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Abstract: Dielectric Frequency Response (DFR) test methods of liquid immersed transformers are 
discussed in this guide. The guide includes recommendations for instrumentation, procedures for 
performing the tests, and techniques for analyzing the data.  

This guide describes factors affecting the DFR test moisture estimate including winding 
configuration and measurement set-up, cellulose material type, low molecular weight acids, and 
background ac/dc noise interference. 

This guide is applicable to both field and factory applications. The purpose of this guide is to provide 
the user with information that will assist in performing Dielectric Frequency Response 
measurements and interpreting the results from these measurements. 

Keywords: dielectric frequency response, dissipation factor, IEEE C57.161™, moisture 
estimation, oil conductivity 
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Important Notices and Disclaimers Concerning IEEE Standards Documents 
IEEE documents are made available for use subject to important notices and legal disclaimers. These notices 
and disclaimers, or a reference to this page, appear in all standards and may be found under the heading 
“Important Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be obtained on 
request from IEEE or viewed at http://standards.ieee.org/IPR/disclaimers.html. 

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards 
Documents 

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are 
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards 
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus 
development process, approved by the American National Standards Institute (“ANSI”), which brings 
together volunteers representing varied viewpoints and interests to achieve the final product. IEEE Standards 
are documents developed through scientific, academic, and industry-based technical working groups. 
Volunteers in IEEE working groups are not necessarily members of the Institute and participate without 
compensation from IEEE. While IEEE administers the process and establishes rules to promote fairness in 
the consensus development process, IEEE does not independently evaluate, test, or verify the accuracy of 
any of the information or the soundness of any judgments contained in its standards. 

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure 
against interference with or from other devices or networks. Implementers and users of IEEE Standards 
documents are responsible for determining and complying with all appropriate safety, security, 
environmental, health, and interference protection practices and all applicable laws and regulations. 

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and 
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document 
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a 
particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of 
material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE 
standards documents are supplied “AS IS” and “WITH ALL FAULTS.” 

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there 
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to 
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and 
issued is subject to change brought about through developments in the state of the art and comments received 
from users of the standard. 

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any 
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his 
or her own independent judgment in the exercise of reasonable care in any given circumstances or, as 
appropriate, seek the advice of a competent professional in determining the appropriateness of a given IEEE 
standard. 

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, 
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: 
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR 
BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, 
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR 
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE UPON 
ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND 
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE. 
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Translations  

The IEEE consensus development process involves the review of documents in English only. In the event 
that an IEEE standard is translated, only the English version published by IEEE should be considered the 
approved IEEE standard. 

Official statements  

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board 
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its 
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, 
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall 
make it clear that his or her views should be considered the personal views of that individual rather than the 
formal position of IEEE.  

Comments on standards 

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice 
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a 
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a 
consensus of concerned interests, it is important that any responses to comments and questions also receive 
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and Standards 
Coordinating Committees are not able to provide an instant response to comments or questions except in 
those cases where the matter has previously been addressed. For the same reason, IEEE does not respond to 
interpretation requests. Any person who would like to participate in revisions to an IEEE standard is welcome 
to join the relevant IEEE working group. 

Comments on standards should be submitted to the following address: 

 Secretary, IEEE-SA Standards Board  
 445 Hoes Lane  
 Piscataway, NJ 08854 USA 

Laws and regulations  

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with the 
provisions of any IEEE Standards document does not imply compliance to any applicable regulatory 
requirements.  Implementers of the standard are responsible for observing or referring to the applicable 
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not 
in compliance with applicable laws, and these documents may not be construed as doing so. 

Copyrights 

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws. 
They are made available by IEEE and are adopted for a wide variety of both public and private uses.  These 
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization, 
and the promotion of engineering practices and methods. By making these documents available for use and 
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the 
documents. 
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Photocopies 

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to photocopy 
portions of any individual standard for company or organizational internal use or individual, non-commercial 
use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, Customer 
Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy 
portions of any individual standard for educational classroom use can also be obtained through the Copyright 
Clearance Center. 

Updating of IEEE Standards documents 

Users of IEEE Standards documents should be aware that these documents may be superseded at any time 
by the issuance of new editions or may be amended from time to time through the issuance of amendments, 
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the 
document together with any amendments, corrigenda, or errata then in effect.  

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten years 
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of 
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that 
they have the latest edition of any IEEE standard. 

In order to determine whether a given document is the current edition and whether it has been amended 
through the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at 
http://ieeexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more 
information about the IEEE-SA or IEEE’s standards development process, visit the IEEE-SA Website at 
http://standards.ieee.org. 

Errata 

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: 
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata 
periodically. 

Patents 

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the 
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has 
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate 
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation or 
under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair 
discrimination to applicants desiring to obtain such licenses. 

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not 
responsible for identifying Essential Patent Claims for which a license may be required, for conducting 
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or 
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing 
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that 
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely their 
own responsibility. Further information may be obtained from the IEEE Standards Association. 
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Introduction 

This introduction is not part of IEEE Std C57.161-2018, IEEE Guide for Dielectric Frequency Response Test. 

DFR testing has been used worldwide for several years. This guide provides a review of the DFR 
methodology and guidance in the practical application and interpretation of the results. This guide also helps 
users to perform DFR testing in a recommended consistent manner to allow for a better trending and 
comparison of the data. 

This guide is applicable to the methods of Dielectric Frequency Response (DFR) of liquid-immersed 
transformers. The guide includes recommendations for instrumentation, procedures for performing the tests, 
and techniques for analyzing the data. This guide can be used in both field and factory applications. The 
purpose of this guide is to provide the user with information that will assist in performing Dielectric 
Frequency Response measurements and interpreting the results from these measurements. 
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IEEE Guide for Dielectric Frequency 
Response Test 

1. Overview

1.1 Scope 

This guide is applicable to the methods of Dielectric Frequency Response (DFR) of liquid-immersed 
transformers. The guide includes recommendations for instrumentation, procedures for performing the tests, and 
techniques for analyzing the data. This guide can be used in both field and factory applications. 

1.2 Purpose 

The purpose of this guide is to provide the user with information that will assist in performing Dielectric 
Frequency Response measurements and interpreting the results from these measurements. 

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must 
be understood and used, such that each referenced document is cited in text and its relationship to this 
document is explained). For dated references, only the edition cited applies. For undated references, the latest 
edition of the referenced document (including any amendments or corrigenda) applies. 

IEEE Std C57.152™-2013, IEEE Guide for Diagnostic Field Testing of Fluid-Filled Power Transformers, Regulators, 
and Reactors.1, 2 

3. Definitions

The IEEE Standards Dictionary Online should be consulted for terms within this standard.3 

1IEEE publications are available from the Institute of Electrical and Electronics Engineers (http://standards.ieee.org/). 
2The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers, Incorporated. 
3IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. 
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4. Dielectric frequency response (DFR) measurement overview

4.1 DFR test 

DFR measurement is a non-intrusive, non-destructive off-line testing technique developed as an advanced diagnostic 
tool. It can be performed in the frequency domain to determine the moisture content of the transformer’s solid 
insulation and conductivity of the liquid insulation. 

All dielectric response methods reflect the same fundamental polarization and conduction phenomena in transformer 
insulation. The oil-paper insulation system is a composite of two different dielectric media, where an insulating liquid 
with ionic conduction is mixed with a less conducting impregnated solid (pressboard or paper). The insulation system 
has its own dielectric response, which not only reflects the properties of each material but also the way they are 
combined. Therefore, the geometrical arrangement of the insulation system, its thermal condition, the condition of the 
solid insulation, and he condition and the type of oil, all have a significant impact on the dielectric response. 

The representation of dielectric response in the frequency domain is termed dielectric frequency response (DFR). The 
results can be displayed as parameters associated with various equivalent circuits including capacitance and power 
factor (or dissipation factor) as a function of frequency. The test is also known as Frequency Domain Spectroscopy 
(FDS). 

4.2 Use of DFR 

The DFR measurement is, in principle, similar to the well-known capacitance and power factor/dissipation factor test 
obtained by the measurement of complex impedance at one specific frequency value (close to line frequency 
50/60 Hz). For a DFR measurement, the capacitance and power factor/dissipation factor is measured over a wide 
frequency range, typically from an upper limit of 1 kHz down to a lower limit that ranges between 10 mHz and 
0.1 mHz. The frequency range may be subject to change based on the physical and thermal conditions of the insulation 
under test. 

The resultant dielectric spectrum is a unique representation of the condition of the combined insulation system inside 
the transformer. 

4.2.1 Theoretical basis for power factor (PF) and dielectric frequency response (DFR) testing 
techniques 

A transformer can be modeled as a network of capacitances, inductances and resistances. There is a need for a 
convenient technique by which insulation may be tested. An electric field (E) is applied to an insulating material 
represented in electric circuits as a capacitor (C). A potential difference (V) can be maintained by means of a voltage 
source. This creates a positive charge on one plate and a negative charge on the other plate of the capacitor. The charge 
on the plates is proportional to the potential difference between them. See Equation (1). 

        [F]QC
V

= (1) 

where 

C is the capacitance in Farads (F) 
Q is the charge in Coulombs (C) 
V is the potential difference in volts (V) 

For parallel capacitors, the electric flux density (D) will be given at the surface of the plate, therefore 
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2
C     

m
QD
A

 =   
 (2) 

where 

A is the surface area of the capacitor’s plate 

For a capacitor where “vacuum” is in-between plates, the correlation between flux density (D) and the electric field 
(E) can be expressed as follows in Equation (3): 

0

V        
m

DE
ε

 =   
 (3) 

where 

0ε  is the permittivity of vacuum and its magnitude is 8.854 × 10−12 (F/m) 

Assuming infinitely long capacitor’s plates, the field is uniform and thus the flux density is the same everywhere 
between plates. The electric field is related to the charge through geometrical characteristics and dielectric properties 
of the capacitor as presented in Equation (4). 

1

0
       V mQE

Aε
− = × ×

 (4) 

The potential difference V is the work needed to move a charge, in the case of a capacitor, i.e., it is the work needed 
to move the charge from one plate to the other, thus 

0

Q dV E dl E d
Aε

×
= − × = × =

×∫  (5) 

where 

d is defined as the distance between capacitor’s plates 

Combining Equation (1) and Equation (5) defines capacitance as shown in Equation (6).  

0 AC
d

ε ×
=  (6) 

By replacing vacuum with another dielectric material, the capacitance value will change. 

The term rε  is now introduced as the relative permittivity of the insulating material representing the ratio of the 
amount of electrical charge stored in a material by an applied voltage, relative to that stored in a vacuum. 

0 r AC
d

ε ε× ×
=  (7) 

The absolute permittivity ε  is given by the following product in Equation (8): 

1
0         F mrε ε ε − = × ×   (8) 
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The term rε  is a dimensionless number and is obtained from the ratio of two measured capacitances: capacitance with 
the insulating material to free-space capacitance. Therefore, the capacitance depends on the ratio of free charge to total 
charge. At this stage, Equation (2) can be modified for the condition where an insulating material is present between 
the electrodes of a capacitor and the flux density becomes as in Equation (9). 

2
0          C mrD Eε ε − = × × ×   (9) 

Table 1 —Relative permittivity values of materials 

Material Relative permittivity 
rε  

Vacuum 1.0 
Air 1.00055 

Mineral Oil 2.2 
Silicone Fluid 2.7 
Natural Esters 3.2 

Synthetic Esters 3.2 
Oil Impregnated Paper 3.8−4.2 

Oil Impregnated Pressboard 
Low Density 
High Density 

 
3.8 
4.6 

Water (20 °C) 80 

Capacitive current (Ic) is directly related to the capacitance. 

[ ]2        AcI V C f C Vω π= × × = × × ×  (10) 

From Equation (10), it is clear that capacitive current is dependent on frequency (f) and therefore for repetitive 
measurements, the specimen (capacitor) tested at similar voltages and the same frequencies should provide similar 
responses (assuming no deterioration of the insulation material). This important correlation between current and 
capacitance also provides information regarding the mechanical condition of the insulation system. Following basic 
circuit theory, it is obvious that the capacitance is increased by connecting capacitors in parallel and it is reduced by 
connecting capacitors in series. This is fundamental for the proper understanding of the capacitance values obtained 
by measurement during a typical dissipation factor/power factor test. 

The dielectric insulating material is not perfect; therefore, losses are to be expected in the system and those should be 
measured. The approach is taken by measuring dielectric loss. In order to represent the losses of the dielectric material, 
the current producing the dielectric loss of the insulating material is in phase with the applied test voltage. This current 
(IR) is created by polar contaminants in a dielectric that are influenced by electrical stress. This resistive component is 
very small in the transformer insulation and its increase is due to a variety of factors such as aging by-products, 
chemical contamination, moisture in the cellulose, high oil conductivity, carbon tracking, or high resistance in the core 
(Perkins, et al. [B19]).4 

The relationship between the total current (IT), resistive current (IR) and capacitive current (IC) is shown in Figure 1 
and Figure 2. Capacitance (C) [Equation (10)], power factor (PF) [Equation (11)], and dissipation factor (DF) 
[Equation (12)] are measured identically on a single-frequency power factor test or in a multiple frequency DFR test. 

                                                 
4The numbers in brackets correspond to those of the bibliography in Annex D. 
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Figure 1 —Complex Impedance measurement (simplified diagram) 

R

T
Power factor cos I

I
θ= =  (11) 

R

C
Dissipation factor tan I

I
δ= =  (12) 

 
Figure 2 —Power factor/dissipation factor vector diagram 

In a simple way, power factor and dissipation factor (tan δ ) are very close in magnitude only if the angle δ  is very 
small (<5 degrees) or tan δ  is below 10%. The power factor correlates to the dissipation factor as follows in Equation 
(13): 
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where 

  is the angle between IR and IT, Figure 2 

Replacing PF and DF within the expression above, yields the following: 
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It is important to mention here that because DFR is a different application of the same power factor technique; both 
test procedures are highly dependent on frequency and temperature. 

4.3 Differences between DFR and single-frequency PF testing techniques 

Power factor is a trending value usually monitored to evaluate the condition of the insulation system and typically 
performed in the field as a routine test at 10 kV or at a voltage not greater than the rated voltage of the insulation 
system under test. The purpose is to determine the degree of contamination or deterioration of the insulating material 
without stressing the system significantly. The great majority of oil-impregnated transformers in good condition show 
the power factor at line frequency not exceeding 0.5%. (IEEE Std C57.152™-2013 [B13]) at 20 ºC. Values showing 
accelerated increase of losses or beyond standard limits require further investigation. 

Table 2 enumerates some of the differences between single frequency power factor testing and DFR. 

Table 2 —Differences between typical power factor and DFR tests 

Parameter Power factor test DFR test 

Frequency Line frequency or close to line 
frequency (50/60 Hz) 

Variable frequency from 1 kHz down 
to values in range of 
10 mHz to 0.1 mHz 

Voltage 10 kV or below apparatus rated 
voltage 

140 VRMS a 

Measurement time <1 min 
Time is dependent on stop frequency 

(mHz), typically takes several 
minutes to several hours   

Analysis Trending, standard references Instantaneous modeling 

Objective of test 
Used to identify general 

contamination of insulation 
Primary focus of moisture content 

estimate and oil conductivity 
aOn very low capacitances and in high EMI locations, HV DFR may be used. See 7.3.4. 
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4.4 DFR moisture application 

DFR displays the fundamental polarization and conduction phenomena in transformer winding insulation, which is a 
combination of oil gaps and solid insulation dielectric responses. As a result, it is influenced strongly by both solid 
insulation moisture content and oil condition, and also, but less strongly, by the geometry of the solid and liquid 
insulations. Mathematical modeling was seen as the key to determining how measured responses are affected by oil 
conductivity and moisture content. 

On this basis, the complex relative permittivity ( )ε̂ ω  at the frequency of the applied field, assuming a capacitive test 
object, can be found in Equation (15). It is important to notice that the imaginary part of the complex relative 
permittivity, ( )ε ω′′ , (loss part) contains both the resistive (dc conduction) losses and the dielectric (polarization) 
losses. Another way of presenting the measured information of DFR is to use the dissipation factor as shown in 
Equation (16). 

( ) ( ) ( )ˆ jε ω ε ω ε ω′ ′′= −  (15) 

( ) ( ) ( )
( )

"
tan

'
DF

ε ω
ω δ ω

ε ω
= =  (16) 

 

 

Figure 3 —Dielectric frequency response (ε ′ , ε ′′ , DF, and C) of a typical inter-winding insulation with 
0.5% moisture at 25 °C in full measurement spectrum from 1 kHz down to 0.1 mHz 

The example presented above, for reference only (Figure 3), shows the dielectric response of a typical inter-winding 
insulation with 0.5% moisture in the solid insulation and a liquid conductivity of 1 pS/m. In the frequency range from 
1000 Hz down to about 10 Hz, the losses in the cellulose, and the relation between cellulose and liquid, determine the 
DF level. In the frequency range from 0.1 Hz down to 0.01 Hz, the liquid conductivity dominates the losses. At 
frequencies below 0.01 Hz, the effect of liquid losses are less dominating and the relation between liquid and solid 
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insulation gives this section its characteristic response. Cellulose losses also affect these lowest frequencies, more 
pronounced if cellulose has high moisture content. See Annex A for a more detailed description. 

The variable and fixed input parameters are the following: 

a) Normally fixed: 
 Liquid insulation relative permittivity [omitted in Equation (17)] 
 Thermal activation energy for solid and liquid insulation [omitted in Equation (17)] 
 Temperature (T), [omitted in Equation (17)] 

b) Variable: 
 Liquid insulation conductivity (σ ) 
 Moisture in solid insulation (m) 

c) Fixed or variable within limits: 
 Geometry parameters (X, Y) 
 Geometrical capacitance (C0) 

See Annex A for further details on the variable and fixed parameters. 

The thermal activation energy of the liquid insulation is only needed when the oil conductivity is measured directly 
from an oil sample and used as a known parameter in the mathematical model. 

In the moisture analysis, a mathematical algorithm finds the best fit between the modeled and measured dielectric 
response by computing the minimum error as follows: 

( )
0

2
0 i

, , , ,
min , , , , , i

C X Y m i
F C X Y m f data

σ
σ − ∑  (17) 

where the function F represents the modeled response; datai the measured response; and fi the frequency; all of them 
in logarithmic form and parameters as defined previously. 

4.5 General DFR measurement test practice 

The dielectric response measurement uses the same preparation setup and execution procedure as traditional (50 Hz 
or 60 Hz) capacitance (C) and power factor (PF)/dissipation factor (DF) measurements as illustrated in Figure 4. 

In general, the insulation region of focus for DFR measurement is the one containing the biggest amount of solid 
insulation within the specimen under test. For better interpretation, a typical two-winding transformer is represented 
in Figure 4 where the inter-winding insulation between high-voltage (HV) and low-voltage (LV) windings (CHL) is 
not influenced by other components such as bushings and clearly represents the majority of the solid insulation in the 
overall transformer dielectric system. In addition, the high-voltage side insulation to ground and the low-voltage side 
insulation to ground can also be measured. The objective of these additional measurements (CH and CL) is to identify 
possible non-typical responses on those insulation areas. 

In Figure 4, CHL represents the capacitance between HV and LV windings, CH represents the capacitance between 
high-voltage winding and ground; and, CL represents the capacitance between low-voltage winding and ground. In the 
case of a three-winding transformer, CHT represents the capacitance between high (H) and tertiary winding (T) and CT 
represents the capacitance between the tertiary winding (T) and ground. 
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Figure 4 —DFR test set connected to a two-winding transformer 

It is recommended to record the transformer nameplate data and insulation temperature. Temperature is critical for 
accurate assessment of the insulation condition. See 5.6.1 for temperature recording method. It is important to 
emphasize that thermal equilibrium is quite difficult to obtain on a unit that has been recently removed from operation. 
Running the test during fast dynamic thermal changes will generate incoherent results and confusion, for example 
immediately after de-energizing the unit. Recommendations with regard to test records are provided in Clause 6. 

5. Making a DFR measurement 

5.1 Safety 

As with any electrical test, making a dielectric frequency response measurement should be performed in a safe and 
controlled manner regardless of test location. The measurement should be carried out by qualified and authorized 
personnel. 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 
the industry standards, company, or local regulations and manufacturer’s instruction manual. Any transformer under 
test should be completely isolated from any high-voltage source or power system source. The transformer tank should 
have a solid ground. During the measurement, there should be strict adherence to local safety regulations and 
guidelines. 

5.2 Test environment preparation 

Environmental factors may influence the measurement under test, and must be considered during the interpretation 
and analysis of the results.  Under ideal conditions, the temperature of the insulation should remain constant, and close 
to 20 °C. It is not unreasonable to have temperatures as low as 10 °C or as high as 40 ºC. Measurement of an 
ungrounded specimen test such as CHL to assess moisture content is very robust against influence of weather and 
moisture. However, the grounded specimen tests, such as CH and CL, are sensitive to environmental conditions. 
Specifically, humidity combined with bushing geometry and cleanliness of its surface condition are known to 
influence the results of the dielectric loss measurements. Experience shows that at 50/60 Hz, with bushing surfaces 
cleaned, the losses can be influenced when humidity exceeds 85−90%. 
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5.3 Test object preparation 

It is recommended that the transformer be in as close to “in service” condition as possible. All bushing connections, 
including the neutrals, should be disconnected from the grid and be short-circuited prior to performing the test. The 
jumpers used to short the winding should be bare conductors, and shall be isolated from ground surfaces. If CH and 
CL measurements are performed, it is imperative to make sure the bushings are dry and clean. Accessible tertiary 
winding typically has bushings to allow the tertiary winding to be used during testing. In such case, the DRF test can 
be performed similar to a 2-winding (or a 3-winding) transformer. After the test is completed, restore the grounding 
to the original connection. 

Whenever possible all test lead connections should be made directly to the bushing terminals. If the bus bar is 
connected, its support insulation will influence the CH (high side winding to ground) measurement, and the CL (low 
side winding to ground) and CT (tertiary side winding to ground) measurement. Therefore, as a general guideline, 
external bus bar connections should be removed whenever possible. 

The low-voltage DFR measurements can be affected by substation interference such as electrostatic and 
electromagnetic energy. Therefore, it is important to ensure proper ground connections of all floating and un-energized 
terminals as well as the transformer tank during the measurements to provide a controlled path for interference. 
Voltages higher than typical 140 V RMS for DFR test, improve the signal to noise ratio helping to reduce the effect 
of substation EMI (Werelius, et al. [B20]). 

Special considerations should be given to safety when testing a transformer without oil so excessive voltages are not 
applied or induced in a combustible environment. DFR modeling input parameters will have to reflect air in lieu of 
oil.  

If internal current transformers are present, they should be configured in the in-service conditions. If the core is 
grounded through resistor(s), the resistor should be shorted during measurements. 

5.4 Test set 

The test set should be grounded in accordance with the recommendations of the test equipment manufacturer, or to 
the same point as the transformer under test, in the absence of the equipment manufacturer’s recommendations.  
Dielectric response test equipment should be furnished with selectable test modes that simplify the testing of the 
complex insulating systems. The two basic test modes are grounded specimen test (GST) and ungrounded specimen 
test (UST). Test equipment should also include additional guard circuitry that allows for variation on these two modes, 
thus allowing each section of the complex insulation systems to be tested separately if possible. For simplicity, 
instrument manufacturers may use the same test modes as those used for single frequency power factor testing, these 
are: UST, GST-GND, and GST-GUARD. As with power factor measurements, the use of shielded test cables is 
recommended. 

The test equipment should always be calibrated within the recommended calibration interval. When possible, prior to 
use, a self-check of the operation of the test equipment using a standard test object with a known DFR response may 
be employed as a means of assuring correct operation of the equipment. 

5.5  Measurement configurations 

In estimating the moisture content of the paper/pressboard insulation for power transformers, emphasis is given to the 
major insulation, the inter-winding insulation such as that between the high-voltage and the low-voltage windings in 
a two-winding transformer. This insulation is commonly denoted as CHL. Supplementary measurements can be 
performed, such as measuring the winding insulation to ground, commonly referred to as the CH (high side winding 
to ground) and the CL (low side winding to ground) insulation. The importance of these supplementary measurements 
is to identify possible non-typical responses of those insulation system areas. 
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5.5.1 UST measurement 

The UST configuration is used for measurements between two terminals of a test specimen that are isolated from 
ground. In the UST configuration, only the current flowing in the insulation between the two terminals is measured.  
Any current path to ground, bypasses the metering circuit, therefore this current is not measured. A connection diagram 
for a UST measurement on a power transformer is shown in Figure 5. 

  

Figure 5 —Measurement of CHL using UST configuration 

5.5.2 GST measurement with guard 

The grounded specimen test (GST) measurement is performed between two terminals of a test specimen, of which 
one terminal is connected to ground. If other terminals are present and associated with the specimen, the use of the 
guard circuit eliminates these undesired current paths from the measurement. A high-voltage winding to ground (CH) 
connection diagram for a GST guard measurement on a power transformer is shown in Figure 6. 

 

Figure 6 —Measurement of CH using GST with guard configuration 

5.6 Measurement 

5.6.1 Record the temperature 

The temperature of the insulation system should be recorded. Dielectric response measurements are influenced by 
temperature and is preferably to perform after the transformer has been de-energized for many hours or several days, 
or else soon after de-energizing. Temperature is not homogeneous within transformer insulation. Typically, 
temperature is the highest towards the top of the transformer winding, and tends to decline towards the bottom of the 
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transformer winding. Several methods can be applied to estimate the insulation temperature. The methods include 
direct oil measurements, top oil temperature gauge readings, measurement using a thermal gun, or by comparing a 
winding resistance measurement against factory test data or resistance at a known temperature. It is recommended that 
this test be done in a stable insulation temperature condition, preferably after the transformer has been de-energized 
for many hours or several days. Since the temperature of a transformer can drop rapidly immediately after de-
energization, it is not recommended to perform this measurement right after the transformer has been de-energized. 
Further, it is important to record the temperature, just prior to the measurement and again after completion. The follow 
up ensures that the temperature has not changed by more than ±5 °C during the measurement. Simulations have shown 
that the estimated moisture does not change significantly within this temperature range of the measured temperature. 

The longer the time spent in acquiring the DFR response, the higher the possibility of thermal fluctuations and erratic 
assessment.  

5.6.2 Environmental condition 

Record the ambient temperature, relative humidity, and weather conditions of the test environment. 

5.6.3 Record the transformer nameplate information 

See 6.2.1. 

5.6.4 LTC tap position 

While for the great majority of transformers, the DFR measurements are not influenced by the position of the LTC, 
there are exceptions. A known example corresponds to designs that include resistor in the path to ground. This resistor 
in the Neutral position contributes to measured losses increasing the power factor value. These units should be tested 
in the off-Neutral position to remove the influence of the resistor. 

5.6.5 DFR test procedure 

The DFR test is typically performed by applying a frequency spectrum energy signal to the insulation system under 
test and measuring the applied voltage, current, and phase angle to determine the specimen capacitance and power 
factor over the frequency range of interest. The test connections are the same as those used for the standard power 
factor and capacitance measurements. Refer to Figure 4, Figure 5, and Figure 6.  

The measurement can be performed in either frequency domain or time domain. Data presentation and analysis for 
both methods are carried out in the frequency domain. 

DFR test is performed using low voltage. Selecting the test voltage level is a compromise—too high a voltage may 
introduce significant voltage dependent effects at low frequencies; however, too low a voltage may make it impossible 
to suppress interference currents that may be several orders of magnitude greater when compared to insulation loss 
current at low frequencies. Test voltage levels typically used today are 140 V RMS, but higher voltages may be used 
in high interference environments (Werelius, et al. [B20]). 

The full frequency range used during the measurement is 1000 Hz to 0.1 mHz. The test starts at 1000 Hz to reduce 
the effects of the remnant charge introduced by test voltage at lower frequencies. The need for the measurements in 
the 10 mHz to 0.1 mHz range is influenced by temperature, insulation dryness, and condition of the oil (Cheng, et al. 
[B2]). In cases where, during the test, a review of the data determines that sufficient information is present (e.g., the 
loss peak, known as “the hump” of the power/dissipation factor versus frequency curve is observed), the test can be 
stopped since there is not a need for measurements at lower frequencies. 

5.6.6 Test connections 

Connect the ground of the instrument to the ground of the transformer tank. Connect the instrument cables to the 
instrument then to the transformer. 
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All windings should be shorted, using un-insulated jumpers, including the neutral connection. Note the neutral shall 
be disconnected from ground. Table 3, Table 4, Table 5, and Table 6 describe the test connections for the various 
winding configurations commonly found in transformers. 

Table 3 —Two-winding transformer tests 

Test Source outputa Measurement 
inputa Guard Insulation 

measured 
Moisture content 

assessment 

CHL High-voltage 
winding 

Low-voltage 
winding 

Transformer tank 
ground CHL Recommended 

CH High-voltage 
winding 

Transformer 
tank ground 

Low-voltage 
winding CH Supplementary 

CL Low-voltage 
winding 

Transformer 
tank ground 

High-voltage 
winding CL Supplementary 

aThe output/input are referred to test equipment.  

Table 4 —Autotransformer without tertiary 

Test Source output Measuring 
input Guard Insulation 

measured 
Moisture content 

assessment 
CH Autotransformer 

winding (H-X) 
Transformer 
tank ground 

 CH Recommended 

Table 5 —Autotransformer with a tertiary  

Test Source 
output 

Measuring 
input Guard Insulation 

measured 
Moisture content 

assessment 
CHT Autotransformer 

winding (H-X) 
Tertiary 
winding 

Transformer tank 
ground 

CHT Recommended 

CH Autotransformer 
winding (H-X) 

Transformer 
tank ground 

Tertiary winding CH Supplementary 

CT Tertiary 
winding 

Transformer 
tank ground 

Autotransformer 
winding (H-X) 

CT Supplementary 

Table 6 —Three-winding transformer 

Test Source 
output 

Measuring 
inputs Guard Insulation 

measured 
Moisture content 

assessment 
CHLX 

(see NOTE) 
High-voltage 
winding (H) 

Low-voltage 
winding (X) 

Transformer 
tank ground and 
LVY winding 

CHLX Recommended 

CHLY 

(see NOTE) 
High-voltage 
winding (H) 

Low-voltage 
winding (Y) 

Transformer 
tank ground and 
LVX winding 

CHLY Recommended 

CLXLY 

(see NOTE) 
Low-voltage 
winding (X) 

Low-voltage 
winding (Y) 

Transformer 
tank ground and 

HV winding 

CLXLY Recommended 

CH High-voltage 
winding (H) 

Transformer 
tank ground 

LVX and LVY 
windings 

CH Supplementary 

CLX Low-voltage 
winding (X) 

Transformer 
tank ground 

High-voltage and 
LVY windings 

CLX Supplementary 

CLY Low-voltage 
winding (Y) 

Transformer 
tank ground 

High-voltage and 
LVX windings 

CLY Supplementary 

NOTE—Minimum one of the three recommended measurements is required for moisture estimation. 
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