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Objectives

» Summary of KEPCQO’s 17+ yrs. experience on stator
insulation testing for mains-fed, MV AC motors

> Predictive maintenance program & statistics on test records (99'~)

o Analysis of 15 cases of turn/phase insulation failures (11'~)

» Provide insight on turn/phase insulation failures
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Stator Insulation Failures

» Leading cause of forced motor outages in power plants [1]
o Complete loss or reduction in power generation capability
> 83.6% groundwall (GW) insulation, 16.4% turn insulation failure

o Most commercial tests intended for GW insulation testing

» Significant reduction in GW insulation failures w/ predictive
maintenance (PM) program

W Insulation failure, 6.6 kV, 550 kW 3



Insulation PM Testing (KEPCO)

PM program setup in 1999

Tests performed

> Insulation resistance (IR), polarization index (PI)

- Delta leakage current (Al,,,), delta tand (Atand)

- Off-line partial discharge (PD)

Test period

o 5 years (< 10 yrs. of service); 3 years (> 10 yrs. of service)
o 1 year (insulation in poor condition)
Recommendations

- 1) Cleaning/drying; 2) Refurbishment; 3) Stator rewind



Testing & Maintenance Procedure
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Summary of KEPCO Insulation Testing

» # of test records for type of power plant (1999-2016)

Type of # of power # of generating # of MV # of tests
power plant plants units motors tested performed
Thermal 19 98 3,119 8,152
Combined cycle 9 30 362 695
Pumped storage 5 12 48 69
Nuclear 4 15 1,231 2,938
Total 37 155 4,760 11,854

o Stator tests at nuclear plants excluded (performed at MCC)

» # of alarms for each test for type of power plant

Type of I # of tests

power plant | performed IR Pl Al Atans PDIV- Qoo Qm12s

Thermal 8,152 61 565 1,063 828 245 127 207
Combined cycle 695 2 43 24 22 10 8 19
Pumped storage 69 0 ) 0 0 0 0 1

Total 8,916 63 713 1,087 830 255 135 227




Summary of KEPCO Insulation Testing

» # of motors with 1, 2, 3 failure alarms produced with each type
of test & # of refurbishment & rewind recommendations

# of tests 1 failed 2 failed 3 failed| Insulation Stator
performed  test tests tests |refurbishment rewind

8,152 499 793 30 47 110
695 31 19 2 < 13
69 1 0 0

0 0
8,916 531 812 32 51 123

> Active repair recommendations made for 174 of 8,916 motors
(1.95%) with high risk of GW insulation failure

— Significant reduction in GW insulation failures since 1999

Type of

Thermal
Combined cycle
Pumped storage

— Most recent insulation failures in turn or phase insulation

— GW falilures still present when recommended testing cycle or repair
actions are not followed (production or budget restraints)



Turn Insulation Failures

» Root causes - combination of:
o Long term thermal & mechanical aging
o Deficiency in turn insulation design or manufacturing
o PD deterioration at turn-GW insulation interface (> 4 KV) [12]-[13]

— Loss of elec./mech. strength: Puncture due to short rise-time
voltage surge or mechanical shock

» Typical fault location

o Terminal end coil: high electrical stress &
turn voltage stress

o Endwinding (EW) slot exit: bent portion w/
manufacturing & operating stresses




Turn Insulation Failures

» Consequences

> Induction of high amplitude circulating fault current in shorted loop
o Localized heating: melted copper & damage over wide area

o GW insulation failure (and/or stator core damage)

— Tripping of motor: forced outage




Case Studies - Turn Insulation Failure

» 13 cases of turn insulation failure (2011-2016)

> Investigation based on direct observation (or dissection), reports,
iInterviews from on-site maintenance team or repair shop

o Variance in amount of information available for each case

Situation at failure Failure location
S Viated | Prated Yrs. of | Failure at] Time to [Coiz|. Tum | Stator core
Application (kV) | (KW) Poles| service startup/ | failure after ETW Location] from msu:at!o? Is:jmmatlon
operation| last startup | © ot Terminal materia amage

M1 | Condensate pump] 6.6 | 310 4 3 Startup 0 EW | Slot exit Glass fiber] None
M2 | Condensate pump|] 6.6 | 310 4 o) Startup 0 EW | Slot exit Glass fiber] None
M3 | Condensate pump| 6.6 | 350) 4 7 Operation 24 hr Slot | Mid-slot | - Glass fiber] None
M4 | Condensate pump| 6.6 | 350 4 8 Startup 0 EW | Slot exit >3 Glass fiber] None
M5 | Boiler feedpump | 6.6 |2250] 2 3 Startup 0 EW | Slot exit 1 Glass fiber] None
M6 | Boiler feed pump | 6.6 12250} 2 4 | Startup | 0 l EW | Slot exitl Glass fiber] None
M7 | Induced draftfan | 6.6 |4300] 8 o Operation 3 mo. Slot | Mid-slot 1 Glass fiber] None
M8 | Induced draftfan | 6.6 |4300] 8 8 Operation 12 hr. Slot | Mid-slot 1 Glass fiber] None
M9 | Transport blower | 6.6 | 205 | 4 7 | Startup | 0 | EW | Slot exit 2 Glass fiber] None
M10} Circulating pump | 6.6 | 350 4 16 Startup 0 Slot | Mid-slot Enamel None
M11 Pulverizer 6.6 | 450 8 5 Operation 6mo. |EW - - Glass fiber] None
M12] Primary air fan 4.0 | 485 6 9 Operation 1 wk. EW| Bend >3 Mica None
M13] Primary air fan 66 |1678] 4 15 | Operation] 10 mo. EW | Slot exit 3 Glass fiber] None
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Turn Insulation Faillure - Observations

» No noticeable trend in correlation between turn failure & application,
rated power, number of poles, years of service
» 7 of 13 failures occurred at motor startup

o 6 of 7 failures located at EW slot exit (M1, M2, M4, M5, M6, M9)
> 2 of 3 failures in 1st or 2 coil (M5, M9)

o Typical failures: fast risetime voltage surge & mechanical forces

» 6 of 13 failures occurred during operation >12 hrs after startup




Endwinding Failures - Observations

» 9 of 13 failures in EW at or near slot exit — typical failures reported

> Bending stresses present at manufacturing

Situation at failure Failure location
. _ . Turn Stator core
Application Vistea | Praea| Failure at] - Time to EW/ _ Coll # 1 insulation | lamination
(kV) | (KW)] startup/ | failure after Location] from terial | d
: slot : materia amage
operation| last startup Terminal

M1 | Condensate pump| 6.6 | 310 | Startup 0 EW | Slot exit - Glass fiber] None
M2 | Condensate pump] 6.6 | 310 | Startup 0 EW | Slot exit Glass fiber] None

M3 | Condensate pump] 6.6 | 350 | Operation 24 hr Slot | Mid-slot - Glass fiber] None
M4 | Condensate pump] 6.6 | 350 | Startup 0 EW ] Slot exit >3 Glass fiber] None
M5 | Boiler feed pump | 6.6 |2250] Startup 0 Slot exit 1 Glass fiber] None
M6 | Boiler feed pump | 6.6 |2250] Startup 0 Slot exit E Glass fiber] None

M7 | Induced draft fan | 6.6 |4300]Operation] 3 mo. Slot Mid—s]DtGlassfiber None
M8 | Induced draftfan | 6.6 |4300] Operation 12 hr. Slot ] Mid-slot 1 Glass fiber None

| M9 | Transport blower | 6.6 | 205] Startup | 0 | EW] Slot exit Glass fiber] None |
[ﬁﬂﬂlé!él-i-—

Pulverizer | 6.6 | Glass fiber] None
Primary air fan ' 1 wk - Elend Mica None
.| EwW| Slot exit Glass fiber] None

12

Primary air fan




Turn Insulation Failure - Observations




Endwinding Failures - Observations

» Melted copper & burning over wide area observed for ALL cases

» Turn failure does not necessarily cause GW insulation failure

o Turn fault can cause tripping of open phase, imbalance, phase current
relays before GW failure

> M12: no visual signs of GW current path + high IR value

o Turn failures in the tip of EW common w/ crossover coil designs

-5




Endwinding Failures - Observations

» “Crossover” coils common in MV motors w/
low power ratings

» Multiple & neighboring turns placed in slot
width in same layer [15]

» Bending of coils required in EW (near tip)

» Higher electrical & manufacturing (bending)

stresses in turn insulation near EW tip
(terminal end coil)

Straight-up coil Crossover coil



Slot Winding Failures - Observations

» 4 of 13 failures near center of slot

Situation at failure I

Failure location

. _ . Turn Stator core
S Viated | Pratea| Failure at] Time to Coil # | . : N

Application (kV) | (KW)] startup/ | failure after E';.Fw Location] from msutlat!o]n |E:;TIIF‘|EI'EIDI‘I

operation| last startu s Terminal materia amage
M1 | Condensate pump| 6.6 | 310 | Startup 0 EW ]| Slot exit - Glass fiber] None
M2 | Condensate pump| 6.6 | 310 | Startu 0 EW | Slot exit - Glass fiber] None
M3 ]| Condensate pump] 6.6 | 350 | Operation 24 hr Slot ]| Mid-slot - Glass fiber] None
| M4 | Condensate pump| 6.6 | 350 | Startup 0 EW | Slot exit >3 Glass fiber] None
| M5 | Boiler feed pump | 6.6 |2250] Startup 0 EW | Slot exit 1 Glass fiber] None
M6 | Boiler feed pum 6.6 |2250] Startu 0 EW | Slot exit - Glass fiber None
M7 | Induceddraftfan | 6.6 |4300]Operation 3 mo. Slot | Mid-slot 1 Glass fiber] None
M8 | Induced draftfan | 6.6 |4300]Operation] 12 hr. | Slot] Mid-slot 1 Glass fiber] None
M9 | Transport blower | 6.6 | 205 | Startu 0 EW | Slot exit 2 Glass fiber] None
M10} Circulating pum 6.6 | 350 | Startup 0 Slot| Mid-slot - Enamel None
M11 Pulverizer 6.6 | 450 |Operation] 6 mo. EW - - Glass fiber] None
IM12] Primary airfan | 4.0 | 485 |Operation] 1 wk. EW|]| Bend >3 Mica None
M13] Primary air fan 6.6 | 1678] Operation] 10 mo. EW ] Slot exit 3 Glass fiber] None
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Slot Winding Failures - Observations

» 4 of 13 failures near center of slot

> Clear signs of melted copper and ground current path
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Slot Winding Failures - Observations

> Clear signs of melted copper and ground current path
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Slot Winding Failures - Observations

» Core inter-laminar insulation failure not observed for any of
the 13 cases

> Visual inspection, core loop test performed during rewind

- Relays act fast enough to prevent core damage even with large
ground current with solid grounding in domestic power plants

> Not all faults result in ground current through stator core
- EW failure not close to core (M13, crossover coils)
- Trip caused by asymmetry or open circuits

- Ground current flow through core end plate




Case Studies - Turn Insulation Material

» Strong correlation between failures & turn insulation material
o Glass fiber: 11 cases; enamel: 1 case; mica-based: 1 case

> % of glass fiber turn insulation very high considering that 50% of
MV motors glass-fiber based & 50% mica-based in Korea

y ; y f Situation at failure Failure location Turn
— rated | Frated rs. ot  Failure at] Timeto Coil # | ; :
Application (V) | (KW) Foles| senvice startup/ | failure after EW| ocation|  from msu’:at!o]n
operation| last startup slot Terminal] Mo G
M1 | Condensate pump| 6.6 | 310 4 3 Startup 0 EW | Slot exit Glass fiber
M2 | Condensate pump] 6.6 | 310 4 o) Startup 0 EW ] Slot exit Glass fiber
M3 | Condensate pump] 6.6 | 350 4 7 Operation 24 hr Slot | Mid-slot Glass fiber
M4 | Condensate pump| 6.6 | 350 4 8 Startup 0 EW | Slot exit Glass fiber
M5 | Boiler feed pump | 6.6 |2250] 2 3 Startup 0 EW | Slot exit Glass fiber
M6 | Boiler feed pump | 6.6 | 2250] 2 4 Startup 0 EW | Slot exit Glass fiber
M7 | Induced draft fan | 6.6 |4300] 8 5 |Operation] 3mo. | Slot] Mid-slot Glass fiber
M8 | Induced draftfan | 6.6 |4300] 8 8 |Operation] 12hr. Slot | Mid-slot Glass fiber
| M9 | Transport blower | 66 | 205] 4 7__| Startup I 0 EW | Slot exit Glass fiber
M10] Circulating pump | 6.6 | 350 4 16 Startup 0 Slot | Mid-slot Enamel
M11 Pulverizer 6.6 | 450 8 o) Operation] 6 mo. EW - Glass fiber
M12] Primary air fan 4.0 | 485 6 9 Operation] 1 wk. EW] Bend Mica
M13] Primary air fan 6.6 |1678] 4 15 | Operation] 10 mo. EW ] Slot exit Glass fiber




Case Studies — Turn Insulation Material

» Mica paper: most common above 6.6 kV
> Resistant to PD
o Superior thermal properties

» Enamel turn insulation not common above 3.3 kV
o Qrganic & non-PD-resistant

» Glass fiber

o High breakdown strength, resistant to PD & tracking
o Qrganic polymers around round glass vulnerable to failure

- Motors with glass-fiber turn insulation have higher
probability of failure

- Rewind w/ mica-paper recommended for failed motors
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Case Studies - Phase Insulation Failure

» 2 cases of phase insulation failures (2015-2016)

Stator core

Test records

Application Hg”"; ﬁ’;’ﬁ; P :;i;ig; S;:itlt:? eat Failure location | lamination | (mo. before
damage failure)
M14] Boiler feed pump | 6.6 | 3800| 2 9 Operation Lead cable None 19, 53
M15] Boiler feed pump | 6.6 | 4500] 4 12 Operation | Lead cable-EW None 56, 116

- Insufficient spacing conductors b/w different phases

> Typical root causes

- Surface contamination

o Typically occur in lead cables or EW close to terminal end

> Results in very high current flow and significant damage

22




Phase Insulation Faillure - Observations

» M14
> Open phase failure due to phase insulation failure b/w lead cables
» M15

o Significant damage due to insulation failure b/w lead cable & terminal
end EW

» Cause of failure: surface leakage current & arcing due to insufficient




Impact of Insulation Failure

» Cost of rewind

° M1-M2, 310 kW condensate pump: 26,000 USD
o M7-M8, 4,300 kW induced draft fan: 130,000 USD

» Forced outage of induced draft fan (M7-M8), primary air
fan (M12-M13)

> 50% reduction in generator power output
o Loss of profit for power plant with 50% reduction
- 50% reduction in power generation (12 hrs.) for 500 MW generating unit

- 150,000 USD ~ 600,000 USD (based on 2011-2016 system marginal
price in Korea)

24



Test Records of [ [=f] = [ . [rov[oce|awe] o [aens] ro |

failure | (MQ) (kV) | (PC) | (PC) | (%) ] (%) | pattern

Falled MOtorS M1 1 |59300| 354 | 23 [28000|32000]3.01] 1.85 |internal

M2 28 67200 402 | 40 | 6200 | 8700 |3.17] 1.91

M2' - 55900 | 3.45 2.3 | 7300 J12100)3.46 | 2.08 [Internal

» Voltage cannot be

M3 0.5 59600 5.81 2.8 | 3200 | 4900 [2.29} 1.55

app“ed direcﬂy to M3’ - 29700 5.02 | 28 | 9100 17000 Jo64| 1.1 |internal
_ _ ma | 025 [24800] 401 | 25 | 6000 | 8200 f252] 188 | -
turn/phase insulation ma |- Jes200] 533 | 26 3700 |ss00 [o51] 192

M7 46 4800 | 2.33 2.6 | 8600 |12700)4.19] 2.55 Slot

with the 5 GW insulation M7 28 | 6240 | 491 | 2.2 | 7700 |16000]4.23] 2.52

Slot
tests for Y-connected MV M7’ - 1510 | 437 | 24 | 6000 |11000]5.75] 3.17 | Sslot
M8 57 |1390 | 289 | 35 | 1400 [ 2400 |76 | 42
motors W/ no access to M8 0.5 6090 | 3.58 1.9 ]19000 240001692 3.89 |Internal
M8’ - 2640 | 3.06 | 1.8 |13000]20300] 63 | 35 |internal
neutral M9 23 |37800] 251 | 21 | 7000 | 8000 [8.02] 2.03
_ M9’ - 38000 213 | 20 | 7000 | 7500 |5.01] 2.22
» Insulation test records M9"” - Ja1s00] 220 | 1.9 | 7000 | 8500 |5.42] 254

M12 68 52200 623 | 2.2 | 1900 | 2300 J0.62 | 0.05

analyzed for motors that

M12 31 35200 | 2.81 29 ] 1700 | 2600 J0.09§ 0.12 -

falled turn/phase M12 05 J40100) 643 | 2.8 | 1800 | 2900 J0.19) 0.13 -
mi2 | - J17300] 554 | - ] 730 | 9300 Jo.o2] o1 -
Insulation (|dentlcal Mi4 | 53 J2350 ] 962 | 34 | 3000|6500 foee] 05

M14 19 214001 4.12 29 | 6600 j25000)0.72 | 0.69 |Internal

motors also analyzed)

M15 116 9520 | 848 34 | 1100 | 2200 |1.96| 1.48

M15 56 11900 | 5.55 2.5 |]5500 115001191 1.3 [|Internal

M15' . 1440 | 4.54 1.7 [50000]5200012.14) 1.2 |]Internal




Test Records of Failed Motors - Observations

» IR/PI tests are screening tests & do not indicate insulation
degradation

» Increasing trend or relatively higher value of Atané or Al__, cannot
be observed for failed motors

» High level or increasing trend in PD activity could be observed for
some motors prior to turn or phase insulation failure (M1, M7, M8,
M14, M15)

» PD activity for failed motors were much lower than that of motors
with refurbishment / rewind recommendations (and even some
identical motors that did not fail)

- 5 GW stator tests cannot be relied on for advanced
warning of turn or phase insulation failures

26



Conclusions

GW insulation failures have been significantly reduced since
stator insulation PM program has been initiated — 1.95% of
stators refurbished or rewound with high risk of GW failure

Motors w/ glass-fiber turn insulation had higher risk of failure -
84.6% of failures (rewound with mica-based insulation)

Insulation system design & manufacturing important factor — 4
pairs of motors with identical design have failed (8 of 13)

Phase insulation failures due to insufficient spacing &
contamination caused significant damage

It is difficult to predict turn or phase insulation failures with IR,
Pl, Atano, Al,., & PD tests

27



Conclusions

Turn or phase insulation failures do not necessarily cause GW
iInsulation failure or GW current

Core inter-laminar insulation failure was not observed in any
of the 15 turn or phase insulation failures

On-line PD monitoring may find phase insulation failure in
advance, but not turn insulation failures

Investigation of new concepts for turn or phase insulation
condition assessment are in progress
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