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This paper presents an effective engineering lifetime model of crosslinked polyethylene
(XLPE), which was subjected to electrical field stresses in the range of 7 to 90 kV/mm and
temperatures of 20 to 90 °C. The inversed power model (IPM) is widely used for estimating the
lifetime of XLPE under the influence of high electrical field stress at a constant operating
temperature or under an accelerating aging test. However, it was previously found that the [PM
is not appropriate when XLPE is subjected to both low electrical and thermal stresses, which is
similar to the actual conditions of power cables installed in electrical power transmission
systems. From the experimental results of the lifetime of XLPE under electrical field stresses at
specific temperatures, an inflection point was found at a certain electrical field stress (£,). From
this observation and based on a physical interpretation, an engineering lifetime model was
derived by separation of the lifetime curve into two parts, i.e., for electrical field stresses of
lower than £; and higher than E,. Nonlinear and linear least-squares methods were applied to fit
the developed model with the experimental data, and the parameters of the developed
engineering lifetime model were determined. With the developed model, the maximum electrical
field stress at the maximum operating temperature can be determined, and it was utilized as a
criterion in the design of power cables as an example in this study.

1. Introduction

Crosslinked polyethylene (XLPE) was invented almost half a century ago.() It is used as the
insulating material of power and telecommunication cables, which are called XLPE cables. This
material is increasingly used since it has many advantages. For example, it can withstand
temperatures of up to 90 °C without deterioration and it has a long service lifetime.

The main cause of failure of XLPE power cables is the deterioration of the insulation, while a
few percent of failures are caused by the conductor. Thus, the lifetime of XLPE cables can be
predicted from the lifetime of XLPE. XLPE cables should have a lifetime of 40 to 60 years under
normal operating conditions.?-)
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The aging of XLPE cables is affected by electrical and thermal stresses. In practical
operation, electrical field stress over the threshold electrical field stress (E,)* leads to
deterioration of the insulation or aging according to an IEC standard.®) Hence, it is necessary to
know the maximum electrical field stress at which XLPE cables can operate without aging of the
insulation. Normally, E,, depends on the type of dielectric material and the temperature under
operation.

There have been some studies related to lifetime models of XLPE. Some studies considered
only the effect of thermal stress.(>3:9) The lifetime of XLPE can be estimated by investigation of
the lifetime at high temperatures and then extrapolating the results to the operating temperature
using the Arrhenius equation.® The effect of only electrical field stress was investigated in other
studies. The lifetime of XLPE used as power cable insulation was investigated under the
influence of electrical field stress. The inversed power model (IPM) is commonly used to
estimate the lifetime of dielectric materials®7-%) because of its simple form. However, the model
parameters have no significant physical meaning, and the IPM can only be applied in the range
of high electrical field stresses for aging tests. Other studies considered the effect of combined
electrical and thermal stresses. The lifetime of XLPE can be obtained by a combined stress
model (CSM), as previously reported.®!19-15) This model was derived from the physical meaning
of each parameter and has high accuracy. However, both the IPM and CSM require a large
amount of experimental data for predicting the lifetime. This is inconvenient owing to the need
for many experiments with long-time observation.

This paper presents an effective engineering model for estimating the lifetime of XLPE under
the influence of electrical and thermal stresses. The proposed model requires only a small
amount of experimental data, making it more practical in the field. On the basis of a derived
formula with a physical interpretation, linear and nonlinear least-squares methods were applied
to determine the model coefficients. This paper is organized as follows. Section 1 introduces the
background and reviews the literature related to the lifetime model of XLPE under electrical and
thermal stresses. Section 2 presents background theories of the conventional and proposed
lifetime models. Section 3 presents our experimental setup for investigating the lifetime curves
of XLPE. Section 4 presents an approach for parameter determination of the proposed lifetime
model. Section 5 presents an application of the model to power cable design as an example.
Finally, a conclusion is presented in Sect. 6.

2. Conventional and Proposed Models
21 IPM
When a dielectric is subjected to electrical field stress, the lifetime or time to dielectric

breakdown is assumed to correspond to that obtained by the IPM, which is based on
observation.(®) The IPM is expressed as

t=ceCM, (D
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where ¢ is the time to breakdown, E is the electrical field stress, ¢ is a constant, and » is the
voltage endurance coefficient (VEC).

The plot of the material lifetime versus the time to breakdown on a log—log scale, called the
voltage endurance line, yields a straight line as shown in Fig. 1. In this case, the VEC is the
negative inverse of the slope of the straight line.

In general, the voltage endurance line of XLPE cables based on the previous literature®:7) is
fitted with a straight line on a log—log scale. However, in a real experiment, the lifetime
characteristic of XLPE can be represented well with a concave upward and concave downward
line as shown in Fig. 2. This means that the lifetime characteristic of XLPE can separated into
two regions. One is the low-electrical-field region and the other is the high-electrical-field
region. In this case, the VEC must be defined as the negative inverse of the slope as expressed by

Eq. (2).

1 dIn(E)
VEC  dIn(t)

@

Also, in the low-electrical-field stress range, the line approaches the threshold electrical field
stress (E,;,), below which there is no aging of the dielectric material. Hence, the IPM in Eq. (1)
can be modified and expressed as Eq. (3), where n is the VEC.

E -n
(£

2.2 Arrhenius equation

Considering XLPE under electrical field stress, energy exists in the form of heat transfer
from the conductor to the insulator. This is directly related to the internal chemical reaction
rate.(”) The lifetime of a dielectric material depends on its chemical reaction rate. A higher
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Fig. 1. Voltage endurance plotted on log—log graph. Fig.2. (Color online) General lifetime curve of

XLPE under electrical threshold stress.
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chemical reaction rate leads to a higher deterioration rate or a shorter lifetime. According to the
transition state theory,(!? the formation of products from reactants requires an energy at least
equal to the activation energy (AG) as shown in Fig. 3. Hence, temperature and AG are major
parameters impacting the chemical reaction rate. Under no electrical field stress, AG is high and
there is no aging of the material.

In the Arrhenius equation given by Eq. (4), the chemical reaction rate (R) is represented as a
function of activation energy (AG) and temperature (7).

kT

Here, R is the chemical reaction rate, kg is Boltzmann’s constant (1.381 x 10723 J/K), T is the
temperature (K), and # is Planck’s constant (6.626 x 10734 Js).

2.3 Physical meaning of the VEC

According to previous studies,**!3) the electrical threshold stress (E,;) affects the lifetime of
XLPE used as the insulation of power cables. The chemical reaction rate (R) is assumed to have
a linear relationship with the lifetime (). From Eq. (4), R can be rewritten as

E
R=R, exp(nln[E—thD , ®)

where R, is the initial chemical reaction rate and » is the VEC.

When electrical field stress is applied to a material, its free energy is increased from Gy to
G, This decreases the energy barrier and increases the reaction rate. By writing AW as the
decrease in the barrier energy, Eq. (4) can be rewritten as Eq. (6), and the initial reaction rate can

be written as Eq. (7).

[
>
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Fig. 3. Reaction coordinate diagram.



Sensors and Materials, Vol. 33, No. 7 (2021) 2449

o ksl exp _AG-AW ©
h kT
kg T AG - AWy,
=—exXp| —mm8M8M8M8MM8@ 7
Ry P p( T (7

Substituting Egs. (6) and (7) into Eq. (5) gives Eq. (8) as an expression for the VEC (n). Because
AWp_g, is very small compared with AW, the VEC (n) can be written as Eq. (9).

AW = AWp_p,
n—=-—"——
kBTm[E] ®)
Eth
Y4
kBTmLE] ©)
E,,

It is considered that XLPE aging is caused by electrons accelerated by electrical field stress
through sub-microvoids (SMVs), resulting in damage to the polymer chains.(!'? The SMV size
will suddenly increase when XLPE cables are subjected to high electrical field stress (£ > E,). In
this case, AW is proportional to temperature as follows:

AW =k(E-E,)+AW,: E>E,, (10)

where £ is the constant of proportionality of AW, and Eis the maximum electrical field stress
before AW becomes proportional to the electrical field stress.

The SMV size is extremely small when XLPE cables are subjected to low electrical field
stress (E,, <E < E ). In this case, AW does not depend on the electrical field stress, i.e.,

AW =AWy E;, <E<E,, (11)
where AW, is a constant.
2.4 Proposed lifetime estimation model

In the proposed engineering model, experimental data were employed to construct a model
based on mathematical formulas, which were derived from a physical interpretation, increasing
the practicality of the model in the field. On the basis of the derived formula, linear and nonlinear
least-squares methods were applied to determine the model coefficients. The proposed model
was derived as follows.
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Considering XLPE subjected to electrical field stress in the range of £,;, <E < E, the lifetime
can be obtained by substituting AW in Eq. (11) into the VEC in Eq. (9), and substituting the VEC
into the IPM in Eq. (2). The resulting equation is

E

kgTIln| —
din(E) _ Eun

dn(?) AW, 12

The lifetime (f) as a function of electrical field stress and temperature can be obtained by
integration of Eq. (12), resulting in Egs. (13) and (14), where K is a constant of integration.

1 [ kst
j—n(E/Eth)dln(E)— j[AWO dIn(t) (13)
1n[1n{£n=—kB—T[1n[i J+K (14)
Ey, AW, ly

By rearranging Eq. (14), the lifetime can be expressed as Eq. (15), then simplified to Eq. (16).

_A
(o [y, £ T (15)
t_(eKj[ln[Ethn
AW,
(16)

&))"

Here, the coefficient (c') is defined as ¢’ = (¢, / €X).

Considering XLPE subjected to electrical field stress in the range of £ > £, the lifetime is a
function of electrical field stress and temperature. It can be obtained by substituting AW in
Eq. (10) into the VEC in Eq. (9) and substituting the VEC into Eq. (3). The resulting equation is
Eq. (17), which can be simplified to Egs. (18) and (19).

k(E=E,)+AW,
K,T

I

a7)

t=cle

t=(c(e)

kE, ~AW,
KT

kE
e) KyT

(18)
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tZC” e KgT (19)

KE, ~AW,
Here, the coefficient (c”) is defined as ¢" =c(e)  K,T

3. Experimental Setup

In the experiment, the XLPE lifetime was investigated in accordance with the previous
literature.(13:14) The influence of electrical field stress at temperatures of 20, 60, and 90 °C was
examined since the maximum operating temperature of the XLPE cables is approximately
90 °C. The cross-sectional dimensions of a cable with 20 cm length are shown in Fig. 4. The
insulation thickness is 3.0 mm, the shielding thickness is 1.0 mm, and the conductor diameter is
1.8 mm.

The test setup is shown in Fig. 5. The electrical field stress at both ends of the cable was
controlled by conical grading rings (deflection conoids) made of Teflon, whose permittivity is
almost the same as that of XLPE insulation. The conductor was subjected to a high voltage to
obtain the required electrical field stress, while the XLPE insulation layer was covered by a thin
sheet conductor connected to ground. The conductor was installed in a temperature-controlled

oven.

XLPE insulation

Shield
Conductor

5.8 mm
2.8 mm

Fig. 4. (Color online) Cross-sectional dimensions of the investigated cable.

Field deflection conoids
XLPE insulation

Shield

Fig. 5. (Color online) Test setup.
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The voltage was increased at a rate of 30 kV/min. The tests were performed at temperatures
of 20, 60, and 90 °C. The experimental results are shown in Fig. 6. Circles represent the results
of the test performed at a frequency of 50 Hz, whereas triangles represent the results of the test
performed at a frequency of 450 Hz. Also, the rhombus represents data obtained from a
combined analysis method.(¥)

From the experimental results of the XLPE lifetime under electrical field stresses at specific
temperatures in Fig. 6, an inflection point was found at a certain electrical field stress (£,). It is
clear that the lifetime curve should be divided into two parts, which is consistent with the
proposed model.

4. Parameter Determination of the Proposed Lifetime Model

To determine the parameters of the proposed lifetime model, we first found the coefficients
or the parameters of the lifetime curve of the XLPE under the various electrical field stresses at
the specific temperatures of 20, 60, and 90 °C. Nonlinear regression based on the
Levenberg—Marquardt algorithm was applied to fit the lifetime data at each temperature, and the
parameters in Eqgs. (16) and (19) were determined at the temperature. The results of the fitting
are shown in Fig. 7 and are in good agreement with the experimental data. The R-squared values
(R?) of the results for the temperatures of 20, 60, and 90 °C are 0.9970, 0.9979, and 0.9994,
respectively. Note that the determined parameters (E,;,, AW,,, C', k, C") in Table 1 are proportional
to the temperature.

Then, linear regression was applied to fit the determined parameters at the three different
operating temperatures, and the regression results are expressed as follows:

100
90
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Fig. 6. (Color online) XLPE lifetime curves at temperatures of 20, 60, and 90 °C.
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Table 1
Fitted parameters at temperatures of 20, 60, and 90 °C.
P ; Temperature
arameter 20°C 60°C 90°C
Eg 10.65 8.594 7.153
AW, 6.07(10721 6.98(10 21 7.51(1072h
c 2353 265.4 299.7
k 8.01(10 %) 1.02(1072h 1.15(10°2h
c” 3.72(10% 3.42(10% 3.00(10%
E, =—0.05T +25.29, (20)
AW, =2.07(10)T, @1
¢'=091T-33.5, (22)
k=5.0481072)T —6.745(10%%), (23)
c"=-102.2T + 67440, (24)

where T is temperature in the unit of K.

According to the experimental data in Fig. 6, the inflection points of the electrical field
stresses (£;) are approximately in the range of 15 to 30 kV/mm. Also, it was found that £ is
proportional to temperature. Thus, £, can be written as a function of temperature and can be
fitted by linear regression as follows:

E; =-0.055T +39.82. (25)

From all above results in Egs. (16), (19), and (20)—(25), the lifetime of the considered XLPE
under electrical field and thermal stresses can be plotted as the contours shown in Fig. 8.

5. Application in Cable Insulation Design

The data of XLPE lifetime under the influence of electrical and thermal stresses are
necessary for power cable design. Therefore, many experiments with lengthy observations are
required to obtain such data. However, the proposed model utilizes the appropriate formula and
curve fitting method to estimate the lifetime, thus requiring only a small amount of experimental
data and making it more practical for applications in the field.

In the insulation design of power cables, it is necessary to know the maximum electrical field
stress at the maximum operating temperature that the insulation can endure without
deterioration. In the case of XLPE, the maximum operating temperature is considered to be
90 °C. The maximum electrical field stress used in power cable design depends on the power
system voltage. For distribution systems (with a system voltage of up to 36 kV), a maximum
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Fig. 8. Lifetime of the considered XLPE under electrical field and thermal stresses.

electrical field stress of about 5 kV/mm is used for power cable design. For higher-voltage
systems, the designed maximum electrical field stress may reach the order of 10 kV/mm, and an
additive to prevent water treeing must be added to the XLPE used in the power cable.(!>) In this
paper, XLPE without such an additive was used in the model development.
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The maximum E,;, occurring at the maximum operating temperature of 90 °C was calculated
to be 7.13 kV/mm from Eq. (20). Therefore, the designed maximum electrical field stress in the
power cable must be less than this value. For better understanding, the insulation design of a
power cable was considered. The voltage rating of this power cable was 36/69 (72.5 kV), and the
cross-sectional area of the conductor was 185 mm?, corresponding to an outer diameter of the
conductor of 15.8 mm. With the XLPE considered in Sect. 3, the insulation thickness (d) of this
cable can be calculated using

U,

E - P
" RIn(ry /1)’ (26)

d=l’2—l’19 (27)

where 7| and r, are the inner and outer radii of the insulation, respectively, and U, is the peak
voltage across the insulation.

In this case, £, = 7.13 kV/mm, r; = 7.9 mm, and U, = 59.19 kV. Therefore, r, = 22.59 mm
and d = 14.69 mm. To ensure safety, the insulation thickness should be at least 15 mm.

6. Conclusion

We have presented an effective approach for determining the lifetime of XLPE under
electrical and thermal stresses. The considered electrical field and operating temperature were in
the ranges of 7 to 90 kV/mm and 20 to 90 °C, respectively. From the experimental results of the
XLPE lifetime under electrical field stresses at specific temperatures, an inflection point was
found at a certain electrical field stress (£,). From this observation and on the basis of a physical
interpretation, an engineering lifetime model was derived by separating the lifetime curve into
two parts, i.e., at electrical field stresses below £, and above £,. Nonlinear and linear regression
methods were applied to fit the developed model with the experimental data, and the parameters
of the developed engineering lifetime model were determined. It was found that the proposed
model fitted the experimental data very well, and the R? value was very close to one. With the
developed model, the maximum electrical field stress (the threshold electrical field stress, £,,) at
the maximum operating temperature can be determined, which was utilized as a criterion in the
design of power cables as an example. It can be concluded that the proposed lifetime model and
the presented approach for parameter determination are very attractive for the lifetime estimation
of XLPE under electrical and thermal stresses and for power cable design.
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