Resistance testing analysis of stator winding for prophylastic tracking of large turbogenerators
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Abstract— In this paper will be elaborated a measuring of insulation systems of large turbo generators. Main issue is prophylactic research of active resistance of stator winding. All presented results are obtain during the annual and capital repairs of turbo generator at unit 3 of TPP Bitola, Macedonia. It will be observed behavior of ohm resistance of stator winding, its frame of variations, trend direction will be founded and discussed about results and prediction for further years. 
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I.  Introduction
Insulation system is the most important part of generators. According to the industry statistics by IEEE and EPRI (Electrical Power Research Institute) indicate that approximately 40% of all rotating machine failures occur  due to failure of the stator winding insulation Figure 1.
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Figure 1.  Rotating machine failures [1]. 

 The stator winding is one of the most expensive component of the stator. Statistically speaking, many serious problems occur the stator winding due to the nature of the construction of the components [2]. A reduction in winding resistance may indicate shorting of conductors. An increase in winding resistance may indicate poor connection.

Resistance of the stator winding is usually measured with a low-resistance bridge or by the drop-in-potential method, according to IEEE Std 118-1949, Master Test Code for Resistance Measurement. The measurement is normally made for each phase separately. The stator winding should be at room temperature when the cold resistance measurement is made, and the temperature of  the winding carefully determined, according to  IEEE Std 119-1974, Recommended Practice  for General Principles of Temperature Measurement as Applied to Electrical Apparatus.

II. Stages of Winding Failure
The insulation life of generators is affected by many different stresses such as thermal, electrical, ambient (environmental) and mechanical (so called TEAM stresses) [3]. All these stresses, individual or combined, will cause ageing of insulation causing irreversible changes in the characteristics. 

There are three stages of winding failure that begin as a breakdown of insulation between conductors. The detection of changes between the conductors provides a greater chance of early action of repair or replacement, before the equipment stops operating. The stages of winding failure [4] are:

· Stage 1: The insulation between conductors is stressed. That  causing a change to resistive and capacitive values of the insulation at the weak point. It can appear high temperatures and all this can affect the values of the phase angle.
· Stage 2: The fault point becomes more resistive. I2R losses increase at the weak point, which affect to increasing the temperature causing degradation of insulation system.

· Stage 3: Insulation breaks down. At this stage inductance and resistance can detect the fault.
III. Description of Monitored Turbogenerator
Examined object is TPP Bitola, which consists of three units everyone with rated power of 225MW. Obtained results are from unit 3. Manufacturer of this generator is  "Elektrosila" - Russia. Type of generator is TBB-200-2A, with rated power P=225MW, rated stator voltage U=15,75kV, rated stator current I=9,703kA, rated power factor cosφ=0.85, coefficient of efficiency η=98,6%, f=50Hz, speed of rotation n=3000 min-1, number of stator grooves Z=60 [5]. 
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Figure 2.  Stator core of  turbo generator at unit 3 in TPP Bitola, Macedonia. 

Insulation of the stator coil is thermal reactive. It is an isolation that is made of glass-textile mica tape impregnated with epoxy compound. Insulation of stator grooves is made in that way to press a special metal forms in hot press condition. Press forms are made very precisely, thus enabling to obtain a given form and scale of the grooves. Once launched, insulation is placed in special ovens which are thermally processed. 

Stator windings are comprised of materials with specific resistive and dielectric qualities. The materials used comprise: mica, Dacron tapes, glass tapes, asphalt binders, polyester resins and epoxy resin binder, and so on. The stator winding insulation system is complex and requires a variety of tests to establish its present condition and expected long-term reliability.

Three-phases synchronous generator had three identical phases, consisted of sections connected between themselves. At this exterminated large synchronous turbo generator, phases had halfwinding parallel connected (see Figure 3).

IV. Experimental Procedure
A. Interpretation of Measurement
Test of ohms resistance of turbogenerator’s stator winding at unit 3 of TPP Bitola is performed according to Fig. 3. It is measured the ohms resistance of the copper in each halfwinding of the stator C4-1C1, C4-2C1, C5-1C2, C5-2C2,     C6-1C3 and C6-2C3. Measurement of winding resistance of stator is done by voltage-current UI method, with digital megaohmmeter with very low resistances [6], type DLRO 27000-1 on scope of 100A. As a source of DC current is used welding apparatus.
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Figure 3.  Survey of stator winding with outputs. 

B. Results of Measurement
In Table 1 are given results of ohm resistance of stator winding, calculated to the temperature of 15ºC (detail described in [7]), obtained during measurements at last 13 years.

In Table 2 are given a percentage mistakes g [%] of calculated values of ohms resistance in relation to the reference factory value of resistance. Percentage mistake is calculated according to equation (1):
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where value of R15ºref  are given in Table 1 obtained from manufacturer.
TABLE I.  Results Obtained of Measuring of Stator Ohm Resistance
	 
	R15(C   [m(]

	
	C4 –1C1
	 C4 –2C1
	C5 –1C2
	C5 –2C2
	C6 – 1C3
	C6 –2C3

	R15ref
	3,26
	3,19
	3,23
	3,31
	3,18
	3,27

	1997
	3,280
	3,210
	3,251
	3,316
	3,222
	3,293

	1998
	3,282
	3,213
	3,251
	3,317
	3,223
	3,296

	1999
	3,298
	3,227
	3,269
	3,333
	3,233
	3,295

	2000
	3,315
	3,244
	3,282
	3,348
	3,248
	3,328

	2001
	3,321
	3,243
	3,288
	3,356
	3,212
	3,334

	2002
	3,303
	3,228
	3,264
	3,331
	3,234
	3,310

	2003
	3,295
	3,221
	3,262
	3,328
	3,234
	3,307

	2004
	3,270
	3,201
	3,242
	3,306
	3,220
	3,283

	2006
	3,308
	3,232
	3,284
	3,334
	3,253
	3,314

	2007
	3,296
	3,217
	3,272
	3,325
	3,235
	3,310

	2008
	3,305
	3,229
	3,282
	3,333
	3,247
	3,310

	2009
	3,305
	3,231
	3,256
	3,325
	3,250
	3,311


where R15ºC [mΩ] is calculated resistance value to temperature of 15ºC and 

R15ref [mΩ] is referent value of resistance given by manufacturer.

TABLE II.  Percentage Mistake of Ohm Resistance [8]
	 
	g   [%]

	
	C4 –1C1
	 C4 –2C1
	C5 –1C2
	C5 –2C2
	C6 – 1C3
	C6 –2C3

	1997
	0,6271
	0,6231
	0,6374
	0,173
	1,3093
	0,7067

	1998
	0,6826
	0,7081
	0,6654
	0,2003
	1,3662
	0,7897

	1999
	1,1665
	1,1634
	1,2223
	0,6957
	1,6553
	0,7727

	2000
	1,6918
	1,6808
	1,6164
	1,151
	2,1485
	1,7838

	2001
	1,884
	1,6666
	1,7834
	1,3957
	1,0141
	1,9565

	2002
	1,3313
	1,1891
	1,0598
	0,6376
	1,6875
	1,2259

	2003
	1,0734
	0,9649
	0,9782
	0,5555
	1,6908
	1,1331

	2004
	0,3047
	0,3559
	0,3587
	-0,133
	1,2466
	0,3895

	2006
	1,4863
	1,3145
	1,6685
	0,724
	2,2867
	1,3493

	2007
	1,0961
	0,8547
	1,3063
	0,458
	1,727
	1,2369

	2008
	1,382
	1,2083
	1,6099
	0,6951
	2,0972
	1,2369

	2009
	1,3791
	1,2878
	-0,8203
	0,4671
	2,1975
	1,2627


g [%] is percentage mistake calculate according to equation (1).
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Figure 4.  Behavior of the stator ohm resistance during exploitatio.
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Figure 5.  Percentage error values of  measured ohm stator resistance compared to the reference value given by the manufacturer .
On the base on the results, which are expressed in absolute and percentage values, diagrams are obtained for all three phases,  given to the Fig. 4 and Fig. 5.

Statistical analysis is also made that determines the behavior of the resistance during exploitation.
C. Analysis of the Results
Table 1 shows that in all years, differences between max and min measured values do not exceed the value of 5%, what is one of the criteria for good results.

TABLE III.  Calculated Statistical Parametars of Stator Winding Resistance [8]
	
	  C4 – 1C1
	    C4 – 2C1
	   C5 – 1C2
	 C5 – 2C2
	C6 – 1C3
	C6 – 2C3

	A
	0.000856
	0.0003875
	0.000788
	-7.18E-05
	0.001901
	 0.000678

	B
	1.583015
	2.4484899
	1.689459
	3.473193
	-0.573027
	 1.949908

	(2
	0.000203
	0.0001504
	0.000209
	0.000172
	0.00016
	 0.000194

	s2
	0.000221
	0.0001641
	0.000228
	0.000188
	0.000174
	 0.000311

	    kv
[%] 
	0.432
	0.3803
	0.442
	0.3944
	0.3906
	0.4207


And second criteria is that measured resistance of stator winding compared to the factory value should not exceed  2%. According to the Table 2 and Fig. 5 it is obvious that this criterion is not satisfied in 2006, 2008 and 2009 year for halfwinding C6-1C3.
Therefore statistical calculations are made by determination the values of regression constants, dispersion and the empirical deviation, coefficient of variation and trend function, according to the method of  least squares. Results are given in Table 3.
Linear dependence is taken to determine the trend function in order to obtained the behavior of the selected parameter in the future. In this case
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where: A, B are regression constants 

σ2 is dispersion

s2  is empirical deviation, 

kv is coefficient of variation, all obtained by equations described in [9],[10].

t is year in which we want to predict the ohm resistance at the appropriate stator halfwinding.

According to this calculations for  half winding C6-1C3, the trend direction of resistance is given with equation (3):
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That means for ohm resistance for particular half winding in 2020 we can expect value of 3.267 mΩ.

According the direction of trend  line can be expected that the values in further years will be moving into allowed bounders and oscillating around factory referent value.

V. Conclusion

It is obvious that insulation of stator winding is in a very good condition. Measurements show no major changes in the values of the resistance of the stator winding, although the generator is in operation nearly 25 years. On the base of the examination can be noted that the criteria that g[%] should not exceed 2% (difference between measured and factory values) is not satisfied and is moving in the frame of -0.82% to 2.29% in 2009 for half winding C6-1C3. That indicates, but does not necessarily mean that there is a problem in it. However, in the statistical calculation can conclude that the coefficient of variation have very small values from 0.38% to 0.44%. It means that deviations are small in terms of size of parameters that are measured.

Only with measurement of ohm resistance is not possible to detect the state of insulation system. It is only small part of whole investigation program that can give real picture of condition of insulation.
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