
An Overview of the Application of

Frequency Response Analysis (FRA) Technology

to the Condition Assessment of Transformers 

Richard Breytenbach

BSc Electrical Engineer
Starlogic Instrument Development

South Africa

Abstract

This paper provides an overview of the application of Frequency Response Analysis 
(FRA) Technology to the conditional assessment of transformers. FRA is an exciting 
test technology which has been extensively used around the world over the past 10 
years  for  detecting  the  integrity  of  winding  structures  of  power  transformers.  This 
technology allows for the detection of  small  physical  distortions to  the transformer’s 
winding structure without visual inspection.
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1 INTRODUCTION

Power transformers are usually very reliable,  but  when faults occur,  the transformer can be affected 
catastrophically. Transformers fail in service each year. Most of these failures are caused by transformer 
winding  faults  and  through  faults  generated  by  lightning  and  switching  surges.  As  a  transformer 
experiences a fault, it may suffer mechanical shock that gradually displaces and distorts the windings. In 
the process of winding movement,  the insulation between the turns can be abraded, causing a short 
circuit and damage to the windings. Mechanical vibrations, initiated by short circuit forces, may cause the 
windings to loose their clamping pressure, eventually leading to collapse of the windings. The other cause 
of  winding movement  may be extensive vibration during transformer  transportation.  As  the windings 
experience vibration, they may slacken and subsequently become unable to withstand mechanical forces 
exerted during faults.  Ageing also contributes to winding looseness.  In addition, harmonics generated 
under  normal  operating  conditions  may  cause  winding  and  core  vibration.  Short  circuit  faults  are 
potentially  very destructive  because if  the clamping pressure is not  capable of  restraining the forces 
involved, substantial permanent winding deformation or even collapse can occur almost instantaneously, 
often  accompanied by  shorted turns.  A common cause of  failure  is  a  close-up phase to  earth  fault 
resulting from a lightning strike.

It is expected that a transformer will experience and survive a number of short circuits during its service 
life,  but  sooner  or  later  one  such  event  will  cause  slight  winding  movement,  and  the  ability  of  the 
transformer to survive short circuits in future will then be severely reduced. As the transformer ages, its 
components deteriorate and the likelihood of a failure increases.

Frequency Response Analysis (FRA) has become a popular technique used to externally monitor and 
assess the condition and mechanical integrity  of  transformer windings for short-circuits,  open-circuits, 
deformation, winding insulation breakdown and lose of clamping pressure. The FRA technique can help 
maintenance personnel identify suspect transformers, enabling them to take those transformers out of 
service before failure. This FRA technique calculates and computes frequency-dependent variables of the 
transformer’s windings, i.e. inductance and capacitance. It is these distributed winding parameters that 
will change when the windings are; short-circuited, open-circuited, deformed, or loose. 

2 CAUSES OF TRANSFORMER FAILURE

It is expected that a transformer will experience and survive a number of short circuits during its service 
life,  but  sooner  or  later  one  such  event  will  cause  slight  winding  movement,  and  the  ability  of  the 
transformer to survive short circuits in future will then be severely reduced. As the transformer ages, its 
components  deteriorate  and  the  likelihood  of  a  failure  increases.  Noonan1 describes  the  main 
deterioration modes as follows:

Paper insulation deterioration
The  transformer  paper  insulation  has  a  limited  life,  the  extent  of  which  depends  on  thermal, 
oxidation, and moisture effects. When the paper insulation has reached the end of its expected life, 
the  mechanical  strength  of  the  paper  is  much  reduced  whereas  its  electrical  strength  is  still 
satisfactory. However the reliability of such a transformer is reduced and the mechanical forces of a 
short circuit or other outside influence may cause a mechanical breakdown of the insulation leading 
to an electrical failure of the transformer.

Core and winding movements
The core, windings, and turns can move due to short circuit forces, vibration, transport jolts, and 
loosening of clamping pressure that have accrued during the life of the transformer.

1 Noonan (1997, p8B2-3)
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Tap changer
Moving parts in the tap-changer and electrical joints in the tap-changer deteriorate over the years.

Auxiliary components
Auxiliary components such as bushings deteriorate, e.g. bushing gaskets leak causing ingress of 
moisture and insulation deterioration.

Gaskets
Main gaskets and pipe work gaskets leak allowing ingress of moisture to the transformer and oil 
leaks from the transformer

Rust
Rust causes deterioration of ferrous materials, especially in high humidity climates.

South  Africa’s  National  Electricity  Supply  Utility  ESKOM,  performed a  failure  analysis  of  188  power 
transformers in the voltage range of 88kV to 765 kV and power rating from 20 MVA to 800 MVA, shown 
below in Table 1. According to Minhas, Reynders & de Klerk2,  the analysis of the data shows that in 
smaller transformers, ageing related failures are dominant. In the medium MVA rating class, tap-changer 
failures constitute the highest failure rate. In the large transformers, insulation coordination failure is the 
most common cause in the early service life of the transformer. Minhas, Reynders & de Klerk3 depict this 
below in table 1 and Figure 1.

Minhas, Reynders & de Klerk4 go on the explain that failures due to general ageing of oil and paper 
insulation  become  frequent  after  11  to  15  years  of  service  life  and  are  more  frequent  in  larger 
transformers than smaller transformers. However, in larger transformers, after the age of 15 years the 
trend  of  ageing  failure  shows  a  slight  decline  but  in  smaller  transformers  the  ageing  failure  trend 
continues to increase with age. As can be seen from table 1 and figure 1, the most common cause of 
failure  in the  20-400 MVA transformer  group is  general  ageing of  insulating material.  It  is  therefore 
desirable  to  periodically  check  the  mechanical  condition  of  transformers  during  their  service  life, 
particularly  for  older  units  and  after  significant  short-circuit  events,  to  provide  an  early  warning  of 
impending failure. Such a capability is perhaps just as important as the ability to diagnose suspected 
short-circuit failures. Lapworth & McGrail5 explain that conventional condition monitoring techniques such 
as dissolved gas analysis (DGA) are unlikely to detect such damage until it develops into a dielectric or 
thermal  fault,  so  a  specialist  technique  is  clearly  required  for  the  monitoring  and  assessment  of 
mechanical condition.

Thus  the most  important  monitoring technique is  one that  can give the information  about  insulating 
condition for ageing or insulating deterioration products.

2 Minhas, Reynders & de Klerk (1999, p1)
3 Minhas, Reynders & de Klerk (1999, p2)
4 Minhas, Reynders & de Klerk (1999, p1-4)
5 Lapworth & McGrail (1999, p2)
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NUMBER OF TRANSFORMERS

20 – 100
MVA

100 – 400
MVA

>400
MVA

FAILURE
MODE TOTAL %

Ageing 37 15 4 56 31

Core 18 8 3 29 15

Lightning 10 2 10 22 12

Others 12 15 0 27 14

Short Circuit 9 1 0 10 5

Tap-Changers 36 5 3 44 23

TOTAL 122 46 20 188 100

Transformer Failure Modes

Table 1
Details of transformer failure modes

Core

15%Lightning

12%

Others

14%

Short Circuit

5%

Tap-Changers

23% Ageing

31%

Percentage Transformer Failure Modes

Figure 1
Percentage of each failure mode in total number of transformer failures recorded
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3 BASICS OF FREQUENCY RESPONSE ANALYSIS (FRA)

Why is the FRA Test Performed

Since the FRA test  is  used to detect  mechanical  movement  or  damage in a transformer,  it  is  most 
appropriately used after some event or condition that has the possibility of causing mechanical movement 
or  electrical  damage  to  the  transformer  assembly.  Some  of  the  typical  scenarios  where  FRA 
measurements may be used include:

Factory short-circuit testing
Installation or relocation
After a significant through-fault event
As part of routine diagnostic measurement protocol
After a transformer alarm (i.e. sudden pressure, gas detector, Buchholz)
After a major change in on-line diagnostic condition (i.e. a sudden increase in combustible gas, etc.)
After a change in electrical test conditions (i.e. a change in winding capacitance)
Routine Testing.

How is the FRA Test Performed

The Frequency Response Analysis (FRA)  measurement is a test  measurement  made to the winding 
structures of a power transformer. The FRA measurement is made by the instrument injecting a voltage 
signal into the top of the selected winding structure and measuring the voltage signal appearing at the 
bottom of the same selected winding structure, and calculating the transfer function. This is performed for 
each winding structure of the transformer. The FRA test result displays a graph of frequency (horizontal 
axis) versus Magnitude (vertical axis) for each of the tested winding structures. This graph is a graphical 
representation of the frequency response of the windings at different frequencies. Since the FRA test is 
used to detect mechanical movement or damage within a transformer, it is most appropriately used after 
some event or condition that has the possibility of causing mechanical movement or electrical damage to 
the transformer assembly. The FRA test results from factory or baseline tests will be used by the test 
personnel as reference test data for comparisons against future tests.

Application of Frequency Response Analysis (FRA) using FRAMIT
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The FRA test equipment is “off-line” test equipment and must only be used to test transformers that are 
de-energized. Any transformer under test should be completely isolated from any high voltage source or 
power system source. The transformer tank should be grounded. As with any electrical test, making a 
frequency response measurement should be done in a safe and controlled manner irrespective of test 
location.  Considerations  for  electrical  safety  in  testing  apply  not  only  to  personnel,  but  also  to  the 
transformer and test equipment. Prior to testing, involved personnel should discuss the test procedure 
and environment  for  ensuring that  the work to be performed and any safety  precautions are clearly 
understood. Other safety aspects are covered in Industry standards, company or local regulations and 
manufacturer’s instruction manual.

4 TRANSFORMER MODELING

Transformer Equivalent Circuit

For a clearer understanding of what actually happens when a transformer’s winding structure undergoes 
deformation, we need to first analyze the equivalent circuit model of a transformer’s windings as shown 
below.  Specifically,  we  are  examining  the  effects  of  the  resistive  R,  inductive  L,  and  capacitive  C 
properties of the transformer.

Application of Frequency Response Analysis (FRA) using FRAMIT
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The above cross section of a transformer shows a complex electrical relationship which exists between 
the  transformer’s  windings,  its  core,  the  tank,  the  oil,  the  insulation,  and  the  tank  wall.  At  the  first 
approximation  a  transformer  windings  can  be represented  by  a  complex  ladder  network  with  series 
inductance and capacitance as well as the parallel capacitance to ground.

By first  examining simple RLC circuits  and understanding how and why these simple circuits  exhibit 
resonant properties, we can then begin to examine and explain how real transformers behave. This leads 
us to being able to test for and diagnose real transformer winding and core movements.
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Resonance (RLC Circuits)

4.1.1 Series Resonance Circuit
          

In the Series Resonance circuit shown above;
At low frequencies, due to the nature of a capacitor it dominates and resembles an open circuit, 
whereas  the  inductor  resembles  a  short  circuit.  These  2  in  series  yield  an  impedance  that 
approaches infinity at low frequency.
At high frequencies, due to the nature of an inductor it dominates and resembles an open circuit, 
whereas  the  capacitor  resembles  a  short  circuit.  These  2  in  series yield  an impedance that 
approaches infinity at high frequency.
The resonance point in this circuit occurs when the impedance is at a minimum. This occurs at 
the frequency when the impedance of the Inductor = the impedance of the Capacitor. The total 
impedance of the circuit at this frequency is simply = R. This occurs at f = 1/(2 √LC).π

When this circuit  is tested with the FRAMIT instrument, we obtain the same response as that of the 
impedance plot. However, the better way of displaying the vertical axis is in dB. This essentially inverts 
the shape of the waveform. Therefore, for a series RLC circuit, the resonance point occurs when the 
FRAMIT plot is at a peak or maximum dB value, as shown in the FRAMIT Plot shown below. We can 
therefore conclude that when examining a FRAMIT test result, where a peak exists, this represents a 
series RLC circuit equivalent within the transformer that has reached resonance. 
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4.1.2 Parallel Resonance Circuit
          

In the Parallel Resonance circuit;
At low frequencies, due to the nature of an inductor it dominates and resembles a short circuit, 
whereas the capacitor resembles an open circuit.  These 2 in parallel yield an impedance that 
approaches zero at low frequency.
At high frequencies, due to the nature of a capacitor it dominates and resembles a short circuit, 
whereas the inductor  resembles an open circuit.  These 2 in parallel  yield an impedance that 
approaches zero at high frequency.

Application of Frequency Response Analysis (FRA) using FRAMIT

0

FRAMIT Series Resonance Plot
dB Response VS Frequency

F
R

A
M

IT
,d

B
 R

e
sp

o
n

se

F, Frequency, Hz

-40 dB 

0 dB

10000

R

L

C

Capacitanc
e

Resistanc
e

Inductanc
e

Voltage Source

Parallel RLC Resonance Circuit

Parallel Resonance Plot
Impedance VS Frequency

Z
, 

Im
p

e
d

a
n

ce
, 

O
h

m
s

F, Frequency, Hz
0

0

300

1000
0



Page 11 of 30

The resonance point in this circuit occurs when the impedance is at a maximum. This occurs at 
the frequency when the impedance of the Inductor = the impedance of the Capacitor. The total 
impedance of the circuit at this frequency is simply = R. This occurs at f = 1/(2 √LC).π

When this circuit  is tested with the FRAMIT instrument, we obtain the same response as that of the 
impedance plot. However, the better way of displaying the vertical axis is in dB. This essentially inverts 
the shape of the waveform. Therefore, for a parallel RLC circuit, the resonance point occurs when the 
FRAMIT plot is at a valley or minimum dB value, as shown in the FRAMIT Plot shown below. We can 
therefore conclude that when examining a FRAMIT test result, where a valley exists, this represents a 
parallel RLC circuit equivalent within the transformer that has reached resonance.

Simple Transformer Modeling

A real transformer can be represented by the modeling of a simple transformer. The High Voltage winding 
structure,  the  Low Voltage  winding  structure,  and  the  transformer  core  can  each  independently  be 
modeled by a lumped Inductance and Resistance, as shown below.
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The transfer function of such a network calculated by FRA shows a number of poles at the resonance 
frequency of the local L and C circuits. A breakdown between the turns or coils of the transformer under 
test corresponds to a short circuit of one or more of these local LC networks. This will result in shifting the 
resonant pole to another frequency or the creation of a new pole. 

These factors have led to the search for alternative methods of transformer winding condition monitoring 
and assessment such as Frequency Response Analysis (FRA). FRA is a sensitive technique that can be 
used non-intrusively to accurately predict the condition of transformer windings.

The Frequency Response Analysis (FRA) test tests the circuit’s response to an injected voltage signal at 
varying frequencies.  It  does this by injecting a voltage signal  into the circuit  across a wide range of 
frequencies, and measuring the attenuation made by the circuit to this signal. It then calculates the ratio 
of the output signal to the input signal. This yields the FRA trace for the circuit. The FRA trace therefore 
has a minimum when the impedance is a maximum and maximum when the impedance is at a minimum. 
Basically, the FRA trace is an inverse plot to the Impedance vs. frequency plot. 
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5 PERFORMING A FRA TEST MEASUREMENT

FRAMIT Equipment Setup

5.1.1 Transformer Preparation

Any transformer under test should be completely isolated from any high voltage source or power system 
source. The transformer tank should be grounded. Two of the bushings will be used at any one time for 
the FRAMIT test. For the FRAMIT Open Circuit Test, any unused bushing must remain open circuited. 
For the FRAMIT Short Circuit Test, the Low Side terminals (excluding the Neutral terminal) should be 
shorted together using a low impedance conductor.

5.1.2 Test Leads & Connection Protocol

The FRAMIT test leads consist of 3 lengths of 50ohm coaxial cables. A three lead system is used. One is 
for the source signal, one is for the reference signal and one is for the measurement signal.

The FRAMIT test leads should be connected to a transformer according to the test connection procedure. 
The transformer  can be tested  in any state  of  assembly and can be tested  with  or  without  oil.  For 
comparative purposes the transformer should be tested in a similar state to that of the reference test. The 
final reference FRAMIT test for a new transformer should therefore be performed when the transformer is 
fully  assembled and has  been filled  with  oil.  Two FRAMIT tests  should be performed,  one with  the 
transformers DETC and LTC set in normal Tap position, and one in a Tap position that exposes all the 
windings to the test. The test lead coaxial shields must be grounded at both sides, one to the transformer 
tank and one to the instrument.

5.1.3 Frequency Range:

The FRAMIT test is made over the entire frequency range up to 2 MHz, so as to be able to diagnose 
problems  in  the  core,  clamping  structure,  windings  and  interconnections.  Successive  frequency 
measurements are equally spaced so as to obtain adequate resolution in the higher frequencies so as to 
give unambiguous diagnosis.

5.1.4 Measurement Result

The FRAMIT test result displays a graph of frequency (horizontal axis) versus Magnitude (vertical axis). 
This graph is a graphical representation of the frequency response of the winding at different frequencies.

5.1.5 FRAMIT Database

All test  information is stored within the local FRAMIT database. The local database keeps a detailed 
record of the transformers that have been tested, and the tests that have been performed on them. The 
user is able to have easy and quick access to any of these tests within the database.

5.1.6 Transformer Records

Before a transformer can be FRAMIT tested, a new transformer record must be created. This transformer 
record records the following information about the transformer:

Transformer serial number
Manufacturer name.
Manufacturer type code.

Application of Frequency Response Analysis (FRA) using FRAMIT
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Transformer manufacturing date.
Physical transformer location.
Transformer number.
Transformer winding organization setup.
Transformer MVA rating.
Transformer High side voltage.
Transformer Low side voltage.
Transformer phase count.

5.1.7 Test Records

Once the transformer record has been created on the database, a new FRAMIT test on that transformer 
can now be made. Once the test is complete and successful, the FRAMIT test can then be stored to the 
database. Before it is store the following information about the FRAMIT test is needed:

Test name.
Tester’s name who performed the test.
Date when test was performed.
Time when test was performed.
Physical location where test was performed.
Reason why test was performed.
Free report back to field.

5.1.8 Test Reports

Each FRAMIT test report that is generated includes the FRA transformer record text  details,  the test 
record text details and the actual FRAMIT graphical test data. The electronic FRAMIT Test Record can 
also be exported to either a “.fra” export file for sending to a colleague, or as an independent ASCII file for 
importing into a data processing package such as Microsoft Excel.

Application of Frequency Response Analysis (FRA) using FRAMIT
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What FRA Tests Are Performed

As was explained in the earlier sections of this paper,  a real transformer can be represented by the 
modeling of a simple transformer. The High Voltage winding structure, the Low Voltage winding structure, 
and the transformer core can each independently be modeled by a lumped Inductance and Resistance, 
as shown below.

This transformer model can be tested in 2 different ways. One with the Low Side terminals left floating 
called the “FRAMIT Open Circuit Test”, and one with the Low Side Terminals shorted together called the 
“FRAMIT Short Circuit Test”. 

   
In  each of  these 2 different  test  setups,  the transformer  model  equivalent  circuit  is  different.  In  the 
“FRAMIT Open Circuit Test”, when the Low Side terminals are left floating, the test path is shown above 
in red. The test circuit yields the HV Winding circuit in series with the Core. In the “FRAMIT Short Circuit 
Test”, when the Low Side terminals are short circuited (excluding the Neutral), the test path is shown 
above in red. The test circuit yields the HV Winding circuit in series with the LV winding. In this instance, 
the high impedance of the core essentially removes the core effect from the test results. Please note that 
these are only basic transformer  models.  Real transformers are far  more complex,  but  these simple 
models help to explain the fundamentals.
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5.1.9 FRA Open Circuit

The FRAMIT Instrument should be connected to the transformer as shown below. In this example, the 
H1-H2 winding structure is being tested. The Low Side terminals are left floating (disconnected).

The FRAMIT Open Circuit  test is performed on each of the transformers windings, while any unused 
terminals  are  left  floating  (disconnected).  These  open  circuit  FRAMIT  tests  therefore  test  both  the 
transformer's  winding including the  core.  The test  results  are  therefore  a result  of  both  the  specific 
winding being tested as well as the transformers core.
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5.1.10 FRA Short Circuit

The FRAMIT Instrument should be connected to the transformer as shown below. In this example, the 
H1-H2 winding structure is being tested. The Low Side terminals are short circuited (excluding the 
Neutral terminal).

The FRAMIT Open Circuit test is performed on each of the transformers windings, while the Low Side 
terminals (excluding the Neutral terminal) are shorted together. This essentially removes the effect of the 
transformers core. These short circuit FRAMIT tests therefore test both the transformer's High and Low 
Side phase windings in series excluding the core.

Application of Frequency Response Analysis (FRA) using FRAMIT

H1

x2x1 x3Neutra
l

Transformer: Type Dyn

H2 H3

Low Side Terminal Shorted together

Test: Open Circuit Test

Typical FRAMIT Short Circuit Test Result
Relevant Frequency Region = 0 to 3 kHz
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This FRAMIT Short Circuit test is a relatively new test that is performed after the usual FRAMIT Open 
circuit test. This test is an additional FRAMIT test that can be performed on the transformer to accurately 
make direct comparisons between phase windings to look for asymmetry between the windings. 

This test is performed just like the "Open Circuit" test, except that it is only performed on the High Side 
Windings, and during the High Side test the Low Side terminals (excluding the Neutral) are short circuited 
together  using  a  low  impedance  conductor.  These  short  circuit  tests  remove  the  effect  that  the 
transformer’s core imposes on the FRA test. During this test, the 3 phase winding structures being tested 
resemble that of simple large inductor winding. This simplified model is only true at very low frequencies 
of less than 3 kHz. The reason behind this is as follows: During a FRAMIT open circuit  test,  the HV 
winding (low impedance) is in series with the Core (High Impedance). The open circuit FRAMIT test result 
is a combination of both HV winding and core impedance. However, during a FRAMIT short circuit test, 
the LV windings are shorted together, causing the LV winding (low impedance) to form part of the circuit. 
The high impedance of the transformer core which now is in parallel with the low impedance of the LV 
windings, causes the equivalent circuit  to essentially be just the HV winding (low impedance) to be in 
series with the LV windings (Low Impedance). The short circuit test therefore tests just the HV and LV 
windings as if they were in series. This allows the effect of the transformer's core to be removed from the 
test results and allows for a more direct comparison between the 3 phase winding structures. 

When one examines  these FRAMIT  “Short  Circuit”  Tests in  the 0–3 kHz range (very  low frequency 
range), one expects the 3 phase traces to be virtually on top of one another. This would imply that there 
is no asymmetry or movement of the phase windings relative to one another. If the traces do not overlay 
well,  and if  there is a downward offset  of  one of  the traces,  this  would imply that  that  winding has 
increased impedance and shows that there is asymmetry or movement of the phase windings relative to 
one another.

The short circuit test can be performed as follows;
Select the same transformer record that has already been created. 
Perform  only the  3  High  Side  tests  (as  before,  H1-H2,  H2-H3,  H3-H1)  while  the  Low Side 
terminals (excluding the neutral) are shorted together with a piece of low impedance conductor 
(like a motor car jumper cable, or wire). 
Only the first 3 kHz (0 - 3 kHz) is relevant to this short circuit test.

Application of Frequency Response Analysis (FRA) using FRAMIT
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6 DIAGNOSTICS OF FRA TEST RESULTS

What does the FRA Open Circuit Test Results show

Below is an example of a typical FRAMIT Open Circuit Test Result. The test displays the full frequency 
range from 0 – 2000 kHz. The plot of dB response vs. Frequency for the transformer’s winding structure 
is a graphical representation of the frequency response of the windings at different frequencies. As has 
been explained and discussed in the previous sections,  one can summarize the following about  the 
resonant characteristics of a transformer;

A Peak (pole) in the plot describes a parallel resonance occurring within transformer winding 
structure. The windings resistive property describes the height of the Peak.

A Valley (pole) in the plot  describes a series resonance occurring within transformer  winding 
structure. The windings resistive property describes the depth of the Valley.
Where  there  is  a  downward fall  of  the  plot,  this  describes  that  the RLC circuit  is  exhibiting 
inductive properties.
Where there is  an upward climb of  the plot,  this  describes that  the RLC circuit  is  exhibiting 
capacitive properties.

Application of Frequency Response Analysis (FRA) using FRAMIT

FRAMIT FRA Resonance Plot 
dB Response VS Frequency

Capacitive Properties
(Upward Climb)

Inductive Properties
(Downward Fall)

A Valley (pole) describes a series 
resonance occurring within 
transformer winding structure. The 
windings resistive property 
describes the depth of the Valley.

A Peak (pole) describes a parallel 
resonance occurring within 
transformer winding structure. The 
windings resistive property 
describes the height of the Peak.



Page 20 of 30

For analysis purposes, the 0 – 2000 kHz frequency range can be broken down into 3 frequency ranges.
Low Frequency Range ( 0 – 50 kHz),
Medium Frequency Range ( 0 – 500 kHz),
High Frequency Range ( 0 – 2000 kHz),

Each frequency range is sensitive to different transformer fault conditions. 

Low Frequency Range ( 0 – 50 kHz):
The low frequency range has shown to be effective in determining the following conditions;

Core problems within the transformer,
The presence of shorted turns.

Medium Frequency Range ( 0 – 500 kHz):
The medium frequency range has shown to be effective in determining the following conditions;

Axial Collapse,
Hoop Buckling Failure,
Localized winding movement,
Winding asymmetry,

High Frequency Range ( 0 – 2000 kHz):
The high frequency range has shown to be effective in determining the following conditions;

Movement of main and tap winding leads,
LTC and DETC connections.

Application of Frequency Response Analysis (FRA) using FRAMIT

Low Frequency Range 
(0 – 50 kHz)

High Frequency Range 
(0 – 2000 kHz)

Medium Frequency Range 
(0 – 500 kHz
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Application of Frequency Response Analysis (FRA) using FRAMIT
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Open Circuit Test: Low Frequency Range (0 – 50 kHz)

The low frequency range has shown to be effective in determining the following conditions;

Core problems within the transformer,

The presence of shorted turns.

6.1.1 Core Problems:

The core of a large power transformer consists of many overlapping laminations which are built up to 
form a thick iron core. The core can become damaged due to the transformer being dropped during 
transportation, experiencing a severe short circuit condition, or because of inadequate clamping pressure.
 

8

Cover to Core Clamping Bolt
Insulation Damaged

9

Upper Yoke Damage

10

Arcing Extra Washer to Core

When one examines the FRAMIT “Open Circuit” Test, at lower frequencies the FRA test results show that 
the transformer is characterized by the magnetizing inductance and non-linear behavior of the iron core. 
The core has the affect of increasing the inductance of the windings. The increased inductance increases 
the impedance of the equivalent circuit,  as well as affecting the LC resonant points at low frequency. 
Therefore, generally speaking, if there are significant core problems with the transformer, this will produce 
a  low  frequency  FRAMIT  plot  that  has  raised  valleys  which  are  frequency  shifted  to  the  lower 
frequencies. 

Application of Frequency Response Analysis (FRA) using FRAMIT

Typical FRAMIT Test Result: Core Deformation

Core Deformation: The trace 
shows a significant difference 
in the low frequency range. 
Note same starting amplitude, 
but different low frequency 
peaks and valleys.
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6.1.2 Shorted Turns:

The  winding  structure  of  a  large  power  transformer  consists  of  conductor  which  is  insulated  by  oil 
impregnated paper.  This  conductor  is tightly  wound around the core,  and is clamped in place under 
pressure by wooden blocks. If the insulation becomes damaged or old, this can result in partial discharge 
activity which can result in dangerous short circuit conditions. This can result in adjacent turns becoming 
fused together due to arcing.

Insulation removed from windings

      
Sludge Covered Windings Sludge covered windings Sludge at bottom of tank

Shorted windings have the affect of significantly changing the LC resonance points at very low frequency. 
If there are shorted turns within the transformer, this will produce a low frequency FRAMIT plot that has a 
significantly raised trace as well as having its initial major valleys removed. The FRAMIT Tests that were 
performed on this transformer show that in the low frequency range (0 – 50 kHz), there is a significant 
localized deviation of the blue phase winding trace at low frequencies. There is good correlation of all 
other major frequency peaks (major resonances). The initial starting point at very low frequencies of the 
Blue Trace phase winding is significantly higher, implying reduced impedance caused by the short circuit.

Application of Frequency Response Analysis (FRA) using FRAMIT

Typical FRAMIT Test Result: Shorted Turns

Significant deviation of the Blue Trace 
at very low frequencies. Especially the 
starting frequency.
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Open Circuit Test: Medium Frequency Range (0 – 500 kHz)

The medium frequency range has shown to be effective in determining the following conditions;
Axial Collapse,
Hoop Buckling Failure,
Localized winding movement,

Winding asymmetry,

When one examines the FRAMIT “Open Circuit” Test, at medium frequencies the FRAMIT test results 
show  that  the  distributed  capacitance  of  the  windings  dominate  at  higher  frequencies  more  that 
inductance. At these higher frequencies, eddy currents effectively screen the magnetic circuit so that the 
winding  inductances  are  determined  by  local  leakage  fluxes.  Being  less  dependent  on  magnetic 
characteristics, the winding fingerprints of the 3 phases become much more similar and therefore more 
sensitive to winding movement.

6.1.3 Axial Collapse

Axial winding movement or collapse is when there is a movement of the winding structure in a vertical 
direction, as shown by the arrow next to the picture. This can occur due to a loss of clamping pressure 
and if the transformer experiences a fault condition. This axial shift of the windings does not usually result 
in winding shorts, but instead results in a physically slackening of winding structure as shown below. The 
transformer may be able to continue in service but because of the slackening suffered, may severely 
reduce the transformer’s ability to withstand future fault conditions. This winding movement results in a 
predominant shifting to the right hand side. This is an indication that the winding movement has resulted 
in a decreased LC impedance value of the transformer equivalent circuit.

Application of Frequency Response Analysis (FRA) using FRAMIT

This view showing the 0 – 500 kHz range indicates that the test 
results for the Low Side winding structures show good general 
repeatability through out all 3 of the x1, x2 & x3 windings (Red, 
Yellow and Blue traces). There are small-localized deviations 
occurring on the x1 winding (red trace) structure. These are 
significant deviations and are linked to winding asymmetry.

Typical FRAMIT Test Result: Axial movement (winding asymmetry)

Shift to the right of red 
phase resonant poles.
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6.1.4 Hoop Buckling Failure (Radial Deformation)

Hoop buckling or radial deformation is when there is a movement of the winding structure in a horizontal 
or radial direction, either into or out of the transformer, as shown by the arrow next to the picture. This is 
also sometime referred to as Petal failure, as it resembles the shape of the petal of a flower. This can 
occur due to a loss of clamping pressure and if the transformer experiences a fault condition where there 
are excessive compressive forces within the transformer. This failure does not usually result in winding 
shorts, but instead results in a physically bent winding structure as shown below. The transformer may be 
able to continue in service but because of the injury suffered, may result in gassing or partial discharge 
activity. This damaged winding results in a predominant shifting to the left hand side. This is an indication 
that the bending damage has resulted in an increased LC impedance value of the transformer equivalent 
circuit.

Application of Frequency Response Analysis (FRA) using FRAMIT

Typical FRAMIT Test Result: Hoop Buckling Failure

Predominant shifting of red phase resonant 
poles to the left hand side.
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Open Circuit Test: High Frequency Range (0 – 2000 kHz)

The high frequency range has shown to be effective in determining the following conditions;

Movement of main and tap winding leads,
LTC and DETC connections.

Within this frequency range the following can also be identified;
The effect of testing the transformer WITH and WITHOUT oil,
The effect of testing the transformer on DIFFERENT tap settings,

The same theory applies here as it did to the medium frequency range. When one examines the FRAMIT 
“Open Circuit” Test, at high frequencies the FRAMIT test results show that the distributed capacitance of 
the windings dominate at higher frequencies more that inductance. At  these higher frequencies, eddy 
currents effectively screen the magnetic circuit so that the winding inductances are determined by local 
leakage  fluxes.  Being  less  dependent  on magnetic  characteristics,  the  winding  fingerprints  of  the  3 
phases become much more similar and therefore more sensitive to winding movement.

6.1.5 Movement of, or damage to, main and tap winding leads

This picture shows a burnt tap lead winding within a transformer.  This can occur due excessive fault 
conditions,  or due to  poor  connection jointing of  tap leads.  This  failure results  in portions of  the tap 
winding being switched out of circuit, resulting in a change to the RLC of the transformer’s circuit. This 
damage results in a predominant shifting of the trace in a vertical direction.

Application of Frequency Response Analysis (FRA) using FRAMIT

This view shows that there is a significant lowering of 
the blue trace in the medium frequency range, and a 
raising of the blue trace in the high range.

Typical FRAMIT Test Result: Damage to main and tap winding leads



Page 27 of 30

6.1.6 The effect of testing the transformer WITH and WITHOUT oil

Sometimes there is a need to FRAMIT test a transformer that does not yet have oil in it. Transformers 
can be safely tested with or without oil. Oil within a transformer has a much higher dielectric constant 
than that of air. Therefore if the transformer is tested without oil, one can expect the dielectric to be lower, 
and consequently the capacitance of the equivalent transformer circuit  will be lower.  This produces a 
lowering of the LC impedance of the transformer and consequently reflects in a shifting of the resonant 
poles within the transformer to the right hand side, as shown below.

6.1.7 The effect of testing the transformer on DIFFERENT tap settings

When one changes the tap setting on a transformer you are either switching in more of the transformer 
windings,  or you are switching out  more of the transformer windings.  The effect  of changing the tap 
setting while FRAMIT testing a transformer is to either be testing a transformer winding which has either 
slightly more or less windings than the previous test. This will cause subsequent tests to change as the 
RLC equivalent circuit changes, as shown below.

Application of Frequency Response Analysis (FRA) using FRAMIT

FRAMIT Test done on transformer without oil shows that all resonant poles 
have a frequency shift to the right hand side.

FRAMIT Test performed on transformer with and without oil.
Red Trace = with Oil, Black Trace = with out oil
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Short Circuit Test: Very Low Frequency Range (0 – 3 kHz)

This FRAMIT Short Circuit test is a relatively new test that is performed along side the usual FRAMIT 
Open circuit test.  This test is an additional FRAMIT test  that can be performed on the transformer to 
accurately  make  direct  comparisons  between  phase  windings  to  look  for  asymmetry  between  the 
windings. This test is performed just like the "Open Circuit" test, except that it is only performed on the 
High Side Windings, and during the High Side test the Low Side terminals (excluding the Neutral) are 
short circuited together using a low impedance conductor. These short circuit tests remove the effect that 
the transformer’s core imposes on the FRA test. During this test, the 3 phase winding structures being 
tested resemble that  of  simple large inductor  winding.  This  simplified model is only true at  very  low 
frequencies of less than 3 kHz. The reason behind this is as follows: During a FRAMIT open circuit test, 
the HV winding (low impedance) is in series with the Core (High Impedance). The open circuit FRAMIT 
test result is a combination of both HV winding and core impedance. However, during a FRAMIT short 
circuit test, the LV windings are shorted together, causing the LV winding (low impedance) to form part of 
the circuit. The high impedance of the transformer core which now is in parallel with the low impedance of 
the LV windings, causes the equivalent circuit to essentially be just the HV winding (low impedance) to 
be in series with the LV windings (Low Impedance). The short circuit test therefore tests just the HV and 
LV windings as if they were in series. This allows the effect of the transformer's core to be removed from 
the test results and allows for a more direct comparison between the 3 phase winding structures. When 
one examines these FRAMIT “Short  Circuit”  Tests in the 0–3 kHz range (very low frequency range), 
one expects the 3 phase traces to be virtually on top of one another. This would imply that there is no 
asymmetry or movement of the phase windings relative to one another. If the traces do not overlay well, 
and  if  there  is  a  downward  offset  of  one  of  the  traces,  this  would  imply  that  that  winding  has 
increased impedance and shows that there is asymmetry or movement of the phase windings relative to 
one another.

The short circuit test can be performed as follows;
Select the same transformer record that has already been created. 
Perform  only the  3  High  Side  tests  (as  before,  H1-H2,  H2-H3,  H3-H1)  while  the  Low Side 
terminals (excluding the neutral) are shorted together with a piece of low impedance conductor 
(like a motor car jumper cable, or wire). 
Only the first 3 kHz (0 - 3 kHz) is relevant to this short circuit test.

Application of Frequency Response Analysis (FRA) using FRAMIT

FRAMIT Test done on transformer on different  tap changer 
positions.
Frequency resonant poles have a frequency shift to the right hand 

FRAMIT Test performed on transformer on different tap changer 
positions
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When one examines the FRA “Short Circuit” Tests, one must understand that the High Side Short Circuit 
test was performed with the Low Side windings shorted together. These short circuit tests remove the 
effect that the transformer’s core imposes on the FRA test.  This allows for a more direct comparison 
between the 3 phase winding structures. During this test,  the 3 phase winding structures being tested 
resemble that of simple large inductor windings. When one examines these FRA “Short Circuit” Tests 
performed on both High Side and Low Side windings, one wants to ensure that the test views showing 
the 0–3 kHz range shows that there are no trace deviations between the 3 High Side and 3 Low Side 
tests. Good similarities here imply that there is no winding movement relative to each other. This provides 
confidence that there is no winding asymmetry relative to one another. If there is relative movement of 
one of the traces, this implies that there is a problem on that phase winding.

7 IMPLEMENTATION OF FRA TEST TECHNOLOGY

The international use of FRA test technology is growing steadily. Many companies in the USA and around 
the world are successfully implementing FRA testing using the FRAMIT instrument.  These companies 
have authorized that FRAMIT tests be performed on all their new transformers before they are purchased 
from the manufacturer, after they are transported to site, and once they have been commissioned. With 
future  routine  tests  being  performed  on  a  regular  basis,  this  decision  is  enhancing  their  transformer 
preventative maintenance programs.

Application of Frequency Response Analysis (FRA) using FRAMIT

This Short Circuit test view showing the 0–3 kHz range shows that there are no trace deviations 
between the 3 High Side tests. This test has removed the effect of the transformer core at these 
low frequencies. Good similarities here imply that there is no winding movement relative to each 
other. This provides confidence that there is no winding asymmetry relative to one another.

Typical FRAMIT Test Result: Short Circuit Test. This test 
shows that since there is no deviation between the 3 phase 
traces, the winding structures are healthy.

This Short Circuit test view showing the 0–3 kHz range shows that there ARE  trace deviations 
between the 3 High Side tests. This test has removed the effect of the transformer core at these low 
frequencies. Poor similarities here imply that there is winding movement relative to each other. This 
provides confidence that there is winding asymmetry relative to one another. Here, the Red Trace 
shows a marked increase in impedance. This indicates a problem with the Red Phase winding.

Typical FRAMIT Test Result: Short Circuit Test. This test 
shows that since there is deviation between the 3 phase 
traces, the Red trace winding structures is unhealthy.
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Before a transformer is loaded onto a truck for delivery to the customer, a FRA test is performed at the 
manufacturer’s  premises.  Once  the  transformer  has  been  delivered,  it  is  tested  again.   If  the  two 
fingerprints  match  well,  it  means that  there has  been no movement  of  the  winding structure  during 
transport and loading. If a transformer suffers a high through fault condition, it can be tested to determine 
the extent of the distortion of the winding structure. The test results will indicate what further action (if 
any) needs to be taken. This can save a lot of time, as well as transformers. Transformers can also be 
tested periodically, to determine the cumulative effects of high through current faults.

8 CONCLUSION

It  is clear that the performance of power transformers will determine, to a large extent,  the quality of 
power  supply.  It  is  therefore  very  important  to  continuously  monitor  and  assess  the  condition  of 
transformers to ensure reliability and availability of power supply. The detection of a transformer winding 
condition that might lead to a fault and subsequent outage, and being able to take corrective action (e.g. 
reclamping or insulation repair) prior to failure, can save a transformer rewind, estimated to cost in the 
region of $1-million for a large power transformer.  The failure of a strategic transformer on the power 
supply  network  can  be  even  more  costly,  considering  consequential  factors  such  as  system 
destabilization, load shedding, outages and even complete system shutdown.

Frequency Response Analysis (FRA) is becoming an increasingly popular technique used to externally 
monitor  and assess  the condition and mechanical  integrity  of  transformer  windings for  short-circuits, 
open-circuits,  deformation,  winding  insulation  breakdown  and  lose  of  clamping  pressure.  The  FRA 
technique can help maintenance personnel identify suspect transformers, enabling them to take those 
transformers out of service before failure.

FRAMIT is a portable, self-contained and easy to use instrument that had been developed specifically for 
performing FRA tests on power transformers. It has proven to be an extremely reliable diagnostic tool for 
detecting transformer winding structure deformation. If a transformer is suspected of internal damage, the 
FRAMIT test results can assist in deciding whether or not to take the transformer out of service for further 
investigation. A test on a three-phase transformer can be useful in this instance even if no previous tests 
have been performed on the transformer. Since the winding structure is usually symmetrical from one 
phase to the next, and since it is unlikely that all three phases were affected similarly, the FRA test results 
(fingerprints)  for  each  phase  can  be  compared  to  one  another,  in  order  to  check  for  significant 
differences.

International FRA research has proven that it is possible to detect a variety of different internal conditions. 
As a preventative maintenance tool,  FRAMIT is the ideal complement to the traditional tests  of ratio, 
partial  discharge  and  dissolved  gas  analysis.  Combined  with  on-going  international  research  into 
quantifying specific waveform patterns with corresponding winding faults the system is proving invaluable 
in providing base data on currently healthy transformers.  In a world where energy is power,  Starlogic 
FRAMIT is making a difference, taking electro-mechanical engineering into the future.

Contact Details
If  you have any questions or would like to receive additional technical literature then please visit  our 
website  at  www.framitonline.com,  or  contact  Richard  Breytenbach  at  Starlogic  e-mail: 
starlogic@pixie.co.za, or on telephone: 0027 82 878 8649

Application of Frequency Response Analysis (FRA) using FRAMIT

mailto:starlogic@pixie.co.za
http://www.framitonline.com/

	1INTRODUCTION
	2CAUSES OF TRANSFORMER FAILURE
	3basics of frequency response analysis (fra)
	Why is the FRA Test Performed
	How is the FRA Test Performed

	4TRANSFORMER MODELING
	Transformer Equivalent Circuit
	Resonance (RLC Circuits)
	4.1.1Series Resonance Circuit
	4.1.2Parallel Resonance Circuit

	Simple Transformer Modeling

	5performinG a FRA test measurement
	FRAMIT Equipment Setup
	5.1.1Transformer Preparation
	5.1.2Test Leads & Connection Protocol
	5.1.3Frequency Range:
	5.1.4Measurement Result
	5.1.5FRAMIT Database
	5.1.6Transformer Records
	5.1.7Test Records
	5.1.8Test Reports

	What FRA Tests Are Performed
	5.1.9FRA Open Circuit
	5.1.10FRA Short Circuit


	6diagnostics of FRA Test Results
	What does the FRA Open Circuit Test Results show
	Open Circuit Test: Low Frequency Range (0 – 50 kHz)
	6.1.1Core Problems:
	6.1.2Shorted Turns:

	Open Circuit Test: Medium Frequency Range (0 – 500 kHz)
	6.1.3Axial Collapse
	6.1.4Hoop Buckling Failure (Radial Deformation)

	Open Circuit Test: High Frequency Range (0 – 2000 kHz)
	6.1.5Movement of, or damage to, main and tap winding leads
	6.1.6The effect of testing the transformer WITH and WITHOUT oil
	6.1.7The effect of testing the transformer on DIFFERENT tap settings

	Short Circuit Test: Very Low Frequency Range (0 – 3 kHz)

	7Implementation of FRA test technology
	8Conclusion

