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1. ABSTRACT

Over the years digital signal processing has become an accepted tool in evaluation of HV impulse tests,
particularly in assessment of tests of non-self restoring insulation. such as in power transformers and
reaclors.

It has been reported that certain HV test stations have encountered difficulties when their traditional
analogue oscilloscopes have been directly replaced by a specialized digital recorder. In most cases the
problem has been caused by electromagnetic interference penetrating to the low voltage circuit of impulse
voltage divider and shunt , or by the transient ground potential rise over the ground floor impedance.

These difliculties can be eliminated, as soon as their specific nature and location are known. A convenient
technique for checking the clectromagnetic compatibility of a HV impulse measuring system has been
developed, and consists of the calculation of colerence of a few sets of the impulse voltage and output
current {from the test object.

The coherence reveals {requency intervals where the interfcrence has ingressed the measuring circuit and
masked the rccorded signals. With the coherence graph overplotted on the transfer function of the test object,
the latter can be qualified. The crucial diffcrence between the transfer functions, measured at the full and
reduced test voltage levels, can be assessed as genuine, i.e. caused by the insulation fault or partial discharge,
or just caused by interference coupled to the measuring circuit.

Examples of transformer impulse test records corrupled by electromagnectic interference as well as by the
quantization noise of the digitizer are presented and compared to the records taken in "noise {ree "
cnvironment.

2. INTRODUCTION

Signal processing of digital recorded impulse test data enhances the quality control of high voltage
cquipment like transformers, reactors or HV-bushings. To qualifv a non-scll restoring insulation the
comparison method has been introduced. For transformer testing a comparison between a reduced impulse
and a full impulse reveals internal insulation failures. The conventional method was to compare the voltage
on photos taken by an impulse oscilloscope. With a High Resolution Impulse Analysing System (HIAS) the
recorded and digitized wave forms can be scaled to the same magnitude, and the time origin can be shifted
in a way to minimize the-dillerence between the superimposed records. The subtraction of the two records is
performed mathematically by the computer and is displayed to the user showing up only the differences of
the two graphs (Malewski, Pouliul), (Gockenbach, Claudi 2).

However with non high quality impulse generators some diflerences between the two generated test impulses
will also show up in the difference record. This happens e.g. with different trigger mechanisms between
reduced and full impulse voltages resulting in non linear voltage shapes.

To overcome these problems the so called transfer function has been introduced (Malewski, et al3). The
transfer function is calculated as the quotient of the neutral current spectrum and the test test voltage
spectrum. It reflects electrical characteristics of the winding and reveals its natural oscillations. Each
resonant pole on the transfer function plotted against {requency corresponds to a natural resonance of a
winding section.
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In practise the two obtained transfer functions of the full and reduced levels arc superimposed. Neither the
amplitude nor the shape of the generated wave form affect the shape of the transfer function. In other words
the transfer function shows a fingerprint of the test object which is independent of the gencrated wave (orm.
In practise some effects influence the performance of this method.

The quantization errors of the digital converter and its limited dynamic resolution limits the upper {requency
of the transfer function. But even with an ideal digitizer with c.g. an infinite sampling rate one has to take
into account that the voltage and current measuring channels include also a HV divider and a current shunt.
Thesc effectively delimit the upper [requency of the channel bandwidth. A comparison of the bandwidth of
different components of the measuring system is shown in Fig 1.

Also the transformer itself can change the transfer function without having any defects. At {irst, saturation of
the core may be reached if several impulses of the same polarity are applicd. since they add to the magnetic
core remanence. A sccond source of non-linear behaviour of modern transformers are semiconductor (ZnO)
lightning arresters, which may operate within the test voltage range. and cffectively do change the transfer
function.

However. changes of the transfer function due to core saturation occur usually at the impulse tail, and the
clipping of voltage across a winding section protected by the arrester has a distinet pattern. These effects can
be easily recognized by expericnced inspectors and there is little chance to take such symptoms for an
internal breakdown or partial discharge.

The transfer function reveals a local breakdown as a change of a resonant pole. and that change occurs at a
given frequency. The ratio of the affected pole magnitude to the adjacent transfer function values is relatively
high, since all energy of the diflerence signal is concentrated in a narrow frequency band around the affected
pole.

Hence. it is usually casier to detect the minute difference signal by an observed pole shift on the transfer
function. rather than by comparison of the impulse records. where the small glitch may be dwarfed by the
impulse.

The electromagnetic noisc is the main factor which imposes limits on the high voltage mcasurement and on
the practical use of the transfer function.

3. ELECTROMAGNETIC INTERFERENCE IN HV IMPULSE TEST LABORATORY

There arc two mechanisms of interference coupling to the impulse measuring circuit. The interference can
be conducted to and/or induced in the digital recorder, its input attcnuator, coaxial cables, the divider low
voltage arm and current measuring shunt.

Transformer testing requires simultaneous measurement of the voltage and current records, and these two
signals are brought to the recorder {rom the divider and shunt by coaxial cables. The grounding points of
divider and shunt are connected to the laboratory grounding mesh at different locations separated by a
distance of several meters.

A considerable potential difference can develop between these locations under transient conditions. The
transicnt voltage drop on the grounding mesh imnpedance is caused by the current {lowing in this mesh. The
capacitive current is injected to the ground mesh by a rapid rise of potential U of the impulse gencrator HV
clectrode, at the time of gencrator firing, and also at the instant of impulse chopping. The mechanism of
current injection into the grounding mesh is presented schematically in Fig 2.

An order of magnitude of the total capacitive current I, can be estimated for a (ypical impulse test set up as
[ollows:

Ie = Cg*AU/AL

with:
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Cg ~ 2 [nF] - ground capacitance of the impulse generator top electrode,
U ~ 2 [MV] - impulse peak voltage,
At~ 0.1 [us] - rise time of the top electrode potential in this cxample I, has a value of 40 kA.

It is to be noted that the top electrode rise time may be much faster than the impulse [ront time, where the
generator is cquipped with an external {ront resistor.

In addition. a discharge current of the impulse generator is injected into the grounding mesh at the chopping
gap grounding point, and at the tested transformer grounding.

Considering the magnitude of current flowing in the laboratory grounding system, a low impedance
grounding mesh covering the impulse test area is essential to reduce the transient voltage dillerence between
the input end of the voltage divider and shunt coaxial cable.

3.1 Conducted Interference

This voltage dilference AU can be perceived as a source of transient interference voltage U, 4 connected
between the divider and shunt cable ends, and also between the grounding point of the digital'recorder. The
ground current I, 4 flows then in the grounding mesh and in the coaxial cable shield. which forms a
parallel path. A ratio of the cable shield current I to the grounding mesh current Ij; g, depends on the
respective inductive impedance of these two paths, and is sometimes referred to as the grounding efficiency
(GE). Although a high GE=IJI;es,=-60 dB (1:1000) is desirable. many practical grounding systems are
characterized by the modest grounding cfliciency GE=-40 dB.

A voltage drop U, devcloped by the cable shield current I, across the cable shield resistance Rgy, represents
the conducted interference, which is superimposed on the recorded signal Ug, as presented in Fig 3. This
interference shows up in form of a high frequency oscillation which often masks pertinent details of the
recorded voltage and current wave forms.

There are two ways to reduce the conducted interference Ug: the first calls for sclection of a high quality
coaxial cable, which is characterized by a low resistance of the cable shield. The second method consists in a
reduction of the cable current I.. which results in an increase of the grounding efficiency. This can be
achicved by installation of magnetic (preferably ferrite) cores around the coaxial cable, or installation of the
cable in a steel pipe.

Although magnetic permeability of an ordinary steel pipe decreases at a few hundred kilohertz, this solution
is often uscd since the steel pipe is inexpensive and provides also a mechanical protection of the coaxial
cable. It has been shown that the steel pipe can reduce the cable current I up to four times, with respect to a
non-magnetic. ¢g copper pipe.

3.2 Induced Interference

Firing of a HV impulse gencrator induccs an electric and magnetic field component, which attain ~50 to
100 kV/m and ~500 to 1000 A/m, respectively, at the test laboratory floor level. These values have been
mecasured at several HV laboratories stations, and are specified by the IEC as well as IEEE standards for
testing of the shielding elficiency of electronic recording instruments.

In general, an unprotected, commercial digital recorder, computer or oscilloscope can not operate in the
electromagnetic environment of the HV impulse test bay. To ensure a reliable operation of such instrument,
it has to be installed in a Faraday cage type of shiclding structure, and supplied from a properly conditioned
power source.

Design of the shielding structure is dictated by an acceptable level of interference voltage or current induced
in the sensitive electronic circuitry. An interference current induced in a typical circuit board of 0.1 m" area
by the capacitive coupling to the HV impulse generator top electrode has been shown in Fig <, which
illustrates the coupling mechanism.
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Assuming the electric field E=40 kV/m, and the rise time of the impulse generator top electrode potential
At=0.1 ps, the current injected into the circuit board of an arca A=0.1 m” will attain:

i=AQ/At=eo* A*AE/A1=0.4 [A],
where:

Q charge injected into the circuit board,

gy =8.86¢ -12 [F/m].

An operation of a memory or logic circuit board would be hampered by injection of such an impulse current.
A shielding structure is needed to reduce the capacitive coupling to the circuit board by approximately
-60 dB. The injected current will be then reduced to 400 pA, a tolerable value for most practical electronic
circuits.

A chopping of the lightning impulse, and to same extend also firing of the impulse generator, results in a
rapid discharge of the generator stage capacitors, as it is shown schematically in Fig 5. An oscillatory
current circulating in an LC circuit composed of the generator capacitance C=2 nF and inductance
L=100 uH of the discharge circuit, may attain:

Lnax=0.7 ¥UNL/C=50 [KA]
and the fundamental frequency of this oscillation is:
[=1/27VLC=50 [kHz].

An initial rate of rise of this current:

|Al/AY 10 =U/L=2%10'° [A/s).

and

ALy JNAVA 0 = 2.5 [us].

The resulting magnetic field H=1000[A/m] will induce an interference voltage Uj, 4 in the circuit board of
an area A=0.1 m%

Ujpg=re*A*AH/At=64 [ V],
or
Ujpd=re*A*2nf*H=40 [V].

Again, such an impulse induced in a electronic or logic circuit will interfere with its operation, and an
electromagnetic shield is required to ensure reliable functioning of the recorder or computer.

Shielding efficiency of -50 to -60 dB is needed to reduce the induced voltage down to a tolerable level of
100 pV.

3.3  Electromagnctic Shiclding Structurces
Let us consider a high frequency magnetic field component impinging on a cube-lormed box made of a
continuous copper sheet, and welded along all joints. A high frequency current will be induced in the box

walls in such a way to produce a magnetic field opposing the externally applied interference field.

A perlect cancellation of the applied field would be achieved if the box were made of a superconductive
material. Resistance of the copper sheet, although low, will result in dissipation of a certain loss, and the
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current induced in the box walls will be slightly lower than that nceded for the perfect shielding. In
consequence, a part (H;j;,q) of the applied field (Happ) will enter inside the box. The shielding efficiency SE
of this structure is given by:

SE=20*10g10(Hmd/Happ).

In the real world. a shielding structure shall have openings for installation of instruments. ventilation. and
entrance of cables. All these cut-outs deviate the current flow in the box walls, and may let the applied field
to penctrate inside the shielded enclosure. To minimize the influence of doors on the shielding efficiency, a
special joint material, or gasket is employed. The main feature of such "electromagnetic gasket" is a very
good clectric contact between the door rim and the frame. A high conductivity of this contact has to be
maintained even if the potential difference across the joint is as low as a few microvolts. At this stage, it
should be kept in mind thateven a thin layer of oxidation or grease is quite sufficient to prevent a uniform
flow of the induced current through the joint.

Certain makes of these joints are gold plated to eliminate oxidation, some other are made of hard beryllium-
copper alloy in form of elastic "{ingers" which scratch the adjacent door panel and renew the good electric
contact at cach closing and opening of the door.

Shielding structures made of separate side panels have to be welded to ensure the required good contact
between adjacent panels. As an alternative. commercially available seams can be used. These have been
designed to maintain a high conductivity clectric contact between permanently bonded panels.

A high quality electromagnetic shield for use in the HV impulsc test laboratory should be characterized by
shielding elficiency of 70 to 80 dB for the clectric, and 50 to 60 dB for magnetic field component. This
shiclding cfliciency should be maintained at least up to a few megahertz.

Design and testing of the clectromagnetic shiclding structure for a computer controlled signal acquisition
svstem for use in the HV impulse test area calls a serious research effort, and cost of such work represents a
significant part of the impulse recorder price.

4. CHECK FOR COHERENCE OF THE RECORDED SIGNALS

The problem of noise imposed on measured quantities has been extensively studied also in other fields. and
success(ul signal processing methods to assess the influence of noise have been first implemented in acoustic
measurcments. One of them. referred to as coherence function provides an indication of the areas where the
ingress of noise made the signal processing not reliable. The coherence function is derived {rom all the time
domain records used in the transfer function calculation. Assuming a linear behaviour of the examined
winding, and an ideal, noise-frec measuring system, the coherence shall be equal to unity over all the
analyzed frequency band.

The coherence function y? is calculated as a quotient of the cross-correlations |Gy /* and autocorrelation of
the applied voltage Gy times autocorrelation of the neutral terminal current G\.y‘ ’

Yl G (2 G o * Gy

where:

Gxx=Z|U¥/n, Gvy=Z|[’/n, and Gxy=Z|U*I}/n.

In this expression U denotes the {requency spectrum of the recorded voltage, U* its complex conjugate, I is
the neutral terminal current spectrum and n the number of sets. An example of different records is shown in
Fig 6. In this example n=3. The cross correlation of three test records is presented in Fig 7, and their
coherence in Fig 8. The graph reveals a gradual reduction of coherence above ~1.5 MHz, where the transfer

function shows major differences.

In this example the measuring circuit has been properly shielded against the electromagnetic interference,
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and the digital recorder quantization noise has been the predominant source of error.

However in many practical situations a transient electromagnetic interference can enter the measuring
circuit at the divider low voltage arm, or penetrate through the coaxial cable sheath and the digital recorder
enclosure. Ideally, all these devices shall be protected by a perfect electromagnetic shield, but in reality its
shielding efficiency decreases with {requency.

In consequence, high [requency components of the transient interference field can penetrate the measuring
circuit with lesser attenuation. They may effectively mask the measured signal spectrum at much lower
[requency than the limit imposed by the digitizer quantization noise. Usual precautions taken to reduce the
interference in the conventional, analogue HV impulse measuring circuit are not sulficient to ensure an error
[ree digital recording and processing of HV transients.

Another example is presented in Fig 9. The transler functions of 3 recorded impulses show some diflerences
above 1.2 MHz. Without knowing the limits of the measuring system this would certainly lead to some
discussion regarding the quality of the test object, here a 735 kV. 150 MVA translormer. The coherence
[unction clearly shows up that above 1.2 MHz the quantization noise of the digital recorder is the
predominant source of error. Any calculations above that [requency are not reliable.

A measuring circuit with a poor shielding and insufficient bandwith is shown in Fig 10. Clearly visible some
noise penetrated the signal even at low [requencics around 100 kHz. The [requency limit of that circuit lies
around 700 kHz.

From the practical point of view, the low coherence shall be considered as a warning. This warning tells the
user that he has to improve his grounding and shiclding system, if the coherence is low below the [requency
at which the quantization noisc starts to mask the spectrum of digitally recorded signals.
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Fig1 Bandwidth and spectra of diflerent measuring devices and test impulses. FW full wave lightning
impulse 1.2 ps /50 pus, CW chopped wave (chopping time 4 us), FOW front chopped wave
(chopping time 0.5 ps), Shunt typical HV measuring coaxial shunt, Div. typical HV capacitive
damped impulse divider, Dig. Rec. typical HV digital recorder (HIAS).

Fig2 HVimpulse test set up. IG impulse generator,.CG chopping gap, TR transformer under test, VD volt-
age divider, SH current measuring shunt, DR digital recorder, CC coaxial cable, U nd voltage drop
on the ground mesh impedance, Ignd capacitive current collected by the ground mesh AUgjy and
AUgy, potential difference between an input end of the voltage divider and shunt cable.
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Fig3  Repartition of the ground current between the ground mesh I, qq);, and the coaxial cable shield cur-
rent I.. A conducted interference U corresponding to the voltage drop on the coaxial cable shield
resistance Rgp, due to a part of the ground I flowing in this shield U-=I*Rgy,.
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Fig 4 Interference current induced by a capacitive coupling.
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A discharge of the impulse generator capacitance through the chopping gap (or the test object) results
in an oscillatory current, which circulates in the discharge path loop. A magnetic {ield induced by
this current impinges on the recording instrumentation. This magnetic field H induces, in turn, an
interference voltage Uj; 4 in an electronic circuit of the digital impulse recorder. This voltage altains
~50 Vina board of A=0.1 m? area.

Impulse test on power tronsformer 47 MVA, 3 ph.

Record of 3 full test impulses: #25, 26 & 29
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Three records of full and reduced level test voltage and neutral current.
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Fig7  Cross correlation of the voltage and current records.
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Tronsformer 150 MVA, 735 kY, Iph

Transfer function obtained from 3 tests
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Fig9  Transler and coherence function of a 150 MVA transformer, 735 kV, 1 phase.

Coherence of two impulse test records

Tests at the full and reduced voltage levels.
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Fig 10 Transfer function calculated from the voltage and current recorded at the terminal X.
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