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Abstract: This study conducted and analyzed the results of non-destructive tests (AC current, dissipation factor, and partial 

discharge tests) and a destructive test (overvoltage test) on 26 kV-generator stator windings with a ground fault. The target 

generator was a steam turbine generator in operation for over 30 years, and ground fault in windings occurred because of the 

rapid and instantaneous temperature rise in the copper conductor owing to the partial loss of generator cooling water. By 

comparing the non-destructive test data measured during the planned preventive maintenance period two years before the 

ground fault and the data gathered just after the ground fault, the study conducted an in-depth analysis of the effect of moisture 

on insulation diagnosis factors. If both the dissipation factor and capacitance data increased when compared to those of 

previously estimated values at same applied AC voltage level, it represented that the insulation materials absorbed moisture. 

Moreover, it was further developed that both of the dissipation factor and capacitance surge voltage were detected when the 

discharge started whereas the concerned surge voltage for AC current was detected when the discharge was proceeded in some 

extent. It is expected that a wider understanding of insulation diagnosis factors developed from this study will contribute not 

only to a more reliable diagnosis data analysis but also a stable power supply by preventing accidents in advance. 

Keywords: Insulation, Stator Winding, Generator, AC Current, Dissipation Factor, Capacitance, Partial Discharge, 

Overvoltage 

 

1. Introduction 

Generator stator windings that are operational over a long 

time suffer from progressive deterioration and ultimately 

undergo insulation failure owing to continuous discharge 

between phase and phase caused by dirt on the surface of 

endwinding and that in voids inside insulation materials 

caused from the windings’ thermal, electric, mechanical, and 

environmental effects [1, 2]. Sudden insulation failure of 

generator stator windings in operation reduces the reliability 

of power supply and makes rapid repair difficult, causing 

considerable economic loss. Accordingly, besides the US and 

Canada, South Korea has conducted research on insulation 

integrity assessment through off-line and on-line insulation 

diagnosis tests in generator stator windings [3-5]. 

In South Korea, regular insulation diagnosis tests are 

conducted to evaluate the insulation deterioration of off-line 

generator stator windings during the planned preventive 

maintenance for the early prevention of unexpected accidents. 

An insulation diagnosis test includes insulation resistance, 

polarization index, AC current, dissipation factor, and partial 

discharge, and the measured data are comprehensively 

analyzed to determine the level of insulation deterioration. 

This study targets a steam turbine generator (800 MVA, 26 

kV) that is operational for over 30 years to perform the off-

line insulation diagnosis test and evaluate dielectric strength 

status of stator windings, and toward this end, a overvoltage 

test was conducted and its results were analyzed while 

permitting the voltage up to 1.25 times of the normal voltage 

at 26 kV, i.e., up to 32.5 kV. 

The concerned generator suffered the dramatic temperature 

rise in the stator windings, which resulted in ground fault, 

when the cooling water for the generator stator windings was 

not partially supplied for approximately 10 min owing to the 

bus power loss while in operation. This study focuses on the 

insulation quality assessment by insulation diagnostic test 
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two years before and right after the ground fault for the stator 

windings without the windings where the ground fault 

occurred. Furthermore, overvoltage test was performed to 

ensure insulation strength for the operation for the time being. 

While part of the defect types and discharge pattern analysis 

have been examined in the reference [6], it mainly focused 

on the conductor delamination discharge attributed to the rise 

of the windings temperature and its pattern analysis. In 

another previous study, insulation diagnosis was performed 

to evaluate the insulation quality of a 500 MW, 22 kV 

generator stator bars and a 350 MW, 24 kV generator stator 

windings. However, it was restricted to evaluate the 

condition of stator winding insulation by measuring AC 

current (∆I), dissipation factor (∆tanδ), partial discharge (PD) 

magnitude, and capacitance (C) [7]; in this study, to go 

further from the previous research, an in-depth analysis was 

performed on the significance of insulation diagnosis factor 

and correlation among those factors such as insulation 

resistance, polarized index, AC current, dissipation factor and 

capacitance, discharge inception voltage, and partial 

discharge data. 

2. Test Specimen Creation and Test 

Method 

This study discusses the off-line insulation diagnosis and 

insulation breakdown test on a 26 kV gas turbine generator 

stator windings that are operational for over 30 years. In the 

case of the off-line insulation diagnosis test, 5 kV DC current 

was applied to the generator stator windings by phase to 

measure the polarized index (Automatic Insulation Tester, 

AVO International) before applying high AC voltage. For the 

AC current, dissipation factor and partial discharge tests on 

the generator stator windings, schering bridge, coupling 

capacitor, and partial discharge measuring detector (PDD, 

Tettex Instruments TE 571) were used. The schering bridge 

comprises a power supply (HV supply, Type 5283), bridge 

(Type 2818), and resonating inductor (Type 5285). AC 

current was applied to the generator stator windings by 

connecting the schering bridge (Tettex Instruments) to it, and 

the coupling capacitor (Tettex Instruments, 4,000pF) filtered 

the signal from the windings to the coupling unit (Tettex 

Instruments AKV 572), and the partial discharge detector 

measured the magnitude and pattern of the discharge. The 

frequency bandwidth of the partial discharge detector is 

between 40 and 400 kHz. 

After the completion of the off-line insulation diagnosis 

test, a overvoltage test was conducted to determine whether 

the windings acquired the minimum insulation dielectric 

strength required for the operation of the generator. In the 

case of the overvoltage test, the HV supply (50kV) and the 

bridge (Type 2819) were used to increase the voltage by 1 

kV and permit 32.5 kV, 125% of the line-to-line voltage, for 

1 min. 

 

Figure 1. Construction of the insulation diagnosis and overvoltage test 

equipment. 

3. Test Results and Discussion 

3.1. Check of IR and PI 

Table 1 shows the nominal ratings of a gas turbine 

generator that is operational for over 30 years. 

Table 1. Nominal ratings of gas turbine generator. 

Generator Nominal capacity [MVA] Nominal voltage [kV] Nominal current [A] Insulation grade Manufactured year 

S/T 800 26 17,765 B 1983 

 

 

Figure 2. Circuit diagram for IR and PI test. 

To verify whether the insulation intensity of the stator 

windings has already been deteriorated because of the 

absorption of moisture and pollution before performing the 

AC high-voltage test, the neutral point of the steam turbine 

generator was separated and the insulation resistance and 

polarized index at nominal AC voltage were examined by 

phase as shown in the circuit diagram in Figure 2. 

Table 2 shows the insulation resistance and the polarized 

index test results by phase. In the case of phase B of the 

generator stator windings to ground fault, the concerned 

windings (No. △, Upper windings, phase B) were 



 American Journal of Electrical Power and Energy Systems 2019; 8(6): 145-151 147 

 

disconnected, and the rest of the windings were connected, 

and the insulation resistance and polarized index were 

measured. As a result, the insurance resistance in all three 

phases exceeded the standard value of insulation resistance at 

100 MΩ, and the polarized index also exceeded the standard 

value at 2.0 [8]. Therefore, the analysis shows that the 

windings have insulation strength suitable for the AC high- 

voltage test. 

Table 2. IR and PI test results. 

Types of bars 
IR [MΩ] 

PI 
1 min 10 min 

A 1,390 4,860 3.50 

B 1,230 3,610 2.93 

C 2,800 5,590 2.00 

Two years before the ground fault, an off-line diagnosis 

was performed on the concerned generator as part of the 

preventive maintenance during the overhaul period. As a 

reference, the insulation resistance at phases A, B, and C at 

the time was 505, 460, and 492 MΩ, respectively. The 

current insulation resistance and polarized index increased 

from the values two years ago, which signifies that the ratio 

of the leakage current to discharge current was higher two 

years ago as compared to the current test. In other words, it is 

believed that the reason for the higher insulation resistance 

and polarized index from this test is because of the large 

increase in the temperature of insulation materials during the 

fault, which helped remove the moisture in the insulation 

material. 

3.2. AC Current Estimation 

The AC current test determines the overall (average) 

insulation integrity of stator groundwall insulation. Shown in 

Figure 3 is the circuit diagram for performing the AC current 

test. 

 

Figure 3. Circuit diagram for AC current estimation. 

In this test, the neutral point of the steam turbine generator 

was separated, and AC voltage by phase was increased by 1 

kV up to 1.25 times of nominal voltage at 26 kV, i.e., up to 

32.5 kV, to measure the AC current. The test resulted in the 

AC current–voltage characteristics shown in Figure 4. Based 

on this, △I, a factor that shows the overall insulation integrity 

of the stator windings, was determined. △I can be derived 

from the following equations. 

∆Io(15) = (I(15) − Io(15)) / Io(15) × 100 [%]      (1) 

∆Io(18.8) = (I(18.8) − Io(18.8)) / Io(18.8) × 100 [%]    (2) 

where I(15) and I(18.8) denote the estimated AC current at 15 

kV (phase voltage) and 18.8 kV (phase voltage × 1.25), 

respectively. Io(15) and Io(18.8) denote the AC current at 15 kV 

(phase voltage) and 18.8 kV (phase voltage × 1.25), 

assuming it is proportional to the value at 2 kV, respectively. 

 

Figure 4. Characteristics of AC current vs. AC voltage in generator stator 

windings (Just after the occurrence of ground fault). 

Table 3. Characteristics of AC current in generator stator windings (Just 

after the occurrence of ground fault). 

Voltage 

[kV] 

AC current [mA] 

A B C 

2.0 176.4 174.5 178.4 

15.0 1,357 1,336 1,359 

18.8 1,706 1,685 1,722 

Io(15) 1,323.0 1,308.75 1,338.0 

Io(18.8) 1,658.16 1,640.3 1,676.96 

∆Io(15) [%] 2.56 2.08 1.56 

∆Io(18.8) [%] 2.88 2.72 2.68 

Pi1[kV] 8.6 8.7 8.9 

Table 4. Characteristics of AC current in generator stator windings (Two 

years before the ground fault accident). 

Voltage 

[kV] 

AC current [mA] 

A B C 

2.0 188.5 190.5 190.5 

15.0 1,419 1,435 1,437 

Io(15) 1,413.75 1,428.75 1,428.75 

∆Io(15) [%] 0.37 0.43 0.57 

The following can be determined from the test results in 

Table 3 and Table 4. 

In Table 3, the AC current at certain voltage in phase B, 

the windings where the ground fault occurred, was lowest 

because—while this can be determined from the capacitance 

value measured by each phase later—as opposed to the other 

phases, the AC current in the phase B test circuit was 

measured without the coil where the accident occurred. 
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∆Io(18.8) in phases A, B, and C was 2.88%, 2.72%, and 

2.68%, respectively. ∆Io(15) in phases A, B, and C in Table 4, 

two years before the ground fault accident, was 0.37%, 

0.43%, and 0.57%, respectively, where △I at the time was 

derived by applying the voltage up to 15 kV due to the 

limitation of the test device capacity. Thus, to determine the 

△I change trend just after the ground fault compared to the 

value two years ago under the identical voltage condition, the 

study newly acquired ∆Io(15) after calculating Io at 15 kV. 

This value at phases A, B, and C was 2.56%, 2.08%, and 

1.56%, respectively. Compared to the values two years ago, 

the values after the ground fault accident increased by 2.19% 

p, 1.65% p, and 0.99% p, respectively. As such, overall, there 

was considerable deterioration of the groundwall insulation 

within two years. 

Meanwhile, the voltage at the point where the current 

surges is called current surge voltage, expressed as Pi1. As 

shown in Figure 4, the current surge voltage appearing at 

phases A, B, and C was 8.6, 8.7, and 8.9 kV, respectively. 

The AC current surge point was caused by the discharge 

within micro voids, which will be discussed later, and there 

appears slightly higher voltage than the partial discharge 

inception voltage or tanδ surge voltage, and this shows that 

AC current surges not in the initial inception of the discharge 

but at the point when discharge occurs in the overall 

windings. 

3.3. Dissipation Factor (DF) Estimation 

The dissipation factor test is performed to determine the 

overall (average) insulation integrity of the stator groundwall 

insulation as well. Shown in Figure 5 is the circuit diagram 

for the dissipation factor test. 

 

Figure 5. Circuit diagram for DF estimation. 

This test also examined the change in the dissipation factor 

(tanδ) and capacitance while separating the neutral point of 

the steam turbine generator and increasing the voltage by 1 

kV up to 1.25 times of the nominal voltage at 26 kV, i.e., up 

to 32.5kV. Here ∆tanδ(15), ∆tanδ(18.8) are the values at 15 kV, 

the nominal phase voltage, and 18.8 kV, 1.25 times of the 

nominal phase voltage, respectively, minus the initial voltage 

2 kV, which are the factors that show the overall (average) 

insulation deterioration of the groundwall insulation of the 

stator windings. The same method was used to derive ∆C(15) 

and ∆C(18.8). 

As shown in Figures 6 and 7, the tanδ–voltage and C–

voltage characteristics graphs, the dissipation factor and 

capacitance values tend to increase with the voltage. 

Furthermore, the AC current at certain voltage clearly shows 

the lowest phase B because, as has been mentioned, the AC 

current was measured without the capacitance that 

corresponds to the coil part where the fault occurred. The 

comparison of the dissipation factor–voltage characteristics 

in Figure 6 and the capacitance–voltage characteristics in 

Figure 7 shows that they share similar patterns despite 

different physical properties. 

 

Figure 6. Characteristics of DF in generator stator windings (Just after the 

occurrence of ground fault). 

 

Figure 7. Characteristics of Capacitance in generator stator windings (Just 

after the occurrence of ground fault). 

Table 5. Characteristics of DF & C in generator stator windings (Just after 

the occurrence of ground fault). 

 Voltage [kV] A B C 

DF 

[%] 

2.0 1.34 1.34 1.35 

15.0 2.59 2.43 2.60 

18.8 3.02 2.79 3.05 

∆tanδ(15) 1.25 1.09 1.25 

∆tanδ(18.8) 1.68 1.45 1.70 

Surge point 7.0 7.0 7.0 

C 

[nF] 

2.0 233.23 231.69 235.00 

15.0 238.69 236.18 240.44 

18.8 240.98 238.16 242.98 

∆C(15) 5.46 4.49 5.44 

∆C(18.8) 7.75 6.47 7.98 

Surge point 7.0 7.0 7.0 
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Table 6. Characteristics of DF & C in generator stator windings (Two years 

before the ground fault accident). 

 Voltage [kV] A B C 

DF 

[%] 

2.0 1.82 1.85 1.83 

15.0 2.87 2.82 2.90 

∆tanδ(15) 1.05 0.97 1.07 

C 

[nF] 

2.0 245.8 248.0 248.2 

15.0 250.5 252.3 253.2 

∆C(15) 4.7 4.3 5.0 

As shown in Table 5, ∆tanδ(18.8) at phases A, B, and C after 

the ground fault was 1.68%, 1.45%, and 1.70%, and ∆C(18.8) 

was 7.75, 6.47, and 7.98 nF, respectively. As a reference, as 

shown in Table 6, ∆tanδ(15) at phases A, B, and C two years 

before the fault was 1.05%, 0.97%, and 1.07% and ∆C was 

4.7, 4.3, and 5.0 nF, respectively. As in Table 5, ∆tanδ(15) and 

∆C(15) were derived to determine the trend in the change from 

the measured values after the current ground fault under the 

identical voltage condition. The comparison results showed 

that ∆tanδ by each phase to two years was 0.20%p, 0.12%p, 

and 0.18%p, and ∆C was 0.76, 0.19, and 0.44 nF, respectively. 

As such, it is shown that ∆tanδ and ∆C are the factors 

verifying that the overall deterioration in the groundwall 

insulation has considerably progressed as in the change of the 

AC current within two years. 

Meanwhile, as opposed to the measurement of AC current, 

the advantages of measuring both the dissipation factor and 

capacitance at the same time are as follows. First, it can be 

determined from Table 5 and Table 6 that at a certain voltage 

(2 and 15 kV), C value and tanδ decreased from those two 

years before the fault. Considering that the insulation 

materials have been dried up because of the increase in the 

windings temperature right after the ground fault, the 

decrease in C and tanδ values imply that the insulation 

materials have become dry. Conversely, if both factors 

increase, the insulation materials have absorbed more 

moisture than the previous diagnosis. Particularly, in the case 

of the absorption of moisture, the initial dissipation factor 

would have a large starting value. Thus, the comparison of 

the changing trend of the dissipation factor and capacitance 

values to the values from the previous diagnosis will be 

useful in determining the moisture absorption of insulation 

materials. 

Next, the voltage at which there is a surge of the 

dissipation factor and capacitance was identical in all phases 

at 7 kV. The surge voltage value of the dissipation factor and 

capacitance tend to appear somewhat earlier than the surge 

voltage of the AC current, and as it will be discussed later, it 

appears at a similar point in time to the discharge inception 

voltage. Thus, the dissipation factor and capacitance surge 

voltage is a factor for indirectly determining when the partial 

discharge starts. 

3.4. Offline PD Test 

Even if there is a huge defect in insulation materials, the 

dissipation factor value may become satisfactory if the 

number of defects is small and the rest of the insulation 

materials are in good condition. Through the partial discharge 

test, the magnitude and pattern of the maximum void inside 

the insulation materials can be easily determined [9-11]. 

Therefore, the information about the maximum void that 

cannot be determined by the AC current and dissipation 

factor can be verified by the partial discharge test for online 

as well as offline [12-14]. Shown in Figure 8 is the test 

circuit diagram for offline PD estimation. 

 

Figure 8. Circuit diagram for offline PD estimation. 

Table 7 shows the results of measuring the magnitude of 

partial discharge by separating the generator stator windings 

by phase and applying AC voltage by phases A, B, C. The 

inception voltage of the partial discharge measured at the site 

was approximately 7 kV. Here, the voltage at which the 

dissipation factor and capacitance surge were similar to the 

inception voltage for the partial discharge. 

The partial discharge magnitude at 15 kV, the phase 

voltage of the generator, measured by phases A, B, and C 

was 33,300, 20,900, and 24,000 pC, respectively. The partial 

discharge magnitude by phases A, B, and C measured two 

years ago was 7,100, 6,900, and 7,300 pC, respectively, 

showing that the size significantly increased. 

Also, the partial discharge pattern mainly shows the 

conductor delamination discharge as shown in Figure 9. 

Considering that the partial discharge pattern two years ago 

was an internal discharge pattern, it is believed that as 

dramatic rise in Joule’s heat attributed to the loss of cooling 

water (the surface temperature at the insulation material of 

the stator windings was 153°C), heat expansion occurred in 

the copper conductor, and the insulation material showed 

delamination as its heat expansion was lower than the copper 

conductor. 

 

Figure 9. PD estimation (20,900 pC 15.0 kV). 
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Table 7. Offline PD test results. 

Phase 
Discharge inception 

voltage (DIV) [kV] 

Magnitude of PD at 15.0 kV 

[pC] 

A 7.25 33,300 

B 7.1 20,900 

C 6.5 24,000 

Compared to the test results two years ago, the 

nondestructive tests (AC current, dissipation factor, and 

partial discharge tests) showed that in the case of the 

insulation deterioration in the generator stator windings, the 

rising point of the dissipating factor, the current surge point 

of AC current, and the inception voltage of the partial 

discharge all move to a lower voltage, and that the insulation 

failure also occurs at a low voltage. 

Generally, the insulation strength of a 26 kV generator is 

deemed to be satisfactory and its operation is possible if it is 

at or over 2E + 1 kV, i.e., 53 kV. However, the target steam 

turbine generator is in decrepit state after having been in 

operation for over 30 years and because of the possibility of 

additional insulation failure during the test, the overvoltage 

test, which aimed to verify the insulation strength, was 

conducted by maintaining the voltage at 1.25 times of the 

nominal voltage at 26 kV, i.e., 32.5 kV, for 1 min [15]. This is 

about 2.17 times higher than the phase voltage normally 

applied between the stator windings and ground. Because 

there was no insulation failure from the overvoltage test 

result, it is believed that if the corresponding windings from 

the ground fault and surrounding windings are replaced, the 

stator windings are shown to have the minimum insulation 

strength for the operation in the meantime. Compared to the 

condition two years ago, however, the insulation 

deterioration has progressed, and considering the 

deterioration history and the future operation plan, it is 

advised that the whole stator windings be re-wound as soon 

as possible. 

4. Conclusion 

This study conducted an off-line insulation diagnosis to 

evaluate the insulation deterioration of the stator windings of 

a steam turbine generator that is operational for over 30 years 

(800 MVA, 26 kV) while removing the affected windings 

after the ground fault. By comparing the data from the 

diagnosis test conducted two years ago on the identical 

generator, the study performed an in-depth analysis of the 

relationship among insulation factors, and ultimately, 

determined the possibility of a short-term operation of the 

generator by conducting a overvoltage test up to 1.25 times 

of the nominal voltage at 26 kV, i.e., 32.5 kV. The study 

concluded the following results. 

(1) The study conducted a DC insulation diagnosis test, 

which measured the insulation resistance and polarized 

index, in the generator phases A, B, and C, while 

having removed the windings where the ground fault 

occurred. This test was to determine the insulation 

strength of insulation materials before applying AC 

high voltage, and particularly, to identify the absorption 

of moisture. 

(2) It was verified that both AC current and dissipation 

factor deviation values were the factors that showed 

the average insulation deterioration state of the whole 

stator windings. However, as for the AC current, the 

concerned surge voltage was detected when there was 

overall insulation deterioration in the windings 

whereas the dissipation factor and capacitance surge 

voltage were detected when the discharge started. 

Particularly, if both the dissipation factor and 

capacitance data increased when compared to the 

previous values, it meant that the insulation materials 

absorbed moisture. 

(3) Even if there are partially huge voids, if their number is 

small, they are not significantly reflected onto the 

change of the AC current and dissipation factor, and 

therefore, the partial discharge test was conducted to 

analyze the largest discharge magnitude and its pattern. 

The partial discharge test results showed that maximum 

size of the void in the target generator stator winding 

insulations increased compared to the data measured 

two years before the ground fault, and its pattern was 

that of the conductor delamination discharge. It is 

believed that this was because of the delamination 

between the copper body and insulation as it 

dramatically expanded by Joule’s heat with the loss of 

cooling water in the concerned generator. 

It is hoped that having analyzed the diagnosis data of the 

generator, which had ground fault after being operational for 

over 30 years, the study conducted an in-depth analysis of the 

effect of surrounding environments (absorption of moisture) 

on insulation diagnostic factors and the interaction among the 

diagnosis factors so as not only to improve the reliability of 

the diagnosis but also to contribute to a more stable supply of 

electricity. 
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