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1. Introduction

The stator winding insulation of rotating ma-
chines, such as generators and motors, deteriorates 
over time due to the composite stress of the electrical, 
mechanical, thermal and environmental factors associ-
ated with operation.  In particular, when the insulat-
ing surface of the stator winding deteriorates, partial 
discharges on the insulating surface can result in the 
emission of corrosive gases such as O3 (ozone) and NOX 
(nitrogen oxide).  In addition, NOX can combine with 
moisture in the air to produce HNO3 (nitric acid).  This 
can cause the metal parts inside rotating machines to 
corrode and break.  When metal parts are damaged in 
this way, centrifugal force can cause them to dislodge 
and collide with other major parts inside the rotating 
machine, leading to sudden accidents such as break-
down.

There are no known instances of Fuji Electric’s ro-
tating machine accidents, such as breaking down due 
to corrosive gases caused by insulation deterioration.  
We, however, have established a method to estimate 
the degree of surface deterioration of stator winding 
insulation so that we can provide optimal maintenance 
plan to prevent customers facing these types of failures 
or accidents.  This method uses a simple measurement 
system to quantitatively measure O3 and NOX during 
operation.

2. Features and Measurement Method

(1) Features
Figure 1 shows the cross section of a generator and 

its stator winding as an instance of rotating machine 
structure.  We have conventionally identified malfunc-
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tions and deterioration in rotating machines through 
diagnosis and inspection during periodic inspections.  
However, malfunctions can go unnoticed for a long pe-
riod of time if there happens to be a long interval be-
tween periodic inspections or if the frequency of inspec-
tions decreases due to postponement.

In contrast, deterioration diagnosis that makes use 
of online (in-operation) gas analysis has the following 
advantages:

(a) Always measurable even in operation.
(b) Unlike the conventional method, large instru-

ments or numerous personnel are not required 
to diagnose insulation.

(c) Measurements can be completed in a short pe-
riod of time (half a day).

Wedge

Stator 
iron core

Main 
insulation

Conductor

Stator winding Stator iron core

(a) Generator cross-section

(b) Stator winding cross-section

Fig.1  Cross section of a generator and stator winding
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(d) Quantitatively measuring O3 and NOX can eval-
uate the degree of deterioration in the insulat-
ing surface of the stator winding.

(e) By combining insulation diagnosis with precise 
diagnosis at the time of shutdown and periodic 
inspections, it can perform more multifaceted 
and detailed evaluations and diagnoses.

(2) Measurement method
Figure 2 shows a measurement example of using 

online gas analysis for a generator.  During the opera-
tion of the rotating machine, a sample of gas from in-
side the machine is collected through a screw hole from 
which the screw has been removed that fixes the sta-
tor frame access cover.  The gas concentration is then 
measured using an O3 or NOX gas detector tube.  Mea-
suring O3 and NOX gases is used to diagnose the dete-
rioration for the insulation surface of the stator wind-
ing because the type and concentration of the gases 
will vary depending on the degree of deterioration.

3. Development Overview

When a rotating machine operates, the stator 
winding will create a small amount of partial dis-
charge, which will increase as it ages and deteriorates.  
We began its diagnosis by determining the concentra-
tions of O3 and NOX that exist when calculating the 
amount of partial discharge.

3.1 Relationship between partial discharge and generated 
gas
We used a stator bar coil (a bar-shaped sample coil 

that simulates a stator winding) to investigate the re-
lationship between the occurrence of partial discharges 
due to deterioration and the gas concentrations of O3 
and NOX.

Table 1 shows several types of samples, including 
one with no deterioration and four with simulated de-
terioration and damage at the rotating machine stator 
winding.

We placed these sample bars in a metal case simu-
lating a rotating machine frame and then applied an 
electric field of approximately 3 kV/mm to measure 
the maximum discharge rate Qmax using a partial dis-
charge meter.  Using a gas detector tube, we measured 
the concentration of O3 and NOX in the case after one 
hour of continuously applying the electric field.

Figures 3, 4 and 5 show the measurement results.  
A relatively high Qmax was obtained for sample bar 
(b), whose  OCP in the iron core was partially lost, and 
sample bar (c), whose OCP was entirely lost on the 
whole circumference surface.  For sample bars (b) and 
(c), the concentration of O3 was as high as 37 ppm and 

Table 1  Sample types

Model bar Remark

a ◦No deterioration For comparison

b

◦�Simulate OCP* erosion in the sta-
tor iron core
◦�OCP is partially lost on the sur-

face of the model bar.

-

c

◦�Simulate OCP* erosion in the sta-
tor iron core
◦�OCP is lost on the whole circum-

ference surface of the model bar.

-

d

◦�Simulate OCP* erosion outside 
of the iron core (the outlet of the 
iron core)
◦�OCP is partially lost on the whole 

circumference surface of the 
model bar.

OCP partially re-
mains on the surface

e ◦�Internal main insulating layer is 
deteriorated (void, peeling).

Compared with sur-
face discharge due to 

OCP deterioration

OCP: Outer corona protection

Gas 
collection 

port

(a) Generator

(b) Measurement
example

Stator frame

Access cover

Fig.2  Measurement example of using online gas analysis for a 
generator
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Type of evaluation sample bar
(a) Undeteriorated sample
(b) OCP in stator iron core (partially lost in multiple locations)
(c) OCP in stator iron core (lost on the whole circumference)
(d) OCP outside stator iron core (partially lost on the whole 

circumference)
(e) Voids and peeling in the main insulation layer

Fig.3  Sample type and Qmax
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280 ppm respectively, while NOX was below the detec-
tion limit.

Sample bar (d), whose OCP was partially lost to 
simulate the outlet of the iron core, had the highest 
Qmax of more than 100,000 pC.  O3 was only 1.5 ppm, 
which was less than that of sample bars (b) and (c).  
However, 5 ppm of NOX was detected.  Sample bar 
(e), simulating deterioration inside the main insula-
tion layer, had a Qmax of 24,500 pC, which was almost 
the same as the Qmax of 22,000 pC for sample bar (c), 
whose OCP in the iron core was entirely lost.  For sam-
ple bar (e), both O3 and NOX were below the detection 
limit.

These results indicate that the existence of O3 and 
NOX is mainly due to the discharge on the surface of 
the stator bar, and their amount is related to the loca-
tion of the discharge and the magnitude of Qmax.

3.2 Relationship between the external OCP material and 
generated gas
Section 3.1 showed that the degree of OCP deterio-

ration influenced the maximum discharge amount due 
to surface discharge as well as the amount of gener-
ated gas.

After this, we investigated the dependence of the 
OCP on base materials (three types: polyester, aramid, 

glass).  The sample bars were subjected to accelerated 
deterioration through use of a high-temperature, high-
frequency voltage-applied testing instrument.  We 
measured the onset time of erosion in association with 
OCP deterioration.  We placed the sample bar with on-
going OCP erosion in a glass tube, applied a voltage of 
approximately 3 kV/mm, and then injected an air flow 
of 100 ml/min from one side to measure the O3 concen-
tration using a gas detector tube.

Figure 6 shows the erosion onset time measure-
ment results for different OCP base materials.  The 
onset time of erosion for OCP materials was as follows: 
the polyester had the shortest time at approximately 
100 hrs.; the aramid was next at approximately 520 
to 740 hrs.; and the glass had the longest time at ap-
proximately 800  hrs.  The experiment showed that the 
onset time of erosion for each material was not very 
dependent on the electric field strength.  In addition, 
we discovered that the selection of insulation materials 
to be used played an important role in suppressing the 
discharge deterioration of OCP on the stator winding 
surface and in ensuring durability.

Figure 7 shows the results of investigating the re-
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Fig.4  Sample type and O3 concentration
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Fig.5  Sample type and NOX concentration
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Fig.7  Relationship between OCP erosion area and O3 concen-
tration
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Fig.6  Erosion onset time for different OCP base materials
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perform trend management to identify sudden changes 
in deterioration.  For generators where O3 and NOX 
are detected, we recommend online analysis every six 
months because of concerns regarding corrosion and 
deterioration of metal parts due to the acidic atmo-
sphere created by HNO3.  In order to understand the 
magnitude of deterioration and to obtain evidence of 
mechanical integrity, we also recommend combining 
online analysis with the insulation diagnosis and pre-
cise diagnosis that are performed during offline (during 
shutdown) inspections described in the next section.

4.2 Combination of online and offline inspections
Inspections for rotating machines consist of simple 

inspections and full-scale inspections, which include 
precise diagnosis and electrical insulation diagnosis.  
As shown in Fig. 8, A comprehensive evaluation that 
combines the conventional offline diagnostic services 
with this online gas analysis offers even more multifac-
eted and detailed evaluations. 

lationship between the eroded area and the generated 
gas concentration using a sample bar with ongoing 
OCP erosion.  We discovered that the amount of gener-
ated O3 increased as the erosion of OCP progressed on 
the stator winding surface.

We also found that the onset time of OCP erosion 
was strongly affected by the OCP material, and wider 
erosion areas caused more O3 gas to be generated.

4. Application Examples

4.1 Measurements using actual equipment
This online gas analysis is mainly used for air-

cooled turbine generators having a capacity of 3.3 kV 
or higher.  In 2017, we began taking measurements 
during operation and have continued to diagnose gen-
erators of our own and other manufacturers, both in-
side and outside Japan.

Table 2 shows an overview of the measurement 
results.  The measurement targets include a range of 
generators from newly built ones to those that were 36 
years old.  Among 55% of measured generators includ-
ing new ones, O3 and NOX were below the detection 
limit, and we determined that the insulation on the 
stator winding surface was in good condition.

Table 3 shows the recommended measurement 
frequency for online gas analysis.  We have discovered 
that it is important to continue measurements and 

Table 2  Summary of measurement results

O3 detection NOX detection Percentage of all measure-
ments (%)

Undetected Undetected 55

≥0.1 ppm Undetected 27

≥0.1 ppm ≥0.05 ppm 18

Table 3  Recommended measurement frequency

Detection of  
corrosive gas

Recom-
mended  

frequency
Remarks

O3 NOX

Unde-
tected

Unde-
tected

About once a 
year -

Detected Unde-
tected

About once a 
year -

Detected Detected About every 
six months

Recommendations for 
precise diagnosis (open 
inspection) and insula-
tion diagnosis

Causes of insulation 
deterioration

○Electricity
○Machinery

○Thermal
○Environment

Typical stator winding 
deterioration location

Conventional diagnostic service (offline)

Precise diagnosis and electrical
insulation diagnosis

○Visual inspection
○Insulation resistance 

test
○DC absorption test
○AC test

New diagnostic service (online)

Reliability evaluation
(remaining lifespan prediction)

○Dissipation factor 
test
○Partial discharge 

test
○High-voltage test

○Surface of stator winding
○Main insulation layer of stator winding
○Insulating parts

○Comprehensive evaluation of diagnosis
○Proposal of maintenance and upkeep plans

Evaluation of the remaining lifespan of 
rotor windings by combining deterioration 
diagnosis methods and multiple regression 
methods

Deterioration diagnosis of rotating machine stator 
winding using online gas analysis

Diagnosis of the degree of stator winding surface 
deterioration
Measurement of O3 and NOX concentrations inside 
equipment during operation

Physicochemical insulation and thermal
deterioration diagnosis

Diagnosis of the deterioration of various 
insulating parts based on the results of 
thermal analysis of insulating materials 
collected from actual equipment

Comprehensive diagnosis of stator winding 
deterioration through various tests

Fig.8  Comprehensive evaluation of stator winding using a combination of online gas analysis and conventional diagnostic services
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used to determine health and the onset of deterioration 
over time on the surface of windings.  Observed dete-
rioration transition will give an indicator of operation 
risks.

In the future, we plan to continue promoting more 
effective and accurate evaluation of rotating machines 
by combining online gas analysis measurement data 
with actual states of deterioration and damage con-
firmed through periodic inspections.

5. Postscript

In this paper, we described deterioration diagnosis 
of rotating machine stator windings using online gas 
analysis.

Fuji Electric recommends periodic diagnosis with 
online analysis.  Even when there are no problems 
with machinery, continuous online analysis can be 
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