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Transformer Diagnostics

= Diagnostics is about collecting reliable information to
make the correct decision

= Making the correct decisions saves money

U SFRA
Oil analysis

Winding

Re?mi_(\()
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SFRA testing basics

Off-line test

B The transformer is seen as a complex
impedance circuit

B [Open] (“excitation current”) and
[Short] (“short-circuit impedance”)
responses are measured over a wide
frequency range and the results are
presented as magnitude response
curves (“filter response”)

B Changes in the impedance can be B e e
detected and compared over time, 1] L g

between test objects or within test

objects .

B The method is unique in its ability to
detect a variety of winding faults, core =
issues and other electrical faults in one
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Detecting Faults with SFRA

Winding faults
= Deformation
= Displacement
= Shorts

= Core related faults
= Movements
= Grounding
= Screens

= Mechanical faults/changes
= Clamping structures
= Connections

= And more...




Comparative tests

Desi

] .-):!*J‘.'ii_ W

Type based

Megger-.



SFRA Measurement philosophy

New measurement = Reference measurement
New measurement # Reference measurement
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SFRA Measurements
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SFRA test setup

T\
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FRAX measurement circuitry




SFRA Analysis
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SFRA analysis tools

B Visual/graphical analysis

-  Starting dB values for
— [Open] (excitation impedance/current)
—  [Short] (short-circuit impedance)

- The expected shape of star and delta configurations

«  Comparison of fingerprints from;
—  The same transformer (symmetry)
— A sister transformer
—  Symmetric phases

«  New/missing resonance frequencies
B Correlation analysis
« DL/T 911 2004 standard
« Customer/transformer specific
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Typical response from a healthy transformer
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Transformer with serious issues...
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FRAX
The Features And Benefits
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FRAX101 — Frequency Response Analyzer




FRAX101 — Frequency Response Analyzer

Power Input
11-16VDC,
internal battery
(FRAX101)

Bluetooth
On FRAX101

USB Port \
On all models \

Rugged Extruded
Aluminum Case

Most feature rich and accurate
SFRA unit in the world!

Generator
Reference
Measure
Connectors

Active Probe All Connectors
Connector on FRAX101 Panel Mounted
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News in FRAX 2.3 SW

= System integrity test (as recommended in GIGRE and other
standards) added in measurement templates and field test box FTB-
101 with defined response included as standard accessory

= Adjustable output voltage (FRAX101 and FRAX150)
= Extended frequency range 0.1 Hz — 25 MHz
= Standard (low-high) or reversed (high-low) frequency sweeps

= New fast and optimized default frequency sweep and detailed
description of alternative sweep settings

= |EEE, IEC and VDE standard measurement templates

= |Improved Doble and Omicron import including template data
= CIGRE standard *.xfra file export and import

= Standardized CSV export

= Doble export
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FRAX test setup

Optional Internal Battery
Over 8h effective run time

Easy to connect
shortest braid cables

Industrial grade class 1
Bluetooth (100m)
USB for redundancy

L
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Import formats
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k Measurement Settings

Basic Settings

Fast testing

Measurernent COveryview

Min Cyles Min Skip Time | Min Skip Cy... | Mode

Less points where it takes
time to test and where high
frequency resolution is not-rieeded

Start Freq Stop Freg PID IMin Time
200 S0 0.03
10000 73 0.03

100000 110 0.03

2eb

200

Bard Settings

Stop Freq PID Min Tirne

e s Joos i oot i
0.03 12

12 0.m 1 Logarithmic
1z 0.0 1 Logarithmic
12 0.01 1 Logarithmic

0.01 1 Logatithric

Min Cycles Min Skip Time  Min Skip Cycles Mode

| i 300000 175 0.03

12 0.0t L [Logarithmi |

Delete | Set band I

0K | Cancel |
A

More points where
higher frequency
resolution is useful

Traditional test
about 2 min
VS

— FRAX fast test

< 40 seconds



Unlimited analysis

= Unlimited graph control

= [ ots of available
models/graphs e.qg.
magnitude, impedance,
admittance, etc

= Ability to create custom

calculation models using any
mathematic formula and the

measured data from all
channels

Graph Views

Available Graph Views
J AddfRemowe or Edit Graph Views

3

Graph Yigws

| Name Descripkion b
Fhase Phase in degrees

Magnitude § Phase Magnitude in linear scale and Phase

Impedance Impedance

Imp.-Phase Phase for Impedance

Imp. } Imp.-Phase Impedance and Phase

Admittance Admittance

Adm.-Phase Phase for Admittance

A § A e Acdritkamee md Ahoes b

£ >

e ] [

Models
“?"' Select the models to be used
ol B

Moke: Some models may require specific Graph views,

Megger-.

Options

& standard models
SFRA (dE) (Magnitude (dE) and Phase)
D SFRA (inear) (Magnitude linear scale and Phase)
D Impedance {Impedance and Impedance Phase)
|:| Admittance (Admittance and Admittance Phase)
D Custom Model (Create a custom calculation model)
84 User defined {Created as Custom Model)
|:| R (Impedance) (R (Inmpedance))
D L {Impedance) (L {Impedance))
O avp-101 ¢avP-101 madel)




FRAX99

Same As FRAX101 except:
No internal battery option
No Bluetooth

Dynamic range > 115 dB
Fixed output voltage

9 m cable set

No active probes
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FRAX150 (Q1 2010)

Same As FRAX101 except:

B [nternal PC/stand-alone
® No internal battery option
® No active probes

B No Bluetooth

Megger-.



FRAX product summary

= Light weight

= Rugged

= Battery operated

= Wireless communication

= Accuracy & Dynamic Range/Noise floor

= Cable practice

= Easy-to-use software

= Export & import of data

= Complies with all SFRA standards and recommend

= Only unit that is compatible with all other SFRA
iInstruments

Megger-.



Sweep Frequency Response Analysis

Application Examples
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Time Based Comparison - Example

= 1-phase generator transformer 400 kV

= SFRA measurements before and after
scheduled maintenance

= Transformer supposed to be in good condition
and ready to be put in service...

Megger-.



Time Based Comparison - Example

| Mameplate (alt+ra) | Magnitude (Alt+M) | Phass (alt+P) | Magrnitude f Phase (alt+58) | DL/T 911-20049 analyzer |

Type: 0 Magnitude
I Lsoa
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Frequency (H=)

=l e Edit Mameplate

(== B =)

SFRA (B} < Connect
I~ Magnitude

I~ Phas=
= %3
L =)

|

Interpretation according to DL/T 911-2004, China 2005-06-01
Frequency response analysis on winding deformation of power transformers

Walue Severe Distortion | Obvious Distortion | Light Distortion | Mormal |
RAF (1kHz - 100kHz) 0.83 |RALF <05 1<=RAF =<2 2 <=R-F

R-MF (100kHz - 500kHzZ) | 3.35 RMF < 0.6 0.6 <=RMF < 1 [HESEME

R-HF (500kHz - 1MHz) | 2.23 0.6 <=RHF
Condusion: Obwious Distortion

"Obvious distorsion” as by DL/T911-2004 standard (missing core ground)
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Time Based Comparison — After repair

| Mameplate (altard) | Magnitude (AIt+MD) | Phase (Alt+P) | Magnitude f Phase (Alt+8) | DL/T 911-2004 Analyzer |

Graph Settngs

Type: O
I Leoa

Wagnitude (d5)

527 WO W R . SUS SRR - S, O . | L R

-=o
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Magnitude

(Cwl+G)

Graph 1
{1y

/ﬂ\ J%‘
B w3 |
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/". /ﬁ Graph 4 |
P o ey (Tt <)
1 Graph 5 |
77777 - S i P L it I (Cl+5)
Difference
LAlt—+D) |

PMew Test |
{Crt +a)
Select Test |
S N N N S PP T e P (Tt +F)

100 K 4 A

kslitea Edit Marmenlate
CeErl+EX

SFRA (dB) >
I~ Magnitude
I~ Phase

Connect
L=7)

= % |

Interpretation according to DL/T 911-2004, China 2005-06-01
Freguency response analysis on winding deformation of power transformers

Value

Severe Distortion | Obwious Distortion | Light Distortion

RAF {1kHz - 100kHz) 2.39
R-F (100kHz - 600kHz) | 3.4
RHF (600kHz - 1IMHz) | 2.15

Condlusion: Mormal

|RAF < 0.6 |06 <=R4F <1 |1<=RAF <2
R-MF < 0.6 0.6 «<=R-MF < 1

"Normal” as by DL/T911-2004 standard (core grounding fixed)
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Type Based Comparisons (twin-units)

Some parameters for identifying twin-units:

= Manufacturer

= Factory of production

= Qriginal customer/technical specifications

= No refurbishments or repair

= Same year of production or +/-1 year for large units

= Re-order not later than 5 years after reference order

= Unit is part of a series order (follow-up of ID numbers)

= For multi-unit projects with new design: “reference” transformer should
preferably not be one of the first units produced

Megger-.



Type Based Comparison - Example

= Three 159 MVA, 144 KV single-phase transformers
manufactured 1960

= Put out of service for maintenance/repair after DGA
indication of high temperatures

= “|dentical”’ units

= SFRA testing and comparing the two transformers
came out OK indicating that there are no
electromechanical changes/problems in the
transformers

= Short tests indicated high resistance in one unit
(confirmed by WRM)
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Type Based Comparison — 3x HV [open]

Impedance

Mameplate (alk+M) | Magnitude (Al+M) | Phase (alt+P) | Magnitude

Magnitude

Twpe: O

[ Log

=) 17022
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Type Based Comparison — 3x HV [short]

Magnitude

1]

[ Leg

Type
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o
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v Log
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Type Based Comparison — 3x LV [open]

Impedance | OLT 911-2004 Analyzer

Mameplate (Alk+M) | Magnitude (Alk+M) | Phase (AlE+P) | Magnitude

Model:

|5FRA {dE) - Magnitude

Conclusion
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Interpretation according to DLJT 91 1-2004, China 2005-06-01

Frequency response analysis an winding deformation of power transformers

| Maorral

| Severe Distorkion | Obvious Distortion | Light Distartion

R-LF = 0.6

Value

R-LF = &

1 ==
0.6 <

0.6 <=R-LF <1

R.

2,93

F = 1

=F

MF < 0.6

A

1

R-LF {1kHz - 100kHz}

MF (100kHz - 600kHz) | 3. 49

HF (&00kH=z

R
R.

1MHz)

Mormal

Conclusion:
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Desigh Based Comparisons

= Power transformers are frequently designed in multi-limb
assembly. This kind of design can lead to symmetric
electrical circuits

= Mechanical defects in transformer windings usually
generate non-symmetric displacements

= Comparing FRA results of separately tested limbs can be
an appropriate method for mechanical condition
assessment

= Pending transformer type and size, the frequency range

for design-based comparisons is typically limited to about
1 MHz

Megger-.



Desigh Based Comparison - Example

= 40 MVA, 114/15 kV, manufactured 2006

= Taken out of service to be used as spare

= No known faults

= No reference FRA measurements from factory

= SFRA testing, comparing symmetrical phases
came out OK

= The results can be used as fingerprints for
future diagnostic tests

Megger-.



Desighed Based Comparison — HV [open]

Magnitude

Type: O

[ Leg
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Desighed Based Comparison — HV [short]

Magnitude

Type: 0

[ Lag

ook

1
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1k
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o
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-20
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Desighed Based Comparison — LV [open]

|SFRA (dB) - Magnitude

Model:

| Conclusion |

| R-MF | R-HF

2.62

| R-LF

| Mame

Id

Marrnal

2.68

2.69

344237 165

R 1-2 |[al-nl [open]] - [b1-n1 [open]]

Marrnal

4
2,94

n]]

ape

1-nl [

en]] - [c

ap

al-ni [
R 2-3 |[b1-nl [open]] - [c1-n1 [open]]

1.4a Mormal

2,31

|_ Lag

[

A

Frequency (Hz): 381.097

t------J{Magnitude (dB): -41.058H - - - - - -
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o
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™
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Frequency (HZ)

Interpretation according to DLST 911-2004, China 2005-06-01

Frequency response analysis on winding deformation of power transformers
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Desigh Based Comparison
— After Suspected Fault

= Power transformer, 25MVA, 55/23kV, manufactured
1985

= By mistake, the transformer was energized with
grounded low voltage side

= After this the transformer was energized again resulting
in tripped CB (Transformer protection worked!)

= Decision was taken to do diagnostic test

Megger-.



Design Based Comparison
— After Suspected Fault

0

-10

-20

-30

-40

Response (dBs)

-50

-60

-70

-80

10 100 1000 10000 100000 1000000
— i
: \\ A V,A
\ Ve : \ Vj‘ /\‘\ /{,\ /j"f\vf\ﬁ\
~ Mo ./ \ A P\ WA\ 4’& [V
N \( / \} W v IRy }
NV |V
\

Frequency (Hz)

= HV-0, LV open
= A and C phase OK, large deviation on B-phase
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Design Based Comparison
— After Suspected Fault

10 100

1000 10000

100000

1000000

BN

:: \ : A/\ )
N w J25

\ V

-60

q;,’:/
\

|

= HV-0 (LV shorted)
= A and C phase OK, deviation on B-phase
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And how did the mid-leg look like...?

Insulation cylinder




Considerations when performing SFRA Tests
or

How do | maximize my investment
In time and money when
performing SFRA measurements?

Megger-.



Test results — always comparisons

100 k

Magnitude

10 k
Frequency [(HZ)

1k
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]
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Type
I Log
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-20

-20
7
=]
=]

[ Lag
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Example of repeatability

= 105 MVA, Single phase Generator Step-up (GSU)
transformer

= SFRA measurements with FRAX101 before and
after a severe short-circuit in the generator

« Two different test units
 Tests performed by two different persons
» Test performed at different dates

Megger-.



Before (2007-05-23) and after fault (2007-08-29)

Phase (Alt+P) | Magnitude [ Phase (Alt+E) | TransFer

Marmeplate (alE+rY | Magnitude (AE4HM)
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I Log
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Potential compromising factors

= Connection quality
= Shield grounding practice

= |[nstrument dynamic range/internal noise
floor

" Understanding core property influence in
lower frequencies in “open” - circuit SFRA
measurements

Megger-.



Bad connection

= Bad connection can affect the curve at higher frequencies

O] =2007-05-23 13.07.41 B3| | mameplate (al+m) | Magnitude (AlE+M) | Phase alt+P) | Magnitude | Phase (alk+B) | Transfer

Type: O Magnitude
[T Log

=10

B

-15

-20

Magnitude (d

-25

-20

-25

1 M
Frequency (HZ)

raodels
| -w | - | . SFRA, [dB] >
- — V. W tagritude

| IV Phaze

add Sweep

Delete Sweep
{Ckrl+A0

i o
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Good connection

= After proper connections were made

@O =2007-05-23 13.07.41 E3| | mameplate (alk-+r) | Magnitude (AlL4+M) | Phase (AlE+P) | Magritude § Phase (Alk+E) | Transfer
- ~
E:]><1 3 [open] Type: O Magritude
2007-08-29 12 i
I:l. 1 I_ Laog
Ed <1-%3 [open] (1)
Bl <1-%32 [open] (bad connectX) o
-5
-10
—-15
[um)
=
[ak]
:g -20
=
=1}
L33
= -25
-20
Bl
40
u] 500 k . 1 M " 1.5 M 2
requency (HZ) I_ Log

rModels
| - | - . SFRA [dB)——
-w A i V' Magnitude

¥ Phase

Add Sweep Delete Sweep
(Ckrl+a) (bR Dy




FRAX C-Clamp

= C-Clamp ensures good
contact quality

= Penetrates non conductive
layers

= Solid connection to round or —
flat busbars

= Provides strain relief for cable

= Separate connector for single
or multible ground braids

Megger-.



Proper ground connection ensures
repeatability at high frequencies

CIGRE grounding practice;

use shortest braid from cable
shield to bushing flange.

Megger-.

Poor grounding practice




Shield grounding influence

10 L] L] L] L]

S50k good grounding -
poor grounding
no grounding

60 e g ey a e a e S | x PR e T | A

10° 10° 10" 10° 10°

C. Homagk et al, "Circuit design for reproducible on-site measurements of
transfer function on large power transformers using the SFRA method”, ISH2007
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FRAX cable set and grounding

: _-.| N : g .‘_,_ ﬂ:_‘ S ' \‘, 9
4 Always the same ground-loop
2/ inductance on a given bushing

oy W, T




Instrument performance

= Transformers have high impedance/large
attenuation at first resonance

= Internal instrument noise is often the main limiting
source, not substation noise

= Test your instruments internal noise by running a
sweep with “open cables” (Clamps not connected to
transformer)

Megger-.



Internal noise level — "Noise floor”

Type: 0 Magnitude
[T Log
a T R R R e e S s
-20 P B S R S P S L Pra TS as  Say SO R S Sh
"Open”/internal noise measurements P OE B o nh
o T e e e S T e e B e e
I~ Red = Other brand R BTE R
ac Green = FRAX101
@“ E::::::: i T e
E-ED
EJDD
-1z0
=140
=160
Frequenocy rTHZ) IF Log

Megger-.



Example of internal noise problem

Magnitude

Twpe: 0

r Laog

measurements
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Black = Other brand

H1 —H2 (open & short

Red = FRAX101
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Why you need at least -100 dB...

Magnitude
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[ Log
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e e e ey
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Influence of core

= Try to minimize the effect, however, some
differences are still to be expected and must be
accepted.

= Preferably:

= perform SFRA measurements prior to winding
resistance measurements (or demagnetize the
core prior to SFRA measurements)

= Use the same measurement voltage in all SFRA
measurements
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Run winding resistance test after SFRA!
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Measurement voltage 0.1 — 10V
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Effect of applied measurement voltage
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FRAX

has adjustable output voltage!

Twpe: O
[T Log

=10

)

agnitude (dB
£

Magnitude

O

F - -

——————————————————————————

' Lo r ' 1
I I Ui | |
1 (RN ] 1

‘I'I
Y/
>
X

(2.é 'v')

=30

-25

________

________

62



Field Verification Unit

Magnitude (dB)

-20

-0

-20

=100

[agnitude

_______________________________________________________________________________

_______________________________________________________________________________

————————————————————————————————————————————————————————————————————————

_____________________________________________________________________________

—————————————————————————————————————————————————————————————————————————————————

Field verification unit with known
frequency response is
recommended in CIGRE and

. other standards to verify

instrument and cables before

100

Frequency (Hz) Start|ng the test

Megger-.



Summary — Measurement accuracy and
repeatability

= The basis of SFRA measurements is comparison and
repeatability is mandatory

= To ensure high repeatability the following is important

« Use of a high quality, high accuracy instrument with inputs and
output impedance matched to the coaxial cables (e.g. 50 Ohm)

« Use same applied voltage in all SFRA measurements

« Make sure to get good connection and connect the shields of
coaxial cables to flange of bushing using shortest braid technique.

- Make good documentation, e.g. make photographs of
connections.
= Follow the standard recommended in CIGRE report 342
2008!
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SFRA — Summary and conclusions

= SFRA is an established methodology for detecting
electromechanical changes in power transformers

= (Collecting reference curves on all mission critical
transformers is an investment!

= Ensure repeatability by selecting good instruments
and using standardized measurement practices

= Select FRAX from Megger, the ultimate Frequency
Response Analyzer!
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