
Fifty Years of Fifty Years of 
Transformer Transformer 

ProblemsProblems
°°



G C hi T fG C hi T fGas Cushion TransformersGas Cushion Transformers



Transformers Oil PreservationTransformers Oil Preservation (2)(2)Transformers Oil Preservation Transformers Oil Preservation (2)(2)

The “Standard” OilThe Standard  Oil 
Conservator

Function:
less O2 and H2O
in Oil



“Gas Cushion” Oil Preservation“Gas Cushion” Oil Preservation (3)(3)Gas Cushion  Oil Preservation Gas Cushion  Oil Preservation (3)(3)

Used mainly inUsed mainly in 
the United 
States 

Aim: almost no 
O2 in Oil



GasGas CushionCushion (High Pressure)(High Pressure) ( )( )Gas Gas CushionCushion (High Pressure) (High Pressure) (4)(4)

With load the N2 pressure goes up to 7 psi



Gas Cushion pressure ChangeGas Cushion pressure Change (4)(4)Gas Cushion pressure Change Gas Cushion pressure Change (4)(4)

With lower Load, 
as the oil falls, 
the N2 pressure 
also fall and at 
3 psi. the N2 is 2

2

pressure is held 
by supplying 

2
Cylinder

fresh N2 from 
the “bottle”.



Gas (High PressureGas (High Pressure (2)(2))) (5)(5)

Above 7 psi Nitrogen vented to atmosphere

Gas (High Pressure Gas (High Pressure (2)(2)) ) (5)(5)

Above 7 psi Nitrogen vented to atmosphere



Transformers Oil PreservationTransformers Oil Preservation (6)(6)Transformers Oil Preservation Transformers Oil Preservation (6)(6)

We found that anWe found that an 
over saturated 
oil by about     
2 psi or more, 
N2 can come 

t f l tiout of solution, 
in the form of 
bubblesbubbles.

°



Winding ArrangementWinding Arrangement (7)(7)Winding Arrangement  Winding Arrangement  (7)(7)

The transformerThe transformer 
used the 
traditional winding 
arrangement 
working radially 

t d f th O
R

E
outwards from the 
core to the HV.  
The unusual part

C
O

The unusual part 
was the “solid”        
H / L insulationH / L insulation.



HV Winding with ‘extra insulation’HV Winding with ‘extra insulation’ (8)(8)HV Winding with extra insulation   HV Winding with extra insulation   (8)(8)

The “solid”      H / L  
i l ti lt d iinsulation resulted in a 
high stress occurring on 
the inside of the HV sothe inside of the HV, so 
additional crepe tape 
(yellow) was applied.(y ) pp

Partial discharge in N2Partial discharge in N2 
occurred at the back of 
the coil (red arrow). & 
black staining was found.



InsulationInsulation (9)(9)Insulation Insulation (9)(9)

The black stain was copper oxide.The black stain was copper oxide.

Lab work reveled that the partial dischargeLab work reveled that the partial discharge 
in the N2 produced an amine compound, 
which is a derivative of Ammonia, and canwhich is a derivative of Ammonia, and can 
dissolve copper oxide from the HV 
conductors.    



Model for testsModel for testsModel for testsModel for tests



InsulationInsulation (10)(10)Insulation Insulation (10)(10)

The amine with Copper Oxide migratedThe amine with Copper Oxide migrated 
though the crepe paper, and once diluted 
with the bulk oil promptly deposited thewith the bulk oil, promptly deposited the 
Copper Oxide on the outside of the coils.

Not a good idea!



Bubbles in OilBubbles in Oil (11)(11)Bubbles in Oil Bubbles in Oil (11)(11)

12 mm dia 
spheres with 
10 kV applied, 
in oil super-
saturated with 
N2..

Bubbles created 
spontaneously

°



“Solid”: HV to LV Insulation“Solid”: HV to LV Insulation



Grounded Shield to reduce impulse Grounded Shield to reduce impulse 
t f t th LVt f t th LVtransfer to the LVtransfer to the LV



EE Major Insulation Design circa 1960EE Major Insulation Design circa 1960EE Major Insulation Design circa 1960 EE Major Insulation Design circa 1960 



Leakage FluxLeakage Flux (13)(13)Leakage Flux Leakage Flux (13)(13)

A leakage flux plot 
f th J & Pfrom the J & P  
transformer 
bookbook.

As transformer 
sizes increasedsizes increased, 
radial fluxes 
became more 
significant.



Leakage FluxLeakage Flux (12)(12)Leakage Flux Leakage Flux (12)(12)

There was no shorted turn.



As the leakage As the leakage 
fl “ t ” thfl “ t ” thflux “cuts” the flux “cuts” the 
shieldshield

Hence the Hence the 
shield has a shield has a 
“gap”“gap”gapgap



Developed view of the shield made using Developed view of the shield made using 
k lk l ll h ld dh ld dnickelnickel--silversilver sheet, soldered as necessarysheet, soldered as necessary



Di l t iDi l t iDielectric Dielectric 
losses were losses were 

present present 
because ofbecause ofbecause of because of 

poor poor 
impregnationimpregnationimpregnationimpregnation



Model confirmed that if dielectric loss Model confirmed that if dielectric loss 
hi h hi h t t iblhi h hi h t t iblhigh, very high temperatures possiblehigh, very high temperatures possible









Nickel Silver melts at 1600Nickel Silver melts at 1600 °°CCNickel Silver melts at 1600  Nickel Silver melts at 1600  CC



High to Low Insulation DesignHigh to Low Insulation Design (14)(14)High to Low Insulation Design High to Low Insulation Design (14)(14)

The design the 
Company used at that 
time consisted of atime consisted of a 
”solid” wrap of 
pressboard:-pressboard:

For 132 kV d=1”

For 275 kV d = 2¼ “

For 400 kV d = ??



High to Low Insulation DesignHigh to Low Insulation Design (16)(16)High to Low Insulation Design High to Low Insulation Design (16)(16)

The cause of the high power factor wasThe cause of the high power factor was 
found to be due to inadequate processing 
at siteat site.

S i d t RIV t t i ERASo we carried out RIV tests, using an ERA 
equipment, on all the Companied 275 kV 
t f i th ttransformers in the country.



275/132 kV Autotransformer 275/132 kV Autotransformer 
tt II St ti (B ki h hi )St ti (B ki h hi )at at IverIver Station (Buckinghamshire)Station (Buckinghamshire)



HF Filter on HV BushingHF Filter on HV BushingHF Filter on HV BushingHF Filter on HV Bushing



High to Low Insulation DesignHigh to Low Insulation Design (17)(17)High to Low Insulation Design High to Low Insulation Design (17)(17)

Where the ERA system detected PartialWhere the ERA system detected Partial 
Discharge (PD), the transformer was taken 
out of service the oil drained highout of service, the oil drained, high 
vacuum applied and the unit refilled with 
de-gassed oil Then PD testing repeatedde gassed oil. Then PD testing repeated.

I h d th t t t thIn each and every case the repeat test the 
PD was not detectable.



Bonneville Power, WABonneville Power, WA
00 k00 kFerroFerro--resonance at 500 kVresonance at 500 kV



[1] 230 kV C/B at The[1] 230 kV C/B at The DallesDalles openedopened[1] 230 kV C/B at The [1] 230 kV C/B at The DallesDalles openedopened



[2] 500 kV C/B at John Day opened[2] 500 kV C/B at John Day opened[2] 500 kV C/B at John Day opened[2] 500 kV C/B at John Day opened



[3] After 8 minutes GAS relay operates[3] After 8 minutes GAS relay operates[3] After 8 minutes GAS relay operates [3] After 8 minutes GAS relay operates 



[4] After another 8 minutes[4] After another 8 minutes[4] After another 8 minutes[4] After another 8 minutes

500 kV Disconnect arced when opened!500 kV Disconnect arced when opened!



Site tests on TransformerSite tests on TransformerSite tests on TransformerSite tests on Transformer

Site tests on Transformer



Mag. Current HighMag. Current HighMag. Current HighMag. Current High



Core deCore de--magnetized with batterymagnetized with batteryCore deCore de magnetized with batterymagnetized with battery



Mag. Current much reducedMag. Current much reducedMag. Current much reducedMag. Current much reduced



Problem solved !Problem solved !Problem solved !Problem solved !

Problem due to ferroresonance between 
parallel 500 kV line conductorsparallel 500 kV line conductors



Plots of Voltage, Flux & Mag. CurrentPlots of Voltage, Flux & Mag. CurrentPlots of Voltage, Flux & Mag. CurrentPlots of Voltage, Flux & Mag. Current



EE Co Transformer replaced EE Co Transformer replaced 
hh l kl kwith with OerlikonOerlikon unitunit

Ferroresonance would not 
occur because Oerlikonoccur, because Oerlikon 
transformer had higher no-g
load loss!



Bonneville Power had to change Bonneville Power had to change 
th i it hi dth i it hi dtheir switching procedurestheir switching procedures



Refer to IEEE PES paper byRefer to IEEE PES paper by 
Dolan, Gillies & Kimbark ,
included in High Power 
Symposium on High PowerSymposium on High Power 
Testing, Portland Ore, July 1971g, , y



FerrybridgeFerrybridgeFerrybridgeFerrybridge
High Current LV problem.High Current LV problem.



High Current Lead ProblemHigh Current Lead Problem (18)(18)High Current Lead Problem High Current Lead Problem (18)(18)

The Company had supplied the 570 MVAThe Company had supplied the 570 MVA 
275 / 13.8 kV Generator Transformers for 
Ferrybridge Power Station.y g

The LV current on the LV of theseThe LV current on the LV of these 
transformers was 22,000 Amps.

In order to save oil the tanks were what we 
referred to as “form fit”referred to as form fit



“Form Fit” Transformer Tank“Form Fit” Transformer Tank (19)(19)Form Fit  Transformer Tank Form Fit  Transformer Tank (19)(19)



High Current Lead ProblemHigh Current Lead Problem (20)(20)High Current Lead Problem High Current Lead Problem (20)(20)



High Current Loop caused a current High Current Loop caused a current 
i l d h ki l d h kto circulate round the tank to circulate round the tank (21)(21)



The Cover Bolts became so hot the tank / cover gasket The Cover Bolts became so hot the tank / cover gasket 

burnt, and oil ran down the side of the tank!burnt, and oil ran down the side of the tank! (22)(22)



Even with the bolts insulated, the tank flange was still too hot.Even with the bolts insulated, the tank flange was still too hot.
So a copper bar was bolted to the underside. This bar had to go So a copper bar was bolted to the underside. This bar had to go pp gpp g

round the stiffener at the mid point.   (Arrow). round the stiffener at the mid point.   (Arrow). (23)(23)



A plan view the tank showing the A plan view the tank showing the 
bbcopper bar. copper bar. (24)(24)



The current in the bar was proportional The current in the bar was proportional 
t l d ith 1000A t 600 MVAt l d ith 1000A t 600 MVAto load, with 1000A at 600 MVA to load, with 1000A at 600 MVA (25)(25)



FerrybridgeFerrybridge
Inadequately CooledInadequately Cooled

Tapping CoilsTapping CoilsTapping CoilsTapping Coils



[1]  570 MVA Generator Transformer. Conductors at the [1]  570 MVA Generator Transformer. Conductors at the 
top of the bottom tapping section inadequately cooledtop of the bottom tapping section inadequately cooledtop of the bottom tapping section inadequately cooledtop of the bottom tapping section inadequately cooled



Solution:Solution:-- Insulation cut back round most of the coilsInsulation cut back round most of the coils



Parallel Tapping CoilsParallel Tapping Coils



Because of the radial component of the leakage Because of the radial component of the leakage 
flux the four tap sections did not share the current flux the four tap sections did not share the current pp

equally.equally.



A re-design was required !A re design was required !



Ferrybridge Power StationFerrybridge Power StationFerrybridge Power Station Ferrybridge Power Station 
cooling tower problemcooling tower problemg pg p





Large Generator Transformer,Large Generator Transformer,

Circulating current in end turnsCirculating current in end turnsCirculating current in end turnsCirculating current in end turns



Smaller End TurnsSmaller End TurnsSmaller End Turns Smaller End Turns 



CTC cables (developed view)CTC cables (developed view)CTC cables (developed view)CTC cables (developed view)

J ti b t CTC bl ll dJunction between CTC cables allowed 
for circulating current (red)



High temperatures allowed oil to High temperatures allowed oil to 
“b eakdo n” p od cing H“b eakdo n” p od cing H pl s C Hpl s C H“breakdown”, producing H“breakdown”, producing H2 2 plus C , Hplus C , H22

“attacked” Cu O to produce H“attacked” Cu O to produce H22O (steam)O (steam)



The end of the individual conductor The end of the individual conductor 
strands had been broken by escaping strands had been broken by escaping 

steam, so under magnification it looked steam, so under magnification it looked , g, g
like a series of “rivers” and formed.like a series of “rivers” and formed.



Tap Changer FailureTap Changer Failure

in Brazilin Brazilin Brazilin Brazil



Transformer TapsTransformer TapsTransformer TapsTransformer Taps



Tap Changer Barrier Board Tap Changer Barrier Board 
with one tap selectedwith one tap selected



 On arrival the 
epoxy barrier 
board was in 
numerous 
pieces.

 Assembling Assembling 
them as a 
jigsaw resultedjigsaw resulted 
in…..



Tapchanger Barrier Board FailureTapchanger Barrier Board Failurep gp g
 Products of the failure on both sides of the 

board indicating mechanical failure beforeboard, indicating mechanical failure before 
electrical failure 

 Front

 Back



Detailed ExaminationDetailed ExaminationDetailed ExaminationDetailed Examination

 From inside the transformer tank looking From inside the transformer tank, looking 
into a cooling tube showed a “tide mark” 



On questioning, it was admitted that the valve On questioning, it was admitted that the valve 
to the conservator had been always closedto the conservator had been always closed





Generator Generator 
TransformerTransformer



TransformerTransformer
Tank after Tank after 
LV Winding LV Winding 
Failure andFailure andFailure and Failure and 

FireFire



 Damage to Damage to 
Core 
laminationslaminations 
from hot 
plasma gasplasma gas 
emanating 
from belowfrom below



 LV busbars 
of end 
phase, 
forced 
apart by 
short 
circuit 
forces



Converter transformer with the valve Converter transformer with the valve 
i di t t thi di t t thwinding next to the corewinding next to the core



Collapse of a converter Collapse of a converter 
f l i dif l i ditransformer valve windingtransformer valve winding



The Valve The Valve 
WindingWindingWinding Winding 
Collapsed Collapsed pp
into the into the 

supportingsupportingsupporting supporting 
insulationinsulation



Impedance valve to tap section on Impedance valve to tap section on 
ti ll ll d h lti ll ll d h lpartially collapsed phase lowerpartially collapsed phase lower



Wh t i dWh t i dWhen stripped When stripped 
down another down another 
phase of the phase of the 
transformertransformertransformer transformer 

showed signs showed signs 
of initial of initial 
collapsecollapsecollapsecollapse



Generator transformers,Generator transformers,
33--phase 3phase 3--windingwinding



HighgateHighgate Converter Converter 
f 3f 3 h 3h 3 i dii ditransformers, 3transformers, 3--phase 3phase 3--windingwinding



Insulation damage inside LVInsulation damage inside LVInsulation damage inside LVInsulation damage inside LV



Harmonic Flux overheated end Harmonic Flux overheated end 
’ 0’ 0°°CCturns on LV’s to over 150turns on LV’s to over 150°°CC



End of XEnd of X11 windingwindingEnd of XEnd of X11 windingwinding



Reference:
 Thermal problems caused by Thermal problems caused by 

harmonic frequency leakage fluxes in 
3-phase 3 winding converter3-phase, 3 winding converter 

transformers 
by 

 Forrest & Allard Forrest & Allard 
 IEEE Transactions on Power Delivery Jan 2004



HighgateHighgate TransformerTransformer on teston testHighgateHighgate Transformer Transformer on teston test



Th k fThank you for 
your attention


