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Abstract

This paper presents a methodology to estimate the effects of heating and lifetime in Low Voltage conductors (LV) due to the presence of
stationary power quality disturbances. Conductor overheating and cable insulation accelerated aging can be caused by temporary increases
in the RMS values of the voltages and currents due to stationary disturbances. Waveform distortion, unbalance and phase displacements
can be considered among the stationary disturbances. For disturbances with short duration, there are no significant reductions in the
insulation lifetime, but disturbances acting for long time periods will cause cumulative and detrimental effects. Currently valid models for
insulation aging are employed; the expected power quality disturbance levels are extracted from power quality databases. A discussion
about the effects on insulation lifetime is presented.

Keywords: Power quality, insulation lifetime, Harmonics, Unbalance, Phase displacement, Arrhenius equation, Aging Factor.

Efectos en conductores de baja tension debido a perturbaciones
estacionarias de calidad de potencia

Resumen

Este articulo presenta una metodologia para la estimacion de los efectos en el calentamiento y la esperanza de vida en conductores de baja
tension (BT) debido a la presencia de perturbaciones estacionarias de calidad de potencia. El sobrecalentamiento del conductor y el
prematuro envejecimiento en el aislamiento del cable puede ser causado por los incrementos temporales en los valores RMS de las tensiones
y las corrientes ocasionados por perturbaciones estacionarias. Entre las perturbaciones estan las distorsiones de forma de onda, desbalances
y los desplazamientos de fase. Para incrementos de corta duracion, no se ven reducciones significativas en el tiempo de vida del aislamiento,
pero para largos periodos de tiempo se puede producir efectos acumulativos y degenerativos. Se emplean modelos validos actualmente
para envejecimiento del aislamiento; los niveles esperados de las perturbaciones de calidad de potencia son extraidos de bases de datos de
calidad de potencia. Una discusion sobre los efectos en el tiempo de vida del aislamiento es presentada.

Palabras clave: Calidad de potencia, tiempo de vida del aislamiento, Armoénicos, Ecuacion de Arrhenius, Factor de envejecimiento
acelerado.

1. Introduction

The increased use of nonlinear loads in Colombian household
facilities, such as in commercial and industrial ones, has led to the
presence of stationary disturbances capable of deteriorating the
power quality in the distribution system. These disturbances
cause overheating in insulating dielectric materials, increasing

their aging rate. This overheating is the main cause of loss of life
and premature failure in the LV cables.

Previous studies have revealed that the increase of
harmonics distortion is one of the major problems in power
quality. It was also found that only certain frequency values
are more commonly harmful for power equipment and the
electric network. These results have led to the study of the
impact, not only of wave distortions (harmonics), but also
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stationary disturbances and their contributions in overheating
and accelerated aging of conductor insulation. Currently
most household appliances cause waveform distortion, phase
displacement and unbalance due to their natural unbalanced
and unpredictable conformation. Among the most common
non-linear loads with significant impact on power quality, are
compact fluorescent lamps, LED based lamps, computers,
TV sets, communication devices, and chargers, among
others, can be counted.

This paper presents a method for the estimation of LV
conductors temperature rise and its corresponding lifetime
reduction due to stationary disturbances (waveform
distortion, unbalance = and phase  displacement).
Methodologies for estimating the aging and loss of life are
extracted from currently available methods.

2. Aging in low voltage conductors

Aging in LV conductors depends on different factors,
where the most important one is the temperature rise. This is
the main cause of accelerated degradation in dielectric
materials. Several phenomena can cause an increase in the
temperature inside the cable, hence it is important to
investigate these factors and the manner in which they cause
premature aging.

2.1. Aging model for low voltage conductors due to
temperature rise

Several studies on aging are based on the results of the
study of the Arrhenius thermal reaction theory or Arrhenius
equation [1]. These studies propose an equation, which
relates the temperature of the chemical reaction of the
dielectric element, with its chemical characteristics. The
result is an equation to calculate the degradation rate or
speed, which determines when the useful life of the dielectric
material comes to an end (1). This equation calculates the rate
of aging of the insulation material in LV conductors.

[ )

where K is the reaction rate constant, 4 is a constant that
depends in part on chemical concentrations in the reaction,
E, is the activation energy of the degradation process, 6z is
the absolute reaction temperature in Kelvin, k& is the
Boltzmann constant, F,; is the Aging Factor, Our is the
maximum allowable temperature in Celsius and Oy is the
conductor temperature in Celsius.
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2.2. Overheating in low voltage conductors under balanced
and distorted currents

Equation (1) normally relates the aging of the dielectric
material with the overheating, but not the relationship of
overheating with electrical stresses. References [3]-[7] show
that the presence of harmonic currents cause overheating.
This overheating degrades the dielectric material used for
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insolation, reducing its useful life. The same references
propose a set of equations where the temperature rise in the
phase and neutral conductors are caused by power losses
(PR) due to the presence of harmonic components. The
frequency components in the current change the value of the
AC resistance, due to the skin effect and the proximity effect.

The skin effect changes the current distribution in the
conductor due to the shielding of the inner portion of the
conductor by the outer layer [8]. The current is concentrated
in the outer layer, increasing the effective resistance of the
conductor [8]. The skin effect is frequency-dependent and
increases with the conductor diameter.

The proximity effect is due to the conductor magnetic field,
which distorts the current in the adjacent conductors. For round
conductors this effect is smaller than the skin effect [8]. This
effect also increases the effective resistance of the conductor.

The proximity effect is due to the conductor magnetic
field, which distorts the current in the adjacent conductors.
For round conductors this effect is smaller than the skin effect
[8]. This effect also increases the effective resistance of the
conductor.

References [3]-[7] and [10] proposed the equation to
determine the conductor AC resistance (2) with respect to its
own DC resistance value (3), the skin effect (4), (5) and the
proximity effect (6).

R, =Ry 1+ +7,], (2)
R, = Ry, [1 +ay (9 - 20)]’ 3)
Y, =107(=0,2x" +6,616x* —83,345x
+500 x> —1061,9x , (4)
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where Rpc is the DC resistance at maximum operating
temperature in ohms per distance, Ys is the skin effect and Yp
is the proximity effect, Ry is the DC resistance at 20°C in
ohms per kilometer, as is the temperature coefficient of
resistance for conductor material at 20°C per Kelvin, 8 is the
maximum operating temperature in Celsius, x is the skin
effect parameter, d. is the diameter of the conductor in
millimeters, s is the distance between conductor axes in mm,
f'is the harmonic frequency component in hertz and y is the
magnetic permeability (one for nonmagnetic material).

Along with the AC resistance, a set of equations to
determine the power losses due to harmonic currents (7)-(10)
can be developed. These losses must consider the current and

+ 0.312(
s
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the AC resistance of phase and neutral conductors. These
values are different for each frequency component.

AP, . =AP, +AP, , +AP, .. )
AP, =3I5R o) ®)
hmax
2
AP,y =32, IR e ©
h=2
g 5
AP, = Z (31(/1)) RAC(h) ’ (10)

h=3n

where, AP is the power loss in non-sinusoidal
conditions in watts, 4P, is the power losses in sinusoidal
conditions for phase and neutral conductors in watts, AP
is the harmonic power losses for the phase conductors in
watts, APy, is the harmonic power losses for the neutral
conductor in watts, [y is the phase current for the
fundamental frequency in amperes, R4cq) is the phase AC
resistance for the fundamental frequency in ohms, /) is the
phase current for the harmonic order / in amperes, R4cap) is
the phase and neutral AC resistance for the harmonic order 4
in ohms and /4 is the maximum harmonic order.

Note that (7) considers a three-phase balanced system,
therefore the power loss in any phase is the same; there is no
power losses in the neutral conductor for fundamental
frequency, under balanced conditions. Also, the harmonic
current in the neutral conductor is three times the harmonic
current in the phase, and only appears in the triple order
frequencies ([3, [9, 115, [21... 13,,).

The cables’ temperature rise can be calculated based on
the maximum operating temperature and the ratio between
the non-sinusoidal losses and the rated sinusoidal losses
calculated in (7) [11].

AIJcable s

0 & )]

rated

P,40q1s the power losses in rated sinusoidal conditions for
phase and neutral conductors in watts, 8y is the temperature
under non-sinusoidal conditions and fyz is the maximum
operation temperature, both in Celsius.

The expected loss of life can be calculated applying the
result of (11) in (1).

3. Conductor power losses under distorted and
unbalanced conditions

Most research regarding aging on LV conductors is
focused on the effects of harmonic currents in the system, but
unbalance and phase displacement have not been taken into
account, even though these disturbances are particularly
important in low voltage grids. As a whole, the three
mentioned disturbances increase the current rms value,
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increasing the power losses of phase and neutral conductors
correspondingly.

In reference [12] an orthogonal current decomposition for
poly-phase systems has been proposed. The current is split
into two main components, active and non-active currents
(12). The non-active component contains mainly the
stationary disturbances (13). The full composition of the
current appears in (14).

I’=I12+1, (12)
D=1 +15,+15, +1}, (13)
P=I12+1, +15+1,, +1}, (14)

where I, is the fundamental active current (same /1)), /au
is the active unbalanced current, Iy, is the displaced current
(this component is quite similar to reactive current), /o, is the
reactive unbalanced current and Ip is the distorted current
(harmonic current [ in most cases).

Some field results in [12] show that phase currents are not
equal for the fundamental frequency, therefore it is necessary
to make some changes in (8). In the same manner, the
harmonic currents have not the same magnitude in all phases,
then (9) and (10) require changes too. These changes are
required to consider the current for each phase separately and
the neutral harmonic current is not three times the phase
current harmonic.

4
AP, = Z Ilz,pRAc(l,p) ’ 15)
p=1
3 fimay
2
AP, ,, = Z I(h,p)RAC(h,p) ’ (16)
p=1 h=2
hl“ﬂX 2
AI)h,nt = (]nt(h)) RAC(h,m) > (17)

h=n

fundamental frequency in amperes, R4c(1p) 1s the phase
and neutral AC resistance for the fundamental frequency in
ohms, /pp is the phase distorted current for the harmonic
order A4 in amps, I.m is the neutral distorted current for the
harmonic order / in amps, R4cg,p) is the phase AC resistance
for the harmonic order % in ohms and Rcm ) 1s the neutral
AC resistance for the harmonic order /4 in ohms.

Adding the other stationary disturbances to (7) and using
(15)-(17), the final equation for the power losses due to stationary
disturbances in three-phase systems is shown in (18).

where, Lump) 1s the phase and neutral active unbalanced
current for the harmonic order / in Amps, /g4 p) is the phase
and neutral reactive displaced current for the harmonic order
h in amps, Ipum p) 1S the phase and neutral reactive unbalanced
current for the harmonic order / in amps.
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4. Simulation and results

In order to compare the effects of the stationary
disturbances  (harmonics,  unbalance  and  phase
displacements) six cases are simulated:

e Base case — Active current with reactive displaced
current (I,°+Ip/). Although reactive currents are
undesirable, they are tolerated; the base case represents
a common condition.

e (Case 1 — Base case with active unbalanced current

([aZ+IQd2)+Iau2-

. Case 2 — Base case with reactive unbalanced current
(L2 +loP) o/

° Case 3 — Base case with unbalanced currents

([az +[Qd2)+(1a112 +1au2)'

e (Case 4 — Base Active current with distorted current
(LA +1od)+n’.

e (Case 5 — Base case with unbalanced and distorted
currents (I +loi)+(Lul o2 +1p%).

Equations (1) to (18) are implemented in MATLAB to
illustrate the aging model. Fig. 1 represents the
implementation flowchart. For the Base case, the currents
magnitudes are constant. For cases 1 to 5, the magnitude of

Input data (Rdc at 20°C, harmonic spectrum,
unbalanced and phase displacement currents,
alpha, Boltzmann constant, Activation energy,

max operation temperature, max operation current,
relative electromagnetic permeability, conductor diameter,
conductor axes spacing)

Rdc and Rac calculation

Total harmonic distortion calculation
and Harmonic Load Factor calculation (HLF)

'

Power losses, Temperature
rise and expected life
calculation

|

/ Output data (Power losses, temperature rise and /

Plots of:
Power losses vs HLF
Temperature rise vs HLF
Expected life vs HLF

expected life for each frequency and HLF value)

Figure 1. Implementation flowchart
Source The authors

the unbalanced and distorted currents starts from 0% to 200%
of the current magnitude. This percentage value will be called
the Distorted Load Factor (DLF).

The conductor used is four 500 MCM copper cables with
PVC insulation (http://www.centelsa.com). Fig. 2 shows an
example of the cable configuration and the physical and
chemical parameters of the cable are shown in Table 1.
Tables 2 and 3 show the current decomposition in amperes
and pu with respect to the collective current. Collective
currents are calculated as the squared root of the sum squared
rms values, as explained in [12] and [15]. Given that current
decomposition is orthogonal, the collective values can be
calculated in the described manner. The spectrum for active
current is presented in Fig. 3, active unbalanced current in
Fig. 4, reactive unbalanced current in Fig. 5, reactive
displaced current in Fig. 6 and the distorted current
(harmonic) in Fig. 7.

Figure 2. Conductors’ distribution
Source The authors

Table 1.
Four 500 MCM copper cables with PVC insulation characteristics
Parameter Value

Dielectric activation energy (£,) 1.407 eV
Boltzmann constant (k) 8.62x10° eV/K
DC resistance at 20°C 0.0694 Q/km
Maximum conductor temperature 90°C
Fundamental frequency 60 Hz
Temperature coefficient (a.g) 3.93x10°%/K
Relative magnetic permeability (u) 0.9997
Phase conductor diameter with PVC jacket 23.5 mm

Neutral conductor diameter with PVC

jacket 23.5 mm
Mean axial spacing between conductors 26.8 mm
Conductor nominal current at 90°C 430 A
Conductor nominal power losses for /=430 16.372 kW/km

A
Source The authors
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Table 2.
Current decomposition and collective values
Quanity Ph.R  PhS PhT Neutral Coll. E{O\Vl"g

Voltage
[V] 120.52  121.12 12091 0.46  209.33 -
1,[A] 389.12  391.07 390.39 13.27  389.12 141.49
L [A] 36.89 19.59 17.29 13.91 47.30 9.90
1p4[A] 180.02 180.92 180.61 0.69 180.02 65.45
Iou[A] 17.74 376 21.37 51.21 58.38 12.22
Ip[A] 31.61 33.81 35.15 67.72 89.24 18.68
Coll. [A] 44597 44690 446.63 87.04 489.00 162.90

Source The authors

Table 3.
Current decomposition. All values are in pu with respect to average phase
active current 390.196A

Quantity Ph.R Ph. S Ph.T Neutral
1,[pu] 0.9972 1.0022 1.0005 0.0340
Lu[pul] 0.0945 0.0502 0.0443 0.0356
Ipq[pu] 0.4614 0.4637 0.4629 0.0018
Iou [pu] 0.0455 0.0096 0.0548 0.1312
Ip[pu] 0.0810 0.0866 0.0901 0.1736
Total [pu] 1.1068 1.1089 1.1083 0.2231

Source The authors
400 T - y S————
[l Phase R conductor
[ JPhase S conductor
[ JPhase T conductor
2 eutral conductor
=
o
g
S 200¢
o
B
S
<
100+
0 l]], 1 1 1
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Figure 3. Active current spectrum /,
Source The authors
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Figure 4. Active unbalanced current spectrum 7,
Source The authors
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Figure 5. Reactive unbalanced current spectrum /g,
Source The authors

200 T : ,
[l Phase R conductor
[IPhase S conductor
[ JPhase T conductor
150r B Neutral conductor

100 1

Reactive displaced current [A]

50 1
0 1R b L 1 1 i
1 3 5 7 9 11 13 15 17 19 21 23 25
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Figure 6. Reactive displaced current spectrum /o,
Source The authors
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Figure 7. Distorted current spectrum /p
Source The authors

From the previous data, the power dissipated by the
conductors, its effect on temperature and expected life can be
calculated. The analysis will be made taking into account:
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Unbalanced and distorted currents magnitude is 100%
(dashed line in Fig. 8, 9 and 10).
Cable expected life between 90%-100%. White zones
in Table 4, 5 and 6 are considered as favorable
conditions.
Cable expected life between 80%-90%. Dark gray zone
in Table 4, 5 and 6 (tolerable condition).
Cable expected life between 0%-70%. Light gray zone
in Table 4, 5 and 6 (unfavorable condition).
Due to the linear relation between power losses and
temperature rise (11), Tables 4-5 and Figs 8-9 have the same
behavior.

Comparing cases 1, 2 and 4 for DLF in 100%, Ip provides
more power losses and the temperature rise (1.45% both)
than 1., (0.4%) and Ip., (0.62%). In addition, the contribution
of I,.+1p. (case 3) is not enough to reach the distorted current

Table 4.
Percentage of power loss rise respect base case (49.115 kW/km)
DLF Base Case 1 Case 2 Case 3 Case 4 Case 5
(%) ioa/s;z rise (%) rise (%) rise (%) rise (%) rise (%)
0 0.00 0.00 0.00 0.00 0.00
25 0.03 0.04 0.06 0.09 0.15
50 0.10 0.15 0.26 0.36 0.62
75 0.23 0.35 0.57 0.81 1.39
100 0.00 0.40 0.62 1.02 1.45 2.47
125 0.63 0.97 1.60 | 2.26 3.86
150 0.91 1.39 2.30 3.25 5.55
175 1.24 1.89 3.13 443 7.56
200 1.61 2.47 4.09 5.79 9.87
Source The authors
Table 5.
Percentage of temperature rise respect the base case (90°C)
DLF Basecase Casel Case2 Case3 Case4 Case5
(%) (%) rise (%) rise (%) rise (%) rise (%) rise (%)
0 0.00 0.00 0.00 0.00 0.00
25 0.03 0.04 0.06 0.09 0.15
50 0.10 0.15 0.26 0.36 0.62
75 0.23 0.35 0.57 0.81 1.39
100 0.00 0.40 0.62 I 1.02 1.45 2.47
125 0.63 0.97 1.60 | 2.26 3.86
150 0.91 1.39 2.30 3.25 5.55
175 1.24 1.89 3.13 4.43 7.56
200 1.61 2.47 4.09 5.79 9.87
Source The authors
Table 6.
Percentage of expected life values for all cases
DLF Basecase Casel Case2 Case3 Case4 Case5
(%) (%) rise (%) rise (%) rise (%) rise (%) rise (%)
0 100.00  100.00  100.00  100.00  100.00
25 99.72 99.57 99.29 99.00 98.29
50 98.88 98.29 97.19 96.05 _ 93.37
75 97.50 96.20 93.80 91.35 85.72
100 100.00 95.61 9335 I 89.27 85.17 76.09
125 93.23 89.82 83.76 | 77.85 65.34
150 90.40 85.69 77.52 69.79 54.32
175 87.17 81.06 70.76 61.38 43.76
200 83.60 76.05 63.71 52.98 34.18

Source The authors
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contribution. Moreover, when all disturbances are present the
power losses increase in temperature and amount to 2.47%.
It clearly shows that distorted current is the less desirable
disturbance. Regarding expected life, in Cases 1 and 2 the
conductors’ life expectancy has lost about 10%. This can be
considered favorable with respect to Case 4, where Ip reduces
the expected life to 85.17%, a tolerable but not favorable
condition (dark gray zone). In Case 3, the unbalanced current
reduces the life of the cable insulation to 89.27% (tolerable
condition). In Case 5 with all disturbances present, the
expected life reduces to 76.09%, it clearly represents an
unfavorable and intolerable condition as the life reduction is
approximately one quarter.

Reviewing expected life areas for the cable, in Case 1, the
active unbalanced current allows an extra increase of 150%,
without a change to tolerable conditions. In Case 2, the
reactive unbalanced current remains in a favorable condition
to 100%. At this point, it can be observed that the increase in
power loss and temperature rise reaches 0.6%; same of /4,

1.1
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Figure 8. Per unit cable power losses
Source The authors
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Figure 9. Per unit cable temperature rise
Source The authors
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Figure 10. Cable expected life
Source The authors

achieved when the magnitude increases at 125%. When the
magnitude of the 1y, exceeds 100%, the expected life changes
to a tolerable condition, and if it reaches 200%, it becomes
an intolerable condition.

In Case 3, which groups unbalanced currents, the increase of
power losses and temperature rise, with respect to individual cases
are low (variations are 0.03% and 0.3% for a DLF=75%). At this
point, the expected life was favorable. The difference increases to
0.6% when DLF is equal to 100% and 125% (tolerable condition).
After the 125%, Case 3 comes to an intolerable condition and the
differences from Cases 1 and 2, reaches values of 1.4%. It can be
observed that Case 3 is not too critical.

Case 4 is particularly critical because it is harmful and, as
previously explained, it has the higher power losses for
individual disturbances, as shown in Figure 8 for a
DLF>100%. When the DLF<75%, the increase of losses are
comparable to those found in case 3 and the expected life is
favorable. Only when the DLF=100%, expected life is
tolerable but the difference from other cases increases
significantly. After the DLF=125%, expected life becomes
intolerable. Finally, for DLF=200% life expectancy is
reduced by almost half. This confirms that the distorted
current is the least desirable disturbances.

Finally, for Case 5, which groups all disturbances, the
power losses and the temperature increase drastically with
respect to the other cases. It has a favorable condition only
for DLF<50%, for DLF=75% it has a tolerable condition and
for DLF>100% it has an intolerable condition. It can be
concluded from these results that in cases when the power
system has all types of disturbances, the insulation degrades
rapidly reducing the expected life to 35%.

5. Discussion

The results show that stationary disturbances, like
unbalance and phase displacement, are capable of causing
additional deterioration of dielectric materials.

Effects of waveform distortion on cables’ ampacity and
life expectancy have been already investigated. This paper
has gone further by considering what unbalance can cause.
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It has been shown that unbalance is not despicable regarding
its effect on the cables’ useful life. Its effects are comparable to
the effects of overloading, which are known as well.
Nevertheless, unbalance increases apparent power but does not
increases active or reactive power, therefore its presence can pass
unperceived. If unbalance is not taken care of, not only will the
system capacity be decreased but also the insulation will be
stressed by an additional unperceived disturbance.

In this paper, the considered cases included a full duty
load behavior and different composition sizes, by means of
the so-called Distorted Load Factor. It is necessary to
investigate this topic further, particularly paying attention to
the effects under different operation conditions where the
current fluctuates but disturbances remain present.

There is an interesting aspect regarding the above-
presented results. The benefits of compensating waveform
distortion are well known (reduction of rms currents,
reduction of apparent power, losses reduction, reduction of
resonance risk, etc.). Benefits of unbalance compensation
have not been widely considered. The compensation of
unbalance can be achieved by economic solutions, which in
general are cheaper than harmonics compensation. The
reduction of unbalance can provide interesting possibilities
for improving the usage of an existing electric facility and
increasing its life expectancy.

The effects of disturbance conductors’ life expectancy
can be considered as design criteria for present and future
electric facilities in order to avoid possible dangers.

6. Conclusions

This article presents a methodology for the estimation of
reduction of the lifetime caused by the temperature rise of
low voltage cables due to stationary disturbances, applying
existing methods, which consider only current waveform
distortions.

The applied model enables us to estimate punctual
behavior of the power losses, temperature rise and expected
life due to stationary disturbances, but it is not very accurate
because it cannot show the entire behavior over the time. In
order to estimate the behavior over a long time, it is necessary
to resort to many different samples in short time intervals (i.e.
every hour) in order calculate a cumulative aging factor for
large time intervals (i.e. days).

It was observed that temperature increases of about 5°C
are capable of reducing conductors’ life expectancy to 50%.
The effects of waveform distortion are more severe than the
effects of reactive components and unbalance together,
depending on the size of each disturbance. Nevertheless, the
effects of unbalance cannot be disregarded.

The employed orthogonal current decomposition
provided a simple and useful manner to discriminate the
effects of each disturbance on power losses, temperature
increase and loss of life as well.
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