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ABSTRACT The design principles of overhead power lines cover the effect of external loads in the
atmosphere (ice load and wind load) on the layout of power transmission systems. These additional loads are
closely related to the geographical and meteorological characteristics of the land, so each country projects
the additional loads on the power line design by considering its conditions. The ice load, which should
be especially considered in mechanical calculations of power lines, causes forces on the conductor in the
vertical direction. However, these vertical forces affect only one part of the conductor in the presence of
partial ice which generally occurs due to falling some ice in the power line to the ground for any reason
or directly because of meteorological events and geographical features. The analysis of partial ice load is
defined as the non-uniform accreted ice problem in the related studies. This study investigates the effect
of non-uniform accreted ice on the conductor curve using data from Turkey. The results obtained from the
non-linear model created using SAP2000 (Structural Analysis Program) are verified with the equations in
the literature. The proposed model can be used to solve other problems by changing the parameters for cases
in different countries.

INDEX TERMS Audible noise, conductor curve, electric field, ice load, magnetic field, non-uniform
accreted ice, overhead power lines, sag, SAP2000.

I. INTRODUCTION
Manufactured structures, especially overhead power lines
that must pass through high mountains, are affected by atmo-
spheric icing in many countries, especially Japan, Canada,
England, Iceland, Finland, Hungary, Norway, Czechia,
Romania, and Russia [1]. Temperature, relative humidity,
wind, altitude, and land features are the main factors affecting
atmospheric icing [2], [3]. The reasons for the formation and
accumulation of atmospheric icing in power lines are freezing
rain, wet snow, in-cloud icing events, or freezing radiation
fog [4].

Atmospheric icing causes different effects on power lines
depending on the weight of the ice load [5]. While light
icing of overhead power lines may result in such conductor
galloping and line overloading, heavy ice load may cause
huge hazards such as disconnection and towers falling, which
result in a blackout of the power grid [6], [7], [8].

The associate editor coordinating the review of this manuscript and

approving it for publication was Siqi Bu .

NOMENCLATURE
mc the mass of the conductor (kg/m)
l the span length (m)
Mi the mass of the ice on the conductor (kg/m)
mi the mass of the partial ice-loaded part of the

conductor (kg/m)
m the coefficient of partial ice overload
f the sag (m)
M the moment (Nm)
T the tensile force (kg)
E young’s module

(
kg/mm2

)
α the coefficient of thermal expansion (1/◦C)
q the cross-sectional area of the conductor

(
mm2

)
θ the temperature (◦C)

It is crucial to note that, although ice load is an essential
parameter to calculate mechanical stress, the overhead power
lines are not only under the effect of ice load but also are
affected by the wind forces, too [2]. In the project stage,
the calculations are separately made for phase conductors
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and protection wires, considering the conductors’ weights
and these extra loads [9]. These forces or loads cause the
selection of larger traverses, diagonals, and perpendicular
sections, which result in a cost increase for poles [10], [11].
While the loads arising from ice also include wind load, it is
excluded from the scope of this study because the final state
of the conductor curve is examined [12]. Therefore, it is
assumed that the conductor is only affected by the ice load
to create the model structure. Let the direction of two neigh-
boring poles relative to each other is considered horizontal,
and the direction of the power line relative to the ground is
vertical. The sag of conductors changes only through vertical
direction under uniform atmospheric icing. However, it is
shifted in both horizontal and vertical directions by the effect
of non-uniform accreted ice. Moreover, the probability of
non-uniform accreted ice in overhead power lines that have
particular importance due to the natural obstacles should be
examined in detail, particularly during the project phase [13].

In studies on atmospheric icing in power transmission
lines, it is generally assumed that the ice uniformly covers
the conductor along the span [14]. However, the sun’s rays
may be partially obscured by mountains or trees, depending
on the nature of the land. In this case, a portion of the ice
may be melted or spilled from a hanger point, so non-uniform
accreted ice may arise. The studies about non-uniform atmo-
spheric icing in the literature are related to either the asymme-
try shape of the ice over the conductors or asymmetric icing
over the different phases’ conductors [15]. Most studies have
focused on the conductor forces and their effect on the sag
[16], [17]. In other studies, the general assumption is that ice
load over the sag curve is uniformly distributed [18], [19].
The calculation of unbalanced stresses under non-uniform
accreted ice has been focused on only a few studies in the
literature. However, studies on this subject are essential as
the change of sag due to non-uniform ice directly affects the
calculation of physical and electrical quantities [20], [21].
Besides, some computer programs have been developed for
static loads caused by broken conductors or different ice
conditions. However, these applications still need to be suffi-
ciently tested for a general application [22], [23].

This study investigates the effect of non-uniform accreted
ice on the sag for overhead lines. The displacement of the
horizontal tangent point of the non-uniform accreted ice on
the overhead power lines is critical as this change directly
affects the magnetic coupling, electric field, magnetic field,
and noise calculations which subject many studies in the liter-
ature on the surrounding pipelines [24], [25], [26], [27], [28].
The modeling and structural analysis of the overhead line is
conducted using SAP2000, which is especially preferred in
the solutions of non-linear problems.

II. METHODS
A. THE CHARACTERISTICS OF OVERHEAD POWER LINES
Aluminum conductor steel reinforced (ACSR),
a stranded conductor with high capacity and

strength, is generally used in overhead power
lines (Figure 1).

FIGURE 1. The construction of aluminum conductor steel reinforced
conductor.

The Canadian Standards (CSI) use bird names (hawk, rail,
cardinal. . .) to define the aluminum conductor steel rein-
forced. Therefore, ACSRs are specified with both MCM val-
ues and the bird names, like 477MCMHawk, 954MCMRail,
and 954 MCM Cardinal. The conductors up to 954 MCM
are generally used up to 154 kV, and conductors with higher
cross-sections are used at higher voltage levels. 1 MCM or
1 kcmil, is approximately equal to 0.5067 mm2.
Concerning the characteristics of the conductor, the follow-

ing assumptions are made.
• Firstly, in terms of bending and torsion, the power line

is assumed to be perfectly flexible for the length of the
span.

• Secondly, the weight of the conductor is also assumed
to be uniformly distributed across the span.

B. THE PROBABILITY OF NON-UNIFORM ACCRETED ICE
FORMATION ON POWER LINES
Atmospheric loads on power lines are random variables.
Because wind, icing, and combined wind and ice loads vary
significantly in time and space, it is best to use a statis-
tical approach for related studies and forecasts. Therefore,
statistical analysis of field data for icing events is essential
during the design, construction, and operation of power trans-
mission lines, particularly for lines passing through regions
with severe icing conditions [14], [29]. Ice load (kg/m), wind
load (kg/m, kg/h), and iced conductor diameter thickness
(mm) datasets were taken from conductor samples located
in a region at specific time and time intervals (for example,
at 15-minute intervals for ten years) are used in statistical
studies.

The probability of non-uniform accreted ice forming on
the power line can be expressed more theoretically in the
following:

X → is a vector random variable

X =

X1...
Xn

 = [X1 X2 . . . Xn ]
T (1)

‘‘T’’ denotes the transposition of the matrix in Equation 1.
Assume that the variables in Equation 1 are defined as
follows:
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X1 the density of ice
(
kg/m3

)
X2 the ambient temperature (◦C)
X3 the relative humidity (%)
X4 the wind speed acting perpendicular to the

conductor (m/s)
X5 the structure of land (Type1,Type2, . . .)
X6 the type of ice (wet− snow, in− cloudicing, . . .)
X7 the elevation from the sea level (m)
X8 the angle of incidence of radiation to the conductor (◦)

Note: X8 = arccos[cos (113.5− ϑ) cos (180− ψ)]

ϑ the latitude of the overhead power line
ψ the angle between the line direction and the

North-South direction
X9 the intensity of solar radiation

(
W/m2

)
Let E = f (X1,X2, . . . X9 ) represent the event of for-

mation of the non-uniform accreted ice in the power line
depending on the critical factors. Suppose that the set S is
the union of the mutually exclusive sets X1,X2, . . . X9 , and
the set E is a subset of S. In this assumption, S describes the
set formed by all the values of critical factors, thereby E is
given in the following using the set theory:

E = E ∩ S = E ∩
(
X1 ∪ X2∪ . . . ∪X9

)
= (E ∩ X1) ∪ (E ∩ X2) ∪ . . . ∪ (E ∩ X9) (2)

Using the law of total probability theorem in Equation 2:

P (E) = P (E ∩ X1) ∪ P (E ∩ X2) ∪ . . . ∪ P (E ∩ X9) (3)

Using the product theorem for conditional probability in
Equation 3:

P (E ∩ Xk) = P (Xk ∩ E) = P (Xk)P (E|Xk) (4)

Finally, Equation 5 is obtained by writing Equation
4 explicitly:

P (E) = P (X1)P (E|X1)+ P (X2)P (E|X2)

+ . . .+ P (X9)P (E|X9) (5)

Complete and accurate datasets from fieldwork are needed
to calculate the probability of partial ice load formation.
Suppose the probability calculated using these datasets is
outside the confidence interval determined previously to use
in reliability studies. In that case, it is beneficial to conduct
modeling and analysis, which are the subject of this study.
When calculating these probabilities for regions where addi-
tional loads are severe, failure reports from previous years are
also considered.

C. THEORETICAL CALCULATION OF THE DISPLACEMENT
OF HORIZONTAL TANGENT POINT
Theoretical calculations are generally limited to cases where
the conductor has loaded half a span or one-third of a span
from the support point. However, it is crucial to evaluate the
shape of the new balance curve and to check the distances of

the horizontal tangent point to the ground or obstacles for the
latest balance state.

Calculating the horizontal tangent point varies depending
on whether it is formed on the iced or iceless part of the
conductor.

If the horizontal tangent point is formed on the iceless part:

x =
l
2

[
1−

(mc +Mi)−Mi

mc
k2
]

(6)

If the horizontal tangent point is formed on the iced part:

x =
l
2

[
(mc+M i)− mc

mc +Mi
k (2− k)+

mc
mc +Mi

]
(7)

The k in Equations 6 and 7 is expressed as:

k =
the length of the iced part

span length

}
≤ 1.00 (8)

The displacement of the horizontal tangent point due to the
non-uniform accreted ice:

1x =
l
2
− x (9)

Considering,

k0 =

√
mc (mc +Mi)− mc
(mc +Mi)− mc

(10)

By comparing Equations 8 and 10:
If k > k0→ the horizontal tangent point forms on the iced

part of the conductor,
If k < k0 → the horizontal tangent point forms on the

iceless part of the conductor.
To theoretically present the details of calculating the sag

under non-uniform accreted ice, assume that half of the con-
ductor is subjected to partial ice load. The A and B represent
the suspension points, and O shows the midpoint of the
conductor, where the partial ice ends. The arc lengths OA
and OB should be expressed separately to calculate the sag
at point O. Then, using the properties of funicular polygons,
the sag at any point of the polygon is given by,

f =
M
T

(11)

M denotes the moment at the point, and T is the horizontal
tensile force. The reaction forces at points A and B are given
in the following, respectively.

RA = mc
l
8
(3m+ 1) (12)

RB = mc
l
8
(3+ m) (13)

m =
mc + mi
mc

(14)

The moments of the reaction forces RA and RB are summed
considering their directions to obtain the moment M at
point O;

M = RA
l
2
−
mmcl2

8
=
mcl2

16
(m+ 1) (15)
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The sag at the pointO is obtained by substituting the moment
M in Equation 11,

f =
mcl2

16T
(m+ 1) (16)

T is the tensile force at the horizontal tangent point in Equa-
tion 16. The change of state equation using the classical
formulation is given in Equation 15 [30]:

T 2
2

[
T2 +

m2
c l

2Eq

24T 2
1

+ Eqα (θ2 − θ1)− T1

]
=
m2
c l

2Q2Eq
24

(17)

The following results are obtained using Equation 17:
If the non-uniform accreted ice is formed on l

2 of the
conductor→ Q2

=
5m2
+6m+5
16

If the non-uniform accreted ice is formed on l
3 of the

conductor→ Q2
=

3m2
+8m+16
27

If the non-uniform accreted ice is formed on 2l
3 of the

conductor→ Q2
=

16m2
+8m+3
27

D. THE IMPLEMENTATION OF THE DEVELOPED MODEL
The forces to be applied to the power line depend on the
shape of the conductor. Therefore, a non-linear analysis is
required to understand the mechanical behavior of the line.
As the initial geometry affects the subsequent behavior of the
conductor, it is essential to model the power line correctly.
In this study, it is decided to model it with one-meter intervals
from the results obtained by trying different segment lengths.
Figure 2 shows the conductor loading for each meter of
conductor segments after defining the conductor geometry
and supports for 400 meters.

FIGURE 2. The conductor modeling approach.

Figure 3 shows the SAP2000 model of the conductor visu-
alized above.

As seen in Figure 3, it is possible to obtain results for each
joint of the conductor, which is modeled at 1-meter intervals
as described above.

The flow chart of the displacement of the horizontal tan-
gent point of the power line under non-uniform accreted ice
is shown in Figure 4.

The mechanical properties of the conductor given in the
Appendix vary according to the power line type to be pre-
ferred. The power transmission line specifications mean, for
example, the rise difference between the two neighboring
poles in a mountain or rough terrain pass. Spans in this
situation are called asymmetrical (inclined) spans; greater
forces load the suspension points in these cases.

The determination of the span depends on the related
project. The length of the conductor pieces to be modeled is

FIGURE 3. SAP2000 model of the conductor.

FIGURE 4. The flow chart of calculation of displacements under
non-uniform accreted ice on power transmission lines.

decided according to how the resulting sensitivity is desired.
Afterward, it is defined whether the power transmission line
to be modeled is exposed to non-uniform accreted ice, the
weight of the ice load (kg/m), and how much length of the
line is affected by it. Finally, the power transmission line dis-
placement in the horizontal and vertical directions is obtained
by considering the targeted tension force.

III. NUMERICAL STUDY AND RESULTS
The presented model in this study can be applied to all power
lines with different mechanical properties and non-uniform
accreted ice. While deciding on the conductor type for this
study, we care about its use at 420 kV and to be used more in
Turkey. The only difference between Rail and Cardinal con-
ductors, which have the same aluminum cross-section (954
MCM) and, therefore, the same electrical resistance, is that
the steel core cross-sections are different. The 954 MCM
Cardinal is discussed in this study’s modeling part because
the conductor’s mechanical strength is higher than the Rail.
The mechanical properties of the power transmission line to
be modeled are given in the Appendix.
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TABLE 1. SAP2000 windows for properties of the modeled conductor.

FIGURE 5. The SAP2000 main screen showing the balance and stress
distribution of the conductor.

The overhead power line’s tensile forces at maximum
stress and maximum sag in Turkey are defined by the Turkish
Electricity Transmission Company (TEIAS). The maximum
tensile force for 954 MCM conductors is 4920 kg, according
to the values taken from TEIAS. This value is used as a
reference in the created model. The weight of non-uniform
accreted ice is included in the model as 2 kg/m, assuming that
it is in the III region, which is one of the regions for ice loads
defined by TEIAS. The SAP2000 windows, which include
the properties of the conductor in the Appendix, are given in
Table 1.

The main screen of SAP2000 that shows the power trans-
mission line’s balance and stress distribution under dead load
and external/snow loadwith the conductor simulation is given
in Figure 5. These simulations are performed for each exter-
nal load, and the results of different cases are obtained.

For the verification of the model created in SAP2000,
the results of the presented model are compared with the

TABLE 2. Verification of the model.

well-known equations in the literature, and the results are
given in Table 2 [30].

It should be highlighted that these calculations can bemade
using these equations only if there is a certain amount of
non-uniform accreted ice on the conductor. It can be seen
in Table 2 that the equations give the sag at the end of the
iced point. However, in many cases, especially in electrical
calculations, the point where the conductor is closest to the
ground is critical. Figure 6 shows the displacement of the sag
according to different non-uniform accreted ice.

In Figure 6, the red line shows the location of the sag in
the absence of any non-uniform accreted ice; as expected,
this sag occurs in the middle of the span. It can be seen
from Figure 6 that different colors show different amounts
of non-uniform accreted ice in the power transmission line.
The cross marks indicated in three cases show where and
how much they sag through the span in the related cases.
If 1/3 of the line is exposed to non-uniform accreted ice,
the sag from the SAP2000 model is obtained at 178 meters
of the span and 9.393 meters. If 1/2 of it is iced, the sag is
calculated at 176 meters of the span and 11.853 meters; if 2/3
of the line is iced, it is obtained at 191 meters of the span and
13.945 meters.

In the second part of the study, the covered length by the
2 kg/m non-uniform accreted ice in the power transmission
line is gradually increased at 40-meter intervals. As expected,
the sag in case of only 40 meters of non-uniform accreted
ice on the conductor is closest to the sag in the absence of
ice load. The maximum horizontal displacement of the sag
occurs when there are 160 meters of non-uniform accreted
ice on the conductor. The SAP2000 results for this case are
given in Table 3 as an example.

The U1, U2, and U3 axes considered as the reference in the
modeled conductor are shown in Figure 7.

As mentioned above, in the case of uniform atmospheric
icing, the modeled joints of the conductors only change in
the direction of the U3 axis. In contrast, this change will be
in both U1 and U3 directions with the effect of non-uniform
accreted ice.

It should be noted that since no force affects the conductor
in the perpendicular direction to the viewing angles of the
poles, U2 values are obtained as zero in Table 3. Calculation
of the displacements of each joint for the modeled conductor
considering the values in Table 3 is shown in Figure 8.
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FIGURE 6. Displacement of the sag according to different non-uniform
accreted ice.

TABLE 3. The SAP2000 results for a 160-meter non-uniform accreted ice
in a power transmission line.

The effect of the non-uniform accreted ice in the power
transmission line, whose length is gradually increased on
the sag, differs as stated above. This effect is analyzed by
comparing the modeled minimum non-uniform accreted ice
on the conductor with the maximum horizontal and vertical
displacement cases. Figure 9 shows that when 40% of the
conductor is iced, the sag is exposed to maximum horizontal
displacement, while 90% is iced, it is exposed to maximum
vertical displacement. The vertical distance of the fully ice-
loaded conductor to the pipeline (observation point) occurs
at midspan. However, the pipeline may only rarely be located
precisely in the middle of the span. In this case, the distance
of the phase conductor to the pipeline with partial ice load
may take a critical value depending on the (x,y) coordinates
of the two points.

The results of the sag change mentioned above are summa-
rized in the following:

The average distance between the phase conductor and the
ground is used to calculate magnetic coupling (mV), electric
field (kV/m), magnetic field (mT), and noise (dB, dBA)
acting on surrounding pipelines. H ,Hclamp, and f denote
the average distance between the phase conductor and the
ground, the distance between the clamp point and the ground,
and sag, respectively.

FIGURE 7. U1, U2, and U3 axis for the modeled conductor.

FIGURE 8. Calculation of the displacements of each joint for the
simulated conductor.

In case the conductor is fully iced:

H = Hclamp −
2
3
f (m) (18)

When the non-uniform accreted ice is formed on the
conductor:

H ′ ≈ Hclamp −
2
3
f ∗ (m) (19)

The electric field intensity (E) is a function of the electric
charge (Q), E = f (Q). The relationship between the elec-
trical charges (Qa Qb Qc) and voltages (Va Vb Vc) of phases
a, b, and c is given using Maxwell’s potential coefficients
matrix [P].

[Q] = [P]−1 [V ] (20)

In a single-circuit power line, [P] is 3 × 3 dimensional, and
its diagonal elements show the self-potential coefficients of
phases a, b, and c.
For example, the self-potential coefficient of phase a is

given by,

Paa =
1

2πε0
ln
(
2ya
r

)
(21)

r is the radius of the conductor, and ya is the height of phase
a from the ground. When the non-uniform accreted ice is
formed on the conductor, ya is rewritten by the following,

ya = height of the pole

− (height of the suspension insulator + f ∗) (22)

The magnetic flux density of the current of phase a (Ia) at
the ground level through the law of Biot-Savart and Ampere
is given by,

Ba =
µ0Ia
2πya

(23)

Hence, the magnetic field intensity changes with the variation
of ya.
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FIGURE 9. The maximum horizontal and vertical displacements cases for
sag.

Various empirical formulas are determined for calculating
Audible Noise (AN ) caused by power transmission lines. For
example, BPA (Bonneville PowerAdministration) defines the
following empirical formulas based on the number of bundles
for AC power lines with bundle conductors. AN a, which is
caused by phase a at the ground level, is presented in the
following,

AN a = 120log(Ea)+ 55log (d)− 11.4log (ya)

− 115.4 for n < 3 (24)

AN a = 120log(Ea)+ 55log (d)− 11.4log (ya)

+ 26.4log (n)− 128.4 for n > 3 (25)

In Equations 24 and 25, Ea is the maximum voltage gradient
of phase a, d is the radius of the conductor, n is the number
of bundles, and ya is the distance between the center of the
bundle radius of phase a and the ground. The effect of audible
noise will increase when the distance of the partially iced
conductor decreases from the ground (observation point).
However, the numerical value of AN (dBA) depends on the
meteorological parameters of the environment (especially
relative humidity) and is determined by measurement in the
field.

Furthermore, the following variation should also be con-
sidered where the non-uniform accreted ice is formed in the
power line.

The horizontal oscillation distance (C) of the conductor
changes with the effect of the wind.

In case the conductor is fully iced:

C = linsinαin + fsinαc + e (m) (26)

When the non-uniform accreted ice is formed on the
conductor:

C ′ ≈ linsinα′in + f
∗sinα′c + e (m) (27)

lin is the length of the suspension insulator, αin is the oscil-
lation angle of the insulator, αc is the oscillation angle of
the conductor, and e denotes the horizontal safety distance
depending on the voltage.

TABLE 4. The properties of the overhead power line.

The minimum distance between phase conductors (Dmin)
depends on the sag.

For example, in Turkey:

Dmin = 0.5
√
fmax + lin +

U
150

for strain insulator lin ≈ 0,

(28)

in China:

Dmin = kinlin +
U
150
+ 0.65

√
f max

for suspension insulator kin = 0.4,

for strain insulator kin ≈ 0, (29)

fmax denotes the maximum sag of the conductor in
Equations 28 and 29.

When the non-uniform accreted ice is formed on the con-
ductor, it is clear D

′

min > Dmin due to f ∗ > fmax .

IV. CONCLUSION AND FUTURE WORK
The effect of non-uniform accreted ice on the sag in overhead
lines is described as how to conduct it on SAP2000. The
sag calculations according to the different amount of ice
load for overhead power line based on SAP2000 is derived
and compared with the results in the literature. A 400-meter
power transmission line example is selected to check the
practicability and reliability of the algorithm and results. The
displacement of the sag due to the non-uniform accreted ice
causes changes in both physical and electrical quantities such
asmagnetic coupling, electric field, magnetic field, and noise.
In addition, the wind load affecting the conductor exposed
to non-uniform accreted ice changes due to the variation of
oscillation distance of conductors. Therefore, the minimum
distance calculations between phases should be considered.
In addition, it is crucial to note that the non-uniform accreted
ice, particularly in the protection wire, seriously affects
mid-span clearance violations. This novel modeling study has
practical value and will provide references for related studies.

For our future work, we plan to further scrutinize ourmodel
by applying our method with fieldwork through collaboration
with TEIAS. The evidence for the formation of non-uniform
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accreted ice and fault or damage caused by partial ice in the
power transmission line can be accessed through a compre-
hensive dataset to create an accurate and effective probability
model of partial ice load. In this way, we would benefit
TEIAS, the power system operator in Turkey, in the reliability
studies of the system. Moreover, datasets from fieldwork can
be shared as open access so that other researchers can conduct
further analysis and modeling studies on the subject.

APPENDIX
See Table 4.
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