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Abstract. This paper presents a method to estimate the
insulation lifetime reduction for Medium Voltage (MV) and Low
Voltage (LV) conductors and transformers due to the presence of
stationary power quality disturbances. Insulation aging can be
accelerated by temporary increases of rms values of voltages and
currents caused by stationary disturbances, i.e. harmonics. A
short duration increase of rms values cannot cause a significant
reduction of insulation’s lifetime, but its recurrent presence
during long time periods will produce a cumulative effect.
Currently available models for insulation aging are employed.
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1. Introduction

The constant growth of input of non-linear loads in
Colombia have led to the increased of harmonic distortion,
increase that deteriorates the power quality in the electrical
networks. These distortions cause, among many
affectations, thermal stresses that accelerate the aging in
the dielectric material of the power equipment. This
change in the rate is the main cause of the decrease of
lifetime and premature failure of the insulation on
conductors and transformers.

The Colombian Energy and Gas Regulatory Commission
(CREG), by Resolution CREG 024 of 2005 have
demanded to the country’s electricity utilities, the
installation of power quality measurement devices in
substations buses and circuits headers [1]. Studies made by
the Universidad Nacional de Colombia and CODENSA,
have revealed that one of the major problems in power
quality is the increase in harmonic distortion.

These previous results have led to the study of the impact
of stationary power quality disturbances due to the
entrance of non-linear loads of domiciliary and small
businesses users, by the measurements in the laboratory
and then with field measurements. Among the non-linear
loads that impact the power quality are electronic devices
(computers, televisions latest technology, chargers),
fluorescent lamps, among others. In this paper a method
for estimating the riskful contributions of stationary power
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quality disturbances to stress the insulators is presented.
The estimation of lifetime reduction is extracted from
currently available procedures. These procedures are
adapted to take into account the effects of currents related
to the considered power quality disturbances.

2. Lifetime and aging in power equipment

Different studies about aging in power equipment have
shown that electrical and thermal stresses are the main
cause of accelerated aging, and the thermal stresses are
mainly caused by the increase in current magnitudes.

The aging due to thermal stress are based on the results
of the study of the Arrhenius thermal reaction theory or
Arrhenius equation [2], equation that relates a specific
rate of chemical reaction of the material and its
temperature, as shown in Eq. (1), and followed with the
research conducted by T. Dakin [3],[4] who formulated
the Accelerated Aging Factor (Faa), EQ. (2), to estimate
the aging factors of the dielectric material within the
power equipment.

— Ea
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Ko Aexp[KxT} €
B B
=exp — 2
Fan =€ [(HHR+273J (0H+273ﬂ @

Where,

Ky is the reaction rate constant.

A is the constant that depends in part on chemical
concentrations in the reaction.

E, is the activation energy of the degradation process.

T is the absolute reaction temperature in Kelvin.

K is the Boltzmann constant.

B is the slope of aging rate [5].

G4 is the Hot-spot temperature in Celsius (°C).

Gy is the maximum allowable temperature in °C
(normally 110°C [5]).

The thermal stress that affects the Fa, depends on the
currents increase. These increases in the system may be
associated to different phenomena. Unbalance,
asymmetry and reactive power are capable of increasing
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currents over the rated values, taking the insulator’s
temperature to a level higher than the rated temperature.
The aggregated effect of those increases will lead to
lifetime reduction.

3. Aging in power transformers due to
stationary disturbances

The main effect of stationary disturbances, in this case
current harmonics on transformers is the increase in the
heat dissipation in windings and top oil generated due to
the power losses [6],[7]. The primary losses are the
winding IR loss, the winding eddy-current loss which rise
with the square of the load current and the square of the
frequency, and stray loss from electromagnetic flux in
windings, core, clamp assemblies and tanks. This increase
in the heat dissipation reduces the transformer lifetime.

A. Hot-spot temperature rise static model

There is a first model from the IEEE std. C57.110-1998 [8]
which estimates the temperature rise in the transformer due
to the harmonic currents. This model applies the
calculations of the Hot-spot temperature rise, Eq. (3), in
power transformers in the IEEE std. C57.91-1995 [5].

Oy =0,+6,+06, 3

Where,

6Oy is the Hot-spot temperature rise in °C.

O, is the ambient temperature in °C.

Orois the Top-oil temperature rise over the ambient in °C.
@, is the Hottest-spot conductor temperature rise over the
top-oil in °C.

Top-oil and conductor temperature rise depends from the
transformer load and manufacturer parameters, but [8]
replace these variables with transformers power losses, Eq.
(4), and harmonics currents spectrum.

PR=F +R. =P+ PEC + POSL +Pu (4)

Where,

P+ is the total losses in watts (W).

P, is the Load losses in W.

Pn. is the core or No-load losses in W.

P is the I°R losses in W.

Pec is the winding eddy-current losses in W.
Pos. is the other-stray losses in W.

The transformers losses can be expressed in terms of the
harmonic currents (l,) and the harmonic order (h)[5],[7].
These power losses are,

Nimax I 2

Pec = EC—RZ (l_hJ h? 5)
h=1 R
P (] 2

Post = POSL—RZ (_hj h*® (6)
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P =P+ Fy xPee + Fyos X Fost @)

Where,

Pec.r is the rated eddy-current losses in W.

Posir is the rated other-stray losses in W.

Pec.r(pu) is the per-unit rated eddy-current losses.

P..r is the rated load losses in W.

Ir is the fundamental current at rated conditions in amps
(A).

I; is the fundamental load current in A.

And the Top-oil and conductor rise for the hot spot
equation are,

1
o (1)
Bt
AN ©

h
P, +P, )"

®TO :®TO—R[ - e j (10)
Piir+ P

1+ Fy %P o (pu) )"
X

®g :G)gR( HL EC-R p J (11)

1+ P q(pu)

Where,

O, is the Hottest-spot conductor rise over the top-oil
temperature under rated conditions in °C.

Oro is the Top-oil rise over ambient temperature under
rated conditions in °C.

Fyo is the Harmonic loss factor for Pgc.

FhL-osL is the Harmonic loss factor for Pog, .

Using Eg. (10) and (11) it is possible to determine the
value of temperature rise in the power transformer, but
not the behavior in the time. That is why this model can
be considered a static model.

B. Hot-spot temperature rise dynamic model

If the main objective is to estimate the behavior in the
time of the hot-spot temperature rise due to currents
harmonics, is necessary to seek a dynamic model that
shows graphically how is this elevation increases.

For this reason in necessary to take the approach of the
transformer thermal model developed in [9], where from
the use of differential equations and applying the
equations of temperature rise [8] can constructs two
equations that represent the heat flux on the equipment
and allow to build a dynamic model to estimate the
behavior of the overheating in power transformers.
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The differentials equations for the equivalent circuit in [9]
are,

do,, 1 1
Qrot = Cinoi TOI + Ryon [G)on - ®A]” (12)
doe 1 1
aw = Cth—H d_tH+ Rth—H [®H _®Oil ]”‘ (13)
Where,

Qrot is the heat generated by total losses in W.

Cinoil IS the oil thermal capacitance in Wmin/°C.

Rinoil is the oil thermal resistance in °C/W.

O, is the top oil temperature in °C.

O, is the ambient temperature °C.

n is the exponent of loss function vs. top-oil rise [5].

Qrot is the heat generated by total losses at the hot-spot
location in W.

Cu-1 is the oil thermal capacitance at the hot-spot location
in Wmin/°C.

Ry is the oil thermal resistance at the hot-spot location in
°C/W.

Oy is the hot-spot temperature in °C.

m is the exponent of load squared vs. winding gradient [5].
Pecru) are the rated eddy current losses at the hot-spot
location.

7y IS the winding time constant at the hot spot location in
minutes (min).

AByris the rated hot spot rise over ambient in °C.

The reduction of Eq. (12) and (13) performed in [9]-[12]
results on,

IZUR +1 1 doe 1
F;QT[ Oil-R ]" = Toil d:” [®on _®A]” (14)
Isu[l_'_ PEC—R(pu):I[A®H R]%
1+ Pec repu B (15)
doe 1
=Ty dtH [®H — Oy F
Where,

lou is the load current per unit.

R is the ratio of load to no-load losses [5].

7o 1S the top oil time constant in min.

ABOqr s the rated top oil rise over ambient in °C.

With the studies and validations of [12]-[14] the thermal
model is modified to construct a better thermal dynamic
model replacing Eq. (14) and (15) on Eq. (12) and (13),

2
IgR+1
R+1 X i i (16)
N g 2 N g 2 2 N 2 08
PNL+PZIh—pu+PECZIh—puh +POSLZIh—puh
h=1 h=1 h=1
Pur +Pir
hmax hmax
12 +P 12 h?
2 h— EC-R h—
I pu[1+ PEC_R(pU)] _ hzzll pu (pu>§ pu (17)
1+ PEC—R(pu) 1+ PEC—R(pu)
2 2
Ih—pu =(Ih/|l) (18)
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C. Simulation model

The simplified diagram showed in Fig. 1 will be
implemented in MATLAB/SIMULINK, and the final
block diagram for the simulation is showed in Fig. 2.

Ambient
temperature » TGFH”I_ rise
= equation

L

Hot-spot

Harmenic tempearaturs

cument{pu)

Hot-spot rise
equation

B
L

Fig. 1. Simplified diagram of the thermal dynamic model for
power transformers.
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Fig. 2. MATLAB/SIMULINK simulation for the thermal
dynamic model.
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To show the performance of the model, we take the
example of section 5.4 of [8]. This example illustrates the
temperature rise calculations for a liquid-filled
transformer, and the characteristics are taken from
certified test report. Table I shows the characteristics for
a Three-phase 2500kVA Delta-Wye transformer.

Table I. — Transformer characteristics

Parameter Value | Unit
Primary voltage 34500 \Y
Secondary voltage 2400 \Y
Primary resistance (at 75°c) 18,207 Q
Secondary resistance (at 75°C) | 0,02491 | Q
No-load losses 5100 W
Load losses at 75°C 21941 W
Average winding rise 55 °C
Hottest-spot rise 65 °C
Top-oil time constant 114 min
Winding time constant 7 min
Exponent m (for ONAN) 0,8
Exponent n (for ONAN) 0,8

The harmonics distribution, normalized to the
fundamental was supplied in Table Il. The power losses
for the transformer in Table Ill are taken from the
example of section 5.4 of [8].
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Table Il. — Harmonic distribution

Harmonic order | Value I,/l; | Harmonic order | Value I,/1;

1 1,00 11 0,071

3 0,45 13 0,051

5 0,27 15 0,043

7 0,19 17 0,040

9 0,092 19 0,039

Table I1l. — Tabulated loss calculation [7]

Type of loss Rated Load Harmonic | Corrected
losses [W] | losses [W] | multiplier | losses [W]
No-load 5100 5100 5100
IR 19615 14592 14592
Winding eddy 767 571 7,17 4094
Other stray 1559 1160 1,55 1798
Total losses 27041 21423 25584

Figs. 3, 4 and 5 shows the results of the simulation, taking
as environment parameters, a constant ambient
temperature of 25°C and sample time of 250 min.

Hot-spet temperature (°C)

o
=]
F—T__

™
S
—=

| |
50 100

o
o

I I
150 200 250
Time: (min)

Fig. 3. Hot-spot temperature rise for 250 minutes harmonic
current sample.

Accelerated aging factor

200 250

Time (min)

Fig. 4. Accelerated aging factor for 250 minutes harmonic
current sample.

Fig. 3 shows that during the first 100min, the Hot-spot
temperature increases strongly until he stabilizes after
200min. It is known that 110°C is the hottest-spot
temperature for the insulation to keep the standard of loss
of life in the power transformer. Which means that for the
given harmonic distribution, in less than 3 hours the
transformer have a strong overheating, increasing the
aging factor as we observed in Fig. 4, quickly reducing the
dielectric material life by 1%, and continuing to rise, up to
about 6.5% after 24 hours of operation with harmonic
currents.
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Lass of life (%)

100 150

Time (min)
Fig. 5. Percentage of Loss of life for 250 minutes harmonic
current sample.

4. Aging in ML and LV conductors due to
stationary disturbances

For MV and LV conductors, the major disturbances that
increase the operation temperature and reduce the useful
life are the current and voltage harmonics. Different
articles [15]-[16] are agreed that harmonic currents are
the main cause of the overheating in conductors, which
degrade the dielectric material reducing his lifetime.

A. Cable temperature rise model

The estimated temperature rise model and reduction of
life is primarily based on the 1°R power loss in the phase
and neutral conductors due to the harmonic current flow
[15],[16].

First, is necessary to calculate the AC resistance of the
conductor with Eg. (19) and (20). This resistance is
dependent of the Proximity and Skin effect losses,
variables that are frequency dependent. Therefore, the
ratio R,/Rq. is also frequency dependent.

Rac = Rdc(1+ ys + yp) (19)
Ry = R20[1+ azo(® —20)] (20)
In [15], the ratio (Ra/Rqc) is expressed as,

R _ 1.344x10"°y* —3.501x10 ' y?

w ’ (21)
+2.754x107"y* —2.544x10™" y +1.0459
y= f (22)
Rdc

Where,
Rg is the DC resistance at maximum operating

temperature in Q/km.

ys is the skin effect.

Yp is the proximity effect.

o9 IS the temperature coefficient of resistance for
conductor material at 20°C per Kelvin.

O is the maximum operating temperature in °C.

f is the harmonic frequency component in hertz (Hz).
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After obtaining the resistance, is possible to calculate the
power losses under sinusoidal and non-sinusoidal
conditions [15],[16].

hmax 2 hmax 2
I:)cableh = Z Ihl_lRachI_l + Z IhL2 RachL2
h=1 h=1

. A (23)
2 2
+ Z IhLBRachLB + Z IthRacth
h=1 h=1
2
Pabla = 3('1 Racl) (24)

Where,

Pcavlen 1S the power loss in non-sinusoidal conditions in W.
Pcavle1 1S the power losses in sinusoidal conditions in W.
IhLts Inz @nd Iy 5 are the harmonics currents for each phase
in A,

Racht, Racnz @nd Rz are the AC resistance for each
frequency component and each phase in Q.

Inn @and Ryenn are the harmonic current (in A) and the AC
resistance (in Q) for the neutral conductor.

Finally, with both power losses in the cable, can calculate
the temperature rise due to harmonics currents and the
expected lifetime. In [15] establish that this operation
temperature  under  non-sinusoidal  conditions is
proportional to the power losses in p.u. (25), and from (1)
can calculate the p.u. the lifetime for the cable.

P
®ns — ®max cableH (25)
Pcablél
. Ea 1 1
Life(pu) =exp| — - 26)
(pu) =exp K [@ns +273 O, +273J

Where, @, is the operation temperature under non-
sinusoidal conditions and @y is the maximum operation
temperature, both in °C.

B. Simulation model

The program for the model of overheating of ML and LV
conductors was performed directly in MATLAB code
because this model is static, is not time dependent. The
applied flow chart is shown in Fig 6.

Calculate R, for each

| Caleulate Ry at 90°C |_ 2 frequency (fy, for)

¥

| Calculate power losses H
Calculate expected
lifetime

Output data (R, at 90°C, Ry forall
frequencies, non-sinusoidal
conditions operation temperature,
temperaturerise, expected
lifetime)

Input data (R, at 20°C, harmonics
frequencies, Harmoanic currents,
alpha, Boltzmann constant, Activation
energy, maximum temperature)

Calculate conductor
temperature rise

Fig. 6. Flow chart for the temperature rise program.
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To show how it works, were taken as example 1km
XLPE cable, where the phase harmonic spectrum is
shown in Fig 7, and the neutral harmonic spectrum is
shown in Fig 8, both in Amps.
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Fig. 8. Harmonic current spectrum for neutral conductor.

Using these parameters we obtain the following results.
In Fig 9 we observe an unusual increase of the power
losses (pu) in the zero-sequence harmonics (3", 9", etc.),
due to the harmonic spectrum of the neutral conductor,
that’s why the harmonic current to the neutral is the sum
of the zero sequence harmonics components in the phase
conductor. [15]. Also see that the power loss in the 3"
harmonic is three times the rated power loss in sinusoidal
conditions.

(pu)

o
T
i

Power logses

I L I L L
0 S 10 15 20 25 30 35 40 45 50
Harmonic order

Fig. 9. Power losses for non-sinusoidal conditions.

Since in (25) the temperature rise is proportional to the
non-sinusoidal power losses, Fig. 10 and Fig. 9 are
similar, showing that in the Triple harmonics the cable
have a more increase in the operation temperature.
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Fig. 10. Operation temperature for non-sinusoidal conditions.

Expected life (pu)
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Fig. 11. Expected life (pu) for each harmonic order.

As expected, In Fig. 11 we can see that in the 3 harmonic
life expectancy is reduced to less than 5%, which indicates
that the operative life of conductor reduce due to this
harmonic, indifferent of the other harmonic currents. This
shows that the zero-sequence harmonics are the main
cause of overheating and loss of life for this case.

5. Conclusions

The applied dynamic model for power transformer allows
to estimate the gradually loss of life over the time, and
have the ability to determine the behavior of the point-to-
point temperature rise, while the static model tells us only
what the specific value of temperature, bringing specific
percentages of loss of life but discarding possible
variations within the measurement time.

With the dynamic model is possible to make different
samples of harmonics currents at different times and
calculate various aging factors, in order to trace an
accumulated aging factor curve, better than the calculated
value used in [5] and estimate a more precise loss life and
remaining life due to harmonic currents for much long
periods of operation.

For the simulated case, we conclude that the point of
greatest temperature increase occurs in the first 200
minutes, and then stabilize the remaining time, which
generates a much greater aging factor which reduces the
useful life faster at that time.

On the estimation of the conductors overheating, the static
model applied enables to estimate punctual behavior of the
temperature rise due to each harmonic current, but it is not
very accurate because cannot show the entire behavior
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over the time. This suggests that to estimate the behavior
over time, it is necessary to many different samples in
short time intervals (i.e. every hour) in order to apply the
cumulative aging factor [5] and establish an approximate
loss of life, because use large time intervals (i.e. every
day) exclude possible variations or peaks in losses in the
time interval, which can change drastically the useful life
in the conductor.
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