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Abstract: Based on Wiener process model, a new approach for reliability evaluation of cross-linked polyethylene
(XLPE) is proposed to improve the lifetime evaluation reliability of XLPE under multi-stressing conditions and
study the failure probability distribution. In this paper, two accelerated aging tests are carried out under combined
thermal and vibration conditions. The volume resistance degradation data of XLPE samples are tested with a
24 h interval under the accelerated stressing conditions at (130 ◦C, 12 m/s2) and (150 ◦C, 8.5 m/s2), respectively.
Nonlinear degradation data obtained from the experiment are transformed to linear intermediate-variable values
using time scaling function, and then linearized degradation data are calculated and evaluated on the basis of
linear Wiener process model. Considering traditional Arrhenius equation and inverse power criterion, parameters
of the linear Wiener model are estimated according to the maximum likelihood function. The relationship curves
on probability density and reliability are given, and the lifetime distribution of XLPE under different stressing
conditions is also obtained for evaluating the reliability of XLPE insulation. Finally, the life expectancy of XLPE
is 17.9 a under an allowance temperature of 90 ◦C and an actual vibration acceleration of 0.5 m/s2. The approach
and results in this paper may be used for reliability assessment of high-voltage multiple samples or apparatuses.
Key words: accelerated multifactor aging, lifetime evaluation, reliability distribution, degradation test, cross-
linked polyethylene (XLPE)
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0 Introduction

Cross-linked polyethylene (XLPE) is widely used as
electrical insulation of high-voltage power cables due
to its excellent thermal resistance, good electric prop-
erties and mechanical strength. With the changes of
various cables’ laying conditions, reliable life estima-
tion of XLPE insulation under complicated conditions
becomes more and more important[1-3].

XLPE insulation aging is not a single electrical stress
result, but the cause under multiple factors including
electrical, thermal and mechanical stresses[4-9]. Usually,
the Arrhenius equation and inverse power criterion are
used to assess residual life of XLPE insulation under
thermal and mechanical stresses. The estimated life-
time can be extrapolated from test data. Because of
the single testing environment and larger dispersion of
test data, the life evaluation reliability is so lower that
the multiple test results are not consistent.
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In most cases, the major stresses that aging cable
insulation endures are often electrical stress, thermal
stress, dielectric losses and mechanical stress. Tzimas
et al.[10] proposed Zhurkov model for charactering ther-
mal stress of solids. However, this model parameters
need to be extrapolated to power cables with respect
to full-size insulation. Tzimas et al.[10] also put for-
ward Arrhenius model and the inverse power model
for the thermal and electrical life. However, research
on thermal and vibration stresses is relatively scarce.
The Weibull distribution is commonly used for statis-
tical processing of breakdown data of electrical insula-
tion. The two-parameter Weibull distribution has been
critically examined and assessed insulation condition
in service. Fabiani and Simoni[11] gave a simple review
of current Bayesian reliability demonstration methods,
and focused on the effect of different types of prior in-
formation. This method needs a large sample size or
substantive prior information. The Weibull distribu-
tion is also used to investigate the electrical breakdown
of insulation materials[12]. However, it is difficult to
obtain enough breakdown failure data in a short time
because of high reliability and long lifetime for cable
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insulation material. The degradation failure data are
required more impactful work. In order to avoid unnec-
essary search, the searching solution utilizes some rules
and reduces complexity, and optimal solution should be
found with reasonable computation cost.

Considering that degradation data of dielectric pa-
rameters are usually scattered with nonlinear varia-
tion during the aging tests, several performance degra-
dation models have been proposed, such as degrada-
tion path model[13-15], degradation amount distribution
model[16-18], Wiener model[19] and Gamma model[20].
Among these stochastic process models, Wiener process
model can be used for smooth independent Gaussian
incremental-performance degradation process and is
widely applied in engineering field because of its ex-
cellent calculating and analytical abilities. The degra-
dation based reliability demonstration test (RDT) plan
design problems are studied by Wiener model for long
life products under a small sample circumstance[21].
The Wiener model can transform the problem from cal-
culating the first hitting time distribution of the diffu-
sion process crossing a constant threshold into a stan-
dard Brownian motion crossing a time space transfor-
mation. It develops a degradation model using a non-
linear diffusion process and provides an approximation
of the probability density function[22-23].

In this paper, an accelerated aging test with com-
bined thermal and vibration stresses is designed and the
degradation data of XLPE samples are obtained. Non-
linear Wiener process model and time scale transforma-
tion function are used, and model parameters are de-
termined by the maximum likelihood estimation. The
probability density function and reliability function are
derived to assess the lifetime of XLPE samples. The
approach and results may be used for reliability assess-
ment of high-voltage multiple samples or apparatuses.

1 Model Establishment

1.1 Wiener Model
Assumption 1 During random process, product

performance parameter X(t) meets the following prop-
erties at time t. Therefore, linear Wiener process model
can represent degradation parameters with smooth and
independent Gaussian performance degradation pro-
cess.

Feature 1 ΔX(t) is degradation increment from t
to t + Δt, and let ΔX(t) be a normal distribution, i.e.,
ΔX(t) = X(t + Δt) − X(t) ∼ N (μΔt, σ2Δt), where
X(t) is linear Wiener process, μ is drift parameter and
σ is diffusion coefficient.

Feature 2 For two arbitrary non-intersecting peri-
ods [t1, t2] and [t3, t4], the incremental X(t2) − X(t1)
and the incremental X(t3)−X(t4) are independent with
t1 < t2 � t3 < t4.

Feature 3 X(0) = 0, X(t) is continuous at t = 0.

Here, Wiener degradation model can be described as

X(t) = μt + σw(t), (1)

where w(t) is Brownian motion.
Assumption 2 Equation (1) only applies to the

degradation performance which is a linear degradation
process. However, a lot of product degradation pro-
cesses are nonlinear; time power conversion method
is put forward in the approach presented in this pa-
per. Nonnegative monotonically-increasing function
γ(t) which has variable t is constructed. Equation (1)
can be rewritten as

X(t) = μγ(t) + σw(γ(t)), (2)

where

τ = γ(t) = tλ,

λ is conversion coefficient. By the time t scale trans-
formation, we can transform a nonlinear degradation
progress into a linear process:

Y (τ) = μτ + σw(τ). (3)

Assumption 3 The failure threshold l of the sam-
ples is a constant (l > 0). The lifetime L is the first
time to reach the failure threshold:

L = inf (Y (τ) � l), (4)

where Y (τ) is degenerate process after linearization of
time scale, and inf (Y (τ) � l) is failure threshold.

Through the theoretical derivation, the time distribu-
tion of life L, in addition to linear Wiener process life,
follows inverse Gaussian distribution. The life distribu-
tion function F (τ) and the probability density function
f(τ) are

F (τ) = ϕ
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where ϕ(x) is standard normal distribution function.
Therefore, the reliability function can be concluded as

R(τ) =1 − F (τ) =
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1.2 Accelerated Aging Model
In general, the life of products or samples will change

according to some rules under different stresses. Ac-
celerated aging model is mathematically modeled by
the product life varying under different stress levels,
and it represents the relationship between products life
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and stress level. At present, accelerated factors in aging
tests contain temperature, mechanical vibration, elec-
trical stress (voltage, current, electric power, electric
field strength), light intensity, humidity, and so on. The
usual accelerated aging models are Arrhenius model, in-
verse power criterion, single stress Eyring model, gen-
eralized Eyring model, and so on.

With regard to temperature and vibration stress
accelerated aging tests, Arrhenius model and inverse
power criterion can be used to describe the relationship
between life and multi-stress:

L = LTLS = AS−mexp(U0/RT ) (8)

where S is the material stress, R is gas molecules
constant, T is the aging temperature, A is the pre-
exponential factor in multi-factor aging, m is the inverse
power coefficient which is related to vibration stress, U0

is the activation energy of the sample, LT is the mate-
rial lifetime under combined thermal stress, and LS is
the material lifetime under combined vibration stress.

For the multi-factor accelerated aging test of elec-
tric field strength, temperature and vibration stress,
the electric stress aging of XLPE is also in accordance
with the inverse power criterion.

Based on Eq. (8) and superposition theorem, the
relationship between multi-stress and model life ex-
pectancy is expressed as

L = LTLSLE = AS−mE−nexp(U0/RT ), (9)

where E is the electric field strength, and n is the in-
verse power coefficient which is related to the electric
field strength.
1.3 Model Parameter Estimation

As we have seen from Eq. (5) to Eq. (7), the drift
parameter μ and the diffusion coefficient σ should be
solved before evaluating the reliability of XLPE. Let
Yijk be the ith measurement result for the jth sample
under the kth accelerated aging stress. In addition, τijk

is the ith measurement time for the jth sample under
the kth accelerated aging stress; ΔYijk = Yijk−Y(i−1)jk

is increment of performance degradation; Δτijk = τijk−
τ(i−1)jk is time increment. According to the Wiener
process model, there is

ΔYijk ∼ N (μΔτijk , σ2Δτijk). (10)

From performance degradation data, maximum like-
lihood estimation can be concluded as

L(μ, σ2) =
n1∏
i=1

n2∏
j=1

n3∏
k=1

{
1√

2πσ2Δτijk

×

exp
[
− (ΔYijk − μΔτijk)2

2σ2Δτijk

] }
, (11)

where n1 is the test time of the sample, n2 is the number
of samples and n3 is the number of test stresses.

Considering double factor accelerated aging model
under combined temperature and vibration stresses, the
expressions on μ and σ2 can be deduced from Eq. (8)
according to the constant failure mechanism principle:

μ = K1S
m
k exp(−B/Tk), (12)

σ2 = K2S
m
k exp(−B/Tk), (13)

where, B is the correlation coefficient; K1 and K2 are
the test coefficients of μ and σ2, respectively; Tk and Sk

represent the material stress and aging temperature un-
der the kth accelerated aging stress, respectively. Sub-
stituting Eqs. (12) and (13) into Eq. (11) yields a new
expression from multi-factor life model and maximum
likelihood function:

L(K1, K2, m, B) =
n1∏
i=1

n2∏
j=1

n3∏
k=1

{
1√

2πK2Sm
k Δτijkexp(−B/Tk)
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]}
. (14)

By Eq. (14) and the extreme condition of maximum
likelihood function, equations of model parameter esti-
mation can be obtained as

∂L̃

∂K1
= 0,

∂L̃

∂K2
= 0,

∂L̃

∂m
= 0,

∂L̃

∂B
= 0, (15)

where

L̃ = ln L(K1, K2, m, B).

Parameter estimations of K1, K2, m and B can be cal-
culated by substituting ΔYijk, Δtijk, Tk and Sk into
Eq. (15). For the accelerated aging test of electric field
strength, temperature and vibration stress, the analyti-
cal procedure of maximum likelihood parameters is the
same as the above analysis process.

2 Acquisition and Statistical Analysis of
Degradation Data

2.1 Accelerated Aging Test
The main XLPE failures result from thermal aging,

electric aging and mechanical aging. In order to simu-
late ultrahigh-voltage cable insulation aging under vi-
bration condition, temperature and vibration strength
(accelerated velocity) are selected as accelerated aging
condition. Experiment is carried out using many groups
of XLPE samples under the condition of constant stress
accelerated degradation test. A simplified schematic di-
agram of the vibration clamp and electrode is shown in
Fig. 1. As shown in Fig. 1, the vertical vibration pro-
duced by vibration table is passed onto the fixed clamp
by transmission rod. Due to the adjusted vibration fre-
quency and amplitude, the vibration accelerated aging
is generated on the XLPE samples.
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Fig. 1 Schematic diagram of aging equipment

XLPE samples are made by silane crosslinking tech-
nology.

(1) 16 pieces of 80mm×80mm×1.0mm XLPE sam-
ples are prepared for aging test. 8 pieces of XLPE sam-
ples of the first group are put into aging test oven un-
der the aging condition of combined stress S1 (130 ◦C
and 12m/s2 accelerated velocity). The second group
sets 8 pieces of XLPE samples in aging test oven under
the aging condition of combined stress S2 (150 ◦C and
8.5m/s2 accelerated velocity).

(2) The samples at S1 are tested 25 times with a mea-
suring interval of about 24 h. The first test result is set
as initial resistance value. The residual tests are based
on the first test result to calculate current resistance
degradation. The results are shown in Fig. 2.
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Fig. 2 Resistance degradation for 8 pieces of XLPE sam-
ples at S1

(3) The samples at S2 are tested 19 times. The sam-
ples’ preparation process is the same as above. The
results are shown in Fig. 3.

(4) A commercial high-resistance meter is used to
measure each XLPE sample and record the current in-
sulating resistance. That the insulating resistance of
XLPE samples decreases more than two orders of the
initial value is regarded as the end criterion of XLPE
life. After testing, the average initial insulation resis-
tance of 16 XLPE samples is 500GΩ, therefore 5GΩ is
set as the failure threshold of XLPE samples, and the
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Fig. 3 Resistance degradation for 8 pieces of XLPE sam-
ples at S2

degenerate resistance failure threshold is about 500GΩ.
2.2 Time Scale Transformation of the Perfor-

mance Degradation data
Two groups of degradation resistance of XLPE sam-

ples are shown in Figs. 2 and 3. It can be observed
clearly that resistance degradation data of XLPE sam-
ples change with significant dispersion at the same ag-
ing condition. Moreover, linear Wiener model is not
applied due to nonlinear resistance degradation curve.
It is necessary to linearize the resistance degradation
curve by time scale transformation.

As shown in the diagrams, the degradation of resis-
tance and time can be expressed as

X(t) = tα exp(a + b/T ), (16)

where a and b are constants, and α is the time conver-
sion factor.

Each degenerate curve is fitted, and the maximum
likelihood function is applied to obtain the optimal time
conversion factor. Data analysis verifies that the re-
lationship between XLPE resistance degradation and
time meets time scale transformation function. The
time scale transformation function is τ = t0.436.
2.3 Reliability Assessment and Life Prediction

Completing the time scale transformation yields re-
sistance degradation test results, and the transformed
data are put into Eq. (14). According to the maximum
likelihood function, the results are obtained as

K1 = 83 040.47, K2 = 18 493.51,

B = 5 411.75, m = 0.0409 84.

Under an allowable temperature of 90 ◦C and an ex-
ternal vibration acceleration of 0.5m/s2 (general ac-
celerated velocity in the actual laying condition), from
Eqs. (12) and (13), the drift parameter and the diffu-
sion coefficient can be obtained as

μ = 0.027 15, σ2 = 0.006 047 3.

After substituting τ = t0.436 into Eq. (6), the failure
probability density function of XLPE samples can be
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also solved under an allowable temperature of 90 ◦C and
an external vibration acceleration of 0.5m/s2. That is

f(t) =
l√

2πσ2τ3
exp

[
− (l − μτ)2

2σ2τ

]
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]
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According to Eq. (7), the reliability function is
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Figures 4 and 5 show the failure probability density
function and reliability function of XLPE samples, re-
spectively, under an allowable temperature of 90 ◦C and
an external vibration acceleration of 0.5m/s2.
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ples

1.0

0.8

0.6

0.4

0.2

R
(t

)

0 1 2 3 4
t×10−5/h

Fig. 5 Reliability function of XLPE samples

From the inverse Gaussian distribution, it can be in-
dicated that the average lifetime is L̄ = l/μ under time
scaling τ (linear). By the time scale transformation
function τ = t0.436, the life expectancy is achieved as

L̄ = (l/μ)
1

0.436 . (19)

Therefore, the life expectancy L̄ = 157 116.16h ≈
17.9 a can be obtained under an allowable tempera-
ture of 90 ◦C and an external vibration acceleration of
0.5m/s2. This value is corresponding to the peak of
failure probability density curve, as shown in Fig. 6.
At a low temperature of 90 ◦C, the effect of external vi-
bration acceleration on XLPE life is greater than that
at a high temperature of 150 ◦C.
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3 Conclusion

Degradation based on Wiener model provides an effi-
cient way to estimate sample life reliability. In order to
estimate life reliability of XLPE insulation under multi-
stress aging conditions, this paper focuses on nonlinear
Wiener process model and aging tests.

For aging test, the resistance data of XLPE samples
are suitable for using as nonlinear degradation data.
The important consideration in calculation is to lin-
earize resistance degradation data of XLPE by the time
scale transformation function. If in practice the degra-
dation data do not follow linearity or normality, addi-
tional work will be necessary. It is necessary for time
scale transformation through which the original nonlin-
ear model can be transformed to a linear model.

A temperature and vibration stress accelerated aging
life model can be built by combining Arrhenius equation
with the inverse power criterion. Model parameters are
estimated with the maximum likelihood function, and
then the probability density, reliability and life distri-
bution of XLPE are obtained at different stressing com-
binations. The results show that the effect of external
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vibration acceleration on the XLPE life is greater than
that of high temperature.

According to theoretical calculation, the life ex-
pectancy of tested XLPE samples is 17.9 a at an al-
lowance temperature of 90 ◦C and an external vibration
acceleration of 0.5m/s2.
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