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DYNAMIC ANALYSIS OF OVERHEAD POWER LINES AFTER
ICE-SHEDDING USING FINITE ELEMENT METHOD

Justin Murin“— Juraj Hrabovsky *
Roman Gogola *— Frantisek Janicek "

In this paper, the analysis of ice-shedding from ACSR conductors to its swing up height and vibration using Finite
Element Method (FEM) is presented. For the numerical simulations the effective material properties of the ACSR conductor
are calculated using the homogenisation method. Numerical analysis concerning vibration of one and triple-bundle conductors
with icing for a whole range or on their certain parts are performed. The impact of ice-shedding to the mechanical tension in
the conductors at the points of attachment is investigated and evaluated. Identification of the impact of ice-shedding from
the ACSR conductors on its mechanical state may contribute to increasing the safety and quality of an electrical transmission

system.
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1 INTRODUCTION

In cold regions, atmospheric icing is one of the major
external loads threatening the reliability and mechani-
cal security of overhead power lines. Ice-shedding hap-
pens when the ice formed on conductors suddenly drops
off (under natural conditions, such as temperature rise
and wind action or man-made shocks) [1]. This will cause
high-amplitude oscillations of the conductors and large
transient forces on the insulators and towers [2]. Also
this may lead to the flashover if the phase-to-phase or
phase-to-tower distance is smaller than the tolerable in-
sulation distance. To evaluate these potential electrical
and mechanical problems, the maximum conductor jump
heights and tensions need to be determined. Therefore,
the transient analysis of ice-shedding is needed.

The ice-shedding is investigated with experimental,
numerical and theoretical methods by many authors [3].
Very approximate practical models were suggested as
early as the 1940s [4]. With the improvement of compu-
tational mechanics, numerical simulation methods (over
all the FEM) were used to study ice-shedding from the
power lines eg in [5-7] dynamic responses of transmis-
sion lines with different parameters, bundle conductors
and five-span line section after ice-shedding is numeri-
cally simulated. In [8], a new theoretical method to cal-
culate the jump height of the overhead power line after
ice-shedding is presented.

In this paper, the results of transient analyses of ice-
shedding from the single and triple-bundle ACSR power
lines are presented. The results are calculated using a
commercial finite element software ANSYS .

2 HOMOGENIZATION OF
MATERIAL PROPERTIES

It is complicated to model the ACSR conductor with
its real construction (eg inhomogeneous material proper-
ties), therefore a simplified model is used. The heteroge-
neous cross-section of several ACSR, conductors are shown
in Fig. 1. That is the reason why homogenized material
properties have to be calculated [9-11].

At our department, the material homogenization meth-
ods were derived for functionally graded material (FGM)
[10-12]. These homogenization techniques (with some
modifications) can also be used for homogenization of the
ACSR conductors. The effective elasticity moduli for ax-
ial, shear, flexural and torsional loading are calculated
from condition, that the relevant stiffness of the conduc-
tor cross-section with real construction (Fig. 2) is equal
to the stiffness of the homogenized cross-section.

The real cross-section parameters of ACSR conductor
are: R; (mm) is the pitch circle, d; (mm) is the wire
diameter, @; (°) is the angle of circumferential position
of the wire, z; (mm) and y; (mm) are the distances of the
wire from the centre of the conductor cross-section. These
distances of each wire can be calculated as follows [13]

yi = R;siny; (1)
Zy = Rl COS ©; . (2)

Then the quadratic moment of the i*" wire cross-sectional
area A; = md?/4 according the axis y and according the
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Fig. 1. Construction of ACSR conductors

Fig. 2. Conductor cross-section

Table 1. Calculation of the reference icing load I [14]

Icing  Reference icing load Ig (Nm™1)
area d < 30 mm

NO 1.298 + 0.1562d

N1 3.873 4+ 0.2698d

N2 10.566 + 0.4457d

N3 18.305 + 0.5866d

N5 35.376 + 0.8155d

N8 63.077 + 1.0890d

N12 102.063 + 1.3852d

N18 162.924 + 1.7501d

NK It is determined on a case by case

axis z can be calculated by equations [13]

7Tdf‘ 27sz2

Iyi= -tz (3)
wd? wd?

IL,=—"%t 27 4
o1 TV (4)

The polar moment of the wire cross-sectional area to
origin of the coordinate system z,y is [13]

Ipi = IW +1,;. (5)

The maximal elasticity modulus for lateral and transver-
sal bending can be calculated by equations [13, 14]

"B
Bt = S 0

i=11yt

S EilL;
Eﬁ%ﬁ;{x = z:nli] ) (7)

i=1"21

The maximal elasticity modulus represents the case, when
all the wires are fixed together (egafter several years
of lifetime). The minimal elasticity modulus for lateral
and transversal bending can be calculated by equations
[13,14]

& [npedi, Eve + nard}, Eail

MyH
E; VS = 8
L min Z?:l Iyi ’ ( )
o o5 npedi, Ere + naidy Eai]
EL min Zn I (9)
i=1 1zt

where np. is the number of steel wires and na; is the
number of aluminium wires. The minimal elasticity mod-
ulus represents the case, when wires can slide over each
other. In practice the effective elasticity modulus for lat-
eral and transversal bending is assumed as average value
of maximal and minimal elasticity moduli [14]

MyH MyH
E Ey

Ei%yH _ Lmax;— L min , (10)
EM:H | pM.H

EQLH - w (11)

We assume also, that the effective Poisson’s ratio is equal
to [13]
yVH 2%1 vidi
Zi:l A
where v; is the Poisson’s ratio of i*" wire. The effective
mass density for axial beam vibration is [13]

Vi _ Liz1 PiAiki
L A

(12)

(13)

Where p; (kgm™3) is the material density of each wire
and k; (%) is the each material weight increment due to
stranding.

3 ICING AND ICE SHEDDING
FROM POWER LINES

Accumulating of ice on overhead conductors is a very
frequently problem for transmission systems situated in
cold regions. Icing can also cause mechanical damage of
the power line systems because the tension in conductors
can increase to the limits.

In practice, the designers of power line transmission
systems calculate the tension in conductors using a state
equation [15] into which the design icing loads for the
area to which the designed power transmission system is
proposed (Tab. 1) has to be included. At first, the refer-
ence icing load Iz (Nm™!) to unit length of the conductor
with the diameter d(mm) is calculated using the equa-
tion shown in Tab. 1.
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Fig. 3. Ice-shedding from power line [14]
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Fig. 4. Transient analysis model with icing [20]

steel

aluminium

Fig. 5. Cross-section of the considered ACSR conductor

The nominal design icing load Ip is calculated using
the formula [14]

Ip = Knlgryr (14)

where K}, is the height factor of the icing load, ~ is the
partial icing load factor [14]. In the calculations of the
mechanical stresses the weather load factor z (include
icing) is needed which is calculated using equation [14]

_a+lIp (15)
q1

where q; (Nm™1!) is the gravity load of conductor [14]. In

Slovakia in practice calculations, the main used icing area

is N2, so in simulations of ice-shedding the icing load is

calculated for this case.

When the ice formed on the conductor drops off un-
der weather conditions (temperature, wind) or man-made
shocks it can cause ice-shedding [1,14] (Fig. 3).

The ice-shedding can cause vibrations with high ampli-
tudes and high forces in conductors (high forces at points
of attachment). That is the reason why the maximal con-
ductor jump and tensions are needed to determine. The
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analytical solution is available only for simple (symmet-
ric) models [14,16]. For evaluation of these problems the
numerical simulations using the nonlinear analyses are
needed.

Ice-shedding is a nonlinear dynamic process, so an
implicit method with Newmark time integration scheme
is used. Equilibrium equations with the time steps ¢ + At
are in the following form [17-19],

-+ AL

MQ - t+AL

+CU T+ KU = A (16)
where M, C' and K is the mass matrix, the damping
matrix and the stiffness matrix, respectively. Again, U is
the acceleration, U is the velocity, U is the displacement
vector and F is the external loads vector. The damping
of mechanical systems can be described using Rayleigh’s
formulae of material damping. The damping matrix is
calculated from the equation

C=aM+ BK (17)
where o and (B are constants, and they are calculated
from the damping ratio [17-19].

4 NUMERICAL EXPERIMENTS

Transient analyses of the single and triple-bundle con-
ductors according to Fig. 4 have been considered.

The length of the span is L = 300 m and the height
difference between the points of attachment is h = 10 m.
The maximal deflection of the power line [14,16] is y4 =
3.557 m and the axial force is Np = 25.975 kN (for sim-
plicity, a constant maximal value for the whole line length
was assumed).

The modelled symmetric conductor ACSR 445/74 [21]
which is constructed from 349 steel and 11417 aluminum
wires (see Fig. 5) has been considered. The diameter of
the aluminum wires is da; = 4.5 mm and the diameter
of the steel wires is dpe = 2.8 mm. The effective cross-
sections of the conductor parts are: Ap. = 73.89 mm?,
Aal = 445.32mm? and the effective cross-sectional area
of the power line is A = 519.21 mm?.

Material properties of the used materials are [22,23]:
aluminum — the elasticity modulus FEa; = 69000 MPa,
the Poisson’s ratio, va; = 0.33, the mass density pa; =
2703 kgm—2; steel — the elasticity modulus Ep, =
207000 MPa, the Poisson’s ratiovp, = 0.28, the mass
density pr. = 7780 kgm 3. Material properties for spacer
dampers are: Young’s modulus Fsp = 75000 MPa,
Poisson’s ratio vsp = 0.33, material density psp =
2730 kgm 3.

The effective quadratic area moments of the conductor
cross-sectional area are: I, = I, = 28528.3mm®. The
effective circular cross-section of conductor is constant
with diameter der = 25.71 mm and the deformed length
of the conductor is Lgq = 301.20 m. The nominal design
icing load is Ip = 23.83Nm™! for the N2 icing area [14].
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Fig. 6. Time dependency of single power line vibration after ice-
shedding for different icing location, [20], at point X in Fig. 4
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Fig. 8. Time dependency of mechanical stresses after ice-shedding
at the point of attachment (point B) for triple-bundle conductor
[20] for different icing location

The effective material properties of the used conductor
are

BT — M- _ 47929 78 MPa,
vVl =0.323,

pY = 3482.81 kgm 3.

These calculated effective material properties have
been used in the transient analysis of the single and triple-
bundle overhead power lines. Transient analyses of the
ice-shedding of the single conductor have been done with
a mesh 1200 of BEAM188 elements of the FEM program
ANSYS [19]. For triple-bundle conductor with spacer
dampers the analysis of ice-shedding have been done
with a mesh 3645 of BEAMI188 elements. Triple-bundle
conductors are connected with five spacer dampers dis-
tributed along the line in 50 meters distance.

As expected, with icing on power lines the axial force
in conductors and the deflection increases. Tab. 2 sum-
marizes the maximal axial forces in the single and triple-

t(s)
Fig. 7. Time dependency of axial forces after ice-shedding at the
point of attachment (point B in Fig. 3) for triple-bundle conductor,
[20] for different icing location

bundle conductors with icing, the changes of the deflec-
tion of the single and triple-bundle conductors, respec-
tively.

As we can see in Tab. 2, there are small differences be-
tween the results of axial forces and changes in deflection
in single and triple-bundle power lines. The differences
are caused by spacer dampers placed on the conductors.

After the ice-shedding the conductor swings up and
the jump heights ys, (m) are different for every range of
the icing on the conductors in span. The results of swing
up heights of single and triple-bundle conductors with the
maximal swing up times are shown in Tab. 3. In the case
of asymmetrical position of icing (0-150m and 0-100m)
the place of maximal deflection is observed (point X in
Fig. 4).

As shown in Tab. 3, there small differences between
the results of swing up height and the time of maximal
swing up for single and triple-bundle conductors occur.
The differences are caused by a different geometry and
stiffness of the whole system.

After the ice-shedding the conductor will perform os-
cillating motion. This dynamic phenomenon is damped
by the own damping of the power line and the damping
of the environment. The used constants o (s~1) and 3 (s)
for the Rayleigh’s damping are calculated from the damp-
ing ratio used in [17-19]. Time dependency of the single
power line move after the ice-shedding for different range
of ice-shedding is shown in Fig. 6. Time dependency of
axial forces and mechanical stresses at the point of attach-
ment (point B) for triple-bundle conductors are shown in
Figs. 7 and 8. The distribution of the axial forces in over-
head triple-bundle conductor after the first bounce for
the case of ice-shedding 25-275m is shown in Fig. 9. The
maximum is marked by the red color and symbol MX.

5 CONCLUSIONS

In this paper the FEM analysis of ice-shedding on
overhead power lines (single and triple-bundle) is pre-
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Fig. 9. The axial forces in N at overhead triple-bundle conductor after the first bounce for the case of ice-shedding 25-275 m

Table 2. Maximal axial forces at the higher attachment point on

insulator (point B) and the change in deflection Ay (compared to

the state with no icing) at the lowest point (point X), depending
on the icing location [20]

single triple-bundle
Icing location (m) ACSR conductor  ACSR conductor
Ng(N) Aym) Np(N) Ay(m)

without icing 25975.7 - 26060.3 -
0-300 49383.2 1.640 49630.1 1.630
25-275 48521.7 1.626 48782.2 1.615
50-250 46264.3 1.547  46576.8 1.535
0-150 38873.7 1.562 39102.2 1.564
0-100 33117.8 0.897 33284.8 0.943

Table 3. Maximal height of swing up at time for single and triple-
bundle power line [20]

single triple-bundle

Icing location (m) power line power line
Ysu (m)  t(s)  yen(m) t(s)
0-300 3.26 1.261 3.23 1.256
25-275 3.20 1.266 3.18 1.261
50-250 3.01 1.281 2.98 1.276
0-150 3.10 1.251 3.11 1.251
0-100 1.82 1.226 1.88 1.221

sented. The unsymmetric span (different height of the
points of attachment) of the symmetric conductor marked
as ACSR 445/74 — 3+9 steel and 11417 aluminum wires
has been considered.

From the evaluation of all simulations of the conductor
swing up after ice-shedding the following conclusions can
be deduced:

The position of the icing on the power line has an
significant impact to the swing up height, time of the
maximal swing up.

The axial forces in the power lines increases very much
when there is an icing in the whole range of the span. The
position of the icing has an significant impact to the sag
of the power line too.

In the case of triple-bundle power line, the upper con-
ductors are highly stressed due to the applied spacer
dampers, which represents concentrated forces to the
points of attachment.

If the height difference between the points of attach-
ment will be greater and on the power line will be icing,
then the maximal axial forces in the upper point of at-
tachment (on insulators) will be much more larger, but
with correct dimensioning it will not have a negative im-
pact on the safety of the transmission system.
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