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Diagnostics — Why?

m Current transformer

Winding

m Lead exit

38% ® Insulation

m Electrical screen

m Bushings

m Core / magnetic circuit
m Flux shunts
E Tank

m Cooling unit

m Tap Changer

Source: DEVELOPMENT AND RESULTS OF A WORLDWIDE TRANSFORMER RELIABILITY SURVEY” CIGRE SC A2 COLLOQUIUM 20135, Shanghai

CIGRE WG A2.37:
Transformer failure
statistics
= 22.000 grid transformers
= 150.000 service years
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Diagnostics — Why?

Manufacturing

Manufacturing
Test

Temporary / Periodic
Monitoring Solutions

Continuous
Monitoring Solutions

Commissioning

Commissioning
Test

Preventing Early Failure

Temporary Monitoring

Ensuring Reliable Operation

Periodic Condition-Based Monitoring

Extending Lifetime
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State-of-the-Art Diagnostics

(Liquid) Insulation

Core

Bushings_,

CTs

On-Load Tap Changer (OLTC)

T 4/ Windings




State-of-the-Art Diagnostics

» OFFLINE tests: transformer de-energized

= Conventional: turns ratio, winding resistance, short-circuit impedance
Capacitance & loss factor: C & dissipation/power factor (DF/PF)
Dielectric response: frequency domain spectroscopy (FDS) & PDC
Frequency response analysis: FRA
Partial Discharge (PD)
Dissolved Oil-in Gas Analysis (DGA)
Dynamic resistance measurement (DRM)

= ONLINE tests: transformer in operation
= temperature monitoring
= Online-DGA
= Partial Discharge
= tan(d)/C on bushings
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Dete able

Partial breakdown between capacitive graded layers,

cracks in resin-bonded insulation ~ ! - -
Bushings Aging and moisture ingress = " &
Open or compromised measuring tap connection ™ ™
Partial discharges in insulation " ™
Current ratio or phase error considering burden,
excessive residual magnetism, non-compliance to =
relevant IEEE or |IEC standard
CTs
Burden-dependent current ratio and phase displacement =
Shorted turns =
Contact problems ™ ™
Leads
Mechanical deformation ™
Contact problems in tap selector and at diverter switch » " -
Open circuit, shorted turns, or high resistance connections
Tap changer in the OLTC preventative autotransformer - - -
Contact problems in the DETC = = =
Moisture in solid insulation ™ " "
Insulation Aging, moisture, contamination of insulation fluids = - a
Partial discharges [ = ]
Short-circuits between windings or between turns n - " n
Strand-to-strand short-circuits ™ u
Open circuits in parallel strands - - -
Windings pov—
Short-circuit to ground = " "
Mechanical deformation . n " ™
Contact problems, open circuits " .
Mechanical deformation [] k) -
Floating core ground . - -
Core 5
Shorted core laminates " "
Residual magnetism " g n
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State-of-the-Art Diagnostics | Excitation Current

* no-load current measurement with low voltage during turns
ratio test or with 10 kV

= sensitive to remanence
= Detect: shorted core laminations, shorted turns, OLTC issues

Phase comparison exciting current tap position 13b

lap changer position '(”
e o &2 cigre




State-of-the-Art Diagnostics | Excitation Current

Example

= Vector group: Yznb
* TTR test passed

Fingerprint 3-phase TTR 120 VAC

Exciting current [A]

0,016
0,014
0,012
0,010

< 0,008
0,006
0,004
0,002
0,000

Phase A Phase B Phase C

12.598 mA 9.169 mA 14.445 mA

Comparison of fingerprint with shorted turns

0,350
0,300
0,250
0,200
0,150
0,100
0,050

0,000

158.756 mA

Exciting current [A]

Phase B Phase C

146.202 mA 304.773 mA

R
vz CIgrE
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State-of-the-Art Diagnostics | Leakage Impedance

= |leakage reactance or short-circuit test
between two windings

* no coupling between the windings via core,
only via air/oil gap
v assessment of the air/oil gap channel

Ry Xy X, R,
I, VA I,
Iexc e
Winding deformation (buckling) causing a change of leakage flux
- |
--." I
V RFE - XM Nl I NZ Sh t-circui t
J3 /" cigre
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State-of-the-Art Diagnostics | Leakage Reactance
Case Study

= 30 MVA YNyn6, 115 kV/34.5 kV transformer

* The transformer tripped out of service on a differential relay
v" DGA: hot spot involving cellulose

V AC

IAC  VAC

- | AC (A) Z (Q) 7 Zk (Q)
i (V) “ o (A) (V)
- Phase A 1.100 67 61.04 dm, Phase A 1.00 29.1 29.11
3 Phase B 1.097 66 60.75 o Phase B 1.00 319 31.89
S Phase C 1.115 64 57.77 g Phase C 099 288 28.81
(o1 rl
@ e
@ Relative Z, 6.79% Max. Deviation ~10%
i S A
- Nameplate Z, 6.60% S A
. 0 (p cigre
Deviation -2.85% Vo o D



State-of-the-Art Diagnostics | Leakage Reactance
Case Study

Bulge on LV winding of Phase B
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State-of-the-Art Diagnostics | Demagnetization

= several measurements/tests are sensitive to
remanence

= Remanence increase inrush and mechanical
force on reinforcements

» Methods for demagnetization:
v heat up above Curie temperature
v’ strong vibration force on the core
v" allying an opposing magnetic field
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Grain oriented electrical steel sample placed inside an electromagnet.
Magneto-optical images recorded with the CMOS-MagView; Source:
Matesy GmbH



State-of-the-Art Diagnostics | Demagnetization
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Advanced Diagnostics | Frequency Response of Stray Losses

» Frequency Response of Stray Losses 1 5 |
= frequency weep: 15 Hz — 490 Hz ; 13 .3, .
= carried out per phase T 3

o=

» Shorted strands result in higher losses, particularly
visible at higher frequencies

» Eddy losses are frequency dependent

» Such faults are not detectable by transformer ratio
or winding resistance tests
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Advanced Diagnostics | Frequency Response of Stray Losses

» Used to detect shorted parallel strands of continuously transposed
conductors (CTC)

» CTC’s are used in transformers with higher power rating to reduce
losses caused by skin effect and eddy currents

i :._3' K)raftp;rinsulation

Film insulation

Transposed conductors

Example of CTC conductors
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Advanced Diagnostics | Frequency Response of Stray Losses

» Assessment of FRSL measurements:
v' Phase-to-phase comparison* or fingerprint
v AR .x = 15 %
vV AL =2.5%
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* CIGRE TB455, Guide for Transformer Maintenance, 2011



Advanced Diagnostics | Frequency Response of Stray Losses

» Case Study
v 40 MVAYd, 121 kV/12.85 kV transformer
v' measurement triggered by gassing, indicating a hot spot
v no other electrical standard test showed a fault

30 1

[R]
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o
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Resistance (ohms)

(93]
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0 200 400 600 $:/'l‘ CIg'e

Frequency (Hz)

Resistance vs. frequency for the 40-NMVA transformer



Advanced Diagnostics | Frequency Response Analysis

* |[FRA impulse FRA:

v' derive frequency from a
Fourier transformer of an
Impulse

= SFRA sweep FRA

v' use sinusoidal signal
with variable frequency




Advanced Diagnostics | Frequency Response Analysis

Band pass
Low pass ‘l'
l N
\Ml\vf\//\/
) 1
band stop
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Advanced Diagnostics | Frequency Response Analysis

» frequency weep: 20 Hz — 2 MHz
= voltage amplitude: 10V,

= 4 different tests

v' end-to-end open circuit
v' end-to-end short-circuit
v end-to-end capacitive
v" end-to-end inductive

= detect mechanical deformations
* Fingerprint method

= Sister unit comparison & phase comparison can be
used with caution




Advanced Diagnostics | Moisture Analysis

= Moisture in transformers:
v reduced PD inception voltage
v reduced breakdown voltage
v" bubble evolution from wet paper
v Accelerated aging of cellulose due to
depolymerization by hydrolysis
= more water in cellulose than in oll

v' temperature increase causes release of water
from cellulose into oil

v' 150 MVA, 7 t cellulose, 70 t mineral oil, 20° C,
3%wt. 2> 210 kg water

water saturation in ppm

N
o
o

20 30 40 50 60 70 80

temperature in °C
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Advanced Diagnostics | Moisture Analysis

» dielectric spectroscopy
v’ capacitance & tan(0)

v frequency range: 10 yHz - 5 kHz @ 200 V

peak

moderately
wet

* moisture analysis
v' comparing measurement data with a database

v" model curve close to measurement curve with help of 0 10 20 20 20
oil cond UCtiVity and geometry data water in oil relative to saturation in %
according to IEC 60422

water content in paper in wt.%
w

o
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Advanced Diagnostics | Moisture Analysis

* moisture analysis

v’ comparing measurement
data with a database

XY model —~
v model curve close to
measurement curve with oi Sreeas

help of oil conductivity and

Barriers
geometry data
M v
Comparison
T

‘‘‘‘‘‘‘‘‘‘‘‘ > '04 \
= _ ":/ )‘l‘ CIge

MOIstu re e For power system expertise
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Advanced Diagnostics | Moisture Analysis

1 mHz

Temperature g2 °C
Geometry

Barriers (X) 29 %

Spacers (Y) 40 %

Use asset specific limits in moisture analysis

Insulation material

Mineral oil impregnated pressboard v
Oil
Conductivity 5,5 pS/m
T
Conductivity @ 20°C 5.0 pS/m
Category good :
£r (50 Hz) 2| ¢
Compensation of aging ® yes '
by-products Ono ;
Cellulose
Moisture 2,0%
1 1 1 1 [ [ 1 1
Category dry
Moisture saturation 5.1% :
Bubbling inception temp. 156.0 °C

100

31,62

10

3,162

0,316

%

%

10 mHz
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Advanced Diagnostics | Capacitance & Power Factor

= e. g. two windings create a capacitance
together with the insulation

» capacitances can be measured from
terminals (include bushings!)

High voltage

source

For power system expertise




Advanced Diagnostics | Capacitance & Power Factor

» Dissipation Factor & Power Factor

I
tand = —=
IC

cos @ =

I

Itest

o

o

oD

(o,

(72]

Q

%

= <:Teﬁ
S |
e C
Ko

T Test

I object



Advanced Diagnostics | Capacitance & Power Factor

Short circuit to ground

Mechanical deformation

Change of the geometry between winding
Displacement

Windings

o O O O

o Mechanical deformation
o Floating core to ground

Dissipation/ Power factor (DF/PF)

o Moisture in solid insulation
Insulation o Ageing products, moisture, contamination of
insulation fluids =

4»
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Advanced Diagnostics | Capacitance & Power Factor
Case Study: 220 kV Bushing stored outside

Dissipation / Power factor

0.85 %

0.75 %

0.65 %

0.55 %

0.45 %

0.35 %

0.25 %

——after removing from TR
3 months after removing
——6 months afetr removing

—

0.0 Hz 100.0 Hz

200.0 Hz

300.0Hz 400.0 Hz

500.0 Hz
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after removing from TR

3 months after removing

6 months afetr removing

Dissipation / Power factor

0.291023339

0.4315154374

0.7974804119

0.3057665981

0.4190532973

0.6960877238

0.3431236198

0.4232143872

0.5805998861

0.3737723752

0.4361305262

0.5530876595

0.4187934496

0.4578793567

0.5409821851

0.4534868328

0.4762366331

0.5444865418

0.4766432321

0.4895239873

0.5522003453
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31.03.2004

15.07.2004

08.10.2004

Tan Delta

220kV RIP Bushing stored outside

0.291023339

0.4315154374

0.7974804119

0.3057665981

0.4190532973

0.6960877238

0.3431236198

0.4232143872

0.5805998861

0.3737723752

0.4361305262

0.5530876595

0.4187934496

0.4578793567

0.5409821851

0.4534868328

0.4762366331

0.5444865418

0.4766432321

0.4895239873

0.5522003453
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Results_B
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31.03.2004

15.07.2004

08.10.2004

08.04.2005

Tan Delta

220kV RIP Bushing stored outside

0.291023339

0.4315154374

0.7974804119

0.6215950466

0.3057665981

0.4190532973

0.6960877238

0.5518010198

0.3431236198

0.4232143872

0.5805998861

0.5131047239

0.3737723752

0.4361305262

0.5530876595

0.517793872

0.4187934496

0.4578793567

0.5409821851

0.5351897988

0.4534868328

0.4762366331

0.5444865418

0.547738987

0.4766432321

0.4895239873

0.5522003453

0.5602167268



2004-03-31

		17		17		17		17

		30		30		30		30

		80		80		80		80

		130		130		130		130

		230		230		230		230

		330		330		330		330

		400		400		400		400



31.03.2004

15.07.2004

08.10.2004

08.04.2005

C

220kV RIP Bushing stored outside

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000005

0.0000000004

0.0000000005

0.0000000005

0.0000000005

0.0000000004

0.0000000005

0.0000000005

0.0000000005

0.0000000004

0.0000000005

0.0000000005

0.0000000005



2004-07-15
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31.03.2004

15.07.2004

08.10.2004

08.04.2005

Rp

220kV RIP Bushing stored outside

7117417243.45582

4761865099.29038

2572811221.62813

3305471664.72943

3843107269.11579

2782793908.78934

1674160285.19595

2113753549.10364

1286671872.53064

1035836822.24028

755300985.251593

854884668.062176

727603405.939132

619323409.665608

488669891.674004

522061829.586139

367531692.139033

333939217.166768

282888868.161108

285994013.794589

236784303.324678

224004048.706653

196118730.174249

194993208.762979

185955486.929078

179889844.367925

159635331.974536

157387013.440211
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31.03.2004

15.07.2004

08.10.2004

08.04.2005

Rs

220kV RIP Bushing stored outside

60280.1585871625

88666.9307578655

163613.958141501

127712.012514358

35930.1085482864

48866.5796309505

81115.5172313615

64358.5312051371

15148.3009191862

18552.5842783863

25460.0530472075

22506.5081715651

10164.8987418673

11779.9163471378

14948.2459136898

13996.6502316769

6445.9500759578

7001.005964295

8278.8321133992

8191.4381641118

4869.3763398217

5080.3264115846

5814.0732198372

5849.971699949

4224.6038705134

4310.6642161386

4867.5354696879

4939.3227813249



2005-04-08

		TanDelta:		1b A (f)

		Date/Time:		3/31/04 14:57

		Overload:		NO

		Assessment:		OK

		CPTD:		AK155D

		Calib.Nr.:		41.3

		by:		AAA

		Calibration Date:		NO

		Mode:		UST-A

		Bandwith:		20 Hz

		Averaging:		10

		Auto Assessment:		C ref		DF ref / PF ref		dC		dDF / dPF

				4.500000E-10  F		37.0 %		500.0 %		2

		external CT:		No Data

		Temperature Compensation:		K		T oil		T ambient		relative Humidity

				0.94		20.0  °C		17.0  °C		4,000.0 %

		measured Results:

		Vtest		Vout		Iout		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q		Fidelity Fault Type

		4,000.0 V		4,012.217 V		0.000194 A		17.0 Hz		n/a		4.519818E-10  F		n/a		29.10233 %		29.10221 %		0.002262 W		0.01405 W		0.777175 VAr		0.777178 VA		20713257.594  Ohm		-89.83 °		7117417243.456  Ohm		60280.159  Ohm		343.615053 :1		-

		4,000.0 V		4,013.59 V		0.000342 A		30.0 Hz		n/a		4.514673E-10  F		n/a		30.57666 %		30.57652 %		0.004192 W		0.026021 W		1.370861 VAr		1.370868 VA		11750883.428  Ohm		-89.82 °		3843107269.116  Ohm		35930.109  Ohm		327.046841 :1		-

		4,000.0 V		4,013.595 V		0.000909 A		80.0 Hz		n/a		4.506213E-10  F		n/a		34.31236 %		34.31216 %		0.01252 W		0.07772 W		3.648789 VAr		3.648811 VA		4414849.115  Ohm		-89.8 °		1286671872.531  Ohm		15148.301  Ohm		291.440152 :1		-

		4,000.0 V		4,013.345 V		0.001476 A		130.0 Hz		n/a		4.501682E-10  F		n/a		37.37724 %		37.37698 %		0.022137 W		0.137438 W		5.922583 VAr		5.922624 VA		2719561.536  Ohm		-89.79 °		727603405.939  Ohm		10164.899  Ohm		267.542512 :1		-

		4,000.0 V		4,013.964 V		0.002608 A		230.0 Hz		n/a		4.495703E-10  F		n/a		41.87934 %		41.87898 %		0.043838 W		0.272085 W		10.467723 VAr		10.467815 VA		1539185.154  Ohm		-89.76 °		367531692.139  Ohm		6445.95  Ohm		238.781194 :1		-

		4,000.0 V		4,008.878 V		0.003733 A		330.0 Hz		n/a		4.491471E-10  F		n/a		45.34868 %		45.34822 %		0.067872 W		0.422325 W		14.966773 VAr		14.966927 VA		1073774.597  Ohm		-89.74 °		236784303.325  Ohm		4869.376  Ohm		220.513569 :1		-

		4,000.0 V		3,999.299 V		0.004512 A		400.0 Hz		n/a		4.489084E-10  F		n/a		47.66432 %		47.66378 %		0.086012 W		0.537763 W		18.045349 VAr		18.045554 VA		886334.175  Ohm		-89.73 °		185955486.929  Ohm		4224.604  Ohm		209.800524 :1		-

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom

		compensated Results:

		Vtest		Vout		Iout		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q

		4,000.0 V		4,012.217 V		0.000194 A		17.0 Hz		OK		4.519820E-10  F		0.000000E+00  H		27.35618 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		4,000.0 V		4,013.59 V		0.000342 A		30.0 Hz		OK		4.514676E-10  F		0.000000E+00  H		28.74204 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		4,000.0 V		4,013.595 V		0.000909 A		80.0 Hz		OK		4.506216E-10  F		0.000000E+00  H		32.2536 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		4,000.0 V		4,013.345 V		0.001476 A		130.0 Hz		OK		4.501686E-10  F		0.000000E+00  H		35.13457 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		4,000.0 V		4,013.964 V		0.002608 A		230.0 Hz		OK		4.495708E-10  F		0.000000E+00  H		39.36654 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		4,000.0 V		4,008.878 V		0.003733 A		330.0 Hz		OK		4.491476E-10  F		0.000000E+00  H		42.62771 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		4,000.0 V		3,999.299 V		0.004512 A		400.0 Hz		OK		4.489090E-10  F		0.000000E+00  H		44.8044 %		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a		n/a

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom





		TanDelta:		1b A (f)

		Date/Time:		7/15/04 13:21

		Overload:		NO

		Assessment:		N/A

		CPTD:		AK158D

		Calib.Nr.:		28

		by:		Omicron electronics; Factory Calibration

		Calibration Date:		12/2/04

		Mode:		UST-A

		Bandwith:		20 Hz

		Averaging:		10

		Auto Assessment:		C ref		DF ref / PF ref		dC		dDF / dPF

				No Data		No Data		No Data		No Data

		external CT:		No Data

		Temperature Compensation:		k		T oil		T ambient		relative Humidity

				1		20.0  °C		20.0  °C		1,500.0 %

		measured Results:

		Vtest		Vout		Iout		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q		Fidelity Fault Type

		4,000.0 V		3,992.209 V		0.000194 A		17.0 Hz		n/a		4.556148E-10  F		n/a		43.15154 %		43.15114 %		0.003347 W		0.021 W		0.775627 VAr		0.775635 VA		20547991.703  Ohm		-89.75 °		4761865099.29  Ohm		88666.931  Ohm		231.74142 :1		-

		4,000.0 V		3,991.227 V		0.000342 A		30.0 Hz		n/a		4.549342E-10  F		n/a		41.90533 %		41.90496 %		0.005724 W		0.035935 W		1.366037 VAr		1.366049 VA		11661287.242  Ohm		-89.76 °		2782793908.789  Ohm		48866.58  Ohm		238.63313 :1		-

		4,000.0 V		3,991.083 V		0.00091 A		80.0 Hz		n/a		4.538145E-10  F		n/a		42.32144 %		42.32106 %		0.015378 W		0.09654 W		3.633538 VAr		3.63357 VA		4383771.201  Ohm		-89.76 °		1035836822.24  Ohm		18552.584  Ohm		236.286863 :1		-

		4,000.0 V		3,990.526 V		0.001477 A		130.0 Hz		n/a		4.532552E-10  F		n/a		43.61305 %		43.61264 %		0.025712 W		0.161467 W		5.895576 VAr		5.895632 VA		2701032.758  Ohm		-89.75 °		619323409.666  Ohm		11779.916  Ohm		229.289155 :1		-

		4,000.0 V		3,990.684 V		0.00261 A		230.0 Hz		n/a		4.525575E-10  F		n/a		45.78794 %		45.78746 %		0.04769 W		0.299456 W		10.415405 VAr		10.415514 VA		1529022.711  Ohm		-89.74 °		333939217.167  Ohm		7001.006  Ohm		218.39814 :1		-

		4,000.0 V		3,991.839 V		0.003742 A		330.0 Hz		n/a		4.520927E-10  F		n/a		47.62366 %		47.62312 %		0.071136 W		0.446421 W		14.937137 VAr		14.937306 VA		1066777.242  Ohm		-89.73 °		224004048.707  Ohm		5080.326  Ohm		209.979647 :1		-

		4,000.0 V		3,993.359 V		0.004535 A		400.0 Hz		n/a		4.518346E-10  F		n/a		48.9524 %		48.95181 %		0.088648 W		0.555896 W		18.10907 VAr		18.109287 VA		880593.388  Ohm		-89.72 °		179889844.368  Ohm		4310.664  Ohm		204.280081 :1		-

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom

		compensated Results:

		Vtest		Vout		Iout		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q

		4,000.0 V		3,992.209 V		0.000194 A		17.0 Hz		N/A		4.556148E-10  F		n/a		43.15154 %		43.15114 %		0.003347 W		0.021 W		0.775627 VAr		0.775635 VA		20547991.703  Ohm		-89.75 °		4761865099.29  Ohm		88666.931  Ohm		231.74142 :1

		4,000.0 V		3,991.227 V		0.000342 A		30.0 Hz		N/A		4.549342E-10  F		n/a		41.90533 %		41.90496 %		0.005724 W		0.035935 W		1.366037 VAr		1.366049 VA		11661287.242  Ohm		-89.76 °		2782793908.789  Ohm		48866.58  Ohm		238.63313 :1

		4,000.0 V		3,991.083 V		0.00091 A		80.0 Hz		N/A		4.538145E-10  F		n/a		42.32144 %		42.32106 %		0.015378 W		0.09654 W		3.633538 VAr		3.63357 VA		4383771.201  Ohm		-89.76 °		1035836822.24  Ohm		18552.584  Ohm		236.286863 :1

		4,000.0 V		3,990.526 V		0.001477 A		130.0 Hz		N/A		4.532552E-10  F		n/a		43.61305 %		43.61264 %		0.025712 W		0.161467 W		5.895576 VAr		5.895632 VA		2701032.758  Ohm		-89.75 °		619323409.666  Ohm		11779.916  Ohm		229.289155 :1

		4,000.0 V		3,990.684 V		0.00261 A		230.0 Hz		N/A		4.525575E-10  F		n/a		45.78794 %		45.78746 %		0.04769 W		0.299456 W		10.415405 VAr		10.415514 VA		1529022.711  Ohm		-89.74 °		333939217.167  Ohm		7001.006  Ohm		218.39814 :1

		4,000.0 V		3,991.839 V		0.003742 A		330.0 Hz		N/A		4.520927E-10  F		n/a		47.62366 %		47.62312 %		0.071136 W		0.446421 W		14.937137 VAr		14.937306 VA		1066777.242  Ohm		-89.73 °		224004048.707  Ohm		5080.326  Ohm		209.979647 :1

		4,000.0 V		3,993.359 V		0.004535 A		400.0 Hz		N/A		4.518346E-10  F		n/a		48.9524 %		48.95181 %		0.088648 W		0.555896 W		18.10907 VAr		18.109287 VA		880593.388  Ohm		-89.72 °		179889844.368  Ohm		4310.664  Ohm		204.280081 :1

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom





		TanDelta:		1b A (f)

		Date/Time:		8/10/04 8:51

		Overload:		NO

		Assessment:		N/A

		CPTD:		BD172E

		Calib.Nr.:		21

		by:		Omicron electronics; Factory Calibration

		Calibration Date:		9/17/04

		Mode:		UST-A

		Bandwith:		20 Hz

		Averaging:		10

		Auto Assessment:		C ref		DF ref / PF ref		dC		dDF / dPF

				No Data		No Data		No Data		No Data

		external CT:		No Data

		Temperature Compensation:		k		T oil		T ambient		relative Humidity

				1		20.0  °C		20.0  °C		1,500.0 %

		measured Results:

		Vtest		Vout		Iout		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q		Fidelity Fault Type

		4,000.0 V		4,006.21 V		0.000195 A		17.0 Hz		n/a		4.562924E-10  F		n/a		79.74804 %		79.74551 %		0.006238 W		0.038868 W		0.782239 VAr		0.782264 VA		20517013.124  Ohm		-89.54 °		2572811221.628  Ohm		163613.958  Ohm		125.394929 :1		-

		4,000.0 V		4,010.171 V		0.000344 A		30.0 Hz		n/a		4.552373E-10  F		n/a		69.60877 %		69.60709 %		0.009606 W		0.059731 W		1.379954 VAr		1.379988 VA		11653341.901  Ohm		-89.6 °		1674160285.196  Ohm		81115.517  Ohm		143.660054 :1		-

		4,000.0 V		4,010.374 V		0.000915 A		80.0 Hz		n/a		4.536628E-10  F		n/a		58.05999 %		58.05901 %		0.021294 W		0.132398 W		3.667522 VAr		3.667584 VA		4385202.749  Ohm		-89.67 °		755300985.252  Ohm		25460.053  Ohm		172.235652 :1		-

		4,000.0 V		4,010.47 V		0.001484 A		130.0 Hz		n/a		4.529677E-10  F		n/a		55.30877 %		55.30792 %		0.032914 W		0.204637 W		5.950877 VAr		5.950968 VA		2702731.528  Ohm		-89.68 °		488669891.674  Ohm		14948.246  Ohm		180.803166 :1		-

		4,000.0 V		4,010.164 V		0.00262 A		230.0 Hz		n/a		4.521614E-10  F		n/a		54.09822 %		54.09743 %		0.056847 W		0.353496 W		10.508131 VAr		10.508285 VA		1530355.987  Ohm		-89.69 °		282888868.161  Ohm		8278.832  Ohm		184.848971 :1		-

		4,000.0 V		4,004.663 V		0.00375 A		330.0 Hz		n/a		4.516479E-10  F		n/a		54.44865 %		54.44785 %		0.081774 W		0.509895 W		15.018475 VAr		15.018698 VA		1067824.263  Ohm		-89.69 °		196118730.174  Ohm		5814.073  Ohm		183.659269 :1		-

		4,000.0 V		4,014.586 V		0.004554 A		400.0 Hz		n/a		4.513718E-10  F		n/a		55.22003 %		55.21919 %		0.100961 W		0.626428 W		18.283357 VAr		18.283636 VA		881493.415  Ohm		-89.68 °		159635331.975  Ohm		4867.535  Ohm		181.093693 :1		-

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom

		compensated Results:

		Vtest		Vout		Iout		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q

		4,000.0 V		4,006.21 V		0.000195 A		17.0 Hz		N/A		4.562924E-10  F		n/a		79.74804 %		79.74551 %		0.006238 W		0.038868 W		0.782239 VAr		0.782264 VA		20517013.124  Ohm		-89.54 °		2572811221.628  Ohm		163613.958  Ohm		125.394929 :1

		4,000.0 V		4,010.171 V		0.000344 A		30.0 Hz		N/A		4.552373E-10  F		n/a		69.60877 %		69.60709 %		0.009606 W		0.059731 W		1.379954 VAr		1.379988 VA		11653341.901  Ohm		-89.6 °		1674160285.196  Ohm		81115.517  Ohm		143.660054 :1

		4,000.0 V		4,010.374 V		0.000915 A		80.0 Hz		N/A		4.536628E-10  F		n/a		58.05999 %		58.05901 %		0.021294 W		0.132398 W		3.667522 VAr		3.667584 VA		4385202.749  Ohm		-89.67 °		755300985.252  Ohm		25460.053  Ohm		172.235652 :1

		4,000.0 V		4,010.47 V		0.001484 A		130.0 Hz		N/A		4.529677E-10  F		n/a		55.30877 %		55.30792 %		0.032914 W		0.204637 W		5.950877 VAr		5.950968 VA		2702731.528  Ohm		-89.68 °		488669891.674  Ohm		14948.246  Ohm		180.803166 :1

		4,000.0 V		4,010.164 V		0.00262 A		230.0 Hz		N/A		4.521614E-10  F		n/a		54.09822 %		54.09743 %		0.056847 W		0.353496 W		10.508131 VAr		10.508285 VA		1530355.987  Ohm		-89.69 °		282888868.161  Ohm		8278.832  Ohm		184.848971 :1

		4,000.0 V		4,004.663 V		0.00375 A		330.0 Hz		N/A		4.516479E-10  F		n/a		54.44865 %		54.44785 %		0.081774 W		0.509895 W		15.018475 VAr		15.018698 VA		1067824.263  Ohm		-89.69 °		196118730.174  Ohm		5814.073  Ohm		183.659269 :1

		4,000.0 V		4,014.586 V		0.004554 A		400.0 Hz		N/A		4.513718E-10  F		n/a		55.22003 %		55.21919 %		0.100961 W		0.626428 W		18.283357 VAr		18.283636 VA		881493.415  Ohm		-89.68 °		159635331.975  Ohm		4867.535  Ohm		181.093693 :1

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom





		TanDelta:		TanDelta				Temperatur: 8°C		Korr.Faktor:		1.0416666667

		Date/Time:		8/4/05 10:58

		Overload:		NO

		Assessment:		N/A

		CPTD:		AK153D

		Calib.Nr.:		54

		by:		Omicron electronics; default calibration data by CMSU

		Calibration Date:		5/17/04

		Mode:		UST-A

		Bandwith:		20 Hz

		Averaging:		5

		Auto Assessment:		C ref		DF ref / PF ref		C ref +/-		DF ref / PF ref   x

				No Data		No Data		No Data		No Data

		External CT - Ratio:		No Data

		Temperature Compensation:		k		T oil		T ambient		relative Humidity

				No Data		No Data		No Data		No Data

		measured Results:

		Vtest		Vmeas		Imeas		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q		Fidelity Fault Type

		4,000.0 V		4,007.14 V		0.000195 A		17.0 Hz		N/A		4.556488E-10  F		n/a		62.1595 %		62.1583 %		0.004858 W		0.030253 W		0.781498 VAr		0.781514 VA		20546251.206  Ohm		-89.64 °		3305471664.729  Ohm		127712.013  Ohm		160.876443 :1		-

		4,000.0 V		4,005.855 V		0.000343 A		30.0 Hz		N/A		4.548435E-10  F		n/a		55.1801 %		55.17926 %		0.007592 W		0.047309 W		1.375795 VAr		1.375816 VA		11663536.074  Ohm		-89.68 °		2113753549.104  Ohm		64358.531  Ohm		181.224747 :1		-

		4,000.0 V		4,006.885 V		0.000913 A		80.0 Hz		N/A		4.535411E-10  F		n/a		51.31047 %		51.3098 %		0.01878 W		0.116975 W		3.660161 VAr		3.660209 VA		4386395.874  Ohm		-89.71 °		854884668.062  Ohm		22506.508  Ohm		194.891989 :1		-

		4,000.0 V		4,006.869 V		0.001482 A		130.0 Hz		N/A		4.528954E-10  F		n/a		51.77939 %		51.77869 %		0.030753 W		0.191548 W		5.939249 VAr		5.939328 VA		2703167.924  Ohm		-89.7 °		522061829.586  Ohm		13996.65  Ohm		193.127044 :1		-

		4,000.0 V		4,006.984 V		0.002618 A		230.0 Hz		N/A		4.520927E-10  F		n/a		53.51898 %		53.51821 %		0.056141 W		0.349658 W		10.48988 VAr		10.490031 VA		1530588.867  Ohm		-89.69 °		285994013.795  Ohm		8191.438  Ohm		186.8496 :1		-

		4,000.0 V		4,001.557 V		0.003747 A		330.0 Hz		N/A		4.515575E-10  F		n/a		54.7739 %		54.77308 %		0.082118 W		0.512838 W		14.992187 VAr		14.992412 VA		1068037.805  Ohm		-89.69 °		194993208.763  Ohm		5849.972  Ohm		182.568709 :1		-

		4,000.0 V		4,006.318 V		0.004544 A		400.0 Hz		N/A		4.512687E-10  F		n/a		56.02167 %		56.02079 %		0.101982 W		0.635377 W		18.203967 VAr		18.204252 VA		881694.539  Ohm		-89.68 °		157387013.44  Ohm		4939.323  Ohm		178.502346 :1		-

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom

		compensated Results:

		Vtest		Vmeas		Imeas		Frequency		Assessment		Cp		Ls		DF		PF		Pt		P@10kV		Qt		St		Zabs		Zphase		Rp		Rs		Q

																64.74948 %

																57.47927 %

																53.44841 %

																53.93686 %

																55.74894 %

																57.05614 %

																58.35591 %

		! = Reduced Voltage; ? = Reduced Accuracy (Fidelity Fault Type); * = Measured by fnom






Advanced Diagnostics | PD Measurement

* on dry-type transformers with cast-resin insulation are available
exceeding 50 kV

» DF/PF has very limited use for dry-type transformers, due to the
leakage currents on the insulation surface.

» Reliable diagnostic measurement so far: partial discharge (PD)
measurement

* Induced voltage (IVPD) test at higher frequencies (mitigate saturation)
» Single-phase excitation with mobile test equipment
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Advanced Diagnostics | PD Measurement
23.57 KV, _y | rated: 13.6 KV, _y

Measurement Setup

* Induced Voltage Test with o ‘

Partial Discharge
Measurement (IVPD)
v factory: 3-phase
v' on-site: 1-phase

» Advantage of IVPD: stress
turn-to-turn insulation

v’ caution: not overstress line-

to-ground insulation v

0.5xV,

0.5xV,
L

0.5 x V¢

o 0.5x Vg

105 : UR = 24'2 VL—N

URMSJU

23,57 kV

Qgewwchtet

18,75 pC
Frequenzintegration
bei 140 kHz £ 50 kHz

fAC w
100,00 Hz
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Advanced Diagnostics | PD Measurement

Measurement Setup 14.64 kV;_y | rated: 13.6 kV;_y

» Advantage of IVPD: stress =
turn-to-turn insulation

v' caution: not overstress line-
to-ground insulation

v best practice: use other two
coils as voltage dividers

URMSJU

14,64 kV

1,885 pC

Frequenzintegration
bei 140 kHz £ 50 kHz

facw
100,00 Hz

O)

1

0.5x Vp

0.5x Vp
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(XX “: !iﬂh‘!
PD Meas ‘:{&‘ I »
13 . UR — 300 VL—N
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Transformer Modelling | Motivation

. Orlgln of DC in the power grid
power electronics (e. g. HVDC, STATCOM,

Inverters)

geomagnetically induced currents (GICs)

corrosion protection systems

DC-powered public transportation system
= Effects of DC on transformers

increased sound
increased losses = heating

= Mitigation of DC
consider DC during the design stage
DC blocker in the transformer neutral

DC flux compensation system

! ! ! ! !
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Transformer Modelling | Motivation

. Orlgln of DC in the power grid

power electronics (e. g. HVDC, STATCOM,
Inverters)

= geomagnetically induced currents (GICs)
= corrosion protection systems
» DC-powered public transportation system

= Effects of DC on transformers

= increased sound oL " MW
1 . -10 | |
| j ‘ : | |

Credit: Dr. Alexander Pirker

increased losses - heating
= Mitigation of DC of e
= consider DC during the design stage | ‘ ‘ ‘

= DC blocker in the transformer neutral I S SUE S RE \| \SREOY bt

= DC flux compensation system "L

! ! ! ! ! ]
06:00 08:00 10:00 12:00 14:00 16:00 18:00 ' cl
uTC May 12, 2021 ‘l’
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Transformer Modelling | Model Overview (l)

Thermal Machine Learning physics-informed
neural network (PINN)

Electromagnetic Rule-based Systems proper orthogonal
Mechanical Evolutionary Algorithms decomposition (POD)

Types method with finite
Dielectric Knowledge Graphs

element (FE)

Sound Fuzzy Logic artificial neural
network (ANN)

Multi-physical
* Internal /external * Lifespan forecasting * Condition
(over-) voltages * Maintenance Assessment
* Network studies (condition-based, * Load Forecasting
* Design optimization predictive, * Increasing

replacement planning) robustness
* Risk Assessment

* Load Forecasting
* Fault Diagnostic



Transformer Modelling | Physical-based Models

Simulation Time &
Model Type Frequency Range Application Required Information

Design Study Design data (high) High

System interaction &

White Box 500-800 kHz ) . Design data (medium) High
internal overvoltage's
t int ti Desi ta (I
Grey Box DC-500 kHz System interaction esign data (low) & Small/High
Measurements
Black Box < 2 MHz System interaction Measurements Small

ey P T N T

Frequency Range DC -1 kHz 50/60 Hz — 10 kHz 10 kHz — 1 MHz 100 kHz — 50 MHz

7 cigre
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Transformer Modelling | Grey-Box Models

» Model components: only common components (inductor, resistor, capacitor, ideal
transformer,...)

. Modg{l structure: derived with the principle of duality between magnetic and electric
circuits

For power system expertise




Transformer Modelling | Model Structure

\
<
=
&

b2 NpiNgy BHY B

Lieg Chv
b1

retum leg &
oke
s
For power system expertise




Transformer Modelling | DC Hysteresis Test

1A 1 1B 1 1C
—= —=
Vol (o) Ve
= - < -
AC Saturation Test < - 7 -
41 P 41
> >
< |
Vqlq ) -
DC Hystgresis !/ ' ‘ ‘
Test i 7 1N
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Transformer Modelling | Model Opt

-5
><10

2
I ow
[ORN®)
O <
© ®
0w o
™ o™ |
o
1 1 1 1 1 1 1
© ~ N © o < © ©
1 1 1
SA Ul AHV
V Ul Juaiino
o
N
i NQ j mmoc@:vwmx g
D *
L ¢ * 1o
«©
t @ouanbag ﬁ
IIIIIII —_—— ] 2]
¢ edousnbag W > ] 3 .w
£
* (0]
= - O
<
* ()
* % Z 8ousnbag
= - O
I I A A S N
| @ouanbag
3
o
3 ° 3

A\ Ul abejjon

30

20

10

-10

-20

-30

currentin A

o
a2
B
=
o
a
x
@
£
5]
o
n
-
n
P
o
H
o
a
P
]
[id




Transformer Modelling | Use-Case 50 kVA Transformer

voltage in V

time in ms

T

SinVA 650.8 0.01

PinW 165.7 -7.07



Transformer Modelling | Use-Case 786 MVA Transformer
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currentin A
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voltage in kV

currentin A

Transformer Modelling | Use-Case 786 kVA Transformer

Saturation Curve vs. Hysteresis Model
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Power Transformers

Transformer
Digital Twin

State-of-
the-Art

Diagnostics

Advances
Diagnostics
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Transformer Digital Twin

* Definition"
v' virtual dynamic representation of a physical artefact or
system

v’ automized bidirectional data exchange between the
digital twin and physical asset

v twin entails data of all phases of the entire product
lifecycle

= JGW A2/D2.65 — Evaluate state-of-the art

* VDE Working Group for Digital Twins in energy
sector in general
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Transformer Digital Twin | Realization & Aspects

» Sensors: DGA, busing tap, vibration, partial discharge, voltage, current,...
= Data Acquisition: data integrity, store, pre-process, data quality,...
= Communication Infrastructure: robust, near real-time

* Modelling, Simulation, Data Analytics: validation, update models,
algorithms

» Visualization & User Interface: comprehensive, charts, dashboard,
alarms, actions 7
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Transformer Digital Twin | Model Types

* Physics-based models
v’ electromagnetic
v" mechanic
v thermal
v’ dielectric & degradation

» Data-driven models
v artificial intelligence based for complex situations

= Hybrid models combining data-driven and physics-based
models




Transformer Digital Twin | Applications & Bottle Necks

= Anomaly detection
» Diagnosis
* Prognosis

Credit: www.byjusfutureschool.com

= Predictive maintenance

» Standardization of
interfaces/data exchange

= Data quality validation
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Let’s sum up...

* Diagnostics
v Standard Tests: Excitation, Leakage, Demagnetization
v' Advance Tests: FRSL, SFRA, Moisture, C/PF, IVPD

* Transformer electromagnetic modelling

v Transformer no-load current calculation requires hysteresis models to
accurately reproduce the (measured) line currents

v" Modelling approach inherently in cooperates uncertainties by the
optimization of the hysteresis model parameters

* Transformer Digital Twin

v Standardization required -
v' Data validation and quality : C|g|'e
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Thanks for listening ;)

Dennis Albert | dennis.albert@omicronenergy.com
Webinar — 2024-06-26
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This tutorial has been prepared based upon
the work of CIGRE and its Working Groups.
If it is used in total or in part, proper
reference and credit should be given to
CIGRE.

Copyright &

Disclaimer notice . . .
Disclaimer notice

“CIGRE gives no warranty or assurance
about the contents of this publication, nor
does it accept any responsibility, as to the
. accuracy or exhaustiveness of the
information. All implied warranties and
conditions are excluded to the maximum

extent permitted by law”.
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