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Abstract—For better assessment of their networks and to 
optimise maintenance measures, more and more operators of 
medium voltage networks are relying on cable diagnostics. It 
efficiently tracks weak points in old as well as new cable systems. 
This opens up high saving potential, as network failures are 
prevented and maintenance measures can be planned ahead. For 
fast and cost-effective condition assessment, we can combine 
cable diagnostics with cable testing: The so-called Monitored 
Withstand Test (MWT, also called Monitored Withstand 
Diagnostics). In MWT, cable testing and cable diagnostics are 
performed simultaneously and are program-controlled as far as 
possible. 

Simple measurements alone are not vital. Selecting devices 
suitable for the field, above all a versatile voltage source, as well 
as combining the diagnosis methods are decisive, if reproducible 
and conclusive results are the objective. And only this would 
deliver reliable decision-making support to the Network 
construction and Network maintenance departments. The article 
describes how the diagnostic procedures - dissipation factor and 
partial discharge measurement - can be complementary to each 
other and what to bear in mind while selecting devices in order to 
achieve maximum efficiency. Examples illustrate the financial 
benefits. 

Index Terms—AC distribution, cable insulation, testing, 
diagnostics, economics, VLF-Sine, Monitored Withstand Test, 
combined diagnostics 

I. INTRODUCTION

perators of medium voltage and distribution networks 
worldwide are facing similar challenges: Cable systems 

must be maintained cost-optimum, investments in new lines 
must be safeguarded and the network quality must be 
maintained or improved at the same time. In order to act in an 
optimum manner in this conflict of objectives - from technical 
and economic point of view - several network operators are 
using diagnostic procedures today. Unlike cable testing, they 
not only produce a “passed” or “failed” statement, but also 
deliver measurement values that allow conclusions on the 
ageing condition or latent damages. 

The importance of using conclusive evaluation and 
measurement methods grows with the age of systems, the 
frequency of defects, the load factor of existing lines and the 
total length of the network that must be maintained. Today, 
several 100,000 serious cable faults occur per year in the 
medium voltage network around the globe, which is almost 10 
critical breakdowns per year in a small public utility company. 
With growing network age, this figure threatens to deteriorate. 

We can counteract this trend and save money through proper 
use of cable diagnostics: "Early diagnosis" with the help of 
dissipation factor or partial discharge measurements enables 
optimum scheduling of repairs on existing systems and cost-
effective implementation. In addition, locating damage points 
using cable diagnostics allows us to continue using the fully 
functional sections of the cable system. This reduces material 
consumption, shortens the repair time, minimises the 
expenditure for street construction work and lessens 
breakdown durations. 

Cable diagnostics is also helpful for new cable systems, as 
on one hand we can create a "fingerprint" of the system, 
which serves as reference later and on the other hand, we can 
detect faulty installations. The latter allows for timely 
complaints and prevents future breakdowns, which otherwise 
can occur years after laying the cable due to environmental 
effects and aging. So a big German network operator always 
conducted partial discharge measurement in addition to cable 
and sheath testing on new cable lines and thus was able to 
detect several installation faults. For example, a XLPE cable 
that passed the cable test showed conspicuous values during 
the partial discharge measurement. It emerged that here cold-
shrinkable joints were installed at minus degrees, without 
preheating in compliance with the manufacturer's instructions. 
Thanks to the diagnostic test, this fault was detected and 
complaints were lodged on time. The customer was able to 
demand rework worth five figures in Euros and stave off 
consequential damages, which most likely would have clearly 
appeared after the warranty period had lapsed. 

Due to the high advantage of cable diagnostics, it makes 
sense to integrate it in the daily flows with minor expenditure. 
Simultaneous cable testing and diagnostics (MWT) will fulfil 
this wish. 

II. IMPORTANT DIAGNOSTIC PROCEDURES

In particular, the partial discharge (PD) measurement and 
the dissipation factor diagnostics (also called tan δ 
measurement) are established diagnostic procedures. Both 
procedures are suitable for use on cable lines with paper 
insulated mass-impregnated cables (PILC) and plastic-
insulated cables as well as mixed lines. 

A. Partial discharge measurement
Partial discharge (PD) measurement is suitable for

detecting fault locations and hollows in the cable, e.g. 
electrical trees in XLPE cables or damages in PILC cables that 
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arise due to drying or water leakage. As mentioned in the 
beginning, the PD measurement is also suitable for inspecting 
joints and terminations. During the PD measurement, it is 
possible to locate partial discharges: Consequently, PD values 
can be assigned to components of the cable (fitting or cable 
section), and thus allow an accurate interpretation and if faults 
are found, locate the fault(s). 

B. Tan δ measurement
During the tan δ measurement (also known as dissipation

factor measurement), the ratio of active power to reactive 
power is determined. This is a global procedure and hence the 
results refer to the complete measured cable system. The 
measurement is disturbance-free up to a voltage of 2 U0 (see 
IEEE Std 400.2-2004) and according to a study by the authors 
of [1], is one of the most frequently used procedures for a 
proactive diagnosis. 

Unlike simple sheath testing, the results of the tan δ 
measurement allow conclusions on the quality of insulation 
inside cables. In XLPE cables, this measurement is suitable 
for detecting water trees. As water trees become electrical 
trees after a certain size, it is helpful for condition-oriented 
maintenance, for reliable estimation of water trees and for 
classifying cables. 

To interpret the measurement results correctly and to 
classify cables suitably, it is necessary to know the structure of 
the cable line. In addition, comparing cable phases with each 
other as well as with historical measurement values or results 
of similar cable lines are helpful. 

To assess the health condition of a cable, in addition to the 
absolute value of the tan δ, its dependence on the test voltage 
too is essential (Figure 1). Moreover, the spreading of 
measurement results merits attention: If measurements 
performed immediately one after the other under otherwise 
similar conditions produce highly varying results, it gives rise 
to a high standard deviation. This indicates partial discharges 
in the cable line [1]. 

Fig. 1.  Idealistic presentation of tan δ for XLPE cables of varying ages 

C. Combining diagnostic procedures
When used separately, tan δ and PD measurements can

lead to usable results. But sometimes valuable information is 
possible only by analysing both diagnostic procedures. So 
water that has leaked into joints reduces the partial discharge 

activities [5]; an additional measurement of the tan δ then 
provides clues on whether the measurement values can 
actually be due to increased moisture in the fitting. On the 
contrary, the PD measurement is an important supplement to 
the dissipation factor measurement for detecting the situation 
of highly advanced water trees (electrical trees). Therefore, 
the technology used for both diagnostic procedures – and 
obviously for the cable or sheath testing – must be applied. 

D. Completing cable testing and diagnostics swiftly
Whether as routine testing on new cable lines or after

repairs, it makes sense to supplement cable testing with cable 
diagnostics, as the cable test only shows whether the cable can 
withstand the load (e.g. 2 U0) for the test duration. The usual 
measurement for 30 minutes in older systems (in compliance 
with IEEE 400.2) however, does not state whether the cable 
has passed the test and perhaps would fail after 40 minutes or 
whether it completed a two-hour cable test without errors. On 
the contrary, diagnostics allow for condition assessment [3], 
[4]. The additional knowledge immediately offers an 
advantage [3]: In addition to information on the cable system 
and depending on the values, the diagnostics offer the 
possibility: 
• to cancel the cable testing if the diagnostics points to a

critical condition and if continuation of the cable testing
implies danger of damage;

• to shorten the cable testing duration and to save time if
other factors indicate a healthy cable;

• to extend the cable testing.

E. Harmonising measurement and test cycles
To integrate the diagnosis without appreciable extra work

and time, it is worthwhile to perform diagnostic measurement 
and cable testing in the MWT in parallel. This is possible 
without problem during the PD measurement - subject to a 
suitable voltage source. On the other hand, a significant 
measurement of the tan δ succeeds only with a modified test 
flow: As the cable testing takes place at a fixed voltage, 
during the test cycle you can measure only the dissipation 
factor for this voltage. However, instead of beginning the 
cable testing directly with test voltage, the voltage is raised in 
steps before the test cycle. In this “start phase”, the tan δ can 
be measured at three different voltages. Multiple 
measurements within a voltage step also show whether the 
dissipation factor is rising or whether a high standard 
deviation is produced, which can indicate a cable fault. If 
irregularities already occur in the “start phase”, the cable 
testing can be omitted to prevent damage to the system 
through permanent stress. 

Based on possible diagnostic values, cable testing can often 
be reduced to 15 min, because in most cases, a cable that does 
not pass the cable test would already collapse in the first few 
minutes, typically, even in the first minute of the cable test [4]. 
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Fig. 2.  Percentage of testing breakdowns on XLPE and PILC and mixed 
circuits vs. time using a sinusoidal VLF. 

However, the prerequisite for MWT is that the 
measurement technology allows for parallelisation and 
automation of cable testing and cable diagnostics. This first 
and foremost depends on a suitable voltage source. 

III. SELECTING THE APPROPRIATE VOLTAGE SOURCE

Precision and reproducibility of the measurement results 
greatly depend on the voltage source and voltage shape. In 
addition, the selection of the voltage source will decide 
whether several test and measurement procedures may be 
carried out with one source. 

A. The frequency decides the size and versatility
Cable testing or cable diagnostic measurements at 60 Hz

(in USA) would be optimum under realistic conditions. 
However, a 60 Hz voltage source would be high, expensive 
and hardly manageable in the field [6]. Therefore, VLF 
devices (Very Low Frequency) with frequencies of about 0.01 
to 0.1 Hz have been established with similar compact 
dimensions, such as a powerful DC voltage source. 

Below 0.01 Hz there is danger of the cable charging. This 
does not happen in VLF devices with 0.1 Hz and equal areas 
of positive and negative half-wave. Conventional cable testing 
(according to VDE DIN 0276-620, IEEE P400.2, VDE DIN 
0276-621, Cenelec HD 620 and Cenelec HD 621), tan δ 
measurement and partial discharge measurement can be 
performed at 0.1 Hz [2]. 

B. Precision depends on the voltage shape
Another criterion is the voltage shape. Measurement values

determined with both customary shapes “sinus” and “cos 
rectangle” (see Figure 3) may hardly differ from each other 
[5], however arguments in favour of the sinus shape include: 
A real VLF sinus voltage has a load independent waveform, 
which is the base for a precise tan δ measurement. 
Consequently the results for same cable types can be 
compared, regardless of the cable length. This is important for 
analysing individual measurement values and for making 
comparisons (determining trends, structure of a cable database 
for comparisons). Moreover, experience shows that the sinus 
shape is generated with good symmetry and without 
distortions or residual offset voltages in comparison to other 

voltage shapes. This takes care of the danger of undesirable 
space charging that can damage the cable. 

Fig. 3.  Ideal sinus shape and schematized cos rectangle. 

Unlike an “oscillating wave test system” (OWTS), the ideal 
shaped sinus has the advantage that its frequency is not load-
dependent and the tan δ measurement offers a higher 
resolution. As already low tan δ values must be determined 
precisely for classifying plastic-insulated cables (e.g. as 
"good" "worth observing" and "needs service”), measurements 
with a precision worse than 10-4 would not allow for reliable 
differences between a healthy and a (slightly) aged cable. 

C. Quicker results with sinus voltage
The ideal shaped 0.1 Hz sinus is of advantage even in view

of the duration of the cable testing and diagnostics, because 
during the PD measurement, advanced water trees (electrical 
trees) grow faster with this voltage shape (see Figure 4). 
Therefore, this would lead to breakdown within a short while 
and after 15 minutes one could be certain that the electrical 
trees will affect the insulation. 

Fig. 4.  Growth of water trees: Left 2 U0 at 50 Hz, centre 3 U0 at 0.1 Hz with 
cos rectangle and right with 3 U0 at 0.1 Hz sinus. 

D. Practical relevance of VLF sinus measurements
Although the IEEE Std 400.2-2004 at various locations

points out that the measurement results with VLF voltage 
source can differ from results at operating frequency, the VLF 
sinus measurement is significant: This has been proved by the 
field test experiences of HK Electric using VLF devices and 
OWTS [5]. H K Electric could establish the VLF technology 
because of the length of the measured 11 kV cable (>1.5 km), 
the noise level and the fact that about one-fourth of cable lines 
are mixed (PILC and plastic-insulated cables). During 
inspection of over 300 network sections, 38 weak points were 
detected by the VLF diagnostic procedures. To check the 
reliability of measurement values, many of the replaced 
fittings or cable pieces were inspected. These tests confirmed 
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that the measurement results acquired with the VLF sinus 
formed a good basis for making decisions. 

IV. DEVICE REQUIREMENTS FOR MWD

A. Universal, portable, integrated measurement and analysis
unit

Monitored Withstand Diagnostics demand integrated 
devices that are easy to connect and to operate. In addition, 
they must deliver reliable statements immediately so that it is 
possible to shorten or to extend the cable testing based on the 
measured tan δ values. Appropriate devices are now available 
in the market (see Figure 5). Compact, portable, 
multifunctional devices as well as cable test vans are available 
with voltage sources that in addition to a direct current 
measurement (or sheath testing) provide a VLF voltage 
source. In addition to cable testing, precise tan δ 
measurements and PD measurements too are possible with the 
sinus voltage. 

Thanks to the freely allocable memory, modern devices 
allow you to store measurement cycles that facilitate a largely 
automatic cable testing and diagnostic measurement flow. The 
danger of incorrectly performed measurements is thus 
minimised and the time duration reduced. Automatic 
evaluations, i.e. classification of cable systems can be 
performed by the device. 

Fig. 5.  Simplification of Monitored Withstand Diagnostics by integrating 
multiple functions in one device (right) 

Moreover, the device/cable test van manufacturers provide 
software that enables various kinds of analyses. In most cases, 
automatic modes allow quick analysis, expert modes allow the 
operator the opportunity to apply various frequency filters on 
the measurement result for PD measurement values that are 
difficult to analyse and to suppress unwanted interference 
signals (see Figure 6). 

Fig. 6.  Frequency filter for specific analysis of PD measurement values. 

B. Keeping out interfering influences in practice
To get precise diagnostic results, external influences must

be kept out as far as possible. As the tan δ measurement on 
XLPE cables can produce too low values on the scale 10-3, 
small derivative currents e.g. due to dirty terminations would 
already falsify the measurement result to a large extent. With 
the help of a leakage current box (VSE box) as in Figure 7 
below, these currents will be derived effectively. 

Fig. 7.  By deriving leakage currents during the tan δ measurement (below), 
influences caused by dirty terminations are ruled out. 
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V. ECONOMIC ADVANTAGES

Two examples demonstrate the financial benefits of 
diagnostic measurement. In both cases, a cable test would give 
no hints on the kind of fault or on the location. 

Example 1: Water trees were envisaged on an almost 2 km 
long line (Figure 8). Tan δ measurements showed that 
conductor 3 was obviously highly aged (Figure 9). With the 
help of partial discharge measurement, one could identify the 
sections in the line where the insulation was damaged. Thanks 
to the localisation, the cable replacement could be limited to 
two partial lines (together about 0.6 km), which reduced the 
laying costs by two-thirds as opposed to a complete 
replacement. 

Fig. 8.  With the help of diagnostic procedures, one could identify the obsolete 
sections on this cable line laid in 1970s, so that only about one-third of the 
total length had to be replaced. 

Fig. 9.  The tan δ measurement led to a partial discharge measurement and 
ultimate replacement of the defective cable sections from Figure 8. It showed 
defects in conductor 3. 

Example 2: The results of the tan δ measurement in Figure 
10 show a high dissipation factor already at 0.5 U0. To rule 
out these values from being attributed to the PILC cable, an 
additional PD measurement was performed. This showed that 
high partial discharges occurred in a defective joint, while the 
rest of the cable system showed no conspicuous partial 
discharges. Hence, the fault could be located and the 
maintenance measures optimised. 

Fig. 10.  Tan δ values of a 12/20-kV cable line made of PILC and VPE cables. 

VI. CONCLUSION

Experience shows that diagnostic procedures - whether 
solo or in combination with other methods - offer high saving 
potential. If the cable diagnostics show that only a few meters 
of a city centre cable require no replacement, the saved costs 
already outweigh the costs for diagnostic measurement. In 
new systems, early complaints of poorly executed work can 
warn the customer in advance that damages can arise after the 
warranty period that he must rectify at his own cost. 

To achieve maximum profitability, it makes sense to 
combine cable testing and diagnostics for MWT. Ideally, 
cable testing and diagnostics are then done in parallel so that 
ascertaining diagnostic values hardly takes any time. To gain 
high acceptance from users, the devices must not only 
measure quickly, but also be simple to operate and present the 
measurement values in a manner that is easy to interpret. 

For this reason, innovative devices with a versatile, 
compact voltage source are indispensable. Voltage shape and 
frequency must support the various testing and measurement 
methods and deliver precise reproducible measurement values 
to ensure comparability and decision-making support. A VLF 
sinus voltage source has proven to be beneficial here. 
Integrated in devices easy to operate, to transport and to 
connect, it lets you perform the relevant tests and cable 
diagnostics with minimum number of devices. This helps 
users to utilise the MWT and in addition to a “passed” or 
“failed” decision, to acquire knowledge about the condition of 
the cable system: Diagnostic values can serve to classify the 
cable as "good", “worth observing" and "needs service" or - 
on detecting defects - can be used to locate and study the 
faults. 

Owing to the clearly better basis for making decisions that 
diagnostic procedures provide to the maintenance 
management, we can reckon with a high acceptance of the 
Monitored Withstand Diagnostics. Thanks to the commitment 
of Neetrac, we can now make use of several experience values 
that are representative for the US market. 
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