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Determination of the Insulation Condition in
Synchronous Generators: Industrial Methods
and Case Study

D. Verginadis, Member, IEEE, J. Antonino-Daviu, Senior Member, IEEE, A. Karlis, Senior Member,
IEEE, M. G. Danikas

Abstract— Electrical Machines, and especially Synchronous
Generators (SG), take a significant position in Power Generation
plants and in Industry Production Lines and their unscheduled
outages may have very negative repercussions. One of the main
reasons for their failure relies on the degradation of their stator
and rotor insulation systems. Although there are several
industrial methods that are commonly used for diagnosing the
health of such parts, some critical aspects remain unsolved. This
paper reviews the different diagnostic methods and techniques
that are most commonly used in practice to determine the
condition of these two insulation systems in SG, emphasizing
their respective drawbacks and analyzing their variants.
Consequently, a case study on a SG operating in a Power Plant in
Greece which illustrates the application of all these methods is
presented.

Index Terms—electrical machines, diagnostic techniques,
synchronous generator, electrical insulation, fault detection,
stator insulation system, rotor insulation system

I. INTRODUCTION

LECTRICAL Machines (EM) have a considerable value

in generating electricity, in energy production and in
industry, as well. Synchronous Generators (SG) play a
significant role in the power generation system.

On the other hand, they are subjected to maintenance
protocols that are much more exhaustive than those employed
in most of the rotating electrical machines operating in
industry, even the largest ones [1] — [6].

SG must be reliable and they must have low maintenance
requirements and long life span. One of the most vital systems
for the proper operation of SG is the insulation, which must
have a long and proper lifetime. Large SG have form wound
stators [7] — [11]. The structure of their stator winding
insulation system is more complex than in random wound
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stators, as shown in Fig. 1. The three main insulation levels of
stator winding insulation are [6]:

- Ground wall insulation

- Insulation between turns /strands

- Semi-conductive coating
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Fig. 1. Structure of stator winding insulation in wound form stators.

On the other hand, the rotor insulation of SG is based on
two main parts [6] - [7]:

- Turn to turn insulation

- Slot (ground) insulation

The insulation aging in SG is usually the result of constant
or transient stresses acting in combination. These stresses,
which are especially relevant due to the high rated levels at
which these machines operate [6], [12] — [14], can be
classified onto Thermal, Electrical, Ambient and Mechanical
(TEAM) stresses, which can influence the overall system
causing delaminations and cracks on the insulation material or
even electrical breakdown. Most of the times, when there is a
deterioration of the insulation system, two or more stresses or
factors are responsible for that. Multiple stresses accelerate the
failure and can lead to a more significant problem in the SG.

On the other hand, the rotor insulation system is subjected
to different stresses from the stator winding insulation.
Usually, the rotor insulation is relatively thinner than the stator
insulation. The faults of rotor turn insulation are less frequent
compare to those of the stator windings, probably due to the
lower magnitude of the field winding currents. According to
[15], the percentage of stator faults is 60%, which is quite
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lower compared to rotor faults (13%). The main stresses on
the rotor insulation are temperature and centrifugal forces. As
the DC current passes through the rotor winding copper
conductors, creates considerable losses, leading to copper
heating [6], [16] - [17].

This paper reviews the main methods applied in the field
concerning the determination of the insulation health in SG
and describes a case study corresponding to large SG
operating in a power generation plant in Greece. The paper
includes a short discussion on the pending issues in this area
as well as on the future research trends.

Il. DIAGNOSTIC TECHNIQUES FOR INSULATION MONITORING
OF ELECTRICAL MACHINES

In most industrial processes, the determination of the
insulation condition relies on off-line tests that are carried out
with certain periodicity and are designed to measure certain
parameters in order to characterize the insulation health. The
main tests are [9], [11], [18] — [23]:

1) Insulation Resistance (IR) Test (Std. IEEE 43-2000,
modified by Std. IEEE 43-2013 — IRy, = 100 for most ac
windings built after 1970 and IRy, = 5 for most EM with
random-wound stator coils and form-wound coils rated
below 1 kV and dc armatures [24])

2) Measurement of Polarization Index (Pl) / Dielectric
Absorption (DA) (same standards — minimum PI = 1.5 for
thermal class A (105) and minimum PI = 2.0 for class B
(130) and above)

3) Capacitance (C) Test

4) Dissipation Factor (DF) Test (IEC 60034-27-3 — DF can
be between 0.0 and 1.0)

5) Power Factor (PF) Test (Std. IEEE 286-2000 — PF can be
between 0.0 and 1.0)

6) Impedance Test on rotor winding (Std. IEEE 112-2004)

7) Recurrent Surge Oscilloscope (RSO) Test (Std. IEEE 6-
2016)

8) HiPot tests (Step Voltage) (Std. IEEE 95-1977, update by
Std. IEEE 95-2002 — Initial voltage up to 30 or less o the
maximum test voltage

9) Partial Discharges (PD) Tests (IEC 60034-27), which can
be carried out in both off-line and on-line mode

In addition to the aforementioned diagnostic tests, visual
inspections of the machine are often carried out, using special
instruments, such as the borescope, which is an optical device
consisting of a rigid or flexible tube with an eyepiece or
display on one end, an objective camera on the other, linked
together by an optical or electrical system in between. A visual
inspection of parts of the SG is usually a powerful tool for
assessing the winding condition and for determining the root
of problems. For stator inspection, this type of inspection is
used for the detection of spread of PD on bars or mechanical
erosion and it is performed through core ventilation channels
from inside the cooler chambers. Concerning the rotor
inspection, this is performed under both retaining rings and
through the ventilation slots flowing into air chambers, in
order to detect the condition of insulation between turns and

ground insulation between retaining rings and end-windings
[6].
A. Standard Off-Line Tests

The IR/PI [12], [17], [24] — [25] test is the most widely
used method for checking the possible problems in windings
from pollution and the contamination. For stator
measurements, the test is done right at the machine terminals,
one phase at a time, with cables and transformers
disconnected. A high voltage DC supply and a sensitive
ammeter are required for IR/PI test. For rotor windings, the
test is carried out at the slip rings.

IR measures the resistance of the electrical insulation
between the copper conductor and the core of the stator or the
rotor. The minimum recommended values for IR at 1 min at
40°C are defined in the Std. IEEE 43-2000. Periodic trending
on the IR over time is valuable to inform about the possible
degradation of the ground wall insulation. As the machine
operates over the years, the value of IR decreases.

Pl is defined as the ratio between the IR measured after the
voltage has been applied for 10 minutes (Ry) and the IR
measured after just 1 minute (R,) [26]. The PI is a measure of
the importance of the absorption or polarization component of
the total current. Pl is valuable to determine the level of
moisture, contamination, cleanness and dryness in the
insulation and the imminent collapse of the winding insulation
(due to fragilization). Pl decreases as the machine ages,
because of the higher pollution penetration into the windings.

The Capacitance (C), the Dissipation Factor (DF) and the
Power Factor (PF) provide an indication of the dielectric
losses within an insulation system. These measurements are
conducted to identify if there are variations in C, DF and PF
over time, which indicate partial discharges or insulation
degradation [27]. DF tip-up method can be used to indicate the
abrasion in the slot, while C and DF cannot indicate it.

Phase-to-phase, three-phase or phase-to-ground
measurements can be performed for checking the C [28].

The DF is measured with a balanced bridge-type
instrument, where a resistive-capacitive network is varied to
give the same voltage and phase angle (tan delta) as measured
across the stator winding. The DF is calculated from the R and
C elements in the bridge that give the null voltage. DF
variations with voltage occur as a result of contamination,
aging delaminated insulation and partial discharges and that is
why it is a good indicator of the insulation health. The DF tip-
up depends on the waveform of the applied voltage, as well
[29] - [31].

The PF is measured by accurately measuring the Voltage
applied between the copper and the core of a winding and
detecting the resulting current. Also, it is necessary to measure
the power to the winding with a wattmeter.

Recurrent Surge Oscilloscope (RSO) test [32] — [34] is
suitable for detecting interturn shorts, ground faults when rotor
is at standstill or while the SG are being rotated. When a rotor
winding is healthy, there is a symmetrical waveform at each
one of the slip rings, otherwise the two signals are different.
More specifically, a low voltage high frequency surge wave is
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injected at each one of the slip rings. The two signals are then
compared to determine if the same waveform is observed at
each slip ring. If the waves are identical then no short circuits
are present. Variations in the pattern of the two waveforms
would indicate shorts to be present. Impedance measurement
[34] on rotor windings is a test suitable for detecting the
condition of turn-to-turn insulation, which can be influenced
by humidity or by other stresses, thermal or mechanical.

Finally, HiPot tests have caused a certain controversy, since
they are considered as destructive by many users, because they
are usually pass/fail tests. In the step-voltage HiPot tests, the
applied test voltage is increased in a series of steps until
reaching the maximum value defined by the Standard. They
are aimed to evaluate the electrical rigidity of the insulation
and to detect possible structural damages. They are basically
intended to prove that the ground wall insulation system can
withstand a high-applied voltage without exhibiting an
extraordinarily high leakage current [6].

B. PD Tests

PD monitoring is one of the most powerful methods to
determine the insulation condition. PD are electrical
discharges inside high-voltage insulation system. PD are both
a symptom and they can be a mechanism of aging for the
electrical insulation. PD usually occur as a result of various
defects as well as when the electric stress exceeds the
electrical breakdown strength of the air in voids, cavities or
spaces in the insulation. PD in rotating machines cause
recognizable patterns, the analysis of which can specify the
roots which cause the PD, such as contamination, voids or

deterioration of insulation system [35] — [38].

Basically, the standard PD test (IEC 60034-27) consists of
installing a set of coupling capacitors at the motor terminals
and monitor the high frequency currents that flow through
them. It can be done in an online or offline mode [39] - [43]:

The off-line PD measurement can be performed relatively
quickly under defined conditions. There is less influence of
the noise and better localization of insulation problems.
Disconnection from the power system and absence of
electromagnetic disturbances generated during operation
permit useful measurements to be carried out with relatively
simple apparatus. Also, it enables to determine PD inception
and extinction PD voltage. But, voltage stresses in the winding
and mechanical/dynamic stress relationships are not
representative of operating conditions. The machine does not
operate under real conditions and an external power supply is
necessary. Finally, the fact that the machine is taken out of
service has economic outages, as a consequence. On the other
hand, on-line PD testing allows trending and the machine
operates under real conditions, as it is not necessary to take the
machine out of service. Furthermore, for this method, a
separate power supply is not necessary. But this method has
disadvantages, as well. First of all, there is higher influence of
noise compared to off-line PD testing. Also, the installation of
sensors is required and the detection of specific failures is not
a possibility. Only the detection of generalized failures is
possible.

Table I shows all the different, possible problems, of an EM
and the suitable method to detect them.

TABLE |
DIAGNOSTIC METHODS

Methods | Means of Measurements Limitations - Advantages Computational Method |  Measuring Equipment
Humidity, Thermal Deterioration, Mechanical
. : Deterioration, Cracks, Ground Wall
Visual Offline Insulation, Insulation Degradation, Turn-to- Borescope
turn Failures
' — - v
R Offline Humldlty,. Contamination, Ground_ Wall R=V HV DC Supply, Ammeter
Insulation, Insulation Degradation |
Pl Offline Humidity, Contamma_tlon, Insulation p =R Variant of IR
Degradation R,
c Offline Humidity, Overhpatmg, Dlele.ctrlc Losses, Capacitance Bridge
Insulation Degradation
. Humidity, Overheating, PD, Contamination Balanced Bridge-type
DF Offline . : : .
Dielectric Losses, Insulation Degradation Instrument
PE Offline Humidity, Overh_eatlng, Dlele_ctrlc Losses, W Voltmeter. Ammeter
Insulation Degradation v
. Insulation Degradation, Interturn Faults,
RSO Offline Ground Faults, Turn-to-turn Failures Reflectometer
Humidity, Thermal Deterioration, Mechanical AV
Impedance Offline Deterioration, Insulation Degradation, Turn- z = AC source
to-turn Failures
Set of Coupling Capacitors,
PD Offline, Online PD, Insulation Degradation Power Supply, PD
Measurement Device




> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

I11. CASE STUDY: APPLICATION OF INDUSTRIAL METHODS TO
DETERMINE THE INSULATION CONDITION OF A SG

Several tests were developed over the years in order to
determine the insulation condition of a large SG, the
information of which is shown in Table Il. This SG was
operating in a Power Generation Plant in Greece and it had
been synchronized for the first time in 2001.

Inspections and testing of its insulation system were taking
place regularly over years. More specifically, the tests
performed were: visual inspection of the generator bars and of
the slip rings of rotor by using a borescope, IR measurements
for both stator and rotor, Pl measurements for stator, C/DF
measurements, Off-Line and On-Line PD Tests, Impedance
measurements and RSO Test. Different tests were taken place
each year depending on the SG’s condition and the
maintenance actions.

A. Visual Inspection

Borescope inspection was regularly performed in order to
examine the condition of the stator bars and to detect the
possible presence of the mechanical erosion, the deterioration
of insulation surfaces, PD effects and cracks. Some
suggestions for maintenance or replacement of some parts of
this SG depended upon the results of this visual inspection.

Some sample pictures of different faults detected over the
years via visual inspection are shown in Figs. 2 — 10. These
pictures were taken by using a borescope inside the stator,
show that this technology can be useful for the detection of
some important insulation defects, the consequences of which
can be catastrophic for the SG. Visually the degradation and
ageing is getting worse, as the years pass, as well as it is
possible to see erosion for mechanical activity (vibration) and
erosion for electrical activity (PD).

Regarding the rotor, the field winding was also inspected by
borescope under the retaining rings in order to detect the
condition of insulation between turns and ground insulation
and between retaining rings and end-windings. Sample
pictures taken in 2009, depicting some problems in the rotor,
are shown in Figs. 11 - 12. More specifically, several spacers
set between the straight part of end windings were found
cracked. There are no pictures for other years, as there was no
problem detected for the rotor.

Electro-mechanical stressing is a problem for machine
insulation. Usually, one feeds to other and usually such an
insulation is under combined stressing. Different failures are
shown with the use of a red circle in each picture. The
insulation erosion is visible and as the years pass, the problem
is getting worse.

e

iNT
Fig. 2. Mechanical Erosion (2009) — Slot No 08 — Ventilation Channel No 01
Top Side Out.

Fig. 3. Mechanical Erosion (2011) — Slot No 12 — Ventilation Channel No 05
Top Side Out.

Fig. 4. Mechanical Erosion (2014) — Slot No 14 — Ventilation Channel No 01
Top Side Out.

Fig. 5. Electrical Erosion (2009) — Slot No 12 — Ventilation Channel No 02
Top Side Out.

Top Side Out.

Fig. 7. Electrical Erosion (2014) — Slot No 17 — Ventilation Channel No 01
Top Side Out.

Fig. 8. Crack in Slot No 9 (2012).

.
»igv ;
N b .
LS
.

n Slot No 10 (2012).

Fig. 11. Cracked Spacers Between End Windings Under Retaining Rings
(2009).
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Fig. 12. Cracked Spacers Bet\ivggr; End Windings Under Retaining Rings
(2009).

TABLE Il
TECHNICAL DATA OF THE SG
Data Value
Rated Power 202 MVA
Rated Voltage 15,75 kV
Rated Current 7405 A
Rated Frequency 50 Hz
[(e0) 0,85
Poles 2
Rated Speed 3000 rpm
Rated Excitation Voltage 299V
Rated Excitation Current 1848 A
Core Length 4620 mm
Number of Slots 60
Cooling Type Air / Water
Winding GVPI
B. IR/PI Measurements
TABLE 11
IR/PI MEASUREMENTS - STATOR
Phase U 2005 2009 2010 2011 2012 | 2014
IR after 1 2400 3300 2860 2466 | 3300 | 3220
min MQ MQ MQ MQ MQ MQ
IR after 10 | 17500 | 21200 | 15100 | 16800 | 1914 | 2020
min MQ MQ MQ MQ | OMQ | 0 MQ
PI 73 6,42 5,28 6,81 58 6,27
TABLE IV
IR MEASUREMENTS - ROTOR
Rotor 2000 | 2000 | 2011 | 2012 | 2014
Winding
IR after 1 1670 8860 20000 | 14400 | 16000
min MQ MQ MQ MQ MQ
'FiOR;(‘;e! éed 1904 | 53160 | 38000 | 25920 |
. MQ MQ MQ MQ
after 1 min

Different periodic offline tests were performed to measure
the IR and Pl parameters in order to have an idea of the
ground wall insulation condition. Table Il shows the results
of the measurements of these parameters for the stator
insulation over different years. Note the slight decrement in
the IR until 2011, and the increase in 2012, but in general the

measurements remain stable over time. The PI shows a very
high value (>2) which denotes a clean and dry condition so the
decrement in IR seems not caused by the humidity/dirtiness,
which are significant factors that affect IR and PI [44].

The insulation resistance of the rotor winding was tested by
feeding the winding with 500 VDC for one minute and
measuring the resistance between the winding and the rotor
body in standby mode. In general terms, the values of
insulation resistance show that the rotor insulation is in good
condition. However, a significant increment is detected
between 2009 and 2010. The reason for this may be the
maintenance actions, which were recommended after the
borescope inspections (see Figs. 11 - 12). These maintenance
actions, which are analyzed in G, yielded higher values of IR
for the ulterior years.

C. C/DF Measurements

Measurements of C and DF were also taken over different
years. Table V provides the values of the C and DF
measurements for the period 2010 - 2014. The capacitance of
rotor winding to ground was also measured and the results are
shown in Table VI. Note that C, both for stator and rotor
windings, as well as DF remain approximately constant during
this period a fact that shows that no significant increment of
the dielectric losses and humidity was detected during this
period. An increase in DF indicates insulation aging due to
overheating or moisture [12], [45] — [46].

D. PD Measurements

Online PD tests, as well as offline PD tests were conducted
in order to investigate the condition of the insulation system of
this generator and its degradation [47].

The procedure for the acquisition of the offline PD data was
the following: each phase of the generator was tested
separately. The test voltage was increased in steps up to

0.6*V, kv, where V, is the SG rated voltage. At each

voltage step, the PD activity was recorded and the PD
measurement results were presented in three-dimensional (3D)
diagrams: the diagram was the Phase resolved Phi-Q-N (Phase
angle — Apparent charge — Number) chart which represents all
the individual PD pulses that have occurred over the selected
acquisition time-frame. 3D diagrams are very important for
the better understanding of PD. Inner PD as well as slot PD
are visible in Phi-Q-N patterns. Also, by a close look at the
collected data, it was possible to figure out if the measured
PDs are surface PD or not. The measurements of PDs were
conducted with: acquisition time 20 sec, the dead time 7 psec
and 1002 periods.

Inner PD arise from voltage over stress within gas filled
gaps and voids inside the main insulation system. They are
surly present and typical for all resin impregnated mica tape-
based insulation systems. As long as they are in the expected
range, they can be regarded as no critical on all the phases.
The risk factor is very low.

Slot PD arising inside slots where bars of U Phase are set.
These discharges happen between insulation surfaces and slot
walls due to the presence of air gap and a lack of Slot Corona
Protection. Due to this situation, the electrical field of main
insulation is no more well defined so the well-designed
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electrical field stress is no more the same and it stresses the
insulation with higher voltage than nominal. The result is that
the life-time of bars insulation in Phase U is shorter if
compared with other phases. This type of PD is very
dangerous and the risk factor, as represented below, very high.
On-line P.D. measurements at different reactive load and
winding temperatures could confirm the presence of high slot
PD. Online PD monitoring provides continuous information
on the stator winding condition. As commented above, its
main problem is that it detects general problems in the
winding insulation (it is more difficult to locate the origin of
the fault) and it is more affected by the electrical noise. Figs.
13 - 15 show some consequences of PD activity in different
parts of the slot of the SG. On the other hand, Fig. 16 shows
the evolution of the PD activity at the phase U of the generator
at phase voltage (Phase Resolved Partial Discharge (PRPD)
[49]). Phi-g-N diagram is the same with PRPD graphs. The
visualization of the graphs reveals a certain decrement of the
PD activity between 2011 and 2014, probably due to an
intermediate treatment of the insulation. This seems to be
coherent with the measurements of the IR commented above
[48]. In 2010 and 2011 it seems that there was a predominance
of positive pulses, which denotes potential problems in the
insulation surface due to slot PD discharges, which is in
concordance with the pictures shown in Figs. 13 — 15.

E. Impedance Measurements

Measurements have been carried out with the volt-ampere
system. A variable 50 Hz alternate voltage source was used
and it was applied to the slip rings. Current has been increased
in step of about 1 A till a maximum of 10 A. At the maximum
current the voltage did not exceed 70 V. Simultaneous
readings of the current flowing into the test circuit and of the
voltage at the slip rings have been made at each current step.
Simultaneously, the voltage drops between each slip ring and
the accessible poles connection have been performed always
at each current step. The measurements shown in Table VI are
the average of each value. Table VII shows the maximum and
minimum value of total voltage, current and full impedance
over the years. The aforementioned impedance measurements
show that there is no turn-to-turn short-circuits and faults in
the rotor winding of this synchronous EM.

F. RSO Test

The test is based on an oscillograph inspection of the
voltage travelling wave between the slip rings along the
symmetrically constructed winding field rotor. If the
waveforms were different there could be a turn-to-turn fault or
earth faults. But, when the waveforms are identical, as shown
in Fig. 17 for three different years, the rotor winding can be
considered free from turn-to-turn short-circuits and earth fault
both in standby and dynamic condition. SR1/OS is the voltage
of slip ring 1 and the SR2/1S the voltage of slip ring 2.

G. Maintenance Actions

All the aforementioned measurements are very helpful for
the determination of the insulation condition of the SG. IR/PI
measurements are very helpful in order to check the ground
wall insulation as well as the existence of moisture on the
winding insulation. These measurements were taken place on

2009 - 2012 and 2014 both on stator and rotor winding.
C/DF/PF measurements can give significant information about
insulation degradation, as well, and a first approach for the
indication of PD. C/DF measurements on stator were taken
place on 2010 - 2012 and 2014, while C measurements on
rotor on 2009, 2011 and 2012. The most suitable test for
detecting PD is the PD test (online or offline), which was
taken on 2010 - 2011 and 2014. The existence of moisture,
especially on turn-to-turn insulation can be verified by
impedance measurement on rotor, which were taken on 2009 -
2012 and 2014. It is important to be mentioned that the
measurements chosen each year, to be taken, were the suitable
ones according to the SG condition. The above measurements
indicate a SG in good condition. As the years pass, different
maintenance actions are recommended in order the condition
of the SG to get better or to stay at the same condition. After
each year, cleaning of stator core and winding as well as
cleaning of rotor body and the end-winding under retaining
rings were made. Moreover, the stator windings resin injection
was recommended and performed under wedges, in slots,
between top bars and slot wall and between bottom bars and
slot wall on 2005 and on 2009. The scope of this injection was
to prevent mechanical vibrations that could facilitate the
erosion of insulation system. This is confirmed by the
measurements above. On 2009 - 2010, the installation of an
online PD monitoring system was recommended in order
abnormal situation or sudden changes in the behaviour of
stator winding to be observed and to predict if the SG is close
to possible faults and problems. On 2012, after 11 years of
operation, the replacement of the stator windings was
recommended, as they were in bad condition and the
degradation was evolving rapidly. Also, the electrical field
within the insulation was no more well defined. Therefore, on
September 2012, a total rewind of stator windings was carried
out. Final, on 2014, replacements of phase separators were
recommended during the last year of inspection, described in
this manuscript, which is a preventative method in order to
assure reliable operating condition of close junctions
protective caps belonging to different phases. Also, the
operation of the generator at low rate of Reactive Power
(MVAr) was also recommended in order to reduce the
vibration of bars and the stress of main insulation. The rotor is
in a better condition compared to the stator and that is why
there are less recommendations for maintenance and
improvement compared to recommendations for the stator.

TABLE V
C/DF MEASUREMENTS — STATOR
Phase U 2010 2011 2012 2014

DF 7,80% 7,50% 7,40% 8,30%
C | 0490pF | 0483uF | 0490 puF | 0,476 uF

TABLE VI

C MEASUREMENTS - ROTOR
Rotor Winding 2009 2011 2012
CtoGround | 1.07puF | 0.97 uF | 1.00 uF
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Fig. 13. Traces of slot PD (2009) — Slot No 18 — Ventilation Channel No 03
Top Side Out.

Fig. 14. Traces of slot PD (2011) — Slot No 12 — Ventilation Channel No 791
Top Side Out.

Fig. 15. Traces of slot PD (2014) — Slot No 15 — Ventilation Channel No 47
Top Side Out.
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Fig. 16. PD activity in phase U of the stator in: (a) 2010, (b) 2011 and (c)
2014. Note the different y-axis scales between (a)-(b) and (c).
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TABLE VII
IMPEDANCE MEASUREMENTS - ROTOR
Rotor
Winding 2009 2010 2011 2012 2014
Total 40.61 33.60 31.34 31.44 31.85
Voltage \ V \Y V \Y
Current 710A | 556A | 557A | 553A | 556A
Full 5720 | 610Q | 5590 | 566Q | 5700
Impedance
TABLE VIII
IMPEDANCE MEASUREMENTS (MIN — MAX) - ROTOR
Rotor
Winding 2009 2010 2011 2012 2014
6.24V | 7.50V | 6.08V | 6.02V | 6.53V
Total - - - - -
Voltage 57.82 | 60.20 | 57.67 | 56.76 | 58.17
\ \ V V V
1.1_1A 117A 1.1_2A 1.08A 1.1_6A
Current - -
10.00 10.09 10.06
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Fig. 17. RSO Test in: (a) 2010, (b) 2012 and (c) 2014.
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IV. CONCLUSIONS

SG are the most critical assets of power plants and their
unscheduled outages may have very negative repercussions for
the whole power generation system., Therefore, it must be
assured that their different components and, more specifically,
the insulation system of both rotor and stator maintain their
respective properties (low dielectric losses, high dielectric
strength, good structural integrity (i.e. no defects, voids or
damages).

As shown in the paper, the visual inspection via borescope
cameras is always an interesting option to detect insulation
problems in stator or rotor (erosion, defects due to impacts,
cracks). However, it is only able to detect evident problems,
whereas it is not always suitable to find incipient failures or
internal problems.

With regards to off line tests, PD tests, IR/PI and C/DF/PF
measurements, Surge tests, Impedance measurements and
RSO Test are excellent options to measure different insulation
properties (insulating resistance, humidity/dirtiness, dielectric
losses, turn shorts, etc.). However, their development implies
the disconnection of the unit as well as equipment of certain
complexity. This makes their application sporadic which
complicates the continuous monitoring of the insulation
condition. Moreover, most of them have their own constraints
and are mainly focused on the ground wall insulation
condition.

In this context, PD tests reveal as a powerful source for the
determination of the insulation condition. While offline tests
may be ideal to locate the exact point where a potential
damage starts, the online PD tests are suitable to perform a
continuous monitoring of the insulation condition. In the PD
tests carried out in the field SG, the analysis of the PD data
over the years enables, not only to detect the presence of early
insulation problems, but also to discern where the fault is
originated (in this case, due to slot PD). These facts confer this
technique with a great potential for the diagnosis of this
delicate part of the machine.

Taking into consideration all the aforementioned, the
conclusion that can be extracted is that a good diagnosis on
both stator and rotor can lead to a minimization of shutdown
time, maintenance time and consequently financial losses. Last
but not least a combination of all diagnostic methods that were
described above leads to a better and more realistic and more
complete estimation of the condition of both stator and rotor
insulation systems of the SG [50] — [54].

It is true that many advances have been lived over recent
years concerning the determination of the insulation condition.
On the other hand, several issues are still pending. One of the
most significant issues is the development of a reliable online
method that enables to determine the degradation level of the
insulation at each time. It would be very useful for the
industry if an immune method to the surrounding noise could
be developed in order to yield results, that can be interpreted
by non-expert users or that can be automatically processed by
intelligent algorithms. Some promising methods based on
broadband insulation spectroscopy have been recently
proposed in [55]. Moreover, there are specific tests for some

parts of the machine (e.g. the rotor) that have not been applied
in the presented case study. This shows the limitations of
condition monitoring of the insulation system in the field,
where not all available tests are regularly applied due to
diverse causes (lack of knowledge, non-availability of
necessary equipment...).

Future research could be a better correlation between
laboratory data and on-line data. It may deal with permissible
PD in stator insulation depending of course on the type of
insulation. Furthermore, a thorough study may be carried out
regarding long-term effects of small PD.
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