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Abstract

Wind-induced vibration affects the performance and structural integrity of high voltage
transmission lines. The finite element method (FEM) is employed to investigate wind-
induced vibration in MATLAB. First, the FEM model was used to develop the equation of
motion of the power line conductor. In addition, dampers, conditions for damping, free
and forced vibrations of the overhead conductor were considered in the FEM model.
Wind-induced experiments were conducted in the laboratory using an actual overhead
power conductor. The developed FEM models were simulated in the MATLAB comput-
ing environment. The results from the MATLAB simulation, finite element and experi-
mental recordings were compared in order to evaluate the efficacy of models simulated in
MATLAB and developed using the FEM.

Keywords: aeolian vibration, power conductor damping, resonant frequency, MATLAB

1. Introduction

The availability and use of electrical power in the society is crucial in the development and
growth of the society. Power generated from power stations is transmitted using high voltage
transmission lines. The transmission of power from the point of generation to the point of use
requires complex network of high voltage lines, systems and components [1]. High voltage
conductors are usually subjected to vibration and the vulnerabilities of the power lines to
vibration can lead to fatigue failure. Thus, power loading determination and control on the
power grid can influence the integrity of the transmission network. High voltage conductor
vibration is very difficult to model due to the fact that the responses exhibit a non-linear
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behaviour. There has been concerted effort to try and predict the conductor response as a result
of aeolian vibration. Evaluations of conductor vibration caused by aeolian forces have been
investigated be several researchers [2-6].

Recent researches developed models to investigate wind-induced vibration using nonlinear
time history, expert systems, the concept of principal modes, aero-elastic and bending stiffness
[7-17]. The investigation of vortex formation and the phenomenon of wind-induced vibration
was done using the concept fluid—solid dynamic excitation [18-20]. The models were used to
determine how wind loading influenced the oscillation of transmission lines. This form of
investigation was done by experimental studies carried out in a wind tunnel [21, 22]. The
outcomes of these experiments were used to determine conductor input loading. Several
models developed by various researchers can be used to determine conductor damping and
also the placement of vibration absorbers on the line conductors to curtail the effect of cable
mechanical oscillation [23-27]. Based on the various models that have been developed by
researchers as indicated in the first and second paragraphs, there is a need to further analyze
wind-induced vibration using finite element method (FEM) in MATLAB.

The design, construction and maintenance of power transmission network requires adequate
understanding of the system dynamics that occurs when subjected to vortex induced vibration
[28]. Various analysis can be conducted using techniques that suit certain objectives. System
integrity in high voltage transmission lines is of paramount importance. MATLAB is a multi-
model simulation environment used for numerical computing. It can be integrated with phys-
ical hardware or systems in order to determine real-time performance, characteristics and
behavior. MATLAB also provides a platform for special hardware in loop simulations [29].
These functionalities amongst others are vital in determining various characteristics and
behaviors in high voltage transmission lines.

High voltage transmission lines and grid can experience vulnerabilities such as vibration,
electromagnetic transients, fatigue, transmission loss, switching surges, conductor sag fluctua-
tion [30, 31]. When the conductor experiences vibration, the transmission lines experience high
amplitudes of vibrations from wind forces and can lead to fatigue of the transmission lines [1].
The use of systems simulation and analysis provides the platform to understand the response
of the transmission conductor. The responses considered in the chapter include transmission
line excitation through wind loading, conductor properties such as damping and damper
placement used in mitigating the vibration.

The chapter discussed the development and implementation of a wind-induced high voltage
transmission line vibration using finite element method (FEM) in MATLAB. The sections in the
chapter discussed the development of transmission line equation of motion, the solution to the
equation of motion, free and forced vibration of the transmission line, dampers and conductor
self-damping, FEM MATLAB setup and implementation, simulation of FEM models. The
chapter also discussed results from FEM models, simulation and experimental investigation.
The chapter is focused towards the development of a finite element method and its implemen-
tation on the MATLAB software. The developed finite element method (FEM) was based on
the concept of the simply supported beam model and it was used in modeling the transverse
vibration of power line conductors. The results from the FEM were then compared with results
from the analytical model and results obtained from experimental studies documented in [1].
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The results from MATLAB simulations from the finite element models and experimental
results were compared in order to determine the accuracy of the models. The developed FEM
was then used as the means to verify the effect of varying the conductor axial tension on the
natural frequencies of the conductors.

2. Transmission line equation of motion (EOM)

The transverse displacement of high voltage transmission line conductor is generally caused by
wind loading. This form of vibration with small displacement is known as aeolian vibration and
it is a source of concern to the power lines reliability. One the vulnerabilities is that it can cause
fatigue failure of the transmission lines. Conductors are example of continuous or distributed
systems and modeling its mechanical vibration can either be as a beam or taut string. In [18, 19],
it was ascertained that modeling a conductor as a beam is more accurate than modeling it as a
taut string due to the effect of the bending stiffness. Hence, in line with the above, the conductor
transverse vibration was modeled as a beam, simply supported or pinned at both ends. The
distributed loading on the conductor is replaced by effective point load that can effectively have
the same resultant effect as that of the actual distributed load.

The high voltage transmission line equation of motion was formulated by assuming that
power conductors can modeled as beams with fixed ends. The following assumptions were
considered [1]:

*  The power conductor is uniform along its length and it is slender

® The power conductor is a solid with cylindrical body having both linear and homoge-
neous physical properties throughout its cross-sectional area

®  The power conductor has a symmetrical plane which acts as the plane of vibration such
that there is the decoupling of translational and rotational motion.

The assumptions were based on beam theory. In considering the power conductor as a beam,
sagged by a tensile force S, being acted upon by a concentrated wind load f(x, t), with cross-
sectional area A, density p, flexural rigidity EI, displaced at a distance of x after time. In Eq. (1),
the high voltage transmission line equation of motion is expressed as:

Oy(xt) Oy b) +pA523/(x, )

f) = EI
fl ) o o2 Nz

ey

Forxe(0,1), t> 0. The boundary conditions are expressed and indicated in Egs. (2) and (3):

_0,t)

y(07 t) - ax2 - O (2)
(L)

y(l7 t) - axz - 0 (3)

The initial conditions at t = 0 are indicated in Eq. (4), Eq. (5) and expressed as:
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y(x,0) = y,(x) (4)
y(x,0) = y(x) (5)

Introducing the mass per unit length of the power conductor, the new equation of motion
indicated in Eq. (6) is expressed as:

Fy,t) Pyt Tyt

flnt) = E—5 w2 T oR ©

In order to derive a possible solution, the model was simplified using dimensionless functions
and Dirac delta functions. In Egs. (7)—(12), the variables are expressed in dimensionless form
and expressed as:

y— y(g t) @)
X=7 (8)
= ©)

I, = D?Z (10)

S, = % (11)
I (12)

Eq. (13) indicates the revised equation of motion and it is expressed as:

oty o’y Y
p'aXAL % paxz +Ip aTZ

:% F(X,7) + 3 8(X = Xa)Fu(1) 13)

Where y represents the power conductor weight per unit length and g represents gravitational
constant. X,0(X — X,,) represents the Dirac delta function, F(X, ) denotes the net transverse
force per unit length acting on the conductor and F,(7) denotes the nth concentrated force
acting transversely on the conductor.

3. Solution to the EOM

The general solution to the high voltage transmission line equation of motion was derived
using Euler-Bernoulli equation. The particular solution to the equation of motion was derived
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using a product of two functions. The two functions were first separated using the principle of
variable separation as expressed in Eq. (14) [19]:

Y(x,t) = X(x)T(¢) (14)
Where X(x) is the normalized function representing the mode shape of the equation of motion.

The normalized function ensures that orthogonality condition was satisfied in the derivation of
the EOM model solution. Applying the normalized function in the EOM yields Egs. (15) and (16):

111/ //
El X (x)—SX (x) — w?*pAX(x) =0 (15)
T(t) + *T(t) =0 (16)

R , ,
Where X (x) = 7% X (x) = 7%, T(t) = 77 and «” is a constant that equates x and t. Assuming

that X(x) = Ze", the model is expressed in Eq. (17) as:
Ze" (EIW* — SW? — pAw?) =0 (17)

Considering that Ze** # 0, hence (EIW* — SW? + pAw?) = 0. The general solution of the Euler-

Bernoulli equation which represents the solution to the equation of the motion of the transmis-
sion line is expressed in Egs. (18) and (19) as [9]:

gr_ CSE \/$* — 4(ED) (~pAc?)
T 2E

i (18)
S+ 4/S% + 4El(pAw?
Q,\I’(i)J - JZFEI (pAw?) (19)

The values of () and W represents the general solution of the equation of motion. The practical
implication of the derived solution is that it represents the transverse vibration of the high
voltage transmission line. The derived solution has infinite number of solutions and the
solution is indexed to accommodate all the possible solutions from the model. The indexed
solution is expressed in Egs. (20) and (21) as:

S s? (nf,)’
n — ~T 7 4 2
Q 39 + J (2EI)2 +mr 3 (20)
S s2 (2nf,)’

Where w, = 2nf, and forn =1,2,3, ....
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In Egs. (22)—(24), the infinite natural frequencies of the power conductor were derived while
considering that the mode shape is the same as a pinned-pinned beam eigenfunction model
with no external force. Hence,

Y, (x,t) = sin nTnx COS Wyt (22)
4 2
EI(E) sin idi il oS w,t — S(— ﬂ) sin X cos wyt + pA(—wy) sin nrex cosw,t =0 (23)
l l l [ l
. NTX El mm\4 S /nm\2 ’
sin - Cos Wyt L—A <T> + lﬁ <T) — Wy } =0 (24)

The natural frequency of the power conductor in rad/s is expressed in Egs. (25) and (26)
as:

= () o (D)5 e
o= ) o )] e

The natural frequency in Hz is expressed in Eq. (27) as:

By (0 o 14 (D)) @n

4. Free vibration of power conductor

The self-damping model of the power conductor provided the basis to analyze free vibration
experienced by the conductor. Free vibration occurs when the forcing function causing the
power conductor to vibrate become zero. Hence the equation of motion is expressed in Eq. (28)
as [19]:

4 2 5 2
Oy(x.t) Oyl h) Hﬂa yt) oyt Oy (28)

I _JN
E Ox? 0x2

kot o P e

Applying the principle of separation of variable to the equation of motion yields Eq. (29):

111 // 0o .
EI X (0)T(H) =S X (x)T(t) + I X (x)T(t) + CX(x)T(t) + pAT(H)X(x) = 0 (29)

Integrating the eigenfunction X, (x) = sin () in the model yields Egs. (30)-(33):
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a0 ()10 [ () o .
+51[($)4 sin <T>] T(t) + C[sm (T)} T(t) + pA[sin (—)] T(f) =0
an (B[O ]
+ BI(™F)"T(t) + CT(t) + pAT(t)
pAT (1) + [,BI (?)4 + c} T(t) + [S (?)2 VEI (?)] T(t) = 0 (32)
T(t) + [%<$>4+,%}T(t>+ [/% (?)thf—i(?ﬂ T(#) =0 (33)

Considering that the vibration model represents a multi-degree vibration system. The
natural frequency of the power conductor is determined and expressed in Egs. (34) and
(35):

o S By o
26w, = L% (?)4 v ,%] (35)

The temporal solution to the free vibration model is expressed in Eq. (36) as:

T, = Are =" sin (wat + ¢) (36)

The solution can also be represented in Eq. (37) and expressed as:

T, = e"g““’”t(Bl sin wyt + By cos w,t) (37)

Where the damped frequency of the power conductor is expressed in Eq. (38) as:

wg = wy\)1 — & (38)

The system response is expressed in Eq. (39) as:

y(x,t) = Z Are Ot sin (wgt + @) sin ? (39)

n=1

The response can also be represented in Eq. (40) and expressed as:

y(x,t) = Z [e7 5! (By sinwyt + By cos wg)] sin ? (40)
n=1
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5. Forced vibration of power conductor

High voltage transmission lines are exposed to loading from the wind. The actual system
representation through system simulation strategy considers a case of distributed load
through the span of the conductor. In order to simplify simulations, the external force acting
on the conductor is represented as a point load. In Egs. (41)—(43), the equation of motion is
solved with an excitation force in order to evaluate the actual response of high voltage trans-
mission lines under aeolian vibration [1]. Hence,

Oyl t)  ylxt) ) dyxt) dylxt)
B 7o Py "o TP TS “D
4 2,
EI(™)"T(t) + S(*F) T (¢
sin <@> [ ( ! ) (t) ( ! ) (4) . . = Fsinwy,t (42)
! + IR T() + CT () + pAT (¢)
oo 1LY L S re e 2 (Y EL Y g = i
T(t) + [pA( l ) S {LCE pA( z ) +pA( l ) | () = Fsinagt (43)
Expressing the model as a multi-degree system yields Eq. (44):
T(t) = Ae”“" sin (wgt + ¢) + X cos (wt — 0) (44)

The natural frequency of the power conductor under forced vibration is expressed in Egs. (45)
and (46) as:

) =
2w, = [f—i (?)4 + é} (46)

The solution to the equation of motion under forced vibration is expressed in Eq. (47) as:

y(x,t) = sin @ [Ae_c‘”t sin ( sinwt + ¢) + X cos (wt — 9)] (47)

6. Conductor self-damping and dampers

The influence of external and internal damping mechanisms was considered in the conductor
vibration model. The factors considered included the following [1, 32]:

¢ The power conductor inter-strand motion and fluid damping. This is proportional to the
conductor velocity and represented as viscous damping in the model.

¢ The rate of strain in the power conductor. This proportional to the internal damping of the
power conductor.
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The high voltage transmission line damped model is expressed in Eq. (48) as:

5
y(x,t)  0y(x,t)
aior T o

Oy(x, 1)

AMy(x,t)  (Oy(xb)
o

El Oox4 ox2

+ ,Bla + pA = f(x, 1) (48)

Where C and f represent damping constants. In the presence of axial load, viscous air damping,
strain rate damping or Kelvin-Voigt damping, high voltage transmission line integrity can be
managed.

There are various types of dampers that can be used to reduce vibration. The dampers are
excited by the vibration of the power conductor and the vibration of their masses connected by
the massager cable help to damp out energy. Stockbridge dampers are commonly installed on
high voltage transmission lines to reduce aeolian vibrations. Stockbridge dampers can be sym-
metrical or asymmetrical in their design. An example of dampers installed on high voltage
transmission lines is shown in Figure 1. The design of Stockbridge dampers follows the principle
of cantilever beams with mass at the free ends. The contribution of dampers to power conductor
vibration mitigation is to lower the severity of the vibration to a level that might prevent failure
to the line.

Figure 1. Asymmetrical damper.

7. FEM MATLAB model setup, formulation and implementation

In order to implement the conductor model in MATLAB environment, finite element analysis
formulation was done as function of the physical state of power transmission line conductor.
The models developed using finite element analysis can then be implemented in MATLAB.
The FEM model enables the analysis of the dynamic behavior and response of power line
conductor to the dynamic forces of wind [33]. Consider a power transmission line subjected to
dynamic aeolian vibration as an assembly of thin strands having distributed mass and elastic-
ity. The physical model can be represented used partial differential equations. Each strand in
the transmission line experiences axial, bending and torsional loads from the wind [34, 35]. The
accurate representation of each factor is critical in the determination of the dynamic behavior
of power transmission lines [36, 37]. Euler-Bernoulli curved beam theory was used to formu-
late the finite element model of power transmission lines.

Consider a power transmission line experiencing a vertical force, curvature and an axial force
has an axial displacement modeled in Eq. (49) as [21]:
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u(x,y) = uo(x) + % -y <9x + %) (49)

Where 0, represents the rotation of the power line due to flexural effect, R represents the
radius of rotation, y represents the distance from the axis of rotation to the centroidal axis of
the conductor or transverse displacement, v represents tangential displacement and u(x) rep-
resents the axial displacement of the power lines. The shape function for power transmission
lines having rotation, bending and axial motion components is modeled using discretization
techniques and represented in Egs. (50)—(52) as:

u(s) = by + b1s (50)
v(s) =co+c1S+ 5% 4+ 35° (51)
do(S
0= Z(S ) _ 1 + 265 + 3¢35> (52)
The solution to the discretization of the models yields Eq. (53) to Eq. (59):
F ]
01
u N1 0 Nz 0 0 0
v|=]0 N3y 0 Ny N5 Ng o (53)
u
0 0 0 Ny Ns N 2
U2
L 02 |
Where
1
Ny = 5 (1-20) (54)
1
N; = 5(1 + Q) (55)
1 3
Ny =;(2-30+0) (56)
1
No=,(1-C-C-0C) (57)
1 3
N5 = (243C-C) (58)
1
N6:Z(1—c+c2+c3) (59)

The power line matrix model contains the strand stiffness K, mass matrix M and the load
vector F. They are expressed in Eq. (60) as:
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K= 5 [ NuT(EAIN, 6C+ 5 [Na (DN 60+ [ NaT(T)Nar o€ (60)

Where A represents the cross-sectional area of the power line, E represents the young modulus
of the power line material, I represents polar moment of area, T represents the kinetic energy
of the system. The matrix is modeled in Eq. (61).

(o . 1.0 ..
M] = EJuT,oAu + EJ ¢ pAv (61)

Where p represents the density of the power line material and Eq. (62) indicates external
excitation.

SW = %JP Su (62)

The power line conductor model is constructed using Euler-Bernoulli theories and summa-

rized in Eq. (63) as:
M M i K K F
v i) () * L sl () = () ©)
My My | \0 Kyi Kxp|\v F>

The finite element analysis follows a step by step numerical computation in the MATLAB
environment as documented in [38, 39]. The dynamic response analysis assumes continuous
displacement, velocity and acceleration [40, 41]. The numerical integration technique utilized
was based on Newmark integration method. The compact form of the high voltage transmis-
sion line model is expressed in Egs. (64)—(69) as [18]:

MY} + [} + KI(y) = [F) (64)
M = Ky g (65)

d = Pt s el + i +a)) (66)
. y(ioz 7

ay = % (68)

a5 — % 1 (69)

The initial conditions are expressed in Eq. (70) as:
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W]o = [Mrl[F]o - [K]’l [y]o (70)

The acceleration vector is expressed in Egs. (71)—(74) as:

o = a3({w}oer — {yds) — as{y} — as{ii}, (71)
Wl =V} + a2y} = a{y}s (72)

a1 = alt (73)

1 = (1 —a)At (74)

8. FEM MATLAB model implementation strategy

In order to test the validity of the models discussed earlier using MATLAB, an aluminum power
conductor with a steel core having a total diameter of 35.56 mm and having an ultimate tensile
strength of 51.51kN was used in setting up the MATLAB simulation. Further physical properties
of the power cable are shown in Table 1. The power conductor had a minimum bending stiffness
Eln of 8.66 Nm? and maximum bending stiffness Elma.x of 433 Nm?. The wholistic finite
element models where implemented in MATLAB using strategy expressed in Figure 2.

Strand layer Strand material Diameter (mm) No. of strands Pitch per length (cm) Lay direction
Layer 0 Steel 225 1

Layer 1 Aluminum 3.38 6 16.1 Left hand lay
Layer 2 Aluminum 3.38 12 22.2 Right hand lay

Table 1. Power transmission conductor physical properties.

The inputs in the MATLAB algorithm were bending and axial loads, the cross-sectional area of
the power conductor, strand radius and strand material type. The type of analysis which can
be either static or dynamic was also specified as part initial and boundary conditions. Also
included in the algorithm was to specify if the computation focuses on local vibration of the
power conductor or the global vibration model.

9. Experimental investigation of conductor vibration

MATLAB code was written for the FEM and this was used to model the dynamic analysis of
the problem of conductor vibration. To validate the FEM model an experimental study was
conducted at the Vibration and Research Testing Centre (VRTC) situated at the University of
KwaZulu-Natal which comprises of apparatus similar to that shown in Figure 3. The sweep
tests (resonance search) were carried out and the test results were used to obtain natural
frequencies and the modes of vibration for a Pelican conductor. The frequency range for the
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Figure 2. FEM MATLAB implementation strategy.
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Pelican conductor was between 5 and 50 Hz and testing was done for three axial tensions of 20,
25, 30 and 35% of its ultimate tensile strength (UTS). The experimental results obtained were
used to validate the developed FEM model. The comparison between results from the experi-
mental data, FEM and the theoretical model for the three different axial tensions for high
voltage conductors are reported in the next section.

10. Simulation and experimental results

The results from the MATLAB simulations were compared with results from the finite element
models (FEM) and experimental recordings. These are shown in Figures 4-7. The results were
compared in terms of the natural frequency of vibration or vertical displacement of the power
conductor.

20% of Max Load

30
45
a0
35

30
25
20
15
’ i i
s on
E 2 3 4 5 B 7 2 =3 10

mMatiab Sim | 4311 | 8,66 13,106 17,674 22,408 17,346 18,89 (34,678 38,785 43,001
mFEM 4,575 | ‘B,T752 | 153,15 | 17,51 | 21,893|26,279:30,671 35,06839,471.43 883
BExperment | 5,058 | 9,053 | 13,32 [17,717/22,183/26,908 131,123 {35,965 /39,893 44,103

No. of Modes

L

Resonant Frequency (He)

Figure 4. Frequency of vibration at 20% UTS.
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mFEM 4,897 | 9785 |14672,19,575 2447479376 34,282 39,194 44111 49,0361
mExperiment 5,058 8924 |14.067 19,373 25,622/31,345 35,167 39,976 44,783 43,783

=T~

Resonant frequency (Hi)

No. of Modes

Figure 5. Frequency of vibration at 25% UTS.
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Figure 6. Frequency of vibration at 30% of UTS.
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Figure 7. Frequency of vibration at 35% of UTS.
11. Conclusion

The results showed that the implementation of the derived models in MATLAB provided
a reliable strategy in the determination of the wind-induced dynamic properties of high
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voltage transmission lines. The results from MATLAB simulation, finite element method
and experimental recordings were similar in values and showed similar trend. MATLAB as

an environment can be used as a reliable simulation tool to implement and analyze high

voltage conductor dynamics. The parameters obtained from the results, to some degree of
accuracy can be used to predict the response of conductors due to aeolian vibration caused by
wind loading.
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