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Introduction
This draft standard is based on national and international discussions. Y our comments on this draft are invited and will assist in
the preparation of the consegquent standard.

For international standards, comments will be reviewed by the relevant UK national committee before sending the consensus
UK vote and comments to the international committee, which will then decide appropriate action. If the international standard is
approved, it is usual for the text to be published as a British Standard.

For national standards, comments will be reviewed by the relevant UK national committee and the resulting standards published
as a British Standard.

UK Vote
Please indicate whether you consider the UK should submit a negative (with supporting technical reasons) or positive vote on
this draft. Pleaseindicate if you are aware of any reason why this draft standard should not be published as a British Standard.

Submission of Comments
Annotated drafts are not acceptable and will beregjected.

Template for comments and secr etariat observations

All comments should be submitted online at https.//standar dsdevelopment.bsigroup.com/. You will need to register in

order to comment.

Date; xx/xx/20xx

Document: 1SO/DIS xxxx

an alternative cannot be supported
as serious problems have been
lencountered in its use in the UK.

1 2 3 4 5 (6) 7
MB | Clause No./ Subclause| Paragraph/Figure/ Type of Commend (justification Proposed change by the MB Secretariat observations on
No./Annex (e.g. 3.1) Table/Note comment for change) by theMB each comment submitted
31 Definition 1 ed Definition is ambiguous and needs [JAmend to read '...so that the mains
clarifying. connector to which no connection...'
6.4 Paragraph 2 te The use of the UV photometer as  ||[Delete reference to UV photometer.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER TRANSFORMERS -

Part 4: Guide to the lightning impulse and switching impulse testing —
Power transformers and reactors

FOREWORD

1) The IEC (International Electrotechnical Commission) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of the IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, the IEC publishes International Standards. Their preparation is
entrusted to technical committees; any IEC National Committee interested in the subject dealt with may
participate in this preparatory work. International, governmental and non-governmental organizations liaising with
the IEC also participate in this preparation. The IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of the IEC on technical matters express, as nearly as possible, an
international consensus of opinion on the relevant subjects since each technical committee has representation
from all interested National Committees.

3) The documents produced have the form of recommendations for international use and are published in the form
of standards, technical specifications, technical reports or guides and they are accepted by the National
Committees in that sense.

4) In order to promote international unification, IEC National Committees undertake to apply IEC International
Standards transparently to the maximum extent possible in their national and regional standards. Any divergence
between the IEC Standard and the corresponding national or regional standard shall be clearly indicated in the
latter.

5) The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with one of its standards.

6) Attention is drawn to the possibility that some of the elements of this International Standard may be the subject
of patent rights. The IEC shall not be held responsible for identifying any or all such patent rights.

International Standard |EC 60076-4 has been prepared by IEC technical committee 14: Power
transformers.

This International Standard cancels and replaces IEC 60722 published in 1982 and constitutes
a technical revision of that document.

The text of this standard is based on the following documents:

FDIS Report on voting
14/413/FDIS 14/446/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.

Annexes A and B are for information only.
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45 IEC 60076 consists of the following parts, under the general title Power transformers:

46 Part 1: General

47 Part 2: Temperature rise

48 Part 3: Insulation levels, dielectric tests and external clearances in air

49  Part 4: Lightning impulse and Switching impulse Tests — Power Transformers and Reactors
50 Part 5:  Ability to withstand short-circuit

51 Part 8: Application guide

52 Part 10: Determination of sound levels

53 The committee has decided that the contents of this publication will remain unchanged until 20xx.
54 At this date, the publication will be

55 * reconfirmed;

56 * withdrawn;

57 * replaced by a revised edition, or
58 + amended.

59

60
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POWER TRANSFORMERS -

Part 4: Guide to the lightning impulse and switching impulse testing —
Power transformers and reactors

1 Scope

This part of IEC 60076 gives guidance and explanatory comments on the existing procedures for
lightning and switching impulse testing of power transformers to supplement the requirements of
IEC 60076-3. It is also generally applicable to the testing of reactors (see |[EC 60076-6),

modifications to power transformer procedures being indicated where required.

Information is given on waveshapes, test circuits including test connections, earthing practices,
failure detection methods, test procedures, measuring techniques and interpretation of results.

Where applicable, the test techniques are as recommended in [EC 60060-1 and |[EC 60060-2.

2 Normative references
The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.

For undated references, the latest edition of the referenced document (including any
amendments) applies.

EC 60060-1|, High-voltage test techniques — Part 1: General definitions and test requirements

EC 60060-2, High-voltage test techniques — Part 2: Measuring systems

IEC 60076-3, Power transformers — Part 3: Insulation levels, dielectric tests and external
clearances in air

EC 60076-68, Reactors

IEC 61083-1, Instruments and software used for measurement in high-voltage impulse tests —
Part 1: Requirements for instruments

EC 61083-2, Digital recorders for measurements in high-voltage impulse tests — Part 2:
Evaluation of software used for the determination of the parameters of impulse waveforms
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92 3 General

93  This standard is primarily based on the use of conventional impulse generators for both lightning
94 and switching impulse testing of transformers and reactors. The practice of switching impulse
95 generation with discharge of a separate capacitor into an intermediate or low-voltage winding
96 is also applicable. However, the method which employs an additional inductance in series with
97  the capacitor to provide slightly damped oscillations transferred into the high-voltage winding
98 is not applicable.

99  Alternative means of switching impulse generation or simulation such as d.c. current
100 interruption on an intermediate or low-voltage winding or the application of a part-period of
101 power frequency voltage are not discussed since these methods are not as generally applicable.

102 Different considerations in the choice of test circuits (terminal connections) for lightning and
103 switching impulse tests apply for transformers and reactors. On transformers, all terminals and
104 windings can be lightning impulse tested to specific and independent levels. In switching
105 impulse testing, however, because of the induced voltage transferred, a specified test level may
106  only be obtained on one winding (see IEC 60076-3).

107  Whilst, on reactors, lightning impulse testing is similar to that on transformers, i.e., all terminals
108 can be tested separately, different considerations apply and different problems arise in
109  switching impulse testing. Hence, in this standard, lightning impulse testing is covered by a
110 common text for both transformers and reactors whilst switching impulse testing is dealt with
111 separately for the two types of equipment.

112 4 Specified waveshapes

113 The voltage waveshapes to be used normally during lightning and switching impulse testing of
114  transformers and reactors are given in IEC 60076-3, |EC 60076-§ and the methods for their
115  determination are given in |[EC 60060-1.

116 5 Test circuit

117  The physical arrangement of test equipment, test object and measuring circuits can be divided
118 into three major circuits:

119 - the main circuit including the impulse generator, additional waveshaping components and
120 the test object;

121 — the voltage measuring circuit;

122 - the chopping circuit where applicable.

123  This basic arrangement is shown in Figure 1.

124 The following parameters influence the impulse waveshape;

125 a) the effective capacitance C;, and inductance of the test object, L; Ci is constant for any

126 given design and any given waveshape, L; is also a constant for any given design.
127 The effective Li, however, may be influenced by the terminal treatment. It varies between
128 the leakage inductance Lg for short-circuited terminals and Ly for open-circuited terminals.
129 More details in this respect are given in 7.1 and 7.3 and in annex A;

130 b) the generator capacitance Cyg;

131 c) waveshaping components, both internal and external to the generator, Rg;j, Rse, Rp, CL (plus,
132 where applicable, the impedance of a voltage divider Z1);

133 d) the stray inductance and capacitance of the generator and the complete test cirguit;
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135 f) Non-linear elements in the transformer, which can cause differences between impulses at
136 different voltage levels

137  The front time T4 is determined mainly by combination of the effective surge capacitance of the
138 test object, including C|, and the generator internal and external series resistances.

139 The time to half-value T» is, for lightning impulses, primarily determined by the generator
140 capacitance, the inductance of the test object and the generator discharge resistance or any
141 other parallel resistance. However, there are cases, for example, windings of extremely low
142 inductance, where the series resistance will have a significant effect also on the wavetail.
143 For switching impulses, other parameters apply; these are dealt with in clause 8.

144 The test equipment used in lightning and switching impulse applications is basically the same.
145 Differences are in details only, such as values of resistors and capacitors (and the terminal
146  connections of the test object).

147 To meet the different requirements of the waveshape for lightning and switching impulses, due
148 consideration has to be given to the selection of the impulse generator parameters, such as
149  capacitance and series and discharge (parallel) resistances. For switching impulses, large
150 values of series resistors and/or load capacitors may be necessary, which will result in
151 significant reduction of the efficiency.

152  While the output voltage of the impulse generator is determined by the test levels of the
153  windings with respect to their highest voltage for equipment Uy, for the test object, the required
154 energy storage capability is essentially dependent on the inherent impedances of the test
155 object.

156 A brief explanation of the principles of waveshape control is given in Annex A.

157 The arrangement of the test plant, test object and the interconnecting cables, earthing strips,
158  and other equipment is limited by the space in the test room and, particularly, the proximity
159  effect of any structures. During impulse testing, zero potential cannot be assumed throughout
160 the earthing systems due to the high values and rates of change of impulse currents and
161 voltages and the finite impedances involved. Therefore, the selection of a proper reference
162 earth is important.

163  The current return path between the test object and the impulse generator should be of low
164 impedance. It is good practice to firmly connect this current return path to the general earth
165  system of the test room, preferably close to the test object. This point of connection should be
166 used as reference earth and to attain good earthing of the test object it should be connected to
167 the reference earth by one or several conductors of low impedance (see ).

168  The voltage measuring circuit, which is a separate loop of the test object carrying only the
169 measuring current and not any major portion of the impulse current flowing through the windings
170 under test, should also be effectively connected to the same reference earth.

171 In switching impulse testing, since the rates of change of the impulse voltages and currents are
172 much reduced compared with those in a lightning impulse test and no chopping circuit is
173 involved, the problems of potential gradients around the test circuit and with respect to the
174 reference earth are less critical. Nevertheless, it is suggested that, as a precaution, the same
175  earthing practices should be followed as used for lightning impulse testing.

176  Electromagnetic compatibility (EMC):

177 Power transformers are more and more fitted with control- and protection devices, which is
178  sensitive in regard of overvoltages, caused by (fast) transients.
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179  Potential differences, caused by special groundings at lightning- and switching impulse testing
180  and the different grounding of the control-and protection device (in regard of safety) can damage
181 electronic parts.

182 Examples of affected device:

183 - Mainly large transformers are fitted with (computerized) condition monitoring systems
184 - Cooling equipment (fans, pumps) is driven in dependence of transformer load and transformer
185 noise. Such an operation is controlled by electronic device etc.

186  During impulse testing it is recommended to disconnect all electric and electronic equipment
187 installed on the transformer.

188 NOTE: Despite the problems which can arise when using digital recorders with much higher resolution than analogue
189 measuring equipment, it is recommended to use digital recorders only for impulse measuring as analogue measuring
190 equipment is no longer state of the art.

191 6 Verification of the impulse voltage measuring system before a test

192 It is not the intention of this standard to give any recommendation on measuring systems or
193 their calibration but, of course, the apparatus which is used should be approved in accordance
194  with IEC 60060. Before a test, an overall check of the test circuit and the measuring system
195 may be performed at a voltage lower than the reduced voltage level. In this check, voltage may
196 be determined by means of a sphere gap or by comparative measurement with another
197 approved device. When using a sphere gap, it should be recognized that this is only a check
198 and does not replace the periodically performed calibration of the approved measuring system.
199  After any check has been made, it is essential that neither the measuring nor the test circuit is
200  altered except for the removal of any devices for checking.

201 Information on types of voltage dividers, their applications, accuracy, calibration and checking
202 is given in |EC 60060-2.

203 7 Lightning impulse tests

204 7.1 Waveshapes
205 7.1.1 General

206  The values of waveshape specified may not always be obtainable. In the impulse testing of
207 large power transformers and reactors, of low winding inductance and/or high surge
208 capacitance, wider tolerances may have to be accepted as stated in IEC 60076-3. In case of a
209 ®’ higher than 10 % and when the test circuit is optimal, it is allowed to proceed with the test
210  when the test voltage function is enabled.

21 When R’ is 5% or less, the test engineer can choose to disable the test voltage function.

212 NOTE: The overshoot magnitude beta (), the relative overshoot magnitude R’ and the test voltage function (k-factor)
213 are defined in Annex B of 60060-1 IEC:2010.

214 For oscillogram with an overshoot, examples are shown in Annex C.
215 7.1.2 front time T1

216 The surge capacitance of the transformer under test being constant, the series resistance may
217 have to be reduced in an attempt to obtain the correct front time 74 or rate of rise, but the
218 reduction should not be to the extent that oscillations on the crest of the voltage wave become
219  excessive. Ifit is considered desirable to have a short front time (preferably within the specified
220 limits) then oscillations and/or overshoots may have to be accepted. In such an event, a
221 compromise between the extent of allowable oscillations and the obtainable front time is
222 necessary. In general, the test circuit should be arranged in such way, that the
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223 overshoot/oscillation is minimal. The value of the test voltage is determined according to the
224 principles of JEC 60060-1|, including application of the test voltage function.

225 NOTE: In case of a high beta value and an overshoot with a frequency above 500 kHz, the test voltage function
226 reduces the test voltage value U; significantly against the peak value of the recorded curve U.. This may lead to
227 higher electrical stress and possible breakdown of the insulation system.

228 In general, a manual evaluation of the test voltage is not reliable for lightning impulse testing
229 on transformers. In case the manufacturer does not have the software with the test voltage
230 function according to , the purchaser should be informed at the stage of

231 quotation.

232 7.1.3 non-linear elements

233 In some cases, the active parts of power transformers are protected with non-linear elements
234 (surge arresters). These components can cause different waveshapes, depending from the
235 voltage level of the impulse. The required test sequences are defined in IEC 60076-3.

236 Generally, it must be clarified: The parameters of the waveshape of an impulse have to be
237 adjusted at the reference voltage level. Further adjustments on 100 % voltage level are not
238 allowed, if there are changes in the shape of the curve, this has to be accepted.

239 7.1.4 time to half-value T2

240 For large power transformers and particularly the intermediate and low-voltage windings
241 thereof, the virtual time to half-value 7o may not be achievable within the value set by the
242  tolerance. The inductance of such windings may be so low that the resulting waveshape is
243 oscillatory. This problem may be solved to some extent by the use of large capacitance within
244 the generator, by parallel stage operation, by adjustment of the series resistor or by specific
245  test connections of the terminals of windings not under test or, in addition, of the non-tested
246 terminals of windings under test.

247 If lightning impulse test are carried out on phase-terminals of a delta-winding, the not-tested
248  terminals of that winding can be resistance earthed.

249 If the neutral of a star-connected winding is tested, the phase-terminals can be resistance
250  earthed.

251 If the phase terminals of a star-connected winding are tested, the neutral-terminal has to be
252 solidly grounded or grounded through a low-ohmic shunt.

253 When resistance earthing of any non-tested line terminal is employed, it is necessary to ensure
254  that the voltage to earth appearing on any non-tested terminal does not exceed

255 — 75 % of the rated lightning withstand voltage of that terminal for star-connected windings;
256 — 50 % of the rated lightning withstand voltage of that terminal for delta-connected windings
257 (because of the undershoot voltages to earth on the delta terminals — see also 7.4).

258 When the waveshape is oscillatory due to extremely low inductance and/or small impulse
259 generator capacitance, the amplitude of the undershoot should not exceed 50 % of the test
260 voltage. With this limitation, guidance for selecting impulse generator capacitance and adjusting
261 waveshapes is given in annex A.

262 7.2 Impulses chopped on the tail
263 7.2.1 Time to chopping

264  Different times to chopping 7. (as defined in |[EC 60060-2), will result in different stresses
265 (voltage and duration) in different parts of the winding(s) depending on the winding construction

266 and arrangement employed. Hence, it is not possible to state a time to chopping \/Qg;g ents
267 most onerous either in general or for any particular transformer or reactor. Thiz lime pia
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268 should be between 3 us and 6 us, unless accepted by customer for a time between 2 us and 6
269 us, provided that the peak value of the lightning impulse wave is achieved before the chop, as
270 required by IEC 60076-3, clause 13.3.1.

271 Oscillograms or digital recordings of chopped waves, are only comparable up to the times to
272 chopping.

273 7.2.1.1 Test voltage function when performing chopped wave

274 In general, for liquid immersed transformer the chopped wave is 110% of the full wave, while
275 in dry type transformer the chopped wave is 100%.The k-factor (test voltage function)

276  evaluation of a chopped wave of 110% of the full wave (as recommended in 60060-1, Annex
277  B), should give a peak value Utof 110% of the full wave.

278  When the calculated test value Ut is inconsistent, the following steps are recommended:

279 a) Front chopped lightning impulse:

280 Not applicable to chopped waves on transformers.

281 b) Tail chopped lightning impulse with chopping time occuring after the peak value:

282 Voltage reduction ratio Method (Ref. IEEE Std 4™-2013)

283 e Apply a reduced full wave (RFW).

284 e The test voltage function should provide the test voltage value Ut and the peak value
285 Ue of the original recorded curve. If Ue is not available, it could be graphically

286 determined on the recorded oscillogram.

287 e Find the Voltage Reduction Ratio. Rv = Ut/ Ue

288 e Apply a full voltage chopped wave, having a recorded voltage U'e

289 e The calculated U't is defined as:

290 . Ut=Rv*Use

291 c) The value of front time T1 of the reduced full wave (RFW) is used to determine the T1
292 value of the chopped wave.

293 7.2.1.2 Test voltage function and presentation of test results

294 When the test voltage function is enable, the following test results should be displayed:
295 e Ut is the test voltage
296 e [ is the relative overshoot magnitude

297  The following optional value should be available for display:
298 e Uethe peak value of the original noise free recorded curve

299 7.2.2 Rate of collapse and amplitude of reversed polarity of the chopped impulse

300 The characteristic events during chopping are largely dependent on the geometrical
301 arrangement of the chopping circuit involved and on the impedance of the chopping circuit and
302 of the test object, all of which determine both the rate of collapse and the amplitude of the
303 undershoot.

304 In IEC 60076-3, the undershoot has been limited to 30 % of the amplitude of the chopped
305 impulse. This, in fact, represents a guideline for the arrangement of the chopping circuit and
306 may entail the introduction of additional impedance Z; in this circuit to meet the limit (see Figure

307 1)

308 The chopping loop, however, should be as small as possible to obtain the highest rate of collapse,
309 but the undershoot should be limited to less than, or equal to 30 %. On multiple layer windings, the
310 layer impedance may damp the collapse normally to the extent that it does not oscillate around zero
311 (see Figure B.20).

312 The recommendation in IEC 60076-3 to use a triggered-type chopping gap is made because of
313 its advantage in obtaining consistency of the time to chopping, thereby facilitating the
314 comparison of oscillographic or digital recordings not only before but also after chopping.
315 The latter part will only be comparable for reasonably identical times to chopping.
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316 7.3 Terminal connections and applicable methods of failure detection
317 7.3.1 Terminal connections

318 It is essential that the terminal connections of the test object and the earthing practices
319  employed relate to the method of failure detection adopted.

320 Connections for impulse testing are detailed in IEC 60076-3 for transformers and in

321 for reactors. Normally the non-tested terminals of the phase winding under test
322 are earthed and the non-tested phase windings are shorted and earthed. However, in order to
323 improve the wavetail T, resistance earthing of the non-tested windings may be advantageous

324 (see clause 5 and 7.1) and, in addition, the non-tested line terminals of the winding under test
325 may also be resistance earthed.

326 In addition to the methods of waveshape adjustment in 7.1, the following factors have to be
327 considered:

328 a) if a terminal has been specified to be directly earthed or connected to a low-impedance
329 cable in service, then that terminal should be directly earthed during the test or earthed
330 through a resistor with an ohmic value not in excess of the surge impedance of the cable;

331 b) earthing through a low-resistance shunt for the purpose of impulse response current
332 measurements may be considered the equivalent of direct earthing.

333 When non-linear elements or surge diverters — built into the transformer or external — are
334 installed for the limitation of transferred overvoltage transients, the impulse test procedure
335 should be as defined in IEC-60076-3. External non-linear element should be disconnect for
336 tests.

337 7.3.2 Applicable methods of failure detection
338 Failure detection is normally accomplished by examination of the oscillograms of digital records
339 of the applied test voltage and the impulse response current.

340 Different transients can be recorded and used separately or in combination, as shown in
341 Figure 2. These are listed a) to e) below. It is essential, in acceptance testing, to record at least
342  one of these transients in addition to the applied test voltage:

343 a) the neutral current (for star and zigzag connected windings of which the neutral is earthed
344 during the test);

345 b) the winding current (for all other windings and star and zigzag connected windings of which
346 the neutral may not be earthed during the test);

347 c) the current transferred to an adjacent shorted and non-tested winding, sometimes referred
348 to as capacitively transferred current;

349 d) the tank current;

350 e) the voltage transferred to a non-tested winding.

351 The sum of items a), ¢) and d) or of items b), c) and d), is sometimes referred to as line current.

352 When testing reactors, both of the shunt and series types, items c¢) and e) are inapplicable; item
353 d) may be applied but only as an additional means of transient recording since it is likely to be
354 less sensitive than when used in transformer testing.

355 7.4 Test procedures

356  The relevant test sequences for full-wave tests or for full- and chopped-wave tests are given in
357 IEC 60076-3.

358 The preferred method of test is that of direct application although in special cases where the

359 intermediate or low-voltage winding cannot, in service, be subjected to lightning oDmuments
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360 from the system connected to it, the "transferred surge" method may alternatively be employed.
361 The impulse test of the low-voltage winding is then carried out simultaneously with the test of
362 the associated high-voltage winding. In these conditions, the waveform of the transferred
363  voltage does not conform with that specified in IEC 60076-3. It is more important to try to obtain
364  the required voltage level by means of termination resistors of sufficiently high value. However,
365  this may not always be possible even with the highest values of resistors. In this test, high inter-
366 phase voltages may occur on delta-connected windings and the danger of overstressing inter-
367 phase insulation, internal or external, may limit the voltage that can be applied to the low-
368 voltage winding. The appropriate limits may be established by transient analysis with a low-
369 voltage recurrent surge generator.

370 By their very nature, non-linear protection devices connected across the windings or its parts
371 may cause differences between the reduced full-wave and the full-wave impulse oscillograms.
372 Proof that these differences are indeed caused by operation of these devices should be
373 demonstrated by making three reduced full-wave impulse tests at different voltage levels to
374 show the trend in their operation. To show the reversibility of any non-linear effects, the same
375 reduced full-wave impulses should follow up the full-wave test voltage in a reversed way.

376

377 One example in conformity with 60076-3:

378  50%, 65%, 80%, 100%, 100%, 100%, 80%, 65%, 50%.

379

380  Test methods for transformer neutrals are given in IEC 60076-3. The direct method, involving
381 an impulse voltage applied to the neutral with all line terminals earthed, permits a longer
382  duration of wavefront, up to 13 ps. In this case, the inductive loading of the generator is
383  significantly increased and it may be difficult to achieve times to half-value set by the tolerances.
384 Impedance earthing of the non-tested terminals of the winding under test may then be applied.

385 7.5 Recording of tests
386 7.5.1 General

387 Digital recording systems should be used for the recording of lightning impulse voltage and
388 current response waveshapes.

389 7.5.2 Digital recording systems

390 The requirements for digital recorders are given in IEC 61083-1.

391 It should be emphasized that for the purpose of presenting results for acceptance by
392  comparison of traces, the waveforms obtained by digital measurements should be produced
393 from the raw data and not subjected to any mathematical processing, filtering, smoothing,
394 etc...,except the rescaling of the oscillograms for comparision purpose.

395 It is equally important to use the raw data for non-standard waveshape evaluation.

396 (Figures B.18, B.19 and B.21 show significant differences in amplitude and front time 71 and
397  time to half value T evaluations.)

398 |EC 60076-3 requires simultaneously the measurement of

399 a) the applied voltage;
400 b) at least one of the transients listed in 7.3.2;

401 Hence, at least two independent recording channels are necessary.

402 While the applied voltage is uniquely defined, the choice of the other characteristic to be
403 recorded is dependent on the selection of the method of failure detection.
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404 7.5.3 This clause is intentionally left blank
405 7.5.4 Digital recording of waveshapes

406  The principle of digital recording is the measurement of voltage or current waveshapes by taking
407 samples during the test at regular time intervals. These samples should be presented directly
408 as raw data for evaluating waveshape parameters (see 7.5.3.1) and also for the assessment of
409 test results based on the comparison of recordings taken at reduced and full impulse voltage
410 levels (see 7.5.3.2). Additionally, the recorded data may also be processed by wave analysing
411 algorithms, for example, for fault analysis in recordings (see clause 10).

412 During impulse tests, high electromagnetic fields are produced in the vicinity of the test set-up.
413 Protection of the sensitive electronic devices in the digital recording system, the entire
414 processing equipment and its power supply against these fields is required.

415  7.5.4.1 Digital recording of the impulse voltage waveshape

416 a) Determination of the impulse voltage waveshape

417 The preferred period for the presentation of data for the records taken for waveshape
418 determination during preliminary adjustment of test-circuit parameters is <10 us for the
419 wavefront record (longer presentation times may be necessary when testing transformer
420 neutrals). The wavetail record should permit the evaluation of the time to half-value and, on
421 occasions, the amplitude of reversed polarity.
422 IEC 61083-1 specifies a 9-bit, 60 MHz digitizer as the minimum resolution of the digitizer
423 for the registration of impulse voltage and current waveshapes. When zooming in on 10 us
424 time-periods or less for the evaluation of the wavefront or for the evaluation of chopped
425 impulses, the use of a 10-bit digitizer and 100 MHz sampling frequency should be
426 considered.
427 Historically, waveshape evaluation is based on oscilloscopic records, engineering rules and eye
428 evaluation of waveshape parameters. With the application of digital recorders in high-voltage
429 testing of power transformers, a warning with respect to amplitude and time parameters should
430 be given with respect to the evaluation of non-standard waveshapes. In particular, when testing
431 high-power-rated low-voltage windings with resulting unipolar overshoots with frequencies less
432 than 0,5 MHz, |[EC 61083-14 is not applicable for the amplitude evaluation of such non-standard
433 waveshapes. Errors in excess of 10 % have been observed due to the built-in curve smoothing
434 algorithms in the digitizers (see Figures B.18, B.19 and B.21).
435 In such cases, careful evaluation of the raw data plots using engineering judgement is
436 required. A parallel measurement of the test voltage by a peak voltmeter according to
437 IEC 61083-1 is highly recommended.
438 b) Applied impulse test voltage wave recording
439 In order to determine the amplitude of the test wave and to permit detection of any fault
440 which may be present
441 — for full waves, the period for the presentation of sampled data should not be less than
442 100 ps;
443 — for chopped waves, a period for presentation of 10 us to 25 us is usually found sufficient.
444 Sampling frequencies of 10 MHz to 20 MHz per channel of the digitizer normally suffice
445 because the maximum frequencies of part winding resonance normally do not exceed 1 MHz
446 to 2 MHz. If high frequencies are observed in the voltage or current traces these are due to
447 parasitic resonance in the measuring circuit or noise in the earthing system. It is therefore
448 recommended that higher sampling frequencies (as mentioned before) be used to
449 discriminate noise in the measuring circuit from the actual behaviour of the test object.
450 For wave analysis, it is important to take samples over the complete waveshape until the
451 wave is completely damped, using the maximum available memory of the digitizer. It is
452 important to programme the digitizer in such a way that a sufficient number of samples is
453 present to determine the virtual starting-point of the wave.
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454 It is, furthermore, important to use the maximum available resolution of the input amplifiers
455 of the digitizer. For that reason, a number of 50 % pre-shots may be needed to determine
456 the optimum range for the amplitude of the voltage wave and/or the offset for each channel.

457  7.5.4.2 Digital recording of the impulse response current

458 Impulse current is normally the most sensitive parameter in failure detection. Therefore,

459  the recorded current waves are the main criteria of the test result. The stored data in the

460 memory of the digitizer, however, allows for any other presentation of the same recording by
461 zooming in or out at different time scales. Requirements with respect to sampling frequencies
462 and resolution of the digitizers' input channels are the same as given in 7.5.3.1.

463 In order to benefit from additional mathematical investigation tools, such as transfer function
464  analysis (see clause 10), for the examination of the test results, it is important that the same
465 recording time for the recording of the impulse current and voltage is used.

466 8 Switching impulse tests

467 8.1 Special requirements

468 The response of transformers and reactors to switching impulses is very different because
469 transformers have a complete magnetic circuit and the relatively long duration of the switching
470 impulse therefore allows the establishment of a significant amount of core flux (see IEC 60076-
471 3). This is not the case for reactors for which, in addition, waveshape problems and test
472 procedures are different. Therefore, the two items of equipment are dealt with separately.

473 8.2 Transformers
474 8.2.1 Waveshapes

475  As indicated in IEC 60076-3, there are no strict values specified for the front time of a

476 switching impulse wave. It should, however, be sufficiently long to ensure essentially uniform
477 distribution of voltage. This normally requires a time to peak T, of at least 100 ps. It is

478  determined by the effective winding capacitance, any load capacitance and the series

479  resistances.

480 The wavetail is influenced not only by the usual waveshaping components but also by a probable
481 saturation of the core. For most transformers, at full test level, the exponential decay of the wavetail
482 is interrupted by a sudden fall through zero, at a variable time after the crest, due to core saturation.
483  Therefore, the time to half-value is not used to specify the wavetail of the applied switching impulse.
484  Instead, the waveshape is defined by its time above 90 % T4 and by the requirement of the time to

485  first zero passage Ty. Ty = 200 us and 7, > 1 000 ps, are defined in IEC 60076-3. These quantities
486  are illustrated in Figure 3a.

487 The time taken to saturate the core is dependent on the core size, its initial state of
488 magnetization and the level and waveshape of the applied voltage. Unless the core
489 magnetization state is identical before each switching impulse application at a given voltage
490 level, identical waveshapes on successive applications will not be obtained. In addition,
491 identical waveshapes at reduced and full test levels cannot be obtained. See 8.2.3 for test
492 procedure which reduces the effects of core saturation.

493  Core saturation does not usually occur on reduced-level voltage applications and may not even
494  occur on full-level applications. When it does occur, its effect on the voltage waveshape may
495 be large or small depending on the amount of saturation involved. For this reason, when
496 switching impulses are applied from the high-voltage side of the transformer, it is possible to
497  establish T, and Ty from the reduced voltage applications. 7, cannot be established until the

498 first full-level voltage application is made. When switching impulses are performed from the
499 low-voltage side of the transformer, only T, can be established from reduced voltage

500 applications. In this case, T4 and 7, can only be determined from full test-level shots.
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501 It should be noted that there may be significant differences in the shape of the wavetail on
502 different limbs of a transformer due to the different reluctances of the magnetic circuit involved.

503 8.2.2 Terminal connections and applicable methods of failure detection
504 8.2.2.1 Terminal connections

505 In order to comply with the requirements of IEC 60076-3, there is only one admissible test
506 connection for three-phase transformers. This connection is shown in Figure 4, which indicates
507 that the neutral should always be earthed and the terminals of the non-tested phases preferably
508 interconnected. (This interconnection of non-tested terminals is not necessary for transformers
509 provided with a delta-connected winding.)

510 This circuit was selected for three-phase transformers with both three- and five-limb cores to
511 perform simultaneously testing of the phase-to-earth and phase-to-phase insulation with 1,0 p.u.
512 (per unit) and 1,5 p.u. respectively.

513  The choice of winding to which the test voltage is to be directly applied and the level of that test
514  voltage may normally be left to the manufacturer, commensurate with the requirement that the
515 rated switching impulse withstand level is achieved in the winding with the highest rated voltage.

516  Whilst the basic switching impulse wave is inductively transferred, the interphase capacitive
517  coupling and the inherent phase capacitances and inductances can cause additional
518 oscillations which are superimposed on the transferred voltages. Figure B.14 gives a clear
519  example of this effect. Hence, the requirement in IEC 60076-3 that a phase-to-phase voltage
520 of 1,5 U will occur when a voltage U is applied to one terminal, is valid only in principle.
521 Therefore, during a test, the interphase voltages are likely to be higher than 1,5 U if no
522 measures are taken at the non-tested terminals to suppress the oscillatory voltages by means
523 of high ohmic resistance earthing. The phase-to-earth voltages at the non-tested terminals can
524  be much higher than 0,5 U.

525 High ohmic loading of the non-tested phase terminals of the winding system under test and/or
526 at the non-tested winding phase terminals is a convenient means to achieve appropriate
527 damping. However, resistive loading causes a significant lengthening of the wavefront at the
528 non-tested terminals, resulting in a phase-to-phase voltage of less than 1,5 U. This results from
529 the slightly different times at which the maxima of applied (U) and induced (0,5 U) voltages
530 occur. When the loading is too severe (too low a resistance), the tail time of the applied
531 switching impulse is significantly shortened to the extent that saturation effects may not occur.

532 The requirement that 1,5 times the voltage between phase and neutral should be developed
533 between phases cannot be met on shell-type and five-limb core-type transformers without delta-
534  connected windings, as the flux cannot be directed through the windings on the non-tested
535 limbs. If no delta windings are available, only 1,0 p.u. phase-to-earth tests can be achieved by
536 short-circuiting and earthing of the winding terminals of the non-tested phases.

537 Similar considerations with respect to superimposed oscillations are valid also for single-phase
538 auto-transformers.

539 8.2.2.2 Methods of failure detection

540 For failure detection, normally only the measurement of the applied voltage is sufficient, but
541 when the test is performed by applying the impulse to an intermediate or low-voltage terminal,
542  the voltage should be measured at the terminal with the highest voltage for equipment Up,. The
543  current flowing to earth through the tested winding can additionally be used.
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544 8.2.3 Test procedures
545 8.2.3.1 General

546 The test procedure is outlined in IEC 60076-3. This procedure includes reference to measures
547 which may be taken to increase the impulse duration by delaying the possible onset of core
548 saturation.

549 For the method of direct application to the high-voltage winding, primarily referred to in this
550 guide, the procedure involves the application, to each phase terminal, of

551 — one negative polarity, reduced full wave (between 50% and 70% (60076-3, clause 14.4) of
552 the switching impulse test level);

553 - For saturation of the core on the opposite polarity, apply a positive polarity impulse of
554 approximately 50% of the full wave or direct current application;

555 - three negative polarity full wave. Before each full wave application, apply opposite polarity
556 impulse(s) waves(s) of 50% of the full wave value. The number of 50% opposite polarity
557 impulse(s) can be one or more.

558 To avoid problems with external flashovers during the opposite polarity saturation of the core
559 test procedure, the level of such positive polarity impulses should not exceed 50% to 60%
560 of the full wave test voltage.

561 8.2.3.2 Switching impulse and no-load loss

562 Modern power transformers, using high developed core-steel, are designed for regular
563  operation at inductivities at 1.3 ... 1.5 Tesla. This low inductivity is chosen in regard of noise
564 requirements and high valuation of no-load losses. For such transformers, the no-load
565 measurement for determining realistic (i. e. long-time) no-load losses, should be carried out
566 before impulse testing (switching and lightning impulse testing). (see also IEC 60076-1, clause
567 11.5)

568 It was found in the past, that the no-load losses, determined after dielectric testing, increases
569 several percent.

570 8.2.4 Recording of tests
571 8.2.4.1 General

572 Recording of the voltage of the high-voltage terminal is required during switching impulse
573 testing. However, due to the possible excessive voltages to earth on the non-tested terminals
574 or between phases, explained in 8.2.2, it is advisable to at least check these voltages.

575 The voltage record will normally also satisfactorily indicate any fault on magnetic coupled
576  windings not directly subjected to the switching impulse. Impulse currents may be recorded and
577  will in many cases give additional information about a fault.

578 For switching impulse voltage recording, it is preferable to use capacitive types of voltage
579  dividers, as resistive voltage dividers would have an influence on the waveshape and may be
580 thermally overloaded. When resistive voltage dividers are used to check the voltage of the non-
581 tested terminals, they should remain in the circuit because they represent a significant loading
582 of the circuit. Properly calibrated capacitive bushing taps can be employed as voltage dividers.

583 8.2.4.2 Clause intensionnally left blank
584 8.2.4.3 Digital recording of the impulse voltage waveshape

585 a) Determination of the impulse voltage waveshape

586 It is necessary to take samples over the complete waveshape, from the start to the time
587 where the wave is completely damped, using the maximum available memory of the digitizer.
588 It is important to programme the digitizer in such a way that a sufficient numbergéwments
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589 is present to determine the virtual starting-point of the wave. To record the switching
590 impulse, a sampling frequency of 10 MHz is sufficient. The requirements for the digitizer as
591 mentioned in 7.5.3 for the digital recording of lightning impulses are sufficient for the
592 recording of switching impulses.

593 It is important to use the maximum available resolution of the input amplifiers of the digitizer.
594 A number of 50 % reduced level impulses are needed to determine the optimum range of
595 the voltage and/or the offset for each channel.

596 Special attention should be given to the effect of magnetic saturation of the core and the
597 possibility of clipping of voltage and current recordings because of saturation of the input
598 amplifiers of the digitizer.

599 b) Applied impulse test voltage wave recording

600 In order to determine the amplitude of the test wave and to permit detection of any fault
601 which may be present, the recording has to be long enough to encompass the first zero
602 passage, that is, longer than the expected time 7. This normally requires recording times
603 of 1 000 ps to 2 000 pus or 2 000 us to 3 000 ps in exceptional cases.

604

605 8.2.4.4 Digital recording of the impulse response current

606  As mentioned in 8.2.2, impulse current should be recorded to possibly trace partial discharges.
607 When this current is measured on the winding to which the impulse voltage is directly applied,
608 whether or not this is the winding on which the specified test voltage level is to be achieved,
609 the current comprises three parts:

610 — an initial capacitive current pulse;

611 — alow and gradually rising value of the inductive current component, coincident with the tail
612 of the applied voltage;

613 — a peak of current coincident with any saturation. This current peak will be coincident with a
614 voltage collapse or decay if it is due to the saturation effect.

615  Any turn-to-turn or part winding fault will also produce an instantaneous current peak, but with
616 a much more rapid voltage collapse, indicating a flux blockage.

617 When oscillograms of the impulse response current are taken, it is preferable to employ the
618 same sweep time or sampling time as used for the voltage record.

619 8.3 Reactors
620 8.3.1 Waveshapes

621 The waveshape obtainable on reactors will be of a damped cosine form, without any saturation
622  effects on the tail, since there is no complete ferro-magnetic circuit through the windings. This
623  waveshape should be characterized mainly by its frequency, determined by the reactor
624 inductance and the generator capacitance, and the damping coefficient. However, practice has
625 been to specify reactor waveshapes as for transformers, that is, by T, Tq and 7, (see Figures

626  3b and B.16).

627  The front time to peak is determined, as for transformers, primarily by the effective winding
628 capacitance, additional load capacitance and the series resistance. It should be long enough to
629 ensure approximately uniform distribution throughout the tested winding, i.e. it must not be below
630 100 psec to avoid too high stress of the first turns of the winding.

631 Note: This can be achieved by testing with impulse generators with high energy content or when using regular impulse
632 generators for transformer testing by an additional capacitance of about 10 nF at the reactor terminal.

633 For large values of T,, the damping coefficient will be large thus resulting in a relatively short

634 time Tz. For small values of T,, Ta will become short and the undershoot may well approach

635 75 % of the test voltage level with an ensuing risk of phase-to-earth or phas@ﬁgnﬂﬁ t

636 flashover. Due to these implications, it appears logical, as in the case of transformefss [ ents
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637  the maximum undershoot to a safe level, of not more than 50 %, and to accept the
638  corresponding values of T,, Ta and T-.

639 Normally the transformer characteristic of T4 > 200 us is not a problem for small reactors (with
640 an inductance >4.3 Henry, i.e. <120 MVAr for three-phase 400 kV reactors with relatively high
641 impedances). For larger reactors, i.e. reactors with an inductance below 4.3 Henry, Tq¢ and T
642 as specified for transformers would require excessive impulse generator extension. For such
643 cases, a minimum value for Tq¢ and T: should be 120 us and 500 us respectively to assure
644 adequate volt-time stress.

645 Example:

646 A 120 MVAr /400 kV /173,2 A/ YN reactor has an inductance of L = 4,244 Henry, where a 36,3 MVAr
647 /220kV /95,3 A/ YN reactor also has an inductance of L = 4,244 Henry.

648 So, the value of L = 4,3 Henry is given here as a limit for the reduction of T4, but even if the inductance
649 is close to this shorter time values of Ty will have to be accepted.

650 8.3.2 Terminal connections and applicable methods of failure detection

651 8.3.2.1 Terminal connections

652 Since there is only one winding per phase, the application point for the test voltage is the line
653 terminal of the phase winding which is to be tested. The other terminal of this phase winding
654 should be earthed.

655 For three-phase reactors, the requirement, as in Figure 4, that 1,5 times the voltage between
656 phase and neutral should be developed between phases, cannot be met. The flux in these
657 reactors cannot be directed through the windings on the non-tested limbs. Hence, the normal
658 impulse test procedures as used for lightning impulse tests are required.

659 8.3.2.2 Methods of failure detection

660 For failure detection, as for transformers, normally only the oscillogram records of the applied
661 voltage is sufficient but the current flowing to earth through the tested winding should
662 additionally be used.

663 8.3.3 Test procedures

664  Since there is no core saturation effect, the test procedures for reactors is the same as for
665 lightning impulse tests. They comprise

666 — the determination of the impulse voltage waveshape;

667 — the application of one negative polarity reduced test voltage impulse;

668 — the application of three negative polarity impulses at the full switching impulse test voltage
669 without any opposite polarity saturation measures.

670

671 8.3.4 Digital recording of impulse voltage waveshape
672 and impulse response current

673  Subject to the waveshape differences described in 8.3.1, the same general principles apply to
674 voltage and current recordings on reactors as for transformers. It is, however, advisable to use
675 sweep times for both voltage and current which cover the second half-cycle of the applied
676  voltage.
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