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F  E  A  T  U  R  E    A  R  T  I  C  L  E

A multifactor aging framework is 
described that links the work of 
those involved in studying aging 
of dielectrics to the needs of those 
involved in asset management and 
network performance.
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Introduction

	 hange is inevitable. After conception, every entity em-
	 barks upon a journey of change and �nite life. This journey 

is often curtailed by apparently unpredictable events dispersed 
within a relatively steady environment. Plant operating in a power 
system re�ects this picture. Nonetheless, in power networks of 
the industrialized world, a signi�cant proportion of equipment is 
operating well beyond its design life. In urban areas, cables that are 
literally 100 years old still carry power, and transformers operate 
well beyond the 40 years originally envisaged. These functional, 
aging assets are a testament to the success of the many insulation 
systems used [1]. A characteristic of any aging asset is a reduction 
in reliability. Hence, the need for maintenance, providing remedial 
action to economically sustain reliability, prolonging useful life, 
and enabling planned asset replacement. Thus, the practice of asset 
management is a growing profession within power utilities.

Asset management has been described as the evaluation of 
the life cycle costs of equipment and systems versus quality of 
supply according to requirements and regulations [2]. It has be-
come paramount for successful and reliable network operation. 
However, evaluation of life cycle costs is far from a straightfor-
ward task, especially for insulation systems. Such an evaluation 
must incorporate damage models estimating the condition of the 
components and an understanding of future operating conditions. 
Research has produced many insulation- and process-speci�c 
models that have limited applicability to real insulation systems. 
Uncertainties tend to lead to conservative decisions, leading to 
higher asset maintenance or replacement costs than are really 
necessary [3]. This illustrates the need for a tool to improve the 
understanding of aging assets by modeling the operating stresses 
that real insulation systems experience.

The drive to increase production of renewable and distributed 
energy has resulted in changes in load �ows on the network, 
and demand-side management schemes cause variation in load 
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demands. A steady increase in the number of power electronic 
devices results in �uctuations of power quality due to impulse 
transients and harmonic content. As a result, there is a gradual 
change in the working environment experienced by insulation 
systems [4]�[6] and, as networks undergo this evolutionary pro-
cess, the insulation systems will age differently. Consequently, 
future failure modes may deviate from the historical norm and 
traditional heuristics may no longer facilitate the forecasting of 
behavior of in-service insulation systems.

The Challenge
Figure 1 provides an image of the interaction of the stress 

factors that in�uence the mechanisms of failure, how this relates 
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The �owchart of aging in Figure 2 is modi�ed to make the 
second layer of the framework, lying underneath the asset man-
agement layer.

The Role and Impact of Quality of Supply
Non power-frequency disturbances impact negatively on the 

quality of supply, whether they are transients or short- or long-

term. Figure 3 is an illustration of disturbances (outer circle) and 
their links to the characteristic descriptions of electrical stress 
factors (inner circle) [10].

Short duration sags and swells, as well as long duration over-
voltages and undervoltages, impact the rms, amplitude, and rise-
time factors. The rise-time denotes a rate of change of voltage 
that the insulation experiences. For example, under fault condi-
tions, swells and overvoltages can represent signi�cant increased 
electrical stressing depending on the peak, rms and duration of 
such disturbances.

An insulation component at a particular site in the network 
can be electrically vulnerable due to weak system impedance 
and so suffer from a poor quality of supply, e.g., as a result of 
harmonics. A key question is, �do we know the role the various 
disturbances play in aging and failure processes of this insulation 
component?�

Harmonics can be described as a frequency domain representa-
tion of time domain occurrences [3], and they may signi�cantly 
increase the peak and rms values of an electric �eld within a di-
electric, increasing dielectric losses while creating a temperature 
rise within the dielectric [11]. High-frequency harmonics often 
lead to increased Joule heating, and mitigation can be achieved 
by derating the equipment [12]. However, thermal stressing of the 
dielectric still occurs. This can be decoupled into the stress factors 
responsible for electrical and thermal stresses. Thermal runaway 
of the insulation due to high-harmonic currents is prevented 
when protection on the network is engaged. Research conducted 
using the third, �fth and seventh harmonic components [13], [14] 
con�rmed that the composite waveform may increase the volt-
age peak of the waveform and the likelihood of partial discharge 
inception depending on the phase and magnitude of the harmonic 
component [15], [16]. The triplen harmonics (multiples of the third 
harmonic) are usually �ltered as a result of propagating across 
the power network, but they pose a serious threat by thermally 
overloading neutral cables. Hence, the �fth and seventh harmonic 
components would generally be the most in�uential in relation 
to power quality and potentially to insulation system failure at 
the transmission level.

On real networks, there may be an unacknowledged harmonic 
contribution. This may also be true for reported experimental 
laboratory work. Therefore, it is  important to know thresholds at 
which power quality affects aging. Comprehending the effect of 
the abnormalities in any resultant waveform experienced by the 
insulation is crucial to de�ning which time-domain, wave-shape 
features and characteristics are most in�uential to insulation 
degradation. Only then can the harmonic combinations that most 
affect the insulation be identi�ed. Under multi-stress conditions, 
including electrical and thermal stresses, plant items suffer signi�-
cant life reduction in the presence of harmonics and an equivalent 
reduction in reliability [11].

Harmonics are a steady-state occurrence compared to lightning 
and switching surges, which can cause large numbers of transients 
on power networks. For example, SF6 and vacuum switchgear 
produce hundreds of surges during switching operations with 
300 ns rise times and rates of 200�3000 surges per second [17]. 
Therefore, the time-domain representation of the waveform that 
we describe as an electrical stress factor must be linked to the in-

Figure 2. Insulation failure �owchart.
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sulation performance. Network operating conditions are complex, 
providing a deterministic approach to insulation life prediction, 
which is signi�cantly more dif�cult when considering the synergy 
of the many stress factors.

Multifactor Framework
Aging factors can be represented by a matrix K(t) of insulation 

aging or stress factors, as illustrated in (1):

	 	  (1)

IEC 60505 [8] de�nes predominant stresses as electrical, thermal, 
environmental, or mechanical. Such a clear distinction can be both 
useful and con�ning. Certainly for evaluation and quali�cation of 
electrical insulating systems the distinction may be of value. In 
service, however, equipment is normally designed so no one stress 
is dominant. Each of these major stress factors needs to be further 
broken down into subfactors that can enhance as well as compete 
with each other. The six factors described here (1) are used to assist 
in identifying the subfactors, and are not regarded as exclusive 
of each other. The factor representation has been established as a 
function of time, yielding some measurable form of stress on the 

insulation system. The electrical stress factors outlined in Figure 
3 provide examples of the subfactors illustrated in Figure 4. In 
Figure 4, the crosses denote key characteristic properties of the 
stress types provided. This helps de�ne the working environment 
of the insulation component.

Failure of a given component can be regarded as a competition 
between a number of aging mechanisms represented as a probabil-
ity distribution function fi(K(t)), which is also a function of time 
and of the stress factors K(t). This might, for example, represent 
the probability of the failure of insulation through electrical tree 
growth, partial discharges, or thermal runaway, the likelihood of 
each being dependent on time and the aging factors up to time t. 
In the framework proposed, the stress factors present one layer 
(the third) of the model, and the aging mechanisms another layer 
(the fourth).

Dominant mechanisms under electrical stress factors include 
space charge trapping, partial discharges, water treeing, and 
electrical treeing. These aging mechanisms can complement or 
compete with each other with one mechanism dictating the failure 
mode while another dictates the time to failure. For example, the 
key rate-determining aging process in an XLPE cable might be 
water tree growth. However, water trees in themselves do not cause 
failure, rather they create conditions for electrical trees to initiate, 
which then can lead to failure. Thus, these mechanisms may have 
a chronological sequence to their dominance. This is not always 
the case.  Other stress factors can in�uence mechanism dominance 
in the working environment. One such example is when mechani-
cal compressive stress leads to hot spots from thermal gradients, 

Figure 3. Links between power quality disturbances and electrical stress factors [10].
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