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ABSTRACT Ice shedding of transmission lines may lead to interphase flashover and thereby endanger
power transmission. The ice shedding of transmission lines is essentially an energy conversion process.
Based on the vibration theory and energy method of cable structures, the iced load of a transmission line
is regarded as the working load under the condition of a bare conductor. The theoretical analysis model of
ice shedding for a single-span transmission line was established with a vertical symmetrical vibration mode
configuration. Then the analytical solution of maximum jump height is given. The proposed formula makes
clear the quantitative relationship among maximum jump height and the verticality of the conductor, the
icing mass ratios, and the dimensionless frequency. The vibration of a single-span transmission line after
ice shedding is investigated by the finite element method to validate the proposed formula. The results show
that the maximum jump height calculated by the formula has a good agreement with the finite element
analysis, which fully meets the engineering accuracy requirements. The total jump height calculated by the
current method is only 1.6% lower than that from finite element method. The contribution of high-order
vertical mode is small with a small sag. By considering the contribution of high-order vertical modes, the
calculation formula was further modified to get more accurate results. Since the vertical modes are mainly
determined by dimensionless parameters, a simplified calculation empirical formula for maximum jump
height optimization was obtained by fitting based on parametric analysis results. The presented proposed
formula can provide theoretical guidance and be employed to predict the maximum jump height after ice
shedding for transmission line design.

INDEX TERMS Transmission line, ice shedding, energy method, maximum jump height, analytical formula.

I. INTRODUCTION

The high-voltage transmission tower-line system plays a cru-
cial role in social and economic development. Electricity is
carried from the source of power generation to the distribution
system by Transmission Lines (TLs). Most failures of TLs in
China are due to extreme events, including icing caused by
low temperature, High-Intensity Wind (HIW) events (down-
bursts and Tornadoes) [1], [2], [3], [4]. The interruption of
electricity due to the failure of TLs is unacceptable from the
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standpoint of both social and economic losses. TLs with large
pitch and high flexibility show obvious nonlinear vibration
characteristics during the vibration process of icing and de-
icing. Ice shedding can cause significant vertical vibration
of the conductor and unbalanced tension on the support
tower [5]. Excessive vertical vibration displacement may
cause interphase flashover accidents, and unbalanced tension
can cause the collapse of transmission towers. Therefore,
it is necessary to investigate the largest jump height of the
conductor and the unbalanced tension.

The nonlinear characteristics of conductors lead to cou-
pling effects during vibration, which brings great difficulties
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to the research on the vibration of conductors after ice
shedding. In recent years, experimental tests and numerical
simulation are the main methods to investigate the jump
height of TLs after ice shedding. Morgan and Swift [6]
conduct early experimental research on the vibration of a
multi-span transmission line after the sudden release of ice
loads. Based on the experimental results, they indicated that
only by ensuring sufficient horizontal spacing between the
two phases can flashover be prevented. After that, researchers
modeled ice shedding experimentally with comprehensive
parameters, such as ice thickness, line characteristics, span
length, the elevation difference between the dead-end and
suspension point [7], ice-shedding scenarios [8], elevation
difference, initial stress in sub conductors, accreted ice
thickness [9] and the number of spans. In addition, most
experimental studies did not consider the effects of wind
loads. Liu et al. [10] conducted a three-span reduced-scale
model test in wind tunnel to investigate the jump height,
tension force of the conductors, and axial force changes of
insulators after ice-shedding. They found that ice-shedding
vibration is affected by the aerodynamic damping of con-
ductors. The maximum jump height and vibration period
become smaller with wind loads. The conductor tension force
and insulator axial force increase with the increase in wind
velocity. The above research on the vibration of TLs after
ice shedding is mostly based on the modeling analysis of a
certain independent pitch line, focusing on the discussion of
the dynamic response after deicing, and further research is
needed to realize the fast and accurate calculation of deicing
jump height.

The cost of conducting deicing experiments on actual TLs
is usually too expensive [11]. Due to the nonlinearity of
TLs and other limitations, there are significant differences
between the results obtained from scaled tests and the actual
situation [9], [12]. With the development of computer tech-
nology, numerical simulation based on the finite element
method (FEM) was gradually employed in the dynamic anal-
ysis of TLs after ice-shedding. Jamaleddine et al. [13] used
ADINA to investigate the non-linear dynamic response of
TLs and compared the numerical results to their experi-
ment. They indicated that ADINA has excellent performance
in simulating this highly nonlinear vibration of TLs after
ice-shedding. After that, ADINA was used by Kollar and
Farzaneh [14] to simulate the vibration response of TLs
after ice shedding with additional force. The simulation
results show that the shock absorber can reduce the vibration
jump height of the de-icing vibration. In the past decade,
researchers have more widely used finite element methods
to study the jump height and tension of TLs with vari-
ous ice-shedding and structural parameters [8], [15], [16],
[17], [18], [19], [20], [21]. In addition, machine learning
is a new method to study the dynamic response of TLs
after ice-shedding [8], [12], [22]. Researchers first conducted
extensive FEM calculations to create a dataset including the
maximum jump height, horizontal swing, and unbalanced
tension of transmission lines under different structural, ice,
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and wind parameters. The prediction models can be con-
structed based on the dataset and can be helpful in the design
of TLs in ice zones.

Numeric calculation methods have yielded many useful
results and conclusions, but in engineering applications, for-
mulas are still needed for the design of TLs. Compared to
experimental and numerical research, the theoretical work on
the jumping height of TLs after ice-shedding has received
less attention. Oertli [23] proposed an integral formula to
calculate the jump height of the wire after deicing with-
out considering the suspension point displacement of the
insulator string and the change of wire tension. List and
Pochop [24] proposed an approximate calculation formula
for deicing jump related to density per unit length of wire,
elastic modulus, and tensile stress. in the Chinese design
code for overhead TLs [25], the suggested formula for the
estimation of maximum jump height depends on the sag
difference before and after ice-shedding. It is worth noting
that the calculation formula of maximum jump height is based
on simplified theory, experience, or a specific test, without
considering the effect of different structural parameters and
deicing loads in actual TLs. Therefore, Yan et al. [15] pro-
posed a simplified formula to calculate the maximum jump
height based on numerical simulation results with ABAQUS
and data fitting. Wu et al. [ 18] established a theoretical model
of deicing jump height of ice-covered transmission lines, but
only considered the energy relationship under static state, and
its extensive engineering applicability remains to be deter-
mined. Xie et al. [26] established a quantitative relationship
between jump height and sag based on the parabola, but
the formula contained tension in different states and did
not consider the influence of cable dynamic characteristics.
Lou et al. [27] obtain aerodynamic force coefficients of the
iced conductor with crescent sections by wind tunnel experi-
ment. Based on the FEM results, they proposed an empirical
formula for estimating the maximum height jump considering
the combined effect of ice and wind. In most of the above
theoretical studies on the vibration of TLs after ice shedding,
a simplified approximate formula was proposed based on
fitting the results of experiments or numerical simulation,
or only the results of static state were considered. Current
existing theoretical models also lacked clear mathematical
and physical significance.

In this paper, based on the basic theory of cable struc-
tures, the energy method is used to establish a simplified
model to estimate the maximum jump height for single-
span TLs, and the loads from ice shedding of TLs are
regarded as the external load in the uniced state. The pro-
posed analytical calculation formula can give a reference
for the design of TLs. It is worth noting that the the-
oretical derivation of deicing vibration in this paper is
carried out by taking a single conductor as an example. For
multi-span and multi-bundles conductors, it is only necessary
to change the boundary conditions of cable to lead model
variations, Then the model proposed in this paper is also
applicable.
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Il. ANALYSIS OF THE MECHANICAL STATE OF
ICE-COVERED TLS DEICING

In order to study the dynamic response of TLs after ice-
shedding, it is assumed that the deicing process was divided
into four states, as shown in Figure 1. In the state I, the
transmission line is not covered with ice. TLs take on a
catenary shape with the action of gravity. Considering the
boundary conditions of TLs, the catenary equation of the TLs
at the same height can be obtained [28]:

=2 (chE(x —1/2) - 1) )
mg 00
where m is the mass per unit length of the transmission line,
g is the acceleration of gravity and oy is the initial stress.
In status II, the TLs are in static equilibrium after icing.
Under the action of gravity from TLs and covered ice, the
TLs sag with a displacement Ad. In State III, the TLs jump
after ice-shedding, and at a certain time step, the TLs reach
the maximum jump height. In state IV, the transmission line
reaches a stable equilibrium position after a long time of
vibration attenuation. If the covered ice on TLs is completely
detached, state IV eventually coincides with state I.
Generally, the vibration after ice-shedding focuses on the
displacement difference from state II to state III in previ-
ous research and engineering applications [22], [29], [30].
Considering that the displacement at the midpoint of the span
is usually the largest, the displacement at the midpoint of the
span is taken as the maximum jump height A, which can be
composed of the displacement Ad from state I to state II and
the displacement Ag from state I to state III. According to the
energy conservation law for an elastic conductor system,
the work done by icing on the transmission line is equal
to the sum of the system strain energy and the increment of
gravitational potential energy after ice-shedding. The max-
imum jump height Ay of the TLs can be derived. In order
to simplify the derivation, it can be assumed that the TLs
are arranged horizontally, and the deicing scenario is the
whole span ice-shedding. For non-horizontal transmission
lines, a similar derivation can be achieved by rotating the
coordinate system. For partial ice-shedding, energy integra-
tion for partial sections of the TLs span can also be used.

lIl. THE RELATIONSHIP MODEL BETWEEN DYNAMIC
TENSION AND MAXIMUM JUMP HEIGHT

A. VIBRATION EQUATION OF ICE-COVERED

TLS AFTER ICE-SHEDDING

Considering the state I of TLs: the motion state of the
horizontally ice-covered TLs hinged at both ends is shown
in Figure 1, and the motion equation is:

9 dz | ow(x,0)\]| _ 0%w(x,1)

where w(x, t) is the vertical displacement of the transmis-
sion line, T is the tension in the transmission line, T is the
dynamic tension of the transmission line, m is the mass per
unit length of the transmission line before icing (or after
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FIGURE 1. Four states of TLs before and after ice-shedding.

ice-shedding), and g is the acceleration of gravity. If the ice-
covered transmission line is considered to be a small sag cable
(the vertical-span ratio is less than 8), according to Newton’s
second law, the dynamic equations in vertical and horizontal
directions can be written, respectively, as

dx

1S =n 3)
d sz _ 4
a{ a}——mg 4)

Substitute Eqs. (3) and (4) into Eq. (2), one obtains:

Zw(x, t d?z Zw(x, t
—(2 ) +h—2 = m—(2 ) @)
as dx dat
where H is the horizontal tension of the uniced transmission
line, and / is the horizontal tension relative to the transmission

line before icing.

B. TENSION AND DISPLACEMENT IN ICE-COVERED

TLS (STATE 11)

The initial tension and initial configuration can be determined
according to Eq. (1). After the transmission line is covered
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with ice, the tension and displacement of the line change
from state I to state II, and the displacement can be calculated
according to Eq. (6) [20].

~ s (17 5) %= ©)
Y =0 +n p)

where w = w/(m1gl/H) is the dimensionless parameter
of the displacement of the transmission line, h = h/H is
the ratio of the transmission line tension /4 to the horizontal
initial tension H, x = x/[ is the dimensionless horizontal
coordinates, p = m| /m represents the ratio of the ice-covered
mass mj per unit length to the mass m of the conductor
before ice-covered. The horizontal tension can be obtained
according to the balance equation (7) of the cable [28]:

hL, /’ d’z N L W D
EA - Jo\a2 T2a2 )"
Substituting Egs. (1) and (6) into Eq. (7), the analytical
expression of tension can be obtained as follow:

A2 A2 A2 p
3 ~ 2 ~ _~ P —
h +(2—|—24)h +(1—|—12)h 12p(1+2)h 0
(®)

(mg)*PEA,

where, A2 = ] is a dimensionless parameter, if small

deformation is considered, then A2 = 645& (‘71)2. E is the
elastic modulus of the conductor, A, is the cross-sectional
area, [ is the horizontal span length of TLs, d is the initial
sag of TLs, and [, is the arc length of TLs.

C. MAXIMUM JUMPING HEIGHT AFTER ICE-SHEDDING
In state III, the motion of the transmission line after
ice-shedding is generally vertical vibration. Assuming that
the conductor vibrates according to the first-order vertical
symmetry mode after ice-shedding, the dynamic tension
is approximately constant along the span length direction
(x-direction).

Assuming that w(x, 1) = w(x) e, h(r) = he®, substitut-
ing them into Eq. (5), one can obtain:

32w 9. Mg~

H el + mow = ﬁh )
It is obvious that the dimensionless solution of Eq. (9) is:

__ h ® .
w=— (1 —tan—smwx—coswx) (10)

w? 2

Dimensionless parameters are used here. In Eq. (10),
W = w/(mgl*/H) represents the movement displacement
of the transmission line after ice shedding, h = h/H and

® = wl/(H/m)'/? are dimensionless dynamic tension and
vibration frequency, respectively. w is the vertical vibration
circular frequency of the transmission line, which can be
solved by the following transcendental equation.

tangzg—%(gf (11)
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D. DYNAMIC TENSION AFTER ICE SHEDDING

The transmission conductor vibrates freely after ice shedding.
It can be assumed that the maximum jump height of the
midpoint (x = 0.5]) between state I and state III of the
uniced conductor is Ag, which can be obtained by substituting
x = 0.5/ into Eq. (10).

h=w?/ (1 — tan g sin% — cos ;) Jmgl?JH)Ay  (12)

Eq. (12) establishes the relationship between the dynamic
tension of the transmission conductor and the maximum jump
height (between the uniced-coated conductor). It should be
noted that Eq. (12) is an exact solution.

E. SOLUTION BASED ON ENERGY PRINCIPLE
The potential energy of a conductor can be divided into two
parts, one is the strain potential energy V, generated by the
horizontal tension, and the other one is the strain potential
energy V, generated by the dynamic tension. From state I to
state II, it is obvious that the mass of covered ice has done
work W. After the covered ice on the conductor completely
falls off, i.e., from state II to state III, then the conductor
finally stabilizes in state IV. According to the conservation
of energy, the work done by gravity from state I to state II
should be equal to the change of potential energy from state 11
to state III.

The static displacement distribution of the conductor after
ice shedding is shown in Eq. (6), then the gravitational work
done by the covered ice could be calculated as:

1 1
=—/ migwdx = ———— (13)
2 Jo

where Ad is the difference in sag at the midpoint before and
after ice shedding. Obviously, the work done by the gravity
from the covered-ice is transformed into the potential energy
generated by state III and the strain potential energy generated
by dynamic tension. The gravitational potential energy is

given by:
1 [t fow)?
ng—/ Y ax (14)
2 0 ox

where V, = V,/{(mgl?*/H) mgl}. For the small sag cable,
the displacement distribution from state I to state III is given
by Eq. (10), and it is also assumed that the maximum dis-
placement at the midpoint of the span is Ag. Then it can
be obtained by integrating V, = 1H f(f (%—;V)zdx, one can
obtained:

H 2 . -4
Ve = 6 (Ag)” @ (w — sin(w)) / sin*(w/4) (15)

Similarly, the strain potential energy V, = %% fé hwdx

generated by dynamic tension can be simplified as
H 2
V. = 27 (Ao)zw (g—sin(w)—{—g cos(w)) / (cos(g)— 1)
(16)

VOLUME 11, 2023



J. Wang et al.: Study on the Maximum Ice-Shedding Height of Conductor

IEEE Access

According to the conservation law of energy, ignoring the
influence of damping force, it can be known that the increase
in potential energy from state II to state III is equal to the
work done by the equivalent load of ice during the process
from state I to state II.

Vet Ve=W (17)

Substituting Eq. (17) into Eqs. (13), (14), and Egs. (16)
to (17), the amplitude expressions from state I to state III can
be solved as:

0.5 (1 —tan (%) sin (£2) — cos (2
o= (Maga) LZ B () —en()
m 2 :
® (392% + % tan? (%))

It can be seen from Eq.(18) that the maximum jump height
of the ice-covered transmission line is related to the initial
sag d of the conductor, the ice-covered sag difference Ad,
the dimensionless frequency , and the ice-covered mass
ratio m; / m, and the last term of Eq. (18) is related to the
dynamic characteristics of vibration. Finally, the total jump

height from state II to state Il is Ag + Ad.
Assume that,

c_ 1— ta: (%)sin (%) — COS(S_?) a9)
(392% + 2o tan? (%))

The Eq. (18) can be simplified as

Ag=C (%Add)o's (20)

IV. EXAMPLE VERIFICATION CALCULATION
METHOD FOR JUMP HEIGHT
For TLs with a span of 550m, the cross-sectional area of the
conductor is 621mm?, the density is 3090kg/m>, and the elas-
tic modulus is 63GPa. The initial stress under the self-weight
is 88.08Mpa, and the maximum sag at the midpoint of the
span is 13m. When the ice thickness is 20mm, the density of
icing is 3780kg/m?>, and the stress after icing is 151.38Mpa.

In the current study, the finite-element LINK10 in ANSYS
was used to simulate the conductor. LINK10 is a linear ele-
ment with prestress, which can withstand axial tension. Each
node has three degrees of freedom in X, Y and Z directions,
and can be iteratively form-finding by applying initial strain.
The insulator string is always in a tension state during the
movement of the wire, and its stiffness is much higher than
that of the wire, so the finite-element LINKS is used for sim-
ulation of insulator. The self-weight of a conductor is evenly
distributed along its length, and its initial configuration is
catenary under the action of self-weight. The influence of
the stiffness of the transmission tower on the deicing of the
ice-covered TLs is ignored, and the fixed branch is used to
simulate the freedom constraint of the insulator at the end of
the tower.

In the analysis and modeling, covered-ice is directly sim-
ulated as the concentrated mass at the unit node, and finite-
element Mass21 is used to simulate the concentrated mass.
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In the simulation of deicing, the corresponding equivalent
mass block at the unloading of the unit is simulated by
controlling the life and death of the unit to simulate the
simultaneous icing and chain shedding process.

According to the theoretical calculation proposed in the
current study, the dimensionless parameter of the conduc-
tor A% is 25.6125, and the initial 1st-order dimensionless
frequency is 5.45. The sag difference before and after icing
is 3.83m, the jump height from state I to state III is 6.32m,
and the total jump height is 10.147m. The work done by icing
is 29343.7 N-m, the potential energy generated by the initial
tension during the jumping process is 18775.9 N-m, and
the potential energy generated by the dynamic tension from
state II to state IIT is 10567.8 N-m, which satisfies the energy
conservation. The ANSYS finite element numerical analysis
result is 9.984m, which is 1.6% different from the deduction
result in this paper. If considering the damping ratio of 0.4%
for the conductor, the calculated jump height is 9.977m,
which is 1.7% different from the result calculated by the
method in the current study, and the difference is enlarged
by 0.1%. It can be seen that the method proposed in this paper
can accurately predict the maximum jump height after ice
shedding, and the influence of the conductor-damping ratio
can be ignored. Since the derivation in this paper is based on
the basic energy principle, the calculation method can also be
applied to the vibration of multi-level continuous conductors
after ice shedding, only need to consider different frequency
parameters.

A. PARAMETER ANALYSIS

According to Eq. (18), the influencing factors of maximum
jump height for TLs after ice shedding are only related to the
mass ratio, sag difference, vertical frequency, and dimension-
less parameter A2, In the present study, those parameters are
analyzed separately. For the convenience of comparison, the
mass of the covered-ice and the mass of the conductor are
taken to be the same, both are 1.919kg/m. It is assumed that
the vertical-span ratio before icing remains unchanged, both
of which are 42.31. Only the Ist-order modal frequency is
discussed, and the dimensionless frequency and jump height
of the TLs after ice shedding are shown in Fig. 2. It can be
seen that with the same vertical span ratio, the larger the span,
the lower the frequency. The maximum jump height also
increases nonlinearly with the increase of the span length,
showing a parabolic relationship. The theoretical solution of
the formula derived in the current study is in good agreement
with the numerical results of ANSYS.

As shown in Fig. 3, the jump height increases approx-
imately linearly with the increase of the mass ratio of
covered-ice. The theoretical results from the current method
are in good agreement with the FEM results, indicating that
the variable relationship between the jump height and the
ice-covered mass ratio in Eq. (18) is precise. Of course, with
the increase of the mass ratio, the dimensionless parameter A2
of the conductor will increase synchronously, resulting in a
slight nonlinearity in Eq. (18), and leading to an increase
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FIGURE 2. Relationship of jump height and span length.
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FIGURE 3. Relationship of jump height and mass ratio.

in error. In engineering applications, the ratio of icing mass
to conductor mass rarely exceeds 2.5. Therefore, the rela-
tionship between jump height and mass ratio in the formula
derived in the current study is also accurate.

The effect of the initial vertical-span ratio on the
ice-covered jump is investigated with a span length of 400m.
As shown in Fig. 4, with the increase of sag, the dimension-
less frequency increases, while the maximum jump height
decreases. The maximum jump height at the midpoint varies
nonlinearly with the sag from the results of both the FEM
and current method. The difference between Eq. (18) and
ANSYS numerical simulation increases with the sag increase.
According to the theory of cable structure [20], the high-order
vertical frequency has a greater contribution to the dynamic
tension for TLs with large vertical span ratios. Only consid-
ering the Ist-order frequency to calculate the response of TLs
with a large vertical-span ratio after ice shedding may lead to
larger calculation results.

Figure 5 shows the change of the dimensionless param-
eter C of the first two modes with different dimensionless
parameters A2. With the vertical-span ratio increasing, the
values of A2 increases. The parameter C calculated in the
Ist-order mode decreases nonlinearly with the dimensionless
parameter A2, and tends to be stable when the A2 is greater
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FIGURE 4. Relationship of jump height and cable sag.

than 400. Obviously, considering the 2nd-order mode will
increase the dynamic tension of the conductor. When the A2
is equal to about 150, the parameter C is close to 0. Similarly,
when the A? is greater than 400, the value of C tends to
be stable, and the effect of the 2nd-order mode on the jump
height also tends to be stable.

1.0+
0.8 —o— 1st-order modal frequency
o— 2nd-order modal frequency
0.6
0.4
]
0.2

0.0+
02] /\
'04 T T T T T T
0 200 400 600 800 1000
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FIGURE 5. Parameter C calculated by the first two modal.

B. MULTIMODAL CORRECTION
The main reason for the difference between the current the-
oretical formula and FEM simulation in the previous section
is that only the influence of the 1st-order mode is considered.
In addition, the derivation of the formula is based on linear
theory, which is suitable for the case of small vertical-span
ratios and large stress. Here, according to the theory of cable
structure, the n-order modal dynamic tension participation
coefficient «,, is introduced, which is also the participation
coefficient of the strain energy in the total energy [28].

oy = 23 2D

[1+ 22 {tan (@n/2) / (@2/2)}* /12]

In the engineering applications, the modal participa-
tion coefficients of the first eight orders can be obtained
by Eq. (21). Then the proportion of the 1st order modal in
the total strain energy can be obtained, and the amplitude
correction coefficient can be calculated as the square root
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relationship of the energy correction coefficient, as shown in
Equation (22), so Equation (18) is modified.
0.5
o1
B = (22)
>
n
Fig. 6 presents the relationship between the amplitude
correction coefficient and the dimensionless parameter A2
when the first 8-order modes are considered. It can be found
that with the increase of the parameter A2, the participation
ratio of the higher-order modes increases and the correction
coefficient decreases. The corrected maximum jump height
is shown in Fig. 7. It can be seen that the results obtained by
considering the participation of high-order modes can match
well with the FEM results with a large sag.
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107w,
0.9 "
0.81 \

- 071

0.6 \'\

- L}
0.5 N
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FIGURE 6. Amplitude correction factor.
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FIGURE 7. Modified results considering higher modes.

C. DIMENSIONLESS PARAMETER FITTING
Since the modal correction method needs to consider the
modal participation order, and it is inconvenient for engi-
neering applications. Considering that C in Eq. (19) is
related to the dimensionless parameter A2 and the dimen-
sionless frequency @, which are not independent with each
other.

Therefore, with the undetermined coefficient method, only
the dimensionless parameter A” is considered to log the
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numerical values. The simulation results are fitted with
parameters. Then the relationship between the dimensionless
parameters C and A” can be obtained, which is a dimen-
sionless relationship and has universal applicability. Finally,
we get

C = 0.816¢ 007612 (23)

Combining Eq. (18), the maximum jump height can be
expressed as follow:

0.5
Ag = 0.816¢ 00764 (@Add) (24)
m

Obviously, Eq. (24) is a very simplified expression, which
clearly expresses the laws of physical parameters in the pro-
cess of icing and ice-shedding. The values of C with different
A2 calculated by Eq. (23) are also plotted in Fig. 8. It can be
seen that the fitting result of the dimensionless parameters is
relatively good when A? is less than 250. The above calcula-
tion example is also calculated, and the relationship between
the maximum jump height and sag is obtained as shown
in Figure 9. The results show that after adopting Eq. (24),
the calculated results are also more accurate.
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084 © O FEM results
Fitted values
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0.24
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T T T T T T
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FIGURE 8. Variation of the dimensionless parameters C with 12.
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FIGURE 9. Comparison of jump heights with different methods.

According to Eq. (24), for multi-span and multi-bundle
conductors, only the boundary conditions and structure of
the cable lead to the change of the modal parameter AZ.
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The model proposed in the current study can be applied
to vibration analysis after ice shedding for continuous
multi-span and multi-bundle conductors.

V. CONCLUSION

In this study, the maximum jump height of isolated-span ice-
covered TLs is deduced based on cable structure theory and
transmission line vibration energy method. The quantitative
relationship among the maximum jump height of TLs after
ice shedding and conductor sag, ice-covered sag difference,
dimensionless frequency, and ice-covered mass ratio was
investigated based on the energy principle. Then the analyt-
ical calculation formula for estimating the maximum jump
height relative to the initial state of the conductor before icing
is developed, by establishing a theoretical analysis simplified
model of isolated span TLs after ice shedding. The following
concluding remarks are drawn:

1) With the same vertical-span ratio, the larger the span
of TLs, the lower the frequency. The maximum jump
height of the conductor after ice shedding increases
nonlinearly with the span length, approximately in
a parabolic relationship. Since the sag after icing is
also related to the icing mass, the ratio of maximum
jump height to ice-covered mass is close to a linear
relationship.

2) The maximum deicing jump height calculated by con-
sidering the Ist-order modal frequency is in good
agreement with the FEM results with a small vertical
span ratio. The total jump height calculated by the
current method is only 1.6% lower than that from
finite element method. If considering the damping ratio
of 0.4% for the conductor, the jump height from FEM
is about 1.7% larger than the result calculated by the
current method, and the difference is enlarged by 0.1%.

3) The contribution of higher-order vertical modes to the
dynamic tension needs to be considered with a larger
vertical span ratio. The proposed correction coeffi-
cient can realize the correction of the maximum jump
height after ice shedding considering the participation
of higher-order modes.

4) A more simplified calculation formula of maximum
jump height can be obtained with the exponential fitted
dimensionless parameters, which can better reflect the
physical law of maximum jump height of TLs after ice
shedding.
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