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The Winding testing unit provides a system and method for 
determining a characteristic signature of a Winding residing 
in a device, such as a transformer or generator. A pulse/ 
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SYSTEM AND METHOD FOR OFF-LINE IMPULSE 
FREQUENCY RESPONSE ANALYSIS TEST 

CLAIM OF PRIORITY 

[0001] This document claims priority to and the bene?t of 
the ?ling date of and commonly assigned provisional appli 
cation entitled “The Application Of An Off-Line PoWer 
Transformer LoW Voltage Impulse Frequency Response 
Analysis (LVIFRA) Technique Using Spectral Density Esti 
mates Calculations And A Non-Recurrent Surge Pulse 
Source,” assigned Ser. No. 60/202,349, ?led May 4, 2000, 
Which is hereby incorporated herein by reference. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0002] This application is related to co-pending and com 
monly assigned US patent application entitled “SYSTEM 
AND METHOD FOR ON-LINE IMPULSE FREQUENCY 
RESPONSE ANALYSIS TEST” ?led on even date hereWith 

(attorney docket number 062004-1590), Which is entirely 
incorporated herein by reference. 

TECHNICAL FIELD 

[0003] The present invention relates generally to energy 
delivery systems, and more particularly, to a system and 
method for testing Winding and Winding connection dis 
placements in a transformer. 

BACKGROUND OF THE INVENTION 

[0004] Electric utilities and other organiZations are 
responsible for supplying an economic, reliable and safe 
source of electricity. Three major components are employed 
in an energy delivery system to provide the electricity to the 
end user, the generator, the transmission line and the trans 
former. 

[0005] Generators are rotating machines operated in a 
manner such that electricity is created When mechanical 
energy is used to rotate the generator shaft. A generator rotor 
is coupled to the shaft, and When the shaft is rotated, thereby 
rotating the rotor, a voltage and current is caused in the 
generator stator. One typical form of mechanical energy 
used to generate electricity is steam, Which is passed through 
a turbine that forces the generator shaft to rotate. Steam is 
often created by boiling Water using coal, natural gas or 
nuclear ?ssion heat sources. Or, steam may be taken directly 
from naturally occurring geothermal sources. Other sources 
of mechanical poWer employed for rotating a generator rotor 
may also include hydroelectric poWer or Wind poWer. Since 
the end user of the electricity is rarely located near a 
generator, the electricity generated by the generator must be 
“transported” to the end user. 

[0006] The second major component employed in an 
energy delivery system is the transmission line. Transmis 
sion lines consist of a grouping of Wires Which connect the 
generator to the end user. The “amount” of electricity that a 
transmission line can carry depends primarily upon the 
diameter of and number of the conductors (Wires) used on 
the transmission line, and the voltage at Which the trans 
mission line is operated at. Typically, transmission lines 
from the generators employ a relatively high voltage so that 
a large amount of electricity is economically and reliably 
transported over long distances to locations Where large 
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concentrations of end users are found, such as a city or a 
large industrial manufacturing plant. Examples of eXtra high 
voltage (EHV) and intermediate transmission voltages 
employed in the industry include, but are not limited to, 500 
kilovolts (kV), 230 kV, 138 kV, 115 kV, 69 kV and 46 kV. 
Typically, loWer transmission line voltages are employed on 
the transmission line distribution system (such as, but not 
limited to, 25 kV, 20 kV, 13.8 kV, 12 kV, 4 kV, 480 V and 
240 V) to provide energy to the end user’s premises con 
nection point. 

[0007] The third major component employed in an energy 
delivery system is the transformer. The transformer is a 
device that changes voltage. Generally, voltage from the 
generator is a loWer voltage than used by the transmission 
lines that transmit the electricity to the end user. Further 
more, the voltage used by the end user is much loWer than 
voltage than used by the transmission lines. Thus, the 
transformer couples elements of an energy delivery system 
that employ different voltages. 

[0008] For eXample, tWo voltages typically found in a 
home are 240 volts and 120 volts. An EHV 500 kV trans 
mission line may be delivering poWer to a city that employs 
a 230 kV transmission line system to deliver energy to a 13.8 
kV distribution system. A 500/230 kV transformer changes 
voltage from 500 kV to 230 kV, thereby alloWing tWo 
transmission lines having different operating voltages (500 
kV and 230 kV) to be coupled together. Such a transformer 
has at least tWo terminals, a 500 kV terminal and a 230 kV 
terminal. Similarly, a 13.8 kV/240 V/120 V transformer may 
be used to convert voltage of the 13.8 kV distribution system 
to a voltage used in the end user’s home or of?ce. Thus, 
transformers alloW the various voltage generators, transmis 
sion lines and distribution lines to be coupled to a home, 
of?ce or other facility Where the end user Will be using the 
electricity. 

[0009] Transformers come in many different siZes, shapes 
and constructions. Typically, transformer siZe (rating) is 
speci?ed as the product of the maXimum voltage and cur 
rent, as measured from one side of the transformer, that the 
transformer is capable of converting at a particular operating 
condition. Such operating conditions include temperature 
and/or altitude. For eXample, a 500/230 kV transformer may 
be rated at 300 MVA (3,000 kilo-volt-amps) When operating 
at sea level and at 65° Celsius rise above ambient. Trans 
formers may be constructed as separately insulated Winding 
transformers or auto transformers, and as single phase or 
multiple phase transformers. The operating voltages, ratings 
and Winding types of transformers employed in the industry, 
Well knoWn to one skilled in the art, are too numerous to 
describe in detail here other than to the eXtent necessary to 
understand the present de?ciencies in the prior art. 

[0010] All transformers, independent of siZe, rating and 
operating voltage, have several common characteristics. 
First, the transformer is constructed from one or more 
Windings, each Winding having a plurality of individual coils 
arranged and connected in an end-to-end fashion. In some 
transformers, the Winding is made by Wrapping a Wire 
around a laminated solid member, called a core. Alterna 
tively, there may be no core. HoWever, in all transformers, 
the individual Windings must be electrically isolated from 
each other. An insulation material is Wrapped around the 
Wires such that When the plurality of coils are made, the 
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metal Wires of each Winding are physically and electrically 
separated, or insulated, from each other. Insulation materials 
Wrapped around the Windings may vary. Paper, impregnated 
With oil, is often used. Other types of transformers may use 
only paper, or may use another suitable material such as a 
polymeric compound. 

[0011] Maintaining the electrical insulation betWeen the 
Windings is absolutely essential for the proper operation of 
a transformer. In the event that the electrical insulation is 
breached, such that electricity passes from one Winding coil 
across the breach to another Winding coil, special protective 
devices Will operate to disconnect the transformer from the 
electrical system. The devices, by removing electricity 
applied to the transformer, interrupt the undesirable current 
?oW through the insulation breach to minimize damage to 
the transformer. This condition is commonly referred to in 
the industry as a transformer fault. 

[0012] Transformer faults are undesirable for at least tWo 
major reasons. First, end users may become separated from 
the energy delivery system, thereby loosing their electrical 
service. Second, transformer faults may result in large 
magnitudes of current ?oW, knoWn as fault current, across 
the breach and through the transformer Windings. Also, 
faults occurring on the energy delivery system at locations 
relatively close to the transformer may result in large fault 
currents ?oWing through the transformer. Often, fault cur 
rent may be orders of magnitude greater than the highest 
level of normal operating current that the transformer Was 
designed to carry. Such fault currents may cause severe 
physical damage to the transformer. For example, a fault 
current may physically bend portions of the transformer 
Winding (Winding deformation) and/or move the Windings 
out of their original position in the transformer (Winding 
displacement). Such Winding deformation and/or displace 
ment can cause over-voltage stresses on portions of the 
Winding insulation and exacerbate the process of the natu 
rally occurring deterioration of the Winding insulation that 
occurs over a period of time. The fault current may further 
increase damage to the insulation, or damage insulation of 
adjacent Windings, thereby increasing the magnitude and 
severity of the fault. In the most extreme cases, the fault 
current may cause an ignition in the transformer oil, result 
ing in a breach of the transformer casing and a subsequent 
?re or explosion. 

[0013] Therefore, it is desirable to ensure the integrity of 
the transformer Winding insulation. Once a transformer fault 
occurs, it is usually too late to minimiZe transformer damage 
and to reduce the period of electrical outage. The electric 
utility industry takes a variety of precautionary steps to 
ensure the integrity of Winding insulation in transformers. 
One important precautionary step includes periodic testing 
of the transformer. Various tests are used to predict a 
probability of a future fault. One test commonly employed 
in the industry to detect Winding deformation and/or dis 
placement is the loW voltage impulse test. 

[0014] To perform a loW voltage impulse test according to 
prior art methods, an electrical pulse or signal is applied to 
one terminal of a transformer. That is, a signal or pulse is 
applied to the input Winding of the transformer. The signal 
or pulse on the output side of the transformer (output 
Winding) is then measured. The input and output signals or 
pulses are analyZed using a variety of techniques. One 
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analysis technique is to perform a frequency response analy 
sis (FRA) Which measures one characteristic of the input and 
output signals over a predetermined frequency range. One 
commonly employed technique is to process the measured 
input and output signals or pulses by applying a fast Fourier 
transform (FFT) to the signals. The FFT of the output signal 
is divided by the FFT of the input signal and the resultant 
admittance, as a function of frequency, may be plotted for 
the transformer. The input signal or input pulse may be 
applied to the high voltage, loW voltage, neutral or other 
suitable terminal that is available on the transformer. The 
output signal is taken from another selected terminal on the 
transformer. For example, a loW voltage pulse is applied to 
the high voltage terminal of the transformer Winding and the 
output pulse is measured on the loW voltage terminal of the 
transformer. Such a test is commonly knoWn as a loW 
voltage impulse test because the voltage of the applied input 
signal or pulse is much less than the impulse voltages used 
to test for dielectric integrity in a high voltage laboratory or 
at the transformer manufacturing site. When a series of 
identical pulses or signals are applied to the transformer 
Winding, in accordance With prior art transformer testing 
procedures, and the resultant measurements are averaged 
together, the resultant plot is often referred to as the transfer 
function or characteristic signature of the transformer Wind 
ing con?guration being tested. 

[0015] In a static situation, a test engineer could reason 
ably expect that the characteristic signature of the trans 
former Winding Would not signi?cantly change With time. 
For example, the test engineer could reasonably expect that 
a transformer Winding tested one year after being placed in 
service, assuming that nothing has changed Within the 
transformer during that year, could be tested and have output 
measurements that Would substantially match the output 
measurements taken a year earlier. 

[0016] HoWever, static conditions rarely occur in the ?eld. 
Each time current How is adjusted in the transformer, 
mechanical stress in the Windings change. Abrupt changes in 
current How can occur every time a portion of the electrical 
transmission system is recon?gured by sWitching, or every 
time lightning strikes the transmission system nearby the 
transformer. Many other events may also cause abrupt 
changes in current through the transformer on a regular and 
frequent basis. This is a basic reality of the operation of the 
electric system. Transformer Windings are designed to 
accommodate a number of reasonable magnitudes of abrupt 
current change over the operating life of the transformer. 
Yet, abrupt current changes in excess of the design limits are 
occasionally encountered. When these conditions occur, the 
Windings may permanently bend from their original posi 
tion, hereinafter referred to as Winding deformation. Or, the 
Windings may move slightly from their originally installed 
position, hereinafter referred to as Winding displacement. 
Winding deformation and displacement may stress, crack 
and/or otherWise impair the insulation around the Windings. 
Furthermore, the impairment caused to the Winding insula 
tion by each abrupt change in current is cumulative. That is, 
the damage is not self-repairing or healing. Eventually, the 
damage may become suf?cient to cause a breach in the 
insulation. Then, a fault Will occur and the transformer Will 
become damaged, thereby requiring the transformer to be 
taken out of service for repair or retirement. 
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[0017] Additionally, Winding deformation and/or dis 
placement may alter the voltage gradient around the bent 
portion of the coils. If the Winding deformation and/or 
displacement decreases the gap betWeen tWo adjacent Wind 
ing coils, the voltage gradient may become more concen 
trated around the bend. The increase in the voltage gradient 
may be suf?cient, over a short or long period of time, to 
breach the insulation, thereby causing a fault. Or, the 
increased voltage gradient may cause a temperature increase 
around the deformed and/or displaced portion of the coils. 
The increased temperature increases the rate of degradation 
of the Winding insulation. In an oil ?lled transformer, the 
temperature increase may alter the properties of the trans 
former oil, and possibly result in electrical partial discharge 
Which in turn results in the formation of undesirable gasses. 

[0018] Thus, periodic testing is performed to determine 
and/or estimate the amount of cumulative damage to the 
transformer resulting from the normal (and abnormal) day 
today operating conditions that the transformer has been 
subjected to. If the tests indicate potential problems, the 
transformer can be scheduled for maintenance, or replaced 
if necessary, in a timely and controlled manner that results 
in the least disruption in service to the end users. Further 
more, transformers are very expensive pieces of equipment, 
thus repairing a transformer before permanent damage 
occurs is desirable. 

[0019] Prior art loW voltage impulse tests present many 
unique problems. One signi?cant problem is that a precise, 
repeatable input testing signal or pulse of knoWn energy 
content to be suf?cient for the test must be applied to the 
input terminal of the tested transformer Winding When prior 
art frequency response analysis techniques are used to 
measure the frequency response of the transformer Winding. 
If the applied input test signals/pulses are not identical to 
each other, the resultant characteristic signature of the tested 
transformer Windings Will not be accurate. For example, the 
prior art has no objective test accuracy or bandWidth limit 
analysis, so an unknoWn pulse at the input Will compromise 
the test result Without detection. In addition, the time delay 
betWeen pulse applications for the prior art should be 
constant to prevent random distortion of the input pulse 
Which affects the characteristic signature. For example, if the 
pulse intervals are not constant, the energy storage remain 
ing in the transformer Winding con?guration Will be differ 
ent betWeen pulses, thus altering the load impedance of the 
transformer and therefore, changing the parameters (fre 
quency energy content) of the applied pulse. Furthermore, 
test signal/pulse generators or test pulse generators capable 
of providing such exact and repetitive input signals or pulses 
are expensive. 

[0020] Therefore, it is desirable to have a valid and 
reliable loW voltage impulse testing system and method that 
does not require a plurality of identical input test signals/ 
pulses for a single test. Also, it Would be desirable for the test 
equipment to be inexpensive, to be easily portable, and to be 
easily implemented in the ?eld Where the transformer is 
located. Furthermore, it Would be desirable to have the test 
signal/pulse generator con?gured to provide a Wide variety 
of test signals/pulses suitable for testing a Wide variety of 
transformers. 

SUMMARY OF THE INVENTION 

[0021] The present invention provides a system and 
method for determining a characteristic signature of a Wind 
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ing residing in a device. Brie?y described, in architecture, 
the system and method can be implemented as folloWs. 

[0022] The person conducting the test of the Winding, 
hereinafter referred to as the testing personnel, prompts a 
pulse/signal generator to generate a pulse or signal that is 
applied to the Winding Which is to be tested. Asensor detects 
an output pulse or signal after the applied input pulse or 
signal has propagated through the Winding. Data corre 
sponding to the applied input pulse or signal, and data 
corresponding to the detected output pulse or signal, is 
stored in a memory. The testing personnel prompts the 
pulse/signal generator to apply a suitable number of addi 
tional pulses or signals as described above such that a data 
base of pairs of input and output pulses or signals are 
accumulated in the memory. For each of the subsequent 
applied input pulses or signals, the testing personnel may 
optionally actuate a pulse/signal Width adjuster, and/or actu 
ate a pulse/signal voltage adjuster, such that the nature 
(Width and/or voltage) of the subsequently applied input 
pulses or signals are varied. 

[0023] After a suitable number of input pulses or signals 
have been applied to the Winding, the testing personnel 
prompts a processor to retrieve the stored data and to 
calculate a characteristic signature of the tested Winding. 
The processor calculates the characteristic signature of the 
Winding by executing logic employing a unique computa 
tional method. First, the auto-spectral density (Gxx) is 
calculated. Gxx is de?ned by the complex conjugate of the 
fast Fourier transform (FFT) of the input pulse or signal 
times the FFT of the same impulse or signal. Second, the 
cross-spectral density (Gxy) is calculated. Gxy is de?ned by 
the complex conjugate of the FFT of the input pulse times 
the FFT of the output pulse. The logic then calculates the 
characteristic signature for the Winding such that 
equals the average of the average of the Gxy’s divided by the 
average of the Gxx’s for the respective pairs of input and 
output pulses or signals. This is representation is chosen 
for noise rejection in the output signal, since the output 
signal is much smaller than the input signal. For example, 
only the output components Which are correlated With the 
input pulse are accepted. Other components, such as, but not 
limited to, un-correlated output noise, are rejected by de? 
nition. Thus, a good signal to noise ratio for a relatively 
small signal in a relatively noisy environment is provided. In 
addition, equations using spectral densities (Gxx, Gxy and 
Gyy) can be determined When input pulses or signals that are 
slightly different, or even very different, from each other. 

[0024] To verify the accuracy and validity of the calcu 
lated characteristic signature of the Winding, a coher 
ence function Y2 XV(f) is calculated, according to the equation 
beloW: 

[0025] The coherence function Y2 XV(f) is a real valued 
function having a magnitude ranging from 0 to 1. Avalue of 
1 Would indicate a perfect linear relationship from the input 
pulse or signal to the detected output pulse or signal. Avalue 
of 0 Would indicate a complete non-linear relationship 
betWeen the input and detected output pulses or signals, or 
that there Was not suf?cient input energy in the applied pulse 
or signal to transfer suf?ciently to the output. The coherence 
function is also sensitive to alaising on the input and output 
digital records. The coherence function Will also indicate 
loW numbers for high input pulse noise levels. 
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[0026] Additionally, a random error function is 
calculated, according to the equation below: 

[0027] The random error, EI|H(f)|, provides a statistical 
analysis of the test data and de?nes a 95% con?dence 
interval for the test data that is graphed over a frequency 
range of interest. Such a graph plots tWo lines, With the 
spacing betWeen the tWo lines indicating the 95% con?dence 
interval for the test data. The error function indicates hoW 
Well the test is performed from a ?rst testing of the trans 
former Winding and a second test on the same Winding. For 
example, the value of the error function Will increase sig 
ni?cantly if there is a problem With the connections or the 
leads in one of the tests. The error function Will not increase 
signi?cantly for a change due to transformer Winding defor 
mation and/or displacement. 

[0028] One embodiment of the Winding testing unit 
includes logic that analyZes the coherence function and the 
random error function. Based upon pre-de?ned criteria, the 
comparison numbers may be displayed With a color coded 
system. For example, if the comparison displays a number in 
green, then little or no change has occurred betWeen the tWo 
compared tests of the same transformer Winding. If the 
comparison numbers are displayed in yelloW, then the yel 
loW color indicates that some change has occurred. HoW 
ever, such changes denoted by the yelloW color may be 
considered to be associated With temperature differences 
betWeen the test, differing conditions of transformer oil 
betWeen the tests, or normal aging of the insulation that 
occurs over a number of years. If the comparison numbers 
are displayed in red, an indication of a signi?cant change in 
the tested Winding is indicated. Should the comparison 
numbers be Well into the red Zone, the tested Winding should 
be inspected and scheduled for possible repair in the near 
future. Thus, this embodiment of the Winding testing unit is 
particularly Well-suited for use by an individual Who is not 
necessarily skilled in the art of analyZing transformer test 
results, such a technician or other maintenance personnel. 

[0029] Other systems, methods, features, and advantages 
of the present invention Will be or become apparent to one 
With skill in the art upon examination of the folloWing 
draWings and detailed description. It is intended that all such 
additional systems, methods, features, and advantages be 
included Within this description, be Within the scope of the 
present invention, and be protected by the accompanying 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] The Winding test system and method, as de?ned in 
the claims, can be better understood With reference to the 
folloWing draWings. The components Within the draWings 
are not necessarily to scale relative to each other, emphasis 
instead being placed on clearly illustrating the principles of 
the Winding test system and method. 

[0031] FIG. 1 is a simpli?ed illustrative block diagram of 
the Winding test unit and the sensing element of the present 
invention coupled to a transformer. 

[0032] FIG. 2 is a block diagram illustrating selected 
components residing in the Winding test unit and the sensing 
element of FIG. 1. 
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[0033] FIG. 3 is a graph shoWing tWo exemplary test 
pulses applied by the Winding test unit to the transformer of 
FIGS. 1 and 2. 

[0034] FIG. 4 is a graph of the transfer function for 
the H1 to X0 Winding for the transformer after repair. 

[0035] FIG. 5 is a graph of the transfer function coherence 
associated With the transformer Winding characteristic sig 
nature after repair of FIG. 4. 

[0036] FIG. 6 is a graph of the transfer function con? 
dence bands associated With the transformer Winding char 
acteristic signature after repair of FIG. 4. 

[0037] FIG. 7 is a graph of the transfer function for 
the H1 to X0 Winding of the tested transformer before repair. 

[0038] FIG. 8 is a graph of the transformer Winding 
characteristic signature before repair and the graph of the 
transformer Winding characteristic signature after repair. 

[0039] FIG. 9 is a How chart illustrating an overvieW of 
the Winding testing process and method. 

[0040] FIG. 10 illustrates an alternative embodiment of 
the Winding test unit and the sensing element coupled to the 
transformer of FIG. 1. 

[0041] FIG. 11 illustrates an alternative embodiment of a 
testing unit coupled to a tested device having a Winding that 
is to be tested for deformation or displacement. 

[0042] For convenience of illustration, elements among 
the several ?gures that are similar to each other may bear the 
same reference numerals. Such elements bearing the same 
reference numerals may be considered to be like elements; 
hoWever, since these like numeraled elements are incidental 
to the operation of the present invention Which utiliZes 
existing portions of a communication netWork, one skilled in 
the art Will realiZe that like numeraled elements among the 
several ?gures need not be identical, as any variations of 
such elements Will not adversely affect the functioning and 
performance of the present invention. Furthermore, like 
elements that are like-numbered may be described in detail 
only in the ?rst instance of occurrence, and not described in 
detail again When occurring in subsequent ?gures. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] A. OvervieW Of The Transformer Testing 
System And Method 

[0044] FIG. 1 is a simpli?ed illustrative block diagram of 
the Winding test unit 20 and the sensing element 22 of the 
present invention coupled to a transformer 24. Winding test 
unit 20 is coupled to sensing element 22 via connection 26. 
For convenience of illustration, sensing element 22 is shoWn 
residing outside of the Winding test unit 20 as a separate 
element. Alternatively, sensing unit 22 could be included as 
an internal element residing Within the Winding test unit 20. 

[0045] Transformer 24 is a Well knoWn voltage conversion 
device employed in energy delivery systems. For simplicity, 
detailed operation of the transformer 24, and many of the 
individual components associated With transformer 24 are 
not described in detail herein, other than to the extent 
necessary to understand the operation and functioning of 
transformer 24 When tested by the Winding test unit 20. 
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Thus, one skilled in the art Will appreciate that the simpli?ed 
diagram of transformer 24 illustrates only a feW of the many 
transformer components residing on the outside of trans 
former 24 and none of the internal components residing 
inside transformer 24. 

[0046] Transformer 24 is illustrated as having three high 
voltage bushings 28, 30 and 32. Each high voltage bushing 
28, 30 and 32 has a corresponding terminal 34, 36 and 38 for 
coupling the high voltage side of transformer 24 to a high 
voltage portion the energy delivery system (not shoWn). 
Transformer 24 also includes three loW voltage bushings 40, 
42 and 44. LoW voltage bushings 40, 42 and 44 each have 
a terminal 46 used to couple transformer 24 to a loW voltage 
portion of the energy delivery system (not shoWn). Aneutral 
bushing 48, having a terminal 50, also resides on trans 
former 24. As Well knoWn in the art, high voltage bushings 
28, 30 and 32 have Wire leads (not shoWn) Which couple the 
terminals 34, 36 and 38 to the high voltage side of the 
Windings (not shoWn) residing in transformer 24. Likewise, 
loW voltage bushings 40, 42 and 44 have Wire leads (not 
shoWn) coupling terminals 46 With the loW voltage side of 
the Windings (not shoWn) residing in transformer 24. Neutral 
bushing 48 also includes a Wire connector coupling terminal 
50 to an internal common grounding point (not shoWn) 
associated With the Windings (not shoWn) residing in trans 
former 24. The above-described con?guration and construc 
tion of the internal components of transformer 24 are Well 
knoWn in the art and are not described in further detail other 
than to the extent necessary to understand the operation and 
functioning of these components When tested by the Winding 
test unit 20. 

[0047] High voltage bushing 28 is mounted to transformer 
24 With a mounting ?ange 52 that is ?xably attached to the 
bottom of the high voltage bushing 28. Mounting ?ange 52 
is securely af?xed to the top of transformer 24 With a 
plurality of bolts 53, nuts or other similar attaching devices. 
Similarly, high voltage bushings 30 and 32, and loW voltage 
bushings 40, 42 and 44 have similar mounting ?anges (not 
shoWn) Which af?x the bushings to transformer 24. Neutral 
bushing 48 has a mounting ?ange 54 and is secured to 
transformer 24 With bolts 55 or the like. 

[0048] The transformer 24 illustrated in FIG. 1 is com 
monly knoWn as a three phase transformer. Thus, three high 
voltage bushings 30, 34 and 36 are coupled to the loW 
voltage bushings 40, 42 and 44 via the Windings (not shoWn) 
residing inside transformer 24. The nomenclature typically 
employed Within the industry to identify the three phases 
are: phase A, phase B and phase C. Thus, a transformer 24 
con?gured for a three phase operation Would have one high 
voltage bushing and one loW voltage bushing associated 
With phase A, a second high voltage bushing and a second 
loW voltage bushing associated With phase B, and a third 
high voltage bushing and a third loW voltage bushing 
associated With phase C. For example, high voltage bushing 
28 and loW voltage bushing 40 may be associated With phase 
A in transformer 24. Similarly, high voltage bushing 30 and 
loW voltage bushing 42 may be associated With phase B and 
high voltage bushing 32 and loW voltage bushing 44 may be 
associated With phase C. 

[0049] Winding test unit 20, as illustrated in FIG. 1, is 
coupled to transformer 24 via connection 52 so that a pulse 
or signal generated by Winding test unit 20 is applied to 
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terminal 34 of high voltage bushing 28 in a manner 
described beloW. In one embodiment, connections 56 and 58 
are coaxial cables. Alternative embodiments employ simi 
larly suitable tWo Wire connections. More speci?cally, a ?rst 
connection 60, such as the center conductor of a coaxial 
cable 52, is coupled to terminal 34, thereby providing 
connectivity betWeen connection 106 and terminal 34. A 
second connection 62, such as the shield Wire of a coaxial 
cable 56 (or another Wire coupled to the shield Wire), is 
coupled to a convenient location on connection 66. Alter 
natively, connection 62 may be coupled to the mounting 
?ange 52, preferably attached by coupling to a selected 
mounting bolt 53. Similarly, connection 58 has tWo Wires, 
such as a coaxial cable in one embodiment. More speci? 
cally, a ?rst connection 64, such as the center Wire of a 
coaxial cable 58, is coupled to terminal 34 and a second 
connection 66, such as the shield Wire of a coaxial cable 58, 
is coupled to mounting ?ange 52. Alternatively, connection 
62 may be coupled to a convenient location on connection 
66, and connection 62 may be coupled to mounting ?ange 52 
using a selected mounting bolt 53. Thus, connections 62 and 
66 form a path across high voltage bushing 28 that approxi 
mates the dry arching distance of the bushing insulation. In 
the embodiment illustrated in FIG. 1, the connection 60 
residing in connection 56 transmits the generated pulse or 
signal to terminal 34, and is physically separate from con 
nection 58 so that the applied pulse or signal is more 
accurately detected. Such techniques are Well knoWn in the 
art. HoWever, alternative embodiments may employ a con 
nection 58 coupled to other alternative convenient locations 
so that the generated pulse or signal applied to terminal 34 
is detected. 

[0050] Sensing element 22 is communicatively coupled to 
terminal 50 of the neutral bushing 48 via connection 68. 
Also, sensing element 22 is communicatively coupled to the 
neutral bushing mounting ?ange 54 via connection 70 to 
form a series path across the external insulation of the 
neutral bushing 48 in a manner that approximates the dry 
arching distance of the bushing insulation. In one embodi 
ment, connections 62, 66 and 70 may be implemented With 
a loW inductance connector such as, but not limited to, a ?at 
copper braid, copper ribbon, or other suitable loW induc 
tance metallic connector. Using loW inductance connectors 
insures that the transfer function, described beloW, is deter 
mined in a large part by the internal leads and the Windings 
of transformer 24, and thereby minimiZing the impact of the 
external connections used to couple the Winding test unit 20 
to transformer 24. 

[0051] When a pulse or signal is generated by Winding test 
unit 20 and applied to connection 60, the pulse or signal 
propagates through terminal 34, through the high voltage 
bushing 28, through the Windings (not shoWn), and out to 
terminal 50 of the neutral bushing 48. Adetector (not shoWn) 
residing in the Winding test unit 20 detects the generated 
pulse or signal applied to terminal 34. Sensing element 22 
detects the output pulse or signal on terminal 50. Sensing 
element 22 outputs a signal corresponding to the output 
pulse or signal detected at terminal 50 to the Winding test 
unit 20 via connection 26. SummariZing, Winding test unit 
20 applies an input pulse or signal to terminal 34 and 
receives signals corresponding to the input pulse or signal at 
terminal 34 and the output pulse or signal at terminal 50. 
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[0052] Winding test unit 20 performs a variety of analyti 
cal analysis operations, described hereinafter, on the 
received input pulse or signal and the output pulse or signal 
to determine a neW type of characteristic signature of 
transformer 24. Upon conclusion of the testing of trans 
former 24, Winding test unit 20 provides a suitable output 
that is analyZed by a person skilled in the art of inspecting 
transformers. 

[0053] For convenience, Winding test unit 20 is illustrated 
as being coupled to printer 72 via connection 74. Thus, upon 
conclusion of the testing of transformer 24 and the associ 
ated analysis of the input and output pulses or signals, 
Winding test unit 20 outputs one or more suitably formatted 
reports to printer 72 for printing. One skilled in the art Will 
appreciate that the Winding test unit 20 is con?gured to 
output any of a variety of suitable output signal formats. For 
example, another embodiment of Winding test unit 20 is 
con?gured to provide output to a display screen such as a 
cathode ray tube (CRT) or other suitable display screen. 
Another embodiment of Winding test unit 20 is con?gured to 
provide an output signal that is stored on a suitable storage 
media. Examples of suitable storage media include, but are 
not limited to, any one or combination of volatile memory 
elements (e.g., random access memory (RAM, such as 
DRAM, SRAM, etc.)) and nonvolatile memory elements 
(e.g., ROM, hard drive, tape, CDROM, etc.). Moreover, 
suitable storage media may incorporate electronic, mag 
netic, optical, and/or other types of storage media. Note that 
the suitable storage media can have a distributed architec 
ture, Where various components are situated remote from 
one another, but can be accessed by the Winding test unit 20, 
either directly or indirectly. Such an embodiment of the 
Winding test unit 20 Would be particularly suitable for 
providing documentation of test results, for storing test 
results in a centraliZed location for future use, and/or for 
analyZing test results in additional detail. 

[0054] B. Selected Components Residing In A Pre 
ferred Embodiment Of A Transformer Testing Sys 
tem And Method 

[0055] FIG. 2 is a block diagram illustrating selected 
components residing in the Winding test unit 20 and the 
sensing element 22 of FIG. 1. Winding test unit 20 includes 
at least a pulse/signal generator 80, a signal recorder 82, a 
processor 84, a pulse/signal voltage adjuster 86, a pulse/ 
signal Width adjuster 88 and a memory 90. Memory 90 
includes a test data storage area 92 and the analysis logic 94. 
An optional vieWing screen 96 is also included With the 
Winding test unit 20. Sensing element 22 includes a loW 
inductance resistive element 98 and a series resistive ele 
ment 100 to impedance match connection 26. 

[0056] Pulse/signal generator 80 is con?gured to generate 
a pulse or signal. The magnitude of the pulse or signal 
generated by the pulse/signal generator 80 is speci?ed by an 
input from the pulse/signal voltage adjuster 86, provided 
over connection 102, that speci?es the peak voltage mag 
nitude of the pulse or signal. The Width of the pulse or signal 
generated by the pulse/signal generator 80 is determined by 
a signal from the pulse/signal Width adjuster 88, over 
connection 104. Pulse/signal voltage adjuster 86 may be 
implemented using Well knoWn components and methods 
employed in the art of adjusting voltages. Similarly, pulse/ 
signal Width adjuster 88 may be implemented using Well 
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knoWn components and methods employed in the art of 
adjusting the Width of a pulse or signal. Detailed operation 
of individual components used in the pulse/signal voltage 
adjuster 86 and/or the pulse/signal Width adjuster 88 are not 
described in detail herein, other than to the extent necessary 
to understand the operation and functioning of these com 
ponents When employed as part of the Winding test unit 20. 
One skilled in the art Will realiZe that the pulse/signal 
voltage adjuster 86 and the pulse/signal Width adjuster 88 
may be implemented using any one of a number of Well 
knoWn devices and that such devices are too numerous to 
conveniently describe in detail herein. Any such Well knoWn 
devices Which adjust voltage magnitude and/or adjust the 
Width of a pulse or signal may be implemented in a Winding 
test unit 20 Without departing substantially from the func 
tionality and operation of the present invention. Any such 
variations in a Winding test unit 20 Which utiliZes the system 
and method of the present invention to generate a pulse or 
signal having a suitable voltage and a suitable Width are 
intended to be Within the scope of this disclosure and to be 
protected by the accompanying claims. 

[0057] Based upon the voltage speci?ed by the pulse/ 
signal voltage adjuster 86 and the Width of the pulse or 
signal speci?ed by the pulse/signal Width adjuster 88, pulse/ 
signal generator 80 is prompted to generate a pulse or signal 
onto connection 106. Connection 106 of the Winding test 
unit 20 is coupled to connection 56, thereby providing 
connectivity to terminal 34 of the high voltage bushing 28 on 
transformer 24. In one embodiment connection 56 is con 
?gured to couple to connection 106 With a commonly 
available plug-in attachment 108. Examples of plug-in 
attachment 108 include, but are not limited to, a commer 
cially available banana plug, coaxial cable connector, alli 
gator clip, lug or screW. Alternatively, connection 56 is 
?xably attached to connection 106, thereby providing a 
secure connection to connection 106. Connection 56 
employs a releasable fastener 110 so that connection 56 is 
easily and conveniently coupled to terminal 34. Examples of 
a suitable releasable fastener 110 include, but are not limited 
to, a clamp, a bolt, a clasp, a c-clamp, or a specially designed 
and fabricated terminal connector. 

[0058] Signal recorder 82 detects the pulse or signal 
generated by the pulse/signal generator 80, via connection 
112, from terminal 34. In one embodiment, connection 58 is 
a connector of suitable length and ?exibility that is con?g 
ured to conveniently couple to connection 112 and to 
terminal 34. For example, connection 58 may be con?gured 
to couple With connection 112 With a commonly available 
plug-in attachment 108, as described above. Thus, an 
embodiment of the Winding test unit 20 employing connec 
tion 58 provides for the detection of the pulse or signal that 
is applied to terminal 34, thereby avoiding the in?uence of 
any distortions that may be introduced by connections 106 
and 56. An alternative embodiment directly detects the 
generated pulse or signal at an alternative convenient loca 
tion, or directly from the pulse/signal generator 80. Signal 
recorder 82 transmits a suitable formatted data signal cor 
responding to the detected input and output pulses or signals 
to memory 90, via connection 114, for storage in the test data 
storage area 92. 

[0059] Sensing element 22 is coupled to terminal 50 of the 
neutral bushing 48 as described beloW. Resistive element 98 
residing in the sensing element 22 is coupled to terminal 50 
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of the neutral bushing 48 via connection 68 using a suitable 
connector, such as releasable fastener 97. Releasable fas 
tener 97 is similar to releasable fastener 110 described 
above. Resistive element 98 is also coupled to mounting 
?ange 54, via connection 70. A suitable connector 118 is 
used to provide a secure electrical connection betWeen 
connection 68 and mounting ?ange 54. Connector 118 is 
shoWn as a spade-type connector particularly suitable for 
connecting to a readily accessible bolt 55, nut or the like 
residing on transformer 24. HoWever, connector 118 may be 
any suitable connector that provides a secure electrical 
connection betWeen connection 70 and mounting ?ange 54. 
Similarly, connections 66 and 62 are coupled to a selected 
mounting bolt 53 With a connector 118. 

[0060] Furthermore, for convenience of illustration, con 
nections 68 and 70 are illustrated as ?Xably attached to 
resistive element 98. Alternatively, connections 68 and/or 70 
could be coupled to resistive element 98 using a suitable 
plug-in attachment similar to plug-in attachment 108 
described above. 

[0061] Connection 26 couples the series resistive element 
100 residing in sensing element 22 to the Winding test unit 
20. Connection 26 is coupled to the Winding test unit 20 With 
a suitable plug-in attachment 122. For convenience of illus 
tration, connection 26 is illustrated as ?Xably attached to 
resistive element 100 via connections 124 and 126. Alter 
natively, connection 26 could be coupled to connections 124 
and 126 using a suitable plug-in attachment similar to 
plug-in attachment 108 described above. 

[0062] When connection 26 couples sensing element 22 to 
Winding test unit 20, connection 124 is coupled to the 
sensing element 22 such that signal recorder 82, via con 
nection 120, can detect and record signals from sensing 
element 22. Such detected signals are stored in the test data 
storage area 92. 

[0063] Sensing element 22 is illustrated as having a shunt 
resistive element 98 and a series resistive element 100. In the 
preferred embodiment, resistive element 98 is a resistor 
having a resistance substantially equaling 10 Ohms. Series 
resistive element 100 is substantially equal to 75 Ohms in 
the preferred embodiment. Thus, the resistive elements 98 
and 100 are con?gured to substantially match the impedance 
characteristics of connection 26 so that the output pulse or 
signal is accurately detected. One skilled in the art Will 
appreciate that the values of resistive elements 98 and 100 
may be selected so that the output pulse or signal detected 
at terminal 50 is suitably detected and so that a suitable 
output signal is provided over connection 26. One skilled in 
the art Will realiZe that any number of suitable values and/or 
combinations of resistive elements 98 and 100 may be 
selected, and that such values and/or combinations are too 
numerous to conveniently describe in detail herein. Thus, 
any suitable combination of a resistive elements 98 and 100 
that provides a suitable output signal on connection 26, may 
be implemented in a sensing element 22 Without departing 
substantially from the functionality and operation of the 
present invention. Any such variations in a sensing element 
22 coupled to a Winding test unit 20 Which utiliZes the 
system and method of the present invention are intended to 
be Within the scope of this disclosure and to be protected by 
the accompanying claims. 

[0064] Processor 84 is coupled to memory 90 via connec 
tion 132, Which may include one or more buses. Processor 
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84, as described hereinafter, accesses the analysis logic 94 
residing in memory 90 and the recorded signals described 
above residing in the test data storage area 92 so that a neW 
characteristic signature of transformer 24 may be deter 
mined. Processor output connection 134 is coupled to con 
nection 74 so that a suitable output report may be provided 
to the testing personnel. For convenience of illustration, 
connection 134 is coupled to connection 74 With a plug-in 
attachment 136. Plug-in attachment 136 is similar to the 
plug-in attachment 108 described above. HoWever, alterna 
tive embodiments may employ other types of connectors, or 
connection 134 may be ?Xably attached to connection 74, 
Without departing substantially from the operation and func 
tionality of the present invention. 

[0065] Additionally, processor 84 is coupled to an optional 
vieWing screen 96 via connection 138. The optional vieWing 
screen 96 is used by the testing personnel to vieW the 
generated pulse or signal from pulse/signal generator 80, the 
signal corresponding to the detected output pulse or signal 
on terminal 50 of the neutral bushing 48, and/or the output 
reports generated by processor 84. VieWing screen 96 may 
be any suitable device for displaying an output signal. For 
eXample, but not limited to, vieWing screen 96 may be a 
cathode ray tube (CRT), a ?at panel screen, a light emitting 
diode (LED) screen, liquid crystal display (LCD), or any 
other Well knoWn screen device. A Winding test unit 20 
employing any suitable vieWing screen embodiment is 
intended to be Within the scope of this disclosure and 
protected by the accompanying claims. 

[0066] SummariZing, When Winding test unit 20 and sens 
ing element 22 are coupled to transformer 24 as described 
above, a pulse or signal generated by pulse/signal generator 
80 propagates through the transformer Windings (not shoWn) 
and an output pulse or signal is detected by sensing element 
22. A signal corresponding to the generated input pulse or 
signal and a signal corresponding to the detected output 
pulse or signal is provided to signal recorder 82 for storage 
in the test data storage area 92 on memory 90. 

[0067] As described above, pulse/signal generator 80 is 
prompted to generate a pulse or signal onto connection 106. 
A person conducting a test using Winding test unit 20 and 
sensing element 22, hereinafter referred to as the testing 
personnel, prompts pulse/signal generator 80 to generate a 
pulse or signal onto connection 106 by actuating actuator 
128. Actuator 128 provides a signal over connection 130 to 
the pulse/signal generator 80 such that the pulse/signal 
generator 80 generates the desired pulse or signal. Actuator 
128 may be implemented using any suitable type actuating 
device con?gured to generate a signal that is suitable for 
prompting pulse/signal generator 80 generate the desired 
pulse or signal. Examples of actuator 128 include, but are 
not limited to, push button sWitches, single pull-single throW 
sWitches, touch pads, touch sensors or other similar devices 
that respond to a command provided by the testing person 
nel. Any such Well knoWn actuator 128 may be implemented 
in a Winding test unit 20 Without departing substantially 
from the functionality and operation of the present inven 
tion. Any such variations in the device used to implement 
actuator 128 in a Winding test unit 20 Which utiliZes the 
system and method of the present invention is intended to be 
Within the scope of this disclosure and to be protected by the 
accompanying claims. 
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[0068] The testing personnel during the testing of trans 
former 24, as described in detail below, may elect to adjust 
the voltage of the pulse or signal generated by pulse/signal 
generator 80. An actuator 140, conveniently accessible from 
the outside of Winding test unit 20, is coupled to the 
pulse/signal voltage adjuster 86 so that the testing personnel 
may adjust the voltage of the generated pulse or signal. In 
one embodiment, actuator 140 is a control dial. HoWever, 
actuator 140 may be any other suitable device Which enables 
the testing personnel to actuate the pulse/signal voltage 
adjuster 86 such that the voltage of the pulse or signal 
generated by pulse/signal generator 80 is adjusted. For 
example but not limited to, actuator 140 could be imple 
mented as a digital numeric entry system, a keypad device, 
or a appropriately con?gured sWitching device. Similarly, 
the testing personnel during testing of transformer 24 may 
elect to adjust the Width of the pulse or signal generated by 
pulse/signal generator 80. Actuator 142 is coupled to the 
pulse/signal Width adjuster 88 so that the pulse or signal 
Width may be adjusted. Like actuator 140, in one embodi 
ment actuator 142 is a control dial. HoWever, actuator 142 
may be implemented using the alternative devices like those 
described above for actuator 140. 

[0069] C. Exemplary Pulse or Test Signal 

[0070] FIG. 3 is a graph 150 shoWing tWo exemplary test 
pulses applied by the Winding test unit 20 (FIGS. 1 and 2) 
to a Winding (not shoWn) residing in transformer 24. Such 
pulses are knoWn as double exponential Waveforms chopped 
on the tail. The ?rst exemplary pulse 152 is illustrated by a 
solid line. Pulse 152 has a rise time illustrated by segment 
154. Pulse 152 has a pulse Width approximately equal to 45 
microseconds, as illustrated by segment 156. At approxi 
mately 48 microseconds, the tail of pulse 152 is chopped 
such that the pulse quickly decays to 0 volts, as illustrated 
by segment 158. Pulse 152 is seen to have a peak pulse 
magnitude of approximately 325 volts. 

[0071] The second pulse 160 is illustrated in FIG. 3 With 
a dashed line. Pulse 160 has a pulse Width of approximately 
35 microseconds and a peak magnitude of approximately 
350 volts. Thus, pulse 160 is different from pulse 152 by 
both peak pulse magnitude and pulse Width. 

[0072] Pulses 152 and 160 illustrate that the Winding test 
unit 20 applies different pulses or signals to the tested 
transformer 24 (FIGS. 1 and 2). Furthermore, other char 
acteristics of pulses 152 and 160 may be altered by Winding 
test unit 20 to produce pulses that differ from each other. For 
example, rise times and decay times of the pulses 152 and 
160 may differ. Also, variations may be made in the pulse 
rise time, decay times, the time of the chop, the chop time 
and/or other various characteristics. One or several or any 
combination of the pulse parameters described above may 
be altered from one test pulse to the next. One skilled in the 
art Will appreciate that any variety of suitable pulse or 
suitable signals may be generated by the Winding test unit 20 
such that the input pulse or signal has suf?cient energy to 
propagate through the tested Windings, and such that the 
characteristics of the input pulse or signal are suf?cient to 
provide a suitable output pulse or signal detectable at 
terminal 50 (FIGS. 1 and 2). Thus, the testing personnel 
performing the transformer test using Winding test unit 20 
determines the appropriate voltage and pulse Width of the 
input pulse or signal applied to the transformer Windings 

Nov. 8, 2001 

such that a suitable output pulse or signal is detected. An 
alternative embodiment of the Winding test unit 20 is con 
?gured to automatically adjust the characteristics of the 
input pulse or signal, either randomly or by a prede?ned 
algorithm. 
[0073] Also, the form of the input pulse or signal may be 
varied in a variety of manners so long as a suitable output 
pulse or signal is detected. For example, a triangular shaped 
signal, a stair-stepped shaped signal, a spiked signal, a 
square Wave, a sinusoidal signal or a combination signal 
having portions of various signal types are used in alterna 
tive embodiments of the Winding test unit 20 (FIGS. 1 and 
2). Furthermore, one skilled in the art Will appreciate that the 
voltage and Width of the exemplary pulses 152 and 160 
illustrate exemplary test pulses employed by one embodi 
ment of the Winding test unit 20. Thus, a suitable input pulse 
or signal generated by pulse/signal generator 80 may have 
forms, voltages and Widths that are different from the 
exemplary pulses 152 and 160 so long as such alternative 
input pulses or signals propagate through the Windings of 
transformer 24 so that a suitable output pulse or signal can 
be detected by sensing element 22 (FIGS. 1 and 2). 

[0074] D. Testing Procedure 

[0075] A hypothetical illustrative test procedure is noW 
described Whereby a Winding (not shoWn) residing in trans 
former 24 (FIGS. 1 and 2) is tested using Winding test unit 
20 (FIGS. 1 and 2). First, the transformer 24 must be fully 
de-energiZed. When testing a transformer in the ?eld, the 
transformer is physically isolated from the energy distribu 
tion system. An energiZed transformer 24 operating as part 
of an energy delivery system may be isolated by any of the 
conventional means employed in the arts, such as, but not 
limited to, by opening circuit breakers (not shoWn) or by 
opening disconnect sWitches (not shoWn). Prior to coupling 
the Winding test unit 20 and the sensing element 22 to 
transformer 24, it is advisable to conduct additional testing 
of transformer 24 to ensure that the transformer 24 is in fact 
physically isolated from the energy delivery system and 
fully de-energiZed. Grounding of the transformer Windings 
may be appropriate to ensure that any residual charges 
residing in the transformer have been fully discharged. Such 
Well knoWn additional testing is desirable to ensure the 
safety and health of the testing personnel and to protect the 
Winding test unit 20 and sensing element 22 from possible 
damage. 

[0076] Then, the testing personnel couples connections 60 
and 64 to a selected terminal on the transformer 24 (such as 
terminal 34 as illustrated in FIGS. 1 and 2). Coupling may 
be facilitated With the releasable fastener 110. The testing 
personnel also couples connections 62 and 66 to the bushing 
?ange 52 of the high voltage bushing 28 that is coupled to 
the Winding to be tested. Then, the testing personnel couples 
connection 68 to terminal 50 of the neutral bushing 48 
(facilitated by the releasable fastener 97) and couples con 
nection 70 to bushing ?ange 52 With connector 118. Next, 
the testing personnel Would couple sensing element 22 to the 
Winding test unit 20 With connection 26. 

[0077] One skilled in the art Will appreciate that the 
above-described procedure for coupling Winding test unit 20 
and sensing element 22 to the appropriate points on trans 
former 24 describes only one possible sequence of coupling 
Winding test unit 20 and sensing element 22 to transformer 
























