provided by IEEE in [15], [16].

Although in this configuration only heat transfer by conduc-
tion and radiation will be considered, expressions describing
heat transfer by convection can be also incorporated. In Fig. 2
heat transfer reference directions are represented by arrows
between consecutive volumes on both r and z directions.
For brevity, discretization for only one of the GIL units is
presented in Fig. 2 whereas the same analysis is applied on the
other two units as well. The discretization approach as shown
in Fig. 2 as well as the heat transfer model expressed by (4)-
(10) are based in the analysis of [13], [14]. Note that the flux
term f of (1) represents heat transfer on z direction, while the
source term s the respective heat transfer on r direction.

A. Conduction

Between two consecutive VEs of solid materials heat trans-
fer by conduction on both radial and axial directions takes
place. Heat transfer by conduction is represented in Fig. 2 by
blue color arrows. The expressions for heat conduction in ¢ —1,
i and i+1 consecutive VEs of the I*" layer, all consisting of the
same material with thermal conductivity k;, of a cross-section
A, on z direction are given by:
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Similarly, the expressions for heat conduction for consecu-
tive VEs of the " cross-section of the GIL between different
Iy and lo GIL layers, on r direction are given by
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where R;,, R;, and R;,_; are the radii of layers /1, I3 and
of the inner layer before [y, respectively. Equation (5) is also
used to calculate Qe, which is the amount of heat exchange
by conduction from the environment.

B. Convection

Heat transfer by convection might exist also both on the r
and z directions between different solid and liquid materials.
For mass flow 7iy; and specific heat c,,, heat convection for
consecutive VEs on z and r directions is given by

; v,in T mlcpl (Tl Tl 1) (7)
7i v,out — mlcpl (T - TZ)
@ity = hiy Al 1, (T~ T) (8)

where for Nusselt number Nu and hydraulic diameter Dy, hy,
equals
kll Nu

hy, = Dr

9

C. Radiation

Heat radiation occurs between the GIL conductor and the
outer enclosure, as seen in Fig. 2 with red arrows, where SFg is
imposed. Given that A} correspond for the cylindrical surfaces
and not the cross-sections, heat radiation for consecutive VEs
of the t" line cross-section between different I; and I GIL
layers, that surround SFg layer, on r direction is given by

i,in == 1il51l1 ?1 [Bl - J(,Tli)él]
;,out = - 1il€212 A;Q [0—(11112)4 - Bz]

where o is the Stefan-Boltzmann constant, € is the material
emissivity and B; and By are determined in [13].

(10)

D. GIL Modeling

For the GIL cross-section and the heat transfer represen-
tation illustrated in Figs. 1 and 2, respectively, PDEs that
represent the application of the first law of thermodynamics
are derived for the i*" VE of all layers. Since each GIL unit
consists of 4 layers, 4 PDEs are presented. All PDEs are
expressed in the form of (1), in which on the left side of
the equation is the coupling term ¢, whereas on the right side
the flux f and source s terms, respectively. Heat transfer on
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Fig. 3. Line discretization into NDZ segments for the FDTD analysis [17].

the z axis, i.e., Ql a,in and Ql d,out TEpresent the flux term f.
Heat transfer on the r axis, i.e., Qlll2 @ Qr in> Qr out @nd Q.
represent the source term s. Heat generation on conductors,
expressed as (g, is also part of the source term s. The
temperature distribution over space and time is represented
in (11)—(14). Although (11)—(14) refer to only one of the GIL
units, the same formulation applies for the remaining ones.
GIL units are considered thermally isolated with each other.
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IV. FDTD FORMULATION

For the FDTD modeling, the formulation methodology of
lossy multiconductor transmission lines, of [17], is used, as
seen in Fig. 3. CP FDTD is used to reduce simulation time.

First, the voltages along the line are calculated, for a fixed
timestep At and n time instants, in terms of the past solutions.
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, for k =2,3,..NDZ.

Next currents are calculated by means of the calculated
voltages and past current values. The solution starts with an
initially relaxed line having zero voltage and current values.

Az Az \ ' /Az Az 1/2
2 = (2L 25R) (L - =5R)ptY
k AT At 2 k
AZ AZ - n+1 n+1
— (AtL+ 2R> (Vkil -V (16)
, for k=1,2,...NDZ.

Finally, incorporation of the terminal conditions is con-
sidered. The essential problem in incorporating the terminal
conditions in FDTD is that voltages and currents at each end of
the line, Vi, I} and Vxpz+1, INDz, are not collocated in space
or time, whereas the terminal conditions relate the voltage and
current at the same position and at the same time.
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C, G, L and R are 6 x 6 matrices that have derived from
the calculation of the per-unit length parameters [18] at the
frequency of interest [19]. In this paper calculations were
conducted at the dominant frequency fiom = 22106 Hz.
Finally, 1,, corresponds to an identity matrix.

To ensure stability, space and time discretization must
satisfy the Courant Friedrichs Lewy (CFL) [20] condition:

A< B2
u

19)

CFL condition suggests that for a stable solution the time
step must be no greater than the propagation time along one
segment Az, which for electromagnetic transients on overhead
lines is calculated based on the speed of light ¢ [21].

V. ELECTRO-THERMAL COUPLING

For all GIL segments considered from the VEM analysis, an
electrical equivalent circuit, based on the FDTD formulation
is considered.

On one hand, in the VEM analysis section, heat generation
QgJ representing Joule losses on the conducting layers has
been considered. This term contains in practice the coupling,
since it is proportional to the square of the conductor current
I},. Therefore, given the conductor resistance R, current at all

times for each segment is translated into a heat generation
event by (20):

Qei=17-R (20)
On the other hand, the electrical resistivity of most materials

changes with temperature. If the temperature 7' does not vary

significantly, a linear approximation is typically used:

p(T) = po[l + (T — Tp)] 21D
where « is the temperature coefficient of resistivity, Ty is a
reference temperature and pq is the resistivity at temperature
To. In this paper, since aluminum is considered, o was taken
equal to 0.0039 °C~1.

The above equations represent a bi-directional coupling
since current is translated into heat generation, while temper-
ature variations lead to changes on the material resistivity.

VI. RESULTS

A series of scenarios are examined in order to calculate
the temperature increase on all layers of the GIL in case of
transients. More specifically, lightning surges as well as both
single-phase and three-phase short-circuits are examined.

Considering the discretization of the lightning surges, 100
segments are used, i.e. for a total length of 3.3 km dz equals
33 m while dt was taken equal to 0.11 us. In case of the
short circuit scenarios, dz and dt were taken equal to 82.5 m
and 0.275 ps, respectively. Finally for the frequency at which
calculations are conducted, analysis of [19] has been used.

A. Lightning Surge - Off Load

The lightning surges are simulated by applying a lightning
impulse (LI) 1.2/50 us double-exponential voltage source with
an amplitude of 370 kV [22] at the line sending end, whereas
no load is connected at the line receiving end. In Figs. 4
and 5, temperature distribution over space and time for the
conductor and enclosure are indicated. Although the lightning
surge is abrupt and therefore the simulation duration was only
0.1 ms, a marginal temperature increase on both metallic parts
is evident. Temperature increase on the inner pipe and on SFg
layers was even less significant, thus results are not illustrated.

B. Lightning Surge - On Load

The same surge scenario was simulated in case a load equal
to 25 2 was connected at the line receiving end. Temperature
on line conducting layers is illustrated in Figs. 6 and 7.
Although temperature increase is similar in magnitude with
the previous scenario, however due to the load existence the
highest temperature increase can be found at the line end rather
than at the beginning. Similarly to the previous scenario, inner
pipe and SFg¢ layers’ temperature is not affected at all.
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C. Single-Phase Short-Circuit

A single-phase short-circuit is simulated assuming that the
receiving end is connected to a load of 25 2. The simulation
duration is chosen equal to 20 ms in order to capture the
influence of slow transients on temperature distribution on
all configuration layers. In Fig. 8, temperature distribution
over space and time for all layers is illustrated. During the
simulation, a rapid temperature increase of more than 150 °C
is observed on the conductor, whereas the outer enclosure is
also affected by induced currents and indicates an increase
of almost 40 °C. As it is evident, in case of a short-circuit,
temperature of inner pipe and SFg layers is also sightly
affected. This transient indicates great impact to all line layer
temperature distribution, especially on the metallic parts.

D. Three-Phase Short-Circuit

A three-phase short-circuit scenario is also examined. The
simulation setup was similar to the previous case. In Fig. 9,
the corresponding results are presented. As expected, since
this transient is more intense, the conductor temperature is sig-
nificantly increased, reaching almost 250 °C, i.e. an increase
of more than 800%. The outer enclosure temperature is also
increased due to induced currents from 27 °C to about 50 °C.
Increase on inner pipe and SFg layers is less significant.
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VII. CONCLUSIONS

In this paper, an analytic mathematical formulation regard-
ing electro-thermal modeling of GIL is presented combined
with an efficient numerical solution. Simultaneous discretiza-
tion over space and time based on the FDTD and VEM tools
is implemented and combined with an efficient solver to con-
stitute an accurate simulation tool to systematically investigate
coupled electro-thermal behavior of GIL lines under transient
conditions.

The proposed method is a useful tool to identify a frame-
work, within which operation can be secured without tem-
perature increase to put equipment at risk. Although, steady-
state operation scenarios can be modeled, a series of intense
transient scenarios are investigated in order to clarify how tem-
perature will be affected under worst-case scenario conditions.
The proposed approach can be applied on any configuration
given that expressions to describe heat transfer by conduction,
convection and radiation have been provided.

Results indicate that the model leads to realistic results,
close to those existing in the literature, and that it can be
used to analyze the thermal behavior of the GIL for varying
time and space under different operating conditions.

Conclusions to the actual design and fabrication of a GIL
line are listed as:
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In case of lightning surges scenarios, temperature increase  [10] D. A. Tsiamitros, T. A. Papadopoulos, and G. K. Papagiannis, “Modeling

along the GIL is negligible due to the short duration of of gas-insulated lines buried in single and in two-layer earth,” in 2009
44th International Universities Power Engineering Conference (UPEC),

the phenomenon. Sep. 2009, pp. 1-5.

o For short-circuits, the temperature increase on the con- [11] R. D. Skeel and M. Berzins, “A method for the spatial discretization of

ductors is signiﬁcant and may lead to equipment detori- parabolic equations in one space variable,” SIAM J. Sci. Stat. Comp.,
. . . . o . vol. 11, no. 1, pp. 1-32, 1990.
ation if the melting point of Al (660 °C) is reached. [12] MATLAB, version 8.2.0.701 (R2013b). Natick, Massachusetts: The

MathWorks Inc., 2013.
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