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TRANSFORMER INSULATION POWER FACTORS (A PROGRESS REPORT)



TRANSFORMER INSULATION POWER FACTORS (A PROGRESS REPORT) A. L. Rickley Doble Engineering Company ABSTRACT Recent surveys of transformer-insulation test results reconfirm a 1974 Doble conclusion that modern high-voltage power transformers, properly dried, should have insulation power factors lower than 0.5% at 20°C. Factory power-factor test results supplied to confirm users' specifications should include measurements on individual winding-to-ground and interwinding insulations (IEEE and ANSI Method II), rather than lumped measurements (Method I), to improve the sensitivity of factory tests to localized conditions and to permit correlation with field-acceptance test results. INTRODUCTION It is not the intent of this paper to repeat what was presented in 19741 in response to requests by Doble Clients for comments on: A. A practical insulation power-factor specification for power transformers. B. The lack of correlation between factory and field test results. Excess moisture in cellulose and other transformer insulation, much beyond that necessary to maintain composition or constitution, is undesirable. The effects of excessive moisture in accelerating deterioration of transformer insulation, and in degrading its 60-Hz, impulse and mechanical-strength capabilities have been well documented in numerous reports of field and laboratory research. Transformer insulation on assembly can and must be dried to absolute levels not exceeding 0.20.3% moisture content by weight, must be delivered in that condition and must be maintained dry in service. The 1974 presentation reviewed the most commonly used methods for monitoring dryness, cited practical advantages of power factor and summarized two classic examples of field experience with power factor as a reliable parameter for monitoring transformer dryness. The paper presented the results of power-factor test results on approximately 1600 power transformers delivered over a three-plus-year period, and proposed a power-factor specification based on those statistics. POWER-FACTOR SPECIFICATION The specification proposed in 1974 is repeated here with emphasis, reinforced by field experience with new transformers delivered since that time: Insulation power factors of a newly delivered power transformer should not exceed 0.5% at 20°C top-oil temperature. The power factors specified refer to individual winding-to-ground and interwinding insulation, CH, CL and CHL(etcetera, for three-winding transformers). There should be reasonable and acceptable justification by the manufacturer that any higher power factors are not the result of contamination or incomplete drying. If a higher power factor is caused by the use of inherently high power factor materials, the manufacturer should consider their replacement. There are suitable materials available which meet all other electrical, mechanical, thermal and compatibility requirements, and have low inherent power factors. This presentation was prompted or instigated by several recent encounters involving transformers either delivered or proposed with higher-than-acceptable power factors which were attributed to: A. Use of relatively high-loss tubular or barrier materials. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-1.1.htm (1 of 9)2004-09-29 4:33:27 AM
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B. Suspicion of incomplete drying of bulk materials. C. Use of relatively high resistance interlaminar insulation in the core. D. Use of core-grounding resistors or resistors between core sections2. In justification of a recent instance of high power factor by one manufacturer, it was suggested that the 1974 recommendation by Doble might not apply to more modern units because of significant changes in modern transformer designs. In his publication3, the manufacturer states that a 0.5% power factor may have been satisfactory in the past, but it can no longer be used with modern oil-filled power transformers. There is nothing in Doble's experience to confirm this statement. Doble has recommended for more than 30 years that new transformer insulation power factors should not exceed 0.5% at 20°C. This has not been and is not an arbitrary figure selected at will and without reason. It has been and is based on thousands of field test results. Confirming data have been published on numerous occasions, including our 1974 paper, and are supplemented here in Figures 1, 2 and 3. The three figures cover tests on 716 transformers delivered between 1980 and 1984. The data show again that the 0.5 is not only attainable but is expected, and that higher values should not be accepted. The requirements for low power factor as an indicator of adequate dryness have not changed; rather than relaxed, they should become more stringent. Design changes should have no effect on overall insulation power factors so long as the new designs incorporate low power-factor materials which are adequately dried. It appears that in all the discussion of transformer power factors, their specification and the effects of material selection on them, one essential consideration seems to become obscured. Granted that insulation dryness is essential, a reliable index or indicator must be available to a transformer user to monitor dryness or wetness in the field. Power-factor measurements are relied upon for that purpose by a large segment of the industry. Test equipment is available for that purpose, the test methods are simple and effective, and the test results lend themselves to simple interpretation. A low benchmark power factor is essential to ensure the effectiveness of fieldacceptance and subsequent preventive-maintenance test programs. Inconsistent power factors caused by inconsistent selection of materials and processing frustrate the attempts of users to monitor the condition of transformers delivered to them. It should be recalled that transformers do on occasion suffer damage and/or exposure in shipment and in storage. How is an operator to know when a high power factor is caused by contamination or by a substitute high-loss material? How or why must he cope with the masking effect of the highpower-factor material on the detection of other perhaps undesirable conditions? Manufacturers are urged to consider these important factors in their selection of materials and their applications, and not to look upon the low power-factor specification as an unnecessary evil imposed upon them. Suitable lowloss materials are available and other aspects of electrical, mechanical, thermal, economic and compatibility considerations remaining equal, their use is ultimately in the best interest and to the advantage of both the transformer manufacturer and user.
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FACTORY VS FIELD TEST RESULTS The lack of correlation between factory and field test results remains a problem. Certain manufacturers continue to report factory data in terms of IEEE and ANSI Method I4. This is a method which was utilized by Doble and its client group in the very early days of transformer test developments. The separation method (Method II) now used by Doble was developed by the Doble group and adopted as standard many years ago because of its additional sensitivity to localized conditions. It is extremely desirable to separate a complex unit such as a transformer into as many individual components as possible in order to assist in the detection of localized faults. This, of course, must be accomplished without physically disconnecting parts of the transformer. The Doble method (Method II) permits breaking a two-winding transformer into its three major dielectric circuits, which are further subdivided by separate tests on connected bushings. Figures 4 and 5 are simplified schematic illustrations of Methods I and II as applied to a two-winding transformer. The same principles may be applied to a three-winding transformer except that three (3) winding-to-ground and four (4) interwinding components would be involved.
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Figure 4 illustrates a system of three lumped Grounded-Specimen Tests (GST) on the three major components CH, CL and CHL. In each measurement the resulting power factor is a weighted average dependent upon the relative power factors and capacitances of the two individual components. Figure 5 illustrates tests on the same transformer by Method II (Doble). Note that CH and CL are measured directly in Tests 2 and 4; currents and losses for calculation of a CHL power factor are derived by simple subtraction of values recorded in Tests 1 and 2 or 3 and 4. The duplicate set of results for CHL provide a check on the four measurements (Tests 1-4). A separate measurement of CHL, in either direction, is possible by the UST Method (Tests 7 or 8). Table I lists data resulting from tests on two hypothetical transformers. Case A illustrates how an undesirable condition (CL in Method II) may appear as a marginal condition in Method I, while Case B illustrates how a marginal condition (CH in Method II) may appear as acceptable in Method I. TABLE I EXAMPLE A METHOD I



METHOD II



Test A



CH + CHL



% PF



Test



0.30



2



% PF CH



0.30
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B



CL + CHL



0.80



4



CL



1.09



G



C H + CL



0.72



(1-2)



CHL



0.31



EXAMPLE B METHOD II



METHOD I Test



% PF



Test



% PF



A



CH + CHL



0.45



2



CH



0.55



B



CL + CHL



0.36



4



CL



0.38



G



C H + CL



0.46



(1-2)



CHL



0.31



OBSERVATIONS & RECOMMENDATIONS A. Participants in these conferences for half a century have played an active and leading part in illustrating the need for dryness of transformer insulation, in the development and field application of drying methods, and in the development of test methods and processes for gauging dryness. Among the various gauges (not in any historical or preferential order) have been: 1. Use of dew point measurements in the gaseous environment of a transformer winding (before oil filling). 2. The use of vapor-pressure equilibrium charts during vacuum processing of a transformer (without oil). 3. Observations of the rate at which moisture is collected in cold traps installed in vacuum lines during vacuum drying of a transformer (without oil). 4. Measurement of winding insulation power factor (with or without oil). The first three gauges are moisture-related determinations: the first assumes a state of moisture equilibrium between the transformer insulation and the gas space being monitored; the second assumes a state of moisture equilibrium among all insulating members of the transformer; the third gauges dryness on the basis of a decaying rate of moisture extracted from a winding during vacuum processing, and is dependent upon the capability and efficiency of the vacuum system. Cold-trap observations may be supplemented by final vapor-pressure determinations to assess the processing endpoint. Power factor is an electrical measurement related to dielectric losses in insulation. It is not a direct measurement of moisture content; however, practically all insulating materials selected for use in highvoltage transformers (properly dried) have low dielectric losses and very low power factor. Accordingly, all other things remaining equal, an increase in power factor can be related to an increase in moisture content. Thus while it is not suggested that power factor supplant other gauges for residual moisture content, it is a simple, effective, reproducible, easily interpreted guide for monitoring the dryness of transformers in the factory or in the field. B. Effective processes have been developed for factory drying of transformers. Transformers are processed to file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-1.1.htm (7 of 9)2004-09-29 4:33:27 AM
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residual moisture contents of approximately 0.2% by weight. Despite the struggle by certain manufacturers not to commit themselves, they have, for more than 30 years, and continue to deliver transformers in which their drying efforts result in power factors lower than 0.5% at 20°C. All this while they have insisted on first a 2%, and later a 1% maximum. Occasional departures have occurred when substitute materials, apparently satisfactory in all respects except for dielectric-loss characteristics, have been used, or when a lapse in the routine processing has occurred. This is generally detected in the field when Doble tests are performed and, following some apparently necessarybut really unnecessary-skirmishing, the problem is resolved and power factors of 0.3 and 0.4% again become the expected norm. C. Even though there may be differences of opinion as to what the maximum permissible power factor should be, there should be no question that a user, in field-acceptance testing, must be alert to even relatively small but definite increases over factory power factors. Water does manage to enter transformers despite precautions taken, and even small amounts in the proper places could prove disasterous. Remember that a serious "blind spot" in transformer testing is represented by a few drops of water between turns-a condition not detectable by routine field tests and one which can result in failure. A user must be alert to small but significant increases which small amounts of water might cause in ground or interwinding insulation power factors. D. The results of numerous tests illustrate conclusively that modern transformers using modern materials which meet all other user and manufacturer requirements should have insulation power factors not exceeding 0.5% at 20°C. Users are urged to specify such a requirement, and manufacturers are urged to accommodate such a specification. Manufacturers obviously want to deliver the best possible transformers and also want to ensure that they are operated to their design predictions and to user expectations. Such a goal necessitates proper operation, which implies sensible maintenance, which in turn implies significant testing-both on receipt of a transformer to assess freedom from damage in transit, and throughout its life in preventive maintenance. E. Factory test results must be reproducible in the field to the benefit of the user, and to the supplier when he is called upon to interpret or rationalize an apparent discrepancy between factory and field test data. In the light of this observation it is difficult to understand why any manufacturer would continue to depend upon an obsolete test method (Method I) in favor of the simpler and more effective Method II which is currently utilized by the vast majority of his customers. It is recommended that Method II be adopted as the factory standard and that factory data be reported in that form. ACKNOWLEDGEMENT The author is grateful to G. W. Armstrong, Jr. for his assistance in the assembly of data reproduced in Figures 1, 2 and 3. REFERENCES 1. Rickley, A. L. "Transformer Insulation Power Factors," Minutes of the Forty-First Annual International Conference of Doble Clients, 1974, Sec. 6-801. 2. Osborn, S. H. Jr. and Rivers, M. "The Effects of LTC and Core Resistors on Transformer Power-Factor Measurements," Minutes of the Fifty-First Annual International Conference of Doble Clients, 1984, Sec. 6701. 3. Foley, J. E. and Specht, T. R. "Transformer Insulation Power Factor," Westinghouse Publication 8310, File 48-500. 4. "Test Code for Liquid-Immersed Distribution, Power, and Regulating Transformers and Guide for Short-Circuit Testing of Distribution and Power Transformers," ANSI/IEEE C57.12.90-1980. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-1.1.htm (8 of 9)2004-09-29 4:33:27 AM
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©1985 Doble Engineering Company All rights reserved POWER AND DISTRIBUTION TRANSFORMERS
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DOBLE CLIENT QUESTIONNAIRE - DOBLE TEST INTERVAL



QUESTION NO. 7 - DOBLE TEST INTERVAL What is the Doble test interval (years) for power*, current and potential transformers on your system? Please check the appropriate interval for each type and rating of equipment included in your program. POWER TRANSFORMERS



* Power Transformer - In this questionnaire, a power transformer is defined as any transformer with a minimum rating of 501 kVA or higher.
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DOBLE CLIENT QUESTIONNAIRE - TRANSFORMER DOBLE-TEST PERSONNEL



QUESTION NO 7 - TRANSFORMER DOBLE-TEST PERSONNEL



Other (please specify)
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POWER FACTOR VERSUS TEMPERATURE CHARACTERISTICS OF MODERN POWER-TRANSFORMER INSULATION A. L. Rickley and R. E. Clark Doble Engineering Company *



It was our original intention to have available at this time an average curve which we might propose for correcting power factors of modern high-voltage power transformers. Unfortunately, the number of field investigations conducted in response to a request by our Client Committee on Transformers has been too few to permit any serious progress to that end. Instead, we submit the data in Figure 1 as an illustration of the problem. It might be well to point out that the problem, while it does exist, is not an extremely complicated one. Our survey of a great number of tests in our files indicates that the very large majority of transformers tested are found to be within ten degrees of the 20°C base. It should also be recognized that in most cases of transformers tested at temperatures very much in excess of 20°C, and where some question arises regarding the accuracy of temperature correction, the transformer can be cooled for a retest at or near the base temperature. The five sets of data plotted in Figure 1 are based on a 20°C power factor of 1 %, and represent: A. The original Doble curve which was proposed to the Client group by L. W. Smith (Doble) in 1936(1) with the following justification: Very little data is available on the power factor-temperature characteristics of the overall insulation of power and instrument transformers; i.e. bushings, windings, and oil, however, since the dielectric losses of the oil form a large part of the overall dielectric losses of the transformer, it seems reasonable to believe that the overall power factortemperature characteristics of the transformer will be approximately the same as for oil alone. This approximate method seems to be borne out by the results obtained by comparing the overall power factors of a few transformers of the same design at different temperatures. Here again the other transformers of the same design in a bank provide a secondary standard for comparison of overall insulation tests. B. This curve, referred to as the AIEE curve, appears to be one presented to the Client group by E. V. DeBlieux (General Electric) in 1953.(2) The data were based on several new, large power transformers ranging in size from 25 to 170 mVA. The curve was published by AIEE in 1955 as part of "Proposed Test Codes for Power-Factor Testing of Power and Distribution Transformers," (3) (4) and proposed by Doble (5) in 1958 for use on then-modern transformers-defined as "sealed" or "gas-blanketed," versus "freebreathing" or "conservator" transformers where the original Doble curve "A" would continue to be used. C. This curve resulted from a study undertaken by the Doble Client Committee on Transformers in 1963, (6) in an effort to resolve questions being raised then regarding power-factor versus temperature characteristics of new power transformers. Further work was promised in the investigation but, in fact, very little concerted effort has developed since that time.
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D. The data in this curve resulted from a study performed on the Manitoba Ilydro system on "a reasonably large number of modern oil-filled transformers with adequately dried paper insulation over wide ranges of ambient temperatures." The data were submitted to Doble by Mr. William McDermid of Manitoba Hydro in January 1976 with the following comment: From this information, we have established the attached correction curve which seems appropriate for most high-voltage oil-filled power transformers of recent manufacture, except those with large concentrations of phenolic materials. E. Curve E is based on Curve O.E-EHV presented by R. F. Casey(7) of the Ohio Edison Company at the 1976 Client Conference. *



*



*



The five curves illustrate dramatically what has occurred since Mr. Smith presented the first proposal for correction factors in 1936.The reasons for the increasingly flatter characteristics are varied, but primarily are due to decreasing ratios of oil-to-paper, and to lower-loss, drier insulation used in more modern transformers. The effect of dryness on power factor and on power-factor versus temperature characteristics of oil-impregnated paper insulation was discussed by C. L. Dawes in 1967.(8) Professor Dawes illustrated his discussion with Figure 2 which represent data produced by R. B. Blodgett(9) showing that, as the water content of oil-impregnated paper decreases to low values, its power-factor versus temperature characteristic changes from a continuously rising one to one that is relatively flat, U or bowl-shaped. It is of interest to compare Mr. Blodgett's data (Figure 2) with that shown in Figure 1, and to mentally extrapolate his data to produce a curve for moisture contents between 0.25 and 0.5%. OBSERVATIONS AND RECOMMENDATIONS The insulation power-factor test is a very effective means for assessing wetness, dryness, or deterioration of transformer insulation. Test equipment with more than adequate sensitivity and accuracy is available, and test technique has been developed to permit meaningful tests. The technique developed and recommended by Doble permits separate tests on winding, bushing and liquid insulation, with the only physical disconnection necessary being the isolation of the transformer from external bus, lines, or cables. A simple series of measurements permits separate, direct measurements of dielectric loss, capacitance, and power factor on the insulation between each pair of windings, between each winding and ground, on each bushing, and on an oil sample. This electrical separation of the major areas of insulation permits an orderly analysis of the condition of the transformer insulation with a minimum of masking effect of windings on bushings, bushings on windings, oil on windings, and oil on bushings. Experience has shown that the results of power-factor tests are affected by temperature and, if results are to be converted to a common base for comparison purposes, some knowledge of the power-factor versus temperature characteristics of the insulation is necessary. It is desirable that a single set of data be available to permit this conversion; however, this is not possible for the following reasons: 1. Transformer insulation systems are a composite of several materials, each of which may have a different characteristic. 2. Insulation systems differ among transformers.
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3. Even if one could assume a complete paper/oil system, the power-factor versus temperature characteristic would be a function of the degree of dryness of the system. Refer to Figure 2. For a number of years, a single set of data served quite effectively as universal correction factors; however, in 1958, a second curve was introduced to cope with the flatter characteristics of the thenmodern transformers. It appears now that a third curve or set of curves is indicated. On the basis of the foregoing, the following recommendations are offered: A. That the Doble Client Committee on Transformers appoint a task group to review this problem, and to develop data for temperature correction of transformer-insulation power factors. B. That all Clients purchasing sizable transformer banks specify and obtain factory power-factor versus temperature data recorded during factory heat-runs. Factory data must be obtained using Method II in IEEE Standard No. 262 (ANSI C57.12.90). This conforms to the method almost universally used in the field and avoids the masking effect of lumped measurements by Method I.(10) C. That all Clients seize all opportunities possible to gather field data to assist the Transformer Committee in its study. Generator transformers are especially useful if available immediately after deenergization and for a cooling period. Any and all of the data obtained should be submitted to the Doble Company. Data should include: current, wattsloss, and power factor for individual winding-to-ground insulations (CH, CLetc.) and for each interwinding insulation (CHLetc.). If, because of time and difficulty in removing the low-voltage bus, the low-voltage winding cannot be tested separately, tests on the high-voltage (CH) and interwinding (CHL) insulation will suffice. Data should include complete nameplate information and carefully recorded top-oil and ambient temperatures. Temperatures should be recorded periodically during tests of unusually long duration. Water-cooled units can be particularly troublesome because of thermal lag between top-oil and the winding/core mass. Pumps should be turned off during tests so that top-oil temperatures might be more representative of winding temperatures. D. That, pending the Transformer Committee's report and recommendations, three existing curves be utilized as follow: 1. Doble Curve (1936) for: Oil-Filled Power Transformers (Oil and Free-Breathing and Older Conservator Types) 2. AIEE Curve (1953) for: file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-2.1.htm (3 of 7)2004-09-29 4:33:30 AM
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Oil-Filled Power Transformers (Sealed, Gas-Blanketed and Modern Conservator Types) Through 161 kV (750 kV BIL) 3. Transformer Committee Curve (1963) for: Oil-Filled Power Transformers (Sealed, Gas-Blanketed and Modern Conservator Types) 230 kV and Up (Above 750 kV BIL) The three sets of data are reproduced in Figure 3 for convenience. E. In utilizing data in Figure 3, and in temperature correction in general, several observations are in order: 1. It is obvious that the temperatures utilized must be representative of the insulation temperature. Top-oil temperatures have been relied upon and it is recommended that this practice be continued; however, test personnel should be cautioned to recognize and to avoid conditions (such as forced water cooling) which result in misleading temperature data. 2. Test personnel should have knowledge of transformer construction, shielding, and winding arrangements as they might affect the application of correction factors. For example, in threewinding transformers so arranged that one winding is sandwiched between two others, the sandwiched winding would be shielded from ground. The insulation included in a winding-toground measurement on that winding would be limited practically to its bushings. Accordingly, the correction factor utilized for that measurement should be one corresponding to the bushings and not to winding insulation. Special consideration may be necessary for certain transformers which include considerable high-loss materials in their low-voltage windings or tap changers. Separate curves may be necessary for such windings-these may come from factory data or may be obtained from a series of two to three field measurements following receipt and installation of new transformers. REFERENCES 1. Smith, L. W. "Power-Factor-Temperature Characteristics of Insulation." Minutes of the Second Annual Conference of Doble Clients(1936), Sec. 7-3. 2. DeBlieux, E. V. "General Electric Power Transformers." Minutes of the Twentieth Annual Conference of Doble Clients (1953), Sec. 6-1501. 3. Proposed Test Code for Power-Factor Testing of Power Transformers. AIEE No. 505, January 1955. 4. Proposed Test Code for Power-Factor Testing of Distribution Transformers. AIEE No. 506, January 1955. 5. Rickley, A. L. and R. E. Clark "Variations of Power Factor with Temperature." Minutes of the TwentyFifth Annual Conference of Doble Clients (1958), Sec. 3-101. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-2.1.htm (4 of 7)2004-09-29 4:33:30 AM
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6. Rickley, A. L. and R. E. Clark "Power Factor vs. Temperature Characteristics of Modern Power Transformers (A Study)." Minutes of the Thirty-Sixth Annual International Conference of Doble Clients (1969), Sec. 6-1001. 7. Casey, R. F. "Power Factor Versus Temperature Characteristics of Power Transformers." Minutes of the Forty-Third Annual International Conference of Doble Clients (1976), Sec. 6-401. 8. Dawes, C. L. "The Effects of Temperature on Insulation Losses." Minutes of the Thirty-Forth Annual International Conference of Doble Clients (1967), Sec. 3-201. 9. Blodgett, R. B. "Influence of Absorbed Water and Temperature on' fan Delta and Dielectric Constant of OilImpregnated Paper Insulation." AIEE Transactions (1952), Volume 81, Page 93. 10. Rickley, A. L. "Transformer Insulation Power Factors." Minutes of the Forty-First Annual International Conference of Doble Clients (1974), Sec. 6-801.
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©1976 Doble Engineering Company All rights reserved POWER AND DISTRIBUTION TRANSFORMERS
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TRANSFORMER EXCITATION CURRENT TESTS USING DOBLE INSULATION TEST EQUIPMENT (A Summary) E. H. Povey Doble Engineering Company * PURPOSE OF EXCITATION CURRENT TESTS Excitation current tests on power transformers are made to detect and locate certain types of faults. The most serious type of fault, and the easiest to find by an excitation current test, is a partial or high-resistance, short circuit between winding turns. This type of fault is usually the result of deteriorated turn-to-turn insulation where an arc from a transient overvoltage carbonizes oil and solid insulation to form the high-resistance path. In an early stage this type of fault is not severe enough to activate protective relay equipment. When located at this stage by the excitation current test, corrective measures are most easily undertaken. Dislocation of core sections and physical or electrical damage to interlarninar insulation, such as might be caused by a severe through-fault, are other conditions which can be found by excitation current tests. EXCITATION CURRENT COMPONENTS The excitation current is, for practical purposes, the current which flows when the winding of a transformer is energized under no-load conditions. The excitation current creates a magnetic flux in the core, and the flux in turn induces a voltage in the winding which opposes the applied voltage. As a result, the excitation current is small, usually only a few percent of the rated load current of the winding. The basic component of the excitation current, that which produces the flux, may be called the magnetizing current. It is lossless, and lags the applied voltage by a 90° phase angle. There is, however, a substantial inphase component that supplies hysteresis and eddy current losses in the core. The power factor of the resultant excitation current for small (low kVA) power transformers might be 20% lagging at rated and low voltages, with a high value of 40% at some intermediate voltage. These values drop with increasing kVA rating, and for very large power transformers may only be in the 2%-5% range of lagging power factors. EFFECT OF A FAULT An increase in either the magnetizing (quadrature) or loss (in-phase) ,component of the excitation current will increase its magnitude. Any loosening of the core clamping system will introduce air gaps in the iron circuit and increase the magnetizing component. Short-circuited interlaminar insulation increase, eddy currents and thus the inphase component. A high-resistance turn-to-turn short circuit acts as a load on the transformer and also increases the in-phase component. So whether a fault increases other components, it will increase the magnitude of the excitation current. Stray capacitances may cause a slight reduction in the quadrature component of current , and may account for small differences in the measured excitation current for a given winding depending end of the winding is at test voltage. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-3.1.htm (1 of 15)2004-09-29 4:33:33 AM
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In our early work on excitation currents,2.3 separate measurements were made of the magnetizing and loss components. Experience has shown, however, that simple measurements of the excitation current magnitudes are sufficient to locate faults of any serious consequence. EXCITATION CURRENT CRITERIA In order to know if a measured excitation current value is abnormally high, it is necessary to have some knowledge of what the normal current should be. For many designs and ratings of transformers, the Doble Company maintains a record of test results from which criteria can be statistically developed. Rough criteria can be easily established, however. For example, the excitation currents for each of the single-phase transformers in a three-phase bank are expected to compare closely. Even in the case of a threephase transformer, single-phase excitation currents measured for each phase will fall into a pattern, deviations from which will indicate the faulty phase. Once excitation current test results are on record for any transformer, the records will serve as a benchmark to which future test results can be compared. TESTS USING DOBLE EQUIPMENT When a transformer is taken out of service for Doble insulation tests, it is convenient to make excitation tests during the same outage and with the Doble Insulation Test Set. The set supplies the test voltage and the current measuring circuit. Because of the limited current output of the test set, the test voltage is usually applied to a winding having the highest voltage rating. This winding will permit the highest test voltage to be applied without exceeding the current capability of the test set. In many cases the test voltage must be limited to a small fraction of the rated voltage of the winding. Results of excitation current tests made at voltages below the rated value of the winding are adequate for detecting faults. This is true if the results which provide the criteria for analysis of test results were obtained on similar windings and at the same test voltages. EXCITATION CURRENT TEST PROCEDURE The use of Doble Insulation Test Sets for measurement of transformer excitation currents has been described in numerous Doble Client Conference papers, and is summarized in Doble Bulletin TECM-382 which is reproduced in this paper as Appendix A. The bulletin summarizes safety precautions, test procedures and diagnoses of test results, and should be consulted by anyone performing excitation current tests. The bulletin also includes a relatively complete bibliography of Doble Client Conference papers on excitation current measurements. ANALYSIS OF RESULTS BY MAGNETIC CIRCUIT THEORY A method of analyzing excitation current test results on three-phase transformers uses a simplified magnetic theory described in Reference 1. In this method the core is considered to be composed of phase sections, with each section identified by its reluctance value. Thus for the common core-form core, the sections
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are R1, R2, and R3 as shown in Figure 1. The shell-form core is more complex, with sections splitting into two parts, and other sections common to two phases. Thirteen sections are identified in Figure 2A, but for simplicity a symmetrical convolution reduces this number to five (R1, R2, R3, R12, and R23) as shown in Figure 2B. Reluctance and excitation current magnitudes are directly related. The excitation current must supply the magnetornotive force that enables the flux generated by the test voltage to overcome the reluctance of the core. A fault increases the reluctance of the core and an increased excitation current is necessary to maintain the flux at the proper value. For a test where the test connections are specified, an expression for the effective reluctance can be derived using the simplified magnetic circuit theory. The effective reluctance, which determines the excitation current magnitude, is found in terms of the reluctances of individual core sections.



TABULATION OF EFFECTIVE RELUCTANCES Tabulated in Table I are the effective reluctances for routine tests, using the test connections specified in Figures 2 and 3 of Doble Bulletin TECM-382. Note that different expressions are found for core-form and shellform transformers. It is assumed that the shell-form transformer has a delta winding even though test connections are made to a wye winding.



Note that in the expressions for the shell-form transformer, the core sections common to two phases are not in expected locations. For example in the first line of Table II, the effective file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-3.1.htm (3 of 15)2004-09-29 4:33:33 AM
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reluctance is given as R1+ R23,and not R1+ R12.This situation is due to the fact that internal connections to the middle phase windings of a shellform transformer are intentionally reversed to provide a better distribution of flux in the core under three-phase operation. ALTERNATE CONNECTIONS TO WYE WINDING The expressions for effective reluctance listed in Table II for delta connections are obviously simpler than those for the wye connections of Table I. It is possible to make test connections to a wye winding which will result in the same simple expressions as for those of Table II. Consider a delta winding on a core-form transformer with test connections according to the first line of Table II to obtain an excitation current defined by R1.Figure 3A shows these connections. Note that the test voltage source is connected directly across Phase 3, and the current meter is directly across Phase 2. Now let the windings be reconnected in a wye configuration as shown in Figure 3B, keeping the voltage source across Phase 3 and the meter across Phase 2. Then the current read will be the same as for the delta connection. Using this approach, the simple expressions in Table III may be derived.



As shown in the above table, the effective reluctance of any phase may be measured by connecting the test voltage to either of the other two phases and connecting the UST lead to the third phase. The fact that no connection is made to the phase under test is difficult to explain and accounts for the fact that this method of connection to a wye winding has not been adopted as routine. MISCELLANEOUS A shell-form transformer with no delta winding may be tested one phase at a time with the other phases short-circuited. The connections and test results are listed in Table IV.
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APPENDIX A
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TRANSFORMER EXCITING CURRENT MEASUREMENTS INTRODUCTION The use of Doble test equipment in the measurement of transformer excitation currents during routine fieldacceptance and preventive-maintenance tests has been recommended since 1967.1 This test has been effective in detecting and confirming winding and core faults even though, in some instances, normal turn-ratio and winding-resistance test results had been obtained. 3,4,5,6,10,11,12 TEST PROCEDURE The test procedures for measuring the excitation current of transformer windings proposed at the 1967 Client Conference have since been modified as more field experience has been obtained. The modifications have been made to improve the effectiveness of the technique in the detection of possible defects and to reduce the time required for routine tests. The following comments summarize the proposed technique and should be useful guides in conducting tests of this type: 1. All loads should be disconnected and the transformer de-energized. 2. Routine tests can be confined to the high-voltage windings. Defects in the low-voltage windings will still be detected and the charging current required will be reduced. 3. Winding terminals normally grounded in service should be grounded during routine tests, except for the particular winding energized for test. For example, with a Wye/Wye transformer, the neutral of the winding energized for test would be connected to the UST (Ungrounded-Specimen Test) circuit while the neutral of the second winding would be connected to ground. 4. Caution should be exercised in the vicinity of all transformer terminals because voltage will be induced in all windings during a test. 5. Load tap changers (LTC) should be either in the fully raised or fully lowered positions for routine tests. A defect has been reported which was more noticeable when the winding was thus tested than when tested with the taps set either at or near the neutral position.3 To ensure that the reversing switch and tap selector are functioning properly throughout the entire range of selection, it is desirable to perform tests in the following tap settings: a. Each tap position, either Raise or Lower. b. One tap position in the direction opposite to that selected in (a); that is, one tap position either lowered or raised.10 c. The Neutral Position.
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6. Test voltages should not exceed the rated line-to-line voltage for Delta-connected windings or rated line-to-neutral voltage for Wye-connected windings. 7. Test voltages should be the same for each phase and, because of the nonlinear behavior of exciting current at low test voltages, should be set accurately if results are to be compared. 8. After the test voltage has been applied, the Current and Watts Meter (MH, M2H test sets) or Millivoltampere and Milliwatts Meter (MEU, M2E test sets) reading should be stabilized and the meter rechecked at full-scale before the exciting currents are recorded. This stabilizing is necessary should the do voltages to the meter amplifier decay slightly during the test due to loading of the 120-Volt ac supply. 9. Record exciting currents with the windings energized alternately from opposite ends of singlephase transformers.4,11 This should be done on the individual phases of three-phase transformers if either the unit is suspect or if the initial exciting-current measurements are questionable. 10. The probability of residual magnetism of sufficient magnitude to affect routine tests is small. The probability, however, should be considered if abnormal (high) currents are measured in a given transformer. Methods for neutralizing the residual have been outlined at recent Doble Client Conferences.4,5,7,10,11 The following sections summarize test connections recommended for use in routine and investigatory tests, and discuss patterns of test results recorded. TEST CONNECTIONS Figures 1 through 3 illustrate test procedures for routine measurement of exciting currents in transformer windings.
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Figures 4, 5 and 6 represent methods used to verify or investigate questionable results. The procedures are relatively straightforward and require little explanation. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-3.1.htm (11 of 15)2004-09-29 4:33:33 AM
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TEST RESULTS2,9,10 Exciting currents recorded for single-phase transformers are compared either among similar units or with data recorded for previous tests on a particular unit. On three-phase units, the results recorded on the individual phases are compared as well. The general pattern observed, particularly in Wye-connected transformers, is for two phases to have similar but noticeably higher exciting currents than the third phase (normally on the center core leg). An occasional exception to this pattern occurs. Figure 3 illustrates a routine test connection on a three-phase Delta-connected unit. As noted, the unenergized or static winding (H2-H3) is shunting the meter during the test. In most instances, this shunting has had little if any effect on the measurements. The pattern of currents recorded for the three phases would be the typical two high and similar currents, and one lower one. Data have been received which did not follow this pattern but rather included the one lower current with two higher but dissimilar currents. This latter pattern was attributed to the shunting effect of the unenergized or static winding.8 To eliminate the shunting effect of the static winding, the procedure outlined in Figure 6 can be used. A normal pattern of currents for this parallel measurement of two phases of a Delta-connected winding would be two similar currents, with the third current being higher rather than lower as normally observed on the individual phases. If it is assumed that the currents recorded for an individual phase are the same when measured from alternate ends, that is H1 to H2 or H2 to H1, then the currents for the individual phases can be calculated by file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-3.1.htm (13 of 15)2004-09-29 4:33:33 AM
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adding the currents recorded for any two measurements in Figure 6, subtracting the third and dividing by two. For example, to determine a value of le for H1-H2:
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TRANSFORMER TURNS RATIO MEASUREMENT USING THE DOBLE M2H TEST SET (A PROGRESS REPORT) Robert W. Booth and William L. Bailey Doble Engineering Company * INTRODUCTION In 1989 Doble Engineering Company developed a procedure to determine the transformer turns ratio at high voltage, comparable to the factory voltage ratio test data, and to within ±0.5% of the nameplate data1. This method uses a high-voltage capacitor (10 kV), and involves measuring the capacitance of the capacitor by itself (C1), and the apparent capacitance (C2) when it is connected across the low-voltage winding. Since the transformer buyer specifies the nominal voltage transformation and the various voltage taps desired, and because the turns ratio is proportional to the voltage ratio, the manufacturer/designers winding specification will determine the number of turns required in the high voltage and the low voltage windings. After the unit is fabricated and completely assembled one of the final factory tests is a series of voltage-ratio measurements at full nominal voltage and on all tap positions, in order to confirm the design voltage ratio.
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Transformer High-Voltage Test Area (Photo Courtesy of General Electric Co.) FIGURE 1 It is these ratios that appear on the transformer factory test data report. PRINCIPLE OF THE DOBLE TRANSFORMER-RATIO MEASUREMENT The principle of the Doble method for measuring transformer ratio can be understood by referring to Figure 2 and 3. Note the auxiliary capacitor (Ca), which is the key to the measurement.



STEP 1-Measure capacitance of capacitor Ca. FIGURE 2 Step 1: With the test set and capacitor (Ca) connected as in Figure 2, the true capacitance of Ca is measured. When Ca is tested alone, it is subjected to the full M2H test voltage V1, and draws current I1 in accordance with the equation shown in Figure 2. This current is essentially capacitive since the capacitor itself is of a stable low-loss design. Step 2: With the capacitor Ca connected to the LV bushing as in Figure 3, this will correspond to making a quasi measurement on Ca. In other words, while Ca is the test object, because one end is connected to the low-side of a file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-4A.1.htm (2 of 12)2004-09-29 4:33:36 AM
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transformer winding and not directly to the M2H test voltage V1 a capacitance value lower than the true value of Ca is obtained. Current I2 flows through Ca and its capacitance is measured as shown in Figure 3. But I2 is not a function of V1 per se, but of V2 which is V1 divided by the transformer turns ratio. Likewise, the ratio of the capacitance of C1 (a function of I1) to the apparent (quasi) capacitance of C2 (related to I2 also yields the turns ratio.



STEP 2-Measure capacitance of capacitor C2 with DETC and ULTC in various positions.



FIGURE 3 While the transformer ratio can be determined from the ratio of I1 to I2, the Doble method is based instead on the measured capacitance values associated with I1 and I2 This is because of the greater accuracy inherent in the Doble measurement of capacitance. For example, the current measurement is a function of the Meter Adjust Setting (Selector Switch in the Check position) of the test set. If the meter were checked at 99.5 divisions instead of 100.0, the current
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measurement for that test would be low by 0.5%, which is unacceptable in connection with measuring transformer ratios. However, the capacitance measurement does not depend upon the Meter Adjust Setting since the Current & Loss Meter is used only to find the minimum balance point. The actual Current & Loss Meter reading is irrelevant when measuring capacitance. Only the capacitance dial reading at the balance point is important. The voltage should beset at 10 kV (or phase-to-ground voltage of the high-voltage winding) in order to stress the turn-to-turn insulation. However, unlike the excitation-current test, the actual voltage setting is not critical to the Doble turns ratio measurement. Therefore N = C1/C2 or the turns ratio is the ratio of the real capacitance( C1) to the apparent capacitance ( C2 ) Several investigations were made to determine the extent of possible errors in this measurement. The ANSI standards (and therefore the transformer manufacturer's factory tests), require the transformer turns ratio test be performed at no load. With the Doble method, the capacitor adds a small load to the secondary winding. Accordingly, the transformer ratios of small (100 MVA) versus large (1000 MVA) transformers were investigated; these investigations showed minimal percentage errors. Instrumentation errors and test temperature variations were also investigated, and it was determined that the capacitor must be stable within temperature variations. However, this possible error is compensated for by the test method as noted in Reference 1. IMPORTANCE OF TRANSFORMER RATIO MEASUREMENT This section will briefly review the importance of the transformer turns ratio tests and its use to determine a major transformer failure mode, the turn-to-turn failure. In order to understand the terminology used throughout this paper, the following is offered: Turns ratio - the ratio of a number of turns of a higher voltage winding to that of a lower voltage winding2. This is a design consideration and is the ratio appearing on the nameplate of the transformer. Voltage ratio - directly proportional to the turns ratio. A two-voltmeter test method is one of several possible factory test methods used to determine the voltage ratio at nameplate rated voltage in factory tests. This is the ratio appearing on the factory test report. Allowable tolerance - ANSI standards3allow a 0.5% tolerance. "The turns ratios between windings shall be such that, with the transformer at no-load and with rated voltage on the winding with the least number of turns, the voltages of all other windings and all tap connections shall be within 0.5% of the nameplate voltages." Aside from the manufacturer's requirements to meet the ANSI C 57 standard and any customer's purchase specification for the manufacture of the transformer, there are certain operating considerations. Utilities need to maintain certain circuit or bus voltages feeding the load; therefore, they must be assured that the transformer has been manufactured with the correct voltage connections, as indicated on the nameplate. Also, many substations have two transformers operating in parallel feeding a common bus. In this situation, the utility has to be assured that the two transformers have the same output voltage when placed on the same winding connection. This will prevent circulating currents which can produce excessive heating effects in the transformers. INVESTIGATIVE TEST METHODS In order to determine that the manufacturer has fabricated the windings to the engineering winding specification, and that the manufacturer has correctly connected the various winding tap leads, a field acceptance test must be used to verify these connections for possible errors. Also, there are times when the under-load tap changer (ULTC) needs field
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maintenance which requires the removal of several or all the leads from the windings. When leads are reconnected, the connections should be verified prior to re-energizing the unit. Aside from the verification test mentioned above, the use of a high-voltage turn-to-turn ratio test to determine if an incipient fault is occurring, or that a turn-to-turn fault has occurred, can be an important means of confirming transformer integrity. In all transformer winding designs, there is a voltage between each turn. The turn-to-turn voltage can range from 50 volts per turn for a small (approximately 30 MVA transformer) up to 300 volts per turn for a large transformer (approximately 300 MVA transformer). In interleaved disc winding designs for transformers there can be many electrical turns between adjacent conductors, and if the winding design calls, for example, an interleaved disc winding with 20 turns per disc, there will be 20 x 300 volts between adjacent conductors. Therefore, it can be seen that there is no set number for the voltage between adjacent turns of a transformer. There are many variables considered by the designer, e.g., the voltage rating, the MVA rating, and the particular type of winding design (layer winding, disc winding, etc.) . When in-service transformers are experiencing an incipient turn-to-turn failure, there are two possible in-service methods of detecting the problem. First, there can be load current phase variations; however, it is difficult to determine if the variation is actual load current variation or if there is a winding problem. The second method is the use of dissolved gas analysis, but this method is most useful if the oil sample is taken at an early stage, and repeated to determine the trends of the evolved gases. There are many possible sources of turn-to-turn winding failures. Many years ago (up to approximately 1970) transformer manufacturers used a comparatively soft winding spacer material which, over time and with heat, allowed the windings to shrink (Figure 4). This shrinkage, in conjunction with winding movement during current surges, chafed the conductor insulation, particularly in the case of transformers from the manufacturers who made the winding spacers from sheet material which left a rough square edge on the spacer. This chafing action cuts through the conductor insulation which provides a current leakage path, overheating, and an eventual turn-to-turn failure. It is understood that there are some manufacturers that still use punched winding spacers with rough square edges. To overcome this problem, many manufacturers now use a harder material, and the edges have been rounded to prevent the chafing action (Figure 5). In the disc winding design with multiple strands per conductor, it is possible, during fault mechanical stresses, for the individual strands to tilt in relation to each other. This deformation places excessive pressure on the conductor paper insulation and it splits, thereby reducing the conductor insulation value and possibly leading to a turn-to-turn incipient failure. It can be safely assumed that there are transformers now in service with deformed strand conductors and even with split conductor insulation (Figure 6).
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Magnified Coil FIGURE 4
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Winding Cross Section (Continuous Transposed Conductor) FIGURE 6 Another possible source of turn-to-turn failure is in the area of winding transpositions where there is a brazed joint of the conductor over which the insulating tape is wrapped by hand. If the braze is defective, it overheats and burns off insulation. With repeated current surges the remaining insulation can break down and develop a complete turn-to-turn failure. The fault mechanism of a turn-to-turn failure at a winding spacer is as follows: When the conductor insulation is broken for any reason and there is sufficient turn-to-turn voltage present, there may be a leakage current development. Such a leakage current flowing causes heat, which in turn causes burning and charring of the insulation. As the short-circuit continues to heat, more burning occurs and more combustible gas is evolved. Also during the significant heating, there is carbon developed which can evolve into a high resistance current path which will not be detected with a low-voltage test instrument. As the heat continues to increase, the conductor material can get hot enough to melt, but copper does not melt until it reaches 1080°C; therefore, there will be more than sufficient volumes of all the combustible gases produced (C2H2 is given off, for example, at between 500-700°C) for detection before the copper conductor actually melts. If such a condition is not detected by DGA, irregular current or voltage, or infrared scanning, the process will go on to the melting point.
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While this localized overheating is progressing, there is a large volume of ionized combustible gas being developed as a series of bubbles. The increased pressure in the confined space can force the gas through the cooling oil ducts until it reaches an electrically grounded structure, usually the core or core frame. This results in a flashover from the winding conductor to ground and is de-energized by a transformer differential relay operation. Because there are so many variables to this process, it is not possible to estimate even theoretically how long it would take from the inception of a turn-to-turn insulation breakdown until the transformer would trip off line. There have been several cases where a turn-to-turn failure has not been detected by normal insulation tests (Megger or Doble power factor). This is due to the fact that there is no insulation breakdown path direct to ground or between windings. The breakdown occurs through the ionized gas, and the extent of the winding damage will depend on the tripping speed of the relay and circuit breaker. Turn-to-turn failures can usually be detected by the combustible gas odor or total combustible gas tests (usually greater than 8%) in gas space transformers. Also, there is usually the evidence of copper beads lying on the horizontal surfaces of the core steel and winding blocking. There have been cases where turn-to-turn failures and the resulting fault mechanical forces have caused layered windings to collapse. In this case there should be significant changes from previous measurements in the Doble winding capacitance measurements as well as in the turn-to-turn ratio measurement to cause the transformer to be removed from service for examination. DOBLE TTR METHOD With the development of the Doble 10 k V transformer turns ratio test method, there is now another more positive means to detect turn-to-turn failures. Commercially available TTR test instruments use a balanced bridge circuit and test at a low voltage. The Doble method utilizing 10 kV for the test will be more likely to overcome a high resistance area, where a low voltage might show such an area as an open circuit. Note, however, the long term value of the Doble TTR test method is greatly enhanced by making the initial test for the record on new transformers or on units operating at present. This test should be made with the de-energized tap changer (DETC) on the nominal voltage position and the underload tap changer on each of its positions for 16R to N and then IL. To expedite these measurements, the test voltage can be left on as the ULTC steps are changed. Then the ULTC should be placed on neutral and the DETC placed on its various positions. This test is performed on each phase. As previously noted, the results of this test should compare very closely to the factory test data, and within ±0.5% of the nameplate data. This data will provide direct comparative data for any possible future investigation of a turn-to-turn winding failure. EXCITATION-CURRENT TEST The Doble power-factor test set now provides two methods to detect internal defects of the windings and/or magnetic circuit (core steel) which are not necessarily related to the winding insulation power factor measurements. In addition to the TTR measurements described above, the excitation-current tests were first described to the client group in 1967, and were further refined in many papers in the 1970's and early 1980's, such as Reference 4. The excitation-current tests will detect an increase in the magnetizing or loss component of the excitationcurrent. The increased current can be the result of loosening of the core steel, which could possibly result in air gaps in the iron circuit, short-circuited interlaminar insulation of the core steel, or high resistance turn-to-turn short circuits, acting as a load on the transformer. COMPARING THE ADVANTAGES OF EXCITATION-CURRENT AND RATIO MEASUREMENTS file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-4A.1.htm (8 of 12)2004-09-29 4:33:36 AM



TRANSFORMER TURNS RATIO MEASUREMENT USING THE DOBLE M2H TEST SET



The effectiveness of the excitation-current test and turns ratio measurements are summarized in the following: Advantages of Excitation-Current Test ●



Detect short-circuited turn-to-turn insulation. (The higher turn-to-turn voltage stress using the Doble technique is important). Detect short-circuited core laminations. (The excitation-current is made up of a magnetizing component and a loss component. Short-circuited laminations would increase the loss component and thus, the total excitationcurrent4



●



Detect loosening of the core clamping. (This will introduce air gaps in the iron circuit and increase the magnetizing component and, thus, the total excitation current1.)



●



Detect improper winding connections5.



●



Others6



Advantages of the Measuring Transformer Voltage Ratio ●



●



●



Confirm the transformer factory test ratio data, and be within ±0.5% of the nameplate ratios. Detect short-circuited turn-to-turn insulation. [The higher turn-to-turn voltage stress using the Doble technique (as compared to low voltage TTR meters) is important.] Detect open-circuited windings



Note that both methods are capable of detecting short-circuited (or partially short-circuited) turn-to-turn insulation. The excitation-current test can reveal core problems not detectable by ratio measurements. However, open-circuited (or partially open-circuited) windings may be revealed by ratio measurements and perhaps not revealed by excitationcurrent tests. Accordingly, Doble excitation-current tests and ratio measurements complement each other. It is obvious that one test by itself might not detect a developing problem, but using several different measurements in conjunction with each other, could find a problem in time to prevent a complete failure, allowing the transformer replacement in an orderly and planned process, and make a repair of one winding more economical rather than a complete rewind. DOBLE TRANSFORMER TURNS RATIO TEST RESULTS In order to demonstrate the value of the Doble 10 kV TTR measurements, Doble sent out, in 1989, 100 capacitors to 58 utility clients in the U.S.A. and Canada and clients in three countries outside of North America. The test results of the measurements are shown in Table I, which indicates that transformers of 19 different manufacturers were tested. Also, these transformers are of varying MVA size and voltage transformers. Of the 361 tests noted, there were only five transformers tested outside the ANSI standard allowable deviation of 0.5% (each indicated by the number 3, which indicates that each of three phases were tested). This is not surprising because the manufacturers use very strict quality control procedures to assure the ratio of the final product is within the allowable deviation, but the Doble TTR test does show that the great majority of these transformers still were safely within the standard. As previously stated, the outstanding advantage of the Doble TTR method, is in the ability to detect a turn-to-turn short or to find a high impedance turn-to-turn failure before a complete failure, or to confirm the windings' integrity. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-4A.1.htm (9 of 12)2004-09-29 4:33:36 AM
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CONCLUSIONS The Doble transformer turns ratio test is applicable to power and distribution transformers, and complements the conventional Doble measurements of power factor, capacitance, and excitation current. Initially, the ratio test should be made on all steps of the ULTC with the DETC on the normally used position; then, the ULTC is set on Neutral and the DETC is moved through all its positions. Routinely, and when the transformer is relocated, Doble turns ratio tests should be made on all positions of the ULTC with the DETC on the normally used position. While companies' practices may differ, except for the initial test, it does not seem necessary to make routine ratio tests on DETC positions other than the one in use; however, a complete series of ratio tests on all positions of the ULTC should be performed whenever the DETC position is changed. Doble ratio tests should be used along with power factor, capacitance, and excitation current for troubleshooting transformers, as when they come out-of-service by differential relay operation. Under such conditions the ratio and excitation-current tests should be performed on the "as-found" position of the ULTC and DETC Laps. Some practices include making additional tests with the ULTC on several adjacent taps higher and lower than the "as-found" position. DOBLE TURNS RATIO Vs. NAME PLATE RATIO



TURNS RATIO FIGURE 7
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APPENDIX MEASURING TRANSFORMER RATIO Doble Method *



Measuring the voltage ratio of power transformers using the Doble Type M2H 10-kV test set requires an "Auxiliary" Capacitor of suitable rating and stability, which may be obtained from the Doble Engineering Company. The actual capacitance of the Auxiliary Capacitor is not critical; however, it should be of the order of 10 nF (i.e. 0.010 uF). It is very important that the capacitance value not vary with temperature change between the initial and final tests (the temperature may change due to prolonged exposure to the sun). For this reason, when making transformer ratio measurements using the Doble Method, all tests should be performed within a reasonably short period of time. *



*



*



PROCEDURE FOR PERFORMING TRANSFORMER RATIO MEASUREMENTS USING THE DOBLE TYPE M2H 10-kV TEST SET A. Measure and record the Actual Capacitance (C1) of the Auxiliary Capacitor prior to connecting it to the transformer. NOTE The capacitance of the Auxiliary Capacitor supplied by Diable should not change significantly over the range of temperatures encountered during a normal test period. However, the capacitance of the Auxiliary Capacitor should be measured at the completion of the tests as well as at the beginning. If there is a slight difference in the before and after measurements, then take the average of the two readings and use this as the value of Actual Capacitance, C1. The before and after values of capacitance should not vary by more than 0.1%. If they do, then repeat the ratio measurements with the Auxiliary Capacitor connected to the transformer as outlined in the following, and retest the Auxiliary Capacitor again upon completion of these tests. The Capacitance Dial of the M2H has a four-digit readout, with the last digit on the right being a decimal value. Each Cap Dial reading is taken to the nearest tenth, and averaged accordingly. For example, if the first reading is 158.4, and the second reading is 158.8, then record the average as 158.6. If the first reading is 158.4 and the second reading is 158.9, then record the average as 158.65. The Cap Dial reading times the Capacitance Multiplier is the capacitance value in Picofarads. All Cap Dial readings are positive values, even when one of the corresponding Watts Meter Readings has a negative polarity sign. B. Make connections from the M2H test set to the transformer as outlined in the following: 1. Before connecting the Auxiliary Capacitor to the transformer, connect one of the M2H Low-Voltage Test Leads to the Low-Voltage Terminal of the Auxiliary Capacitor. In the following diagrams the Low-Voltage Terminal of the Auxiliary Capacitor is labeled, "CAP L-V". 2. Connect the High Voltage Terminal of the Auxiliary Capacitor (i.e., CAP H-V) to the appropriate lowvoltage or tertiary terminal of the transformer as outlined in the accompanying diagrams. a. Set the Deenergized Tap Changer, DETC (or, No-Load Tap Changer, NLTC) and the OnLoad Tap Changer, LTC, to appropriate positions for the first ratio measurement. Normally, however, ratio measurements are performed on a number of tap changer positions in accordance with company policy. b. With the Auxiliary Capacitor connected to the appropriate terminal of the transformer, and the tap changers in their assigned positions, raise the Doble test voltage to 10 kV ; if 10 kV cannot be attained, file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-4B.1.htm (1 of 16)2004-09-29 4:33:39 AM
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then select a convenient lower test voltage. NOTE The test voltage must not exceed the voltage rating of the winding. For windings which operate line-toground, the test voltage must not exceed the line-to-ground rating. All Transformer Ratio measurements using the Doble Method are performed with the highvoltage winding energized and the Auxiliary Capacitor connected to the low-voltage winding. In the case of three-winding transformers, two series of tests are performed; that is, between the highvoltage and low-voltage windings, and also between the high-voltage and tertiary windings. In the former case the Auxiliary Capacitor is connected to the low-voltage winding; in the latter case, the Auxiliary Capacitor is connected to the tertiary winding. Refer to the accompanying diagrams. Ratio measurements using the Doble Method should not be attempted with the low-voltage winding or tertiary winding energized. Actually, in most cases it will not be possible to apply appreciable voltage to these windings using the Doble Type M2H test set. Nevertheless, in order to prevent the remote possibility of applying excessive voltage across the Auxiliary Capacitor, the situation should be avoided whereby a winding with a lower number of turns is excited with the Auxiliary Capacitor connected to a winding with a greater number of turns. 3. Operate the test set in the normal fashion. The total charging current and Watts-loss are unimportant; the measured Apparent Capacitance, C2, is the only parameter of importance. Therefore, strict attention must be given to obtaining the proper minimum Meter Reading for Watts so that the Cap Dial Reading is as exact as possible (see NOTE under Item A). 4. If the Cap Dial comes up against the stop before a true minimum is reached, then the polarity is incorrect. In such a case the Auxiliary Capacitor and ground connections on the secondary winding should be interchanged, and the measurement repeated. 5. If the transformer has one zig-zag winding and a nominal ratio of 1:1, the non zig-zag winding should always be regarded as the high-voltage winding and energized directly from the test set with the Auxiliary Capacitor being connected to the zig-zag winding. C. For each position of the tap changer(s), calculate the Transformer Ratio, as follows:
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SUPPLEMENTARY OVERALL DOBLE TESTS ON DELTA-WYE TRANSFORMERS Doble Engineering Company *



At the 1990 Doble Client Conference a paper was presented by Doble titled "The Cross-Check Test for Transformers (Review of an Old Technique with New Application to Delta-Wye Transformers);" refer to the 1990 Conference Minutes, Page 6-10.1. This paper describes supplementary test techniques for investigating possible windinginsulation problems involving various types of power and distribution transformers in particular, Delta-Wye transformers. Figures 1 and 2 of this bulletin are taken from the aforementioned paper and describe two techniques which may be applied to Delta-Wye transformers for investigating questionable results on the high-voltage winding insulation to ground (CH), and interwinding insulation (CHL) - Such questionable results may involve one or more of the following: 1. Abnormal power factor (including negative power factor). 2. The existence of a power factor tip-up condition in oil-filled transformers, or excessive tip-up in drytype units. (If the condition in question involves abnormal variation of power factor with test voltage, then the supplementary tests described herein should be performed at several voltages also.) 3. Change of capacitance (most likely involving the interwinding insulation, CHL, but probably not involving CH). The purpose of performing these supplementary tests is to determine if the condition relating to the questionable overall results) is spread generally throughout the insulation involved or, if the condition is confined to a specific area (e.g. in the vicinity of Terminal H1, etc.) . For some transformers it may be possible to use both techniques and, while both are expected to provide the same information generally, their searching capabilities may differ depending on the nature of the problem. Accordingly, when possible, make supplementary tests using both methods described in Figures 1 and 2. The first technique, shown in Figure 1, is the Cross-Check, which requires that the transformer be excited from the high-voltage winding. The impedance of some transformers is relatively low such that they are difficult to excite with Doble sets even under normal circumstances. Accordingly, while the technique described in Figure 1 should be possible on the great majority of power and distribution transformers, there may be some transformers for which this technique is not possible, even at reduced test voltage. This most likely will involve low kVA transformers tested with Doble 2500-Volt field test sets. The second technique requires that the transformer have a De-Energized Tap Changer, DETC (sometimes improperly referred to as a NoLoad Tap Changer, NLTC). If the movable contact of the DETC can be physically set between stationary contacts of the tapped winding, this will effectively sectionalize segments of the high-voltage winding and allow supplementary tests to be performed as outlined in Figure 2. It should be recognized that for some types of DETC it is not feasible to set and hold the movable contact of the tap changer between steps. While the techniques described in Figures 1 and 2 are suggested as supplementary tests for investigating questionable CH and CHL results on Delta-Wye power and distribution transformers, it is advisable to perform these tests on new and used transformers in good condition for the following reasons: I) to help Test Engineers become familiar with and develop confidence in these techniques and, 2) to establish benchmark values against which future test results can be compared. The latter may be especially useful for large important power transformers in anticipation of possible future problems. The Doble Engineering Company is interested in receiving all test results obtained using these supplementary techniques. Forward all results to your Doble Principal Engineer.
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* Set LTC to any off Neutral position in which the preventive autotransformer is short circuited; as in, for example, full lower or full raise. * * Sum of the currents and losses for Tests 1, 2, and 3 should equal the current and loss for CH High-Voltage Winding-to-Ground Insulation (CH) (a)



* Set LTC to any off Neutral position in which the preventive autotransformer is short circuited; as in, for example, full lower or full raise. * * Guard and ground are common for UST. * * * Sum of the current and loss for Tests 4, 5, and 6 should equal the current and loss for CHL. Interwinding Insulation (CHL) (b) Cross-Check Test Techniques for Delta-Wye Transformers FIGURE 1
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Notes: 1. Set LTC (if any) to any position off Neutral. 2. When manually setting the DETC between steps, estimate a position that is midway between two taps, as opposed to having the tap changer set just barely off one of the working positions. 3. The DETC must be properly reset to its working position before the transformer is energized for service. 4. This technique is also applicable to Delta-Delta transformers. For Delta low-side winding, delete the reference to X0 from the procedure outlined above.
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Tests on Segments of the High-Voltage Winding Insulation to Ground (CH), and Segments of the Interwinding Insulation (CHL), for High-Side Winding that is Sectionalized by Setting the De-Energized Tap Changer (DETC) Between Tap Positions FIGURE 2
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THE CROSS-CHECK TEST FOR TRANSFORMERS (REVIEW OF AN OLD TECHNIQUE WITH NEW APPLICATION TO DELTA-WYE TRANSFORMERS) D. J. Kopaczynski and R. Levi Doble Engineering Company * INTRODUCTION This report reviews the Cross-Check Test, which is a technique developed many years ago by the Doble Engineering Company originally for the purpose of making ac dielectric-loss and power-factor tests on potential transformers (PTs). In fact, the earliest reference to the Cross-Check method appears in the first Annual Doble Client Conference Minutes (1934) whereby the technique was recommended for determining if high Overall power factors of PTs were attributable to the bushings.1 Later, in the years before the Ungrounded-Specimen Test (UST) was developed,2 the Cross-Check method was sometimes applied to single-phase power and distribution transformers (when possible, depending on the excitation-current requirements) in an attempt to check the condition of the high-side bushings; that is, when the high-voltage winding-to-ground insulation (CH) power factor was abnormally high, the Crosscheck tests provided a means of determining if the condition was associated with one of the bushings. 3 Today, the Cross-Check test is applied routinely to all types of potential transformers; the procedures for singlephase and three-phase PTs are outlined in the Doble Instruction Manuals.4,5 Several years ago the authors decided to make laboratory and field experiments to learn more about this interesting technique. We hoped to improve our current electrical/dielectrical and mathematical models of transformer insulation and to determine how well they would apply to three-phase power/distribution transformers. Our first task was to determine if the earlier techniques known to us could be refined; then, with particular reference to three-phase power/distribution transformers, to develop new supplementary test methods which would effectively sectionalize (on a per phase basis, if possible) the main insulating components to ground and between windings. There was some confidence that the Cross-Check technique could be applied successfully to single-phase power/distribution transformers since it has been used for many years on single-phase potential transformers; however, as explained later in this report, it was subsequently learned that what worked for potential transformers without qualification was not quite the case for power/distribution units. The primary purpose of this report is to make known a Cross-Check technique that has been applied successfully to DeltaWye power transformers. While pleased with our success in this very specific though quite common transformer configuration, the results of our studies to date indicate that the Cross-Check test may be feasible only on certain winding/core combinations. This report also describes how the high-voltage windings of power/distribution transformers can be sectionalized through the use of the De-Energized Tap Changer, DETC (sometimes improperly referred to as the No-Load Tap Changer, NLTC). SINGLE-PHASE TRANSFORMERS Single-Phase Autotransformers Without Tertiary The basic principle of the Cross-Check test is most easily understood with reference to the simple case of a single-phase autotransformer without a tertiary winding. Figure 1 shows a hypothetical 230/115-kV autotransformer:
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H1 Energized to H0X0 Gaurd Cross-Check Test:GST-GAURD Test Mode (b)
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FIGURE 1



H0X0 Energized to H1 Guard Cross-Check Test: GST-GUARD Test Mode (c) CA = lumped component of winding insulation in the vicinity of the H1terminal, including Bushing H1 CB= lumped component of winding insulation approximately midway between the H1and X1 terminals Cc= lumped component of winding insulation in the vicinity of the X1terminal (that is, electrically halfway between since this example assumes a 230/115-kV autotransformer winding), including Bushing X1 H1and H0X0 CD= lumped component of winding insulation approximately midway between the X1and H0X0terminals CE= lumped component of winding insulation in the vicinity of the neutral end of the winding, including Bushing H0X0 Overall and Cross-Check Tests on Single-Phase 230/115-kV Autotransformer Without Tertiary FIGURE 1 For the transformer of Figure 1, since there is but one winding, only one Overall test can be performed; that is, between the winding and grounded core and tank. For purposes of analysis and simplification, the total winding insulation is divided into five lumped components CA, CB,Cc,CD,and CE . In the Overall test, Figure 1(a), the entire winding is energized at test voltage E, and the total current is composed of ICA + ICB + ICc +ICD + ICE . Each current component is proportional to the fully applied test voltage E divided by the primarily capacitive reactances XCA, XCB, XCc, XCD , and XCE Figure 1(b) illustrates a Cross-Check test performed with H1 at the full test voltage E with H0X0 connected to the test set guard (hereafter referred to as the "H1 Cross-Check"). In this arrangement the autotransformer winding is excited. Thus, while the full file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (3 of 22)2004-09-29 4:33:46 AM



THE CROSS-CHECK TEST FOR TRANSFORMERS



test voltage E appears at terminal H1, it decreases away from H1 until, at H0X0, the voltage is zero. In Figure 1(b) note that the CA component of the total insulation contributes essentially the same current to the H1CrossCheck as for the Overall test. On the other hand,CB contributes only 3/4ths the amount contributed for the Overall test since the voltage at this point is presumed to be only 3/4ths of the total. Further,Cc contributes 1/2 of its Overall value,CD contributes 1/4th, and there will be no contribution from CE since the voltage at the H0X0 end is zero. When the test leads are reversed and the High-Voltage Test Cable is connected to H0X0 with H1 guarded (referred to hereafter as the "H0X0 Cross-Check"), then CE contributes a full share,CD 3/4ths, Cc I/2, CE 1/4th, and CA zero. The preceding is summarized in Table I: TABLE I CONTRIBUTION OF VARIOUS INSULATION COMPONENTS ILLUSTRATED IN FIGURE I FOR OVERALL AND CROSS-CHECK TESTS ON SINGLE-PHASE AUTOTRANSFORMER WITHOUT TERTIARY Test



Insulation Components



Overall



CA*



+



CB



+



CC**



+



CD



+



CE**



H1Cross-Check



CA*



+



3/4CB



+



1/2CC**



+



1/4CD



+



0CE**



H0X0 Cross-Check



0CA*



+



1/4CB



+



1/2CC**



+



3/4CD



+



CE**



Sum of Cross-Checks



CA*



+



CB



+



CC**



+



CD



+



CE**



CA includes Bushing H1 **CC includes Bushing X1 ***CE includes Bushing H0X0 Table I shows that the sum of the current and loss for the two Cross-Check tests should equal the values obtained for the Overall test. Lack of correlation could be the result of an open circuit in the winding,6 which would be confirmed by Doble excitation-current tests.4,5 Note that the capacitance along windings may or may not be evenly distributed. In single-phase potential transformers, where most data and experiences with Cross-Check tests have been compiled, oftentimes the two Cross-Check results are approximately equal; that is, the current and loss of each Cross-Check test is roughly half the values recorded for the Overall test. Sometimes, however, the current and loss of one of the two CrossChecks is much higher than the other although the sum of both still equal the Overall test values. In single-phase power/distribution transformers also, the two Cross-Check current and loss values may or may not be similar. Figure 2 illustrates a disc winding arrangement whereby the capacitance of the winding insulation to ground (and to adjacent windings in cases of transformers with more than one winding) is more-or-less evenly distributed along the winding. In Figure 2 hypothetical values of current (milliamperes, mA), Watts, and Power Factor for the Overall and Cross-Check tests are given.
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Test Results Watts



Test



mA



%PF



Overall



40



2.0



0.50



H1 Cross-Check H0X0 Cross-Check



20 20



1.0 1.0



0.50 0.50



Sum of Cross-Checks



40



2.0



0.50



Transformer Winding Arrangement Producing Even Distribution of Insulation Capacitance Along the Winding Path (With Typical Overall and Cross-Check Test Data) FIGURE 2 Figure 3 illustrates how, for a layer winding, the distributed capacitance at the neutral end to ground (or, to an adjacent winding) might be much greater than at the line end. Although a high-loss condition can be concentrated close to one end of the winding, it might still cause the power factor of both Cross-Check tests to be higher-than-normal. For example, in Figure 3 assume a highloss condition associated with CD and, furthermore, that the capacitance of CD is five times greater than CA. Thus, for the H1 Cross-Check test, although the voltage across CD is only 1/4th of the full test voltage, it contributes more actual current and loss than CA, which has only 1/5th the capacitance. Therefore, in this arrangement the H1 Cross-Check will see, to some extent, the effect of CD more so than if the winding capacitance is evenly distributed as in Figure 2. With a high-loss condition in CD only for the winding arrangement of Figure 3, the H0X0 Cross-Check power factor will be much higher than the H1 Cross-Check, and also higher than the Overall power factor. The data given in Figure 3 provides a good illustration of how a Cross-Check test, in this case the H1 Cross-Check, can sometimes provide a reasonably good indication of the condition of a bushing ( H1 in this example). With reference to either winding arrangement (Figures 2 and 3), if a high-loss condition were concentrated at the end of the winding near, for example,H0X0 - perhaps due to a bad neutral bushing - the power factorof the Overall test would be higher-thannormal. However, the H0X0 Cross-Check power factor would be higher than the Overall power factor since, for the H0X0 CrossCheck, the test potential is relatively high primarily only in the area of high-loss insulation (near H0X0) and low in areas of lowloss insulation (nearer H1); accordingly, here the masking effect of the good insulation is minimized. In this example the power factor for the H1Cross-Check test would be near normal since the test voltage is very low around the neutral end of the winding. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (5 of 22)2004-09-29 4:33:46 AM
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Transformer Winding Arrangement Producing Uneven Distribution of Insulation Capacitance Along the Winding Path (With Typical Overall and Cross-Check Test Data)



FIGURE 3
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Two-Winding Single-Phase Transformers The basic principles of Cross-Check tests described under Single-Phase Autotransformers Without Tertiary applies to twowinding transformers except for one added and extremely important factor. That is, that the voltage induced in the low-voltage winding may, in turn, introduce components of current and loss through the insulation of the low-voltage winding to ground, and from the low-voltage winding to the high-voltage winding. This is shown in Figure 4, which illustrates Cross-Check measurements for H1 energized and H2 guarded, with X2 connected to Ground, Guard, and UST for Figures 4(a), 4(b), and 4(c), respectively. NOTE In Figure 4, CH' (with one prime sign) signifies that as a result of the graded voltage along high-voltage winding, this insulation (in the vicinity of H1) contributes only portion CHinsulation to ground with full voltage applied along the entire winding. Extraneous current ICL' represents the current that flows as a result of induced voltage Ei and capacitive reactance XCL' . Test current ICHL' represents the current that flows through CHL' as a result of voltage E and reactance XCHL' . Extraneous current ICHL' represents the current that flows through CLH'(which has the same capacitive reactance as CHL') as a result of induced voltage Ei. In summary, test currents ICH' and ICHL' are the result of test voltage E, whereas extraneous currents ICL' and ICLH' are the result of induced voltage Ei. Efforts to measure, compensate for, or calculate exactly the extraneous current components produced by Ei shown in Figure 4 have not been successful. The problem may be explained with reference to data obtained on a single-phase transformer. (The tests actually involved an autotransformer with tertiary; however, to avoid confusion the terminology is given as for a conventional two-winding transformer, having Bushings H1, H2, X1, and X2 as in Figure 4.) Refer to Table II and note that the Cross-Check tests were performed two ways. One set of data was obtained with X2 connected to Guard and UST, with X1, floating (Tests Nos. 1, 2, 5, 6); Test No. 1 corresponds to Figure 4(b) and Test No. 5 conforms to Figure 4(c). Another set of Crosscheck data was obtained with X1 connected to Guard and UST, with X2 floating (Tests Nos. 3. 4, 7, 8). Note that with H1 energized the phase angle of Ei is same as E when X1 is floating(as per Figure 4). However, energized, floated connected to Guard or UST, voltage becomes 180° out of phage with respect to E.With this latter setup extraneous signals are reversed test currents ICH' and ICHL' shown in Figure 4.



Note: As a result of voltage Ei, induced in the low-voltage winding by transformer action (i.e. magnetic coupling), current ICLH' will flow from the low-voltage winding, through the interwinding insulation, through the meter, to ground, then back to the low-voltage winding, thereby introducing an extraneous signal through the meter. Current component ICL', also the result of Ei, flows to ground but returns to the low-voltage winding away from the meter.



Cross-Check Test Circuit with One Leg of the Low-Voltage Winding Grounded (Measurement of the Winding-to-Ground Insulation Component. CH', plus Interwinding Insulation Component, file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (7 of 22)2004-09-29 4:33:46 AM
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CHL' , in the Vicinity of the H1 End of the High-Voltage Winding) (a) Effect of Induced Voltage in the Low-Voltage Winding on Cross-Check Tests FIGURE 4



Note: As a result of induced voltage Ei,current ICL' will flow from the low-voltage winding to ground,through the meter to test set gaurd,then back to the low-voltage winding,thereby intoducing an extraneous signal through the meter .Current component ICL',also the result of Ei, flows to guard but returns to the low-voltage winding away from the meter. Cross-Check Test Circuit with One Leg of the Low-Voltage Winding Gaurded (Measurement of the Winding-to-Ground Insulation Component. CH' in the Vicinity of the H1 End of the High-Voltage Winding) (b) Effect of Induced Voltage in the Low-Voltage Winding on Cross-Check Tests FIGURE 4
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Note: As a result of induced voltage Ei,currents ICLH' AND ICL' travel through thier respective insulations,to ground,through the meter,then back to the low-volatge winding,introducing two extraneous signals through the meter . Cross-Check Test Circuit with One Leg of the Low-Voltage Winding Connected to UST (Measurement of the InterWinding Insulation Component, CHL' in the Vicinity of the H1 End of the High-Voltage Winding) (c) Effect of Induced Voltage in the Low-Voltage Winding on Cross-Check Tests FIGURE 4



TABLE II GST-GUARD AND UST CROSS-CHECK DATA ON A TWO-WINDING TRANSFORMER legend C H'



= Measured Component of the High-Voltage Winding-to-ground Insulation in the Vicinity of the H1 End of the High-Voltage Winding



CH''



= Measured Component of the High-Voltage Winding-to-ground Insulation in the Vicinity of the H2 End of the High-Voltage Winding



CH



= CH' + CH''



CHL' = Measured Component of Interwinding Insulation in the Vicinity of the H1 End of the High-Voltage Winding CHL'' = Measured Component of Interwinding Insulation in the Vicinity of the H2 End of the High-Voltage Winding CHL



= CHL' + CHL''
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Overall Data



CH CL CHL



mA



Watts



%PF



145.6 30.7 57.1



2.60 0.72 1.06



0.18 0.23 0.19



*Comments under REMARKSrefer to the magnitude of the mA and Watts readings in relation to the true values that would have been obtained in the abscence of the extraneous signals ICL' AND ICLH' shown in figures 4(b) and 4(c) ** Guard and ground are common for UST. With reference to Table II, it may well be that the mA and Watts obtained for Test No. 1 (CH' With X2 Guarded) is higher-thanproper by the same amount that Test No. 3 (CH' with X1 Guarded) is lower-than-proper. In this case the true mA and Watts values for CH' will lie halfway between the values recorded for Tests 1 and 3. Unfortunately, to the knowledge of the authors, this cannot be known or determined with complete certainty. Note in Test No. 5 that a Watts balance could not be obtained. This indicates that the combined strength of extraneous currents ICL' and ICLH' (see Figure 4c) was greater than the true test current and approximately 180° out-of-phase, resulting in a lagging power factor which the test set could not balance. Because of this the measured current was given a negative sign. For single-phase two-winding power/distribution transformers, notwithstanding the possibly significant contribution of the extraneous signals noted, the Cross-Check test remains a useful option to the test engineer. When an abnormal power factor or capacitance develops in CH or CHL (CHT in the case of autotransformers) the test engineer should consider performing Crossfile://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (10 of 22)2004-09-29 4:33:46 AM
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Check tests in order to determine whether a localized or general condition is present. However, remember that high losses for winding-to-ground insulations of transformers are not necessarily winding problems, but may be related to the condition of the bushings, 7,8 or Load Tap Changer inadvertently set to the neutral position during test,9 or the existance of a high resistance between the core and ground.9 These should be checked before turning the investigation to the windings themselves. As part of investigating abnormal conditions in two-winding power and distribution transformers (and, singlephase autotransformers with tertiary), a complete series of eight Cross-Check tests should be performed as outlined in Table II. However, in anticipation of possible problems in the future, a set of benchmark data should be obtained on all power and distribution transformers undergoing acceptance or routine tests. With reference to Table II, it may be learned that the results recorded for Tests Nos. 1 and 2 are very similar to Tests Nos. 3 and 4; likewise, the current and loss for Tests 5 and 6 may be practically the same as Tests 7 and 8. If this is the case, then only four tests need be performed on follow-up tests. Also consider obtaining data by sectionalizing the windings as discussed herein under USE OF DE-ENERGIZED TAP CHANGER, DETC (OR, NO-LOAD TAP CHANGER, NLTC) TO SECTIONALIZE THE HIGH-VOLTAGE WINDING OF SINGLE-PHASE AND THREEPHASE TRANSFORMERS. We conclude this section by summarizing why the Cross-Check current and loss values obtained on singlephase PTs may be taken at face value while this may not be the case for most single phase power/distribution transformers. IMPORTANT FACTORS DIFFERENTIATING CROSS-CHECK TESTS ON SINGLE-PHASE POWER/DISTRIBUTION TRANSFORMERS VERSUS SINGLE-PHASE POTENTIAL TRANSFORMERS 1. The turns ratio of potential transformers is significantly greater than for power/distribution transformers. Thus, for a given Doble Cross-Check test voltage E applied across the high-voltage winding, the induced voltage Ei (see Figure 4) in the low-voltage winding of power/distribution transformers is correspondingly larger. 2. The low-voltage winding-to-ground capacitance CL of power/distribution transformers is much larger than for potential transformers. Thus, the combination of relatively high induced voltage Ei along with higher CL capacitance, may cause the extraneous signals produced (see Figure 4) to be of significant magnitude in the case of power/distribution transformers while being imperceptibly small in the case of potential transformers. DELTA-WYE THREE-LEGGED CORE-FORM TRANSFORMERS Considering the relative complexity analyzing Cross-Check tests on single-phase twowindingpower/distribution transformers, it might be expected that a feasible technique for three-phase transformers would be difficult to develop. However, one of several techniques tried on Delta-Wye transformers was found to work very well. Both the successful test procedure and data obtained for a unit (three-legged coreform construction) are given in Table III. Figure 5 shows schematically the transformer core and windings for a Delta-Wye Cross-Check measurement on the insulation of the high-side Delta winding in the vicinity of the Ht terminal.
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Transformer Windings and Magnetic Circuit for Cross-Check Measurement on the Insulation in the Vicinity of the Ht Terminal of a Three-Legged Core-Form Delta-Wye Transformer FIGURE 5 In Figure 5, to check the ground insulation in the vicinity of the H1 terminal (labeled in Table III as CH' ), the X0 bushing is connected to Guard; to check the interwinding insulation in the vicinity of H1(labeled in Table III as CHL'), the X0 bushing is connected to UST.



TABLE III CROSS-CHECK TEST TECHNIQUE AND DATA FOR DELTA-WYE 110/13.8-kV TRANSFORMER WITH A THREE-LEGGED CORE-FORM MAGNETIC CIRCUIT file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (12 of 22)2004-09-29 4:33:46 AM
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Overall Data



where: CH',CH'',CH'''= Components of the high-voltage winding insulation to ground in the vicinity of terminals H1,H2 AND H3, respictively.sum of the mA and Watts of CH', CH'' and CH''' equals CH. CHL',CHL'', CHL'''=Components of the interwinding insulation in the vicinity of terminals H1,H2 AND H3,respictively.sum of the ma and Watts of CHL', CHL'', and CHL''' equals CHL. The first difficulty to overcome in order to make Cross-Check test, on transformer, is to be able to excite the winding(s). In the transformer finer diagram of Figure 5 note that the top of the high-voltage winding on Phase A Leg is connected to the bottom of the high-voltage winding on Phase B Leg. This means that the flux produced by Winding H1-H3. (i.e Phase A) acts in the same direction (shown moving clockwise in Figure 5) as the flux produced by Winding H1-H2 (i.e., Phase B). No flux circulates in the Phase C Leg due to the effective short-circuit across Winding H2-H3. In Figure 5, because the fluxes produced by Windings H1-H3 and H1-H2 move around the core in the same direction when single-phase test voltage is applied, they act to support each other to allow the build -up of test voltage. If the windings were wound in such a manner that the flux produced by Winding H1-H3, opposed the flux produced by Winding H1-H2, it would not be possible to build up test voltage. Thus, for the Delta-Wye configuration illustrated by Figure 5, the first potential obstacle to the Cross-Check test is favorably inclined; that is, circumstances are favorable for being able to excite the windings. This is the necessary first step to overcome before data can be obtained and analyzed. In our analysis of single-phase transformers, Figure 4, the influence of the voltage induced in the low-voltage winding was noted. For the Delta-Wye circuit illustrated in Figure 5 there are two low-voltage windings which have voltage induced in them; that is, Windings X1-X0 and X2-X0. Observe in Figure 5 that when flux is moving up in Phase A Leg, flux moves down in the Phase B Leg, and vice versa. This means that with respect to X0 the voltage induced from X0 to X1 is 180° out-of-phase to the voltage induced from X0 to X2. The net result is that the insulation current and loss associated with the induced voltage across



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (13 of 22)2004-09-29 4:33:46 AM



THE CROSS-CHECK TEST FOR TRANSFORMERS



Winding X1-X0 tends to cancel that which is the result of the voltage induced in Winding X2-X0. While the extraneous signal; may not cancel each other perfectly, it is sufficiently complete to make this form of measurement accurate and useful whenever the lowvoltage windings (each phase) are in reasonably good condition. While three sets of Cross-Check data in Table III were recorded for the ground insulation, and three acts of data were recorded for the interwinding insulation, it has not been possible to calculate the current and loss for each phase alone. Nevertheless, this technique should be helpful to field-test engineers who want to investigate abnormal power factor, power-factor variation with test voltage, and capacitance change associated with CH or CHL (In the case of abnormal power factor for CH, separate tests would be performed on the bushing first in order to eliminate them as a contributing factor.7 ) If an abnormal condition is confined to one specific phase, the pattern of data for the three ground or three interwinding CrossCheck measurements will be such that the abnormality will be evident to varying degrees on two of the three measurements, but entirely absent for the third test in which the phase in question is shortcircuited. For example, with reference to Figure 5 and Table III, if there is a high power factor to ground involving only Phase C, it would not affect the measurement when the H1 terminal is energized and H2-H3 (i.e. Phase C) is short-circuited. This type of analytical reasoning should be applied to determine the location of a problem. As a minimum, the Cross-Check results can help answer the very important question of whether the abnormal condition is localized or general. Localized problems are usually of greater concern. While investigations thus far have been made on Delta-Wye transformers having three-legged core-form design, the technique outlined in Table III will also be effective on core-form units having more than three legs and on shell-form transformers as well. THREE-PHASE AUTOTRANSFORMERS WITHOUT TERTIARY (CORE-FORM WITH MORE THAN THREE LEGS, AND SHELL FORM) If a three-phase autotransformer without tertiary is a core-form design having more than three legs, or has a shell-form, CrossCheck tests can be performed as follows, and the results compared with the Overall values: CROSS-CHECK TEST PROCEDURE FOR THREE-PHASE AUTOTRANSFORMERS, WITHOUT TERTIARY (CORE-FORM DESIGN WITH MORE THAN THREE LEGS, AND SHELL-FORM)



Test No. 1



Energize H1



Gaurd H2,H3,H0X0



Float X1,X2,X3



Measure Bushing H1 and winding insulation to ground in the vicinity of H1 terminal



2



H2



H1,H3,H0X0



same



Bushing H2 and winding insulation to ground in the vicinity of H2 terminal



3



H3



H1,H2,H0X0



same



Bushing H3 and winding insulation to ground in the vicinity of H3 terminal



4



H0X0



H1,H2,H3



same



Bushing H0X0 and winding insulation to ground in the vicinity of the neutral ( H0X0) end of the autowinding



Table IV shows data obtained on a 345/120-kV autotransformer without tertiary: TABLE IV file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (14 of 22)2004-09-29 4:33:46 AM
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OVERALL AND CROSS-CHECK DATA ON A 345/120-kV THREE-PHASE AUTOTRANSFORMER, WITHOUT TERTIARY, WITH FIVE-LEGGED CORE-FORM DESIGN Test No.



Measure



mA



Watts



% pF



Cap. (pF)



Overall



Entire Winding



188.4



9.3



0.49



49,980



1 (H1Energized)



Vicinity of H1



8.02



0.380



0.47



2,117



2 (H2Energized)



Vicinity of H2



7.32



0.306



0.42



1,937



3 (H3Energized)



Vicinity of H3



8.21



0.296



0.36



2,174



4 (H0X0Energized)



Vicinity of H0X0



164.0



8.1



0.49



43,520



Sum (1+2+3+4)



Overall



187.55



9.082



0.48



49,748



Cross-Check tests have also been performed successfully on three-phase potential transformers connected Wye on the primary winding, having two single-phase low-voltage windings associated with each high-voltage phase. It is believed that these potential transformers are of shell-Form construction. The test procedure for three-phase potential transformers is outlined in Doble Instruction Manuals.4,5 USE OF DE-ENERGIZED TAP CHANGER, DETC (OR, NO-LOAD TAP CHANGER, NLTC) TO SECTIONALIZE THE HIGHVOLTAGE WINDING OF SINGLE-PHASE AND THREE-PHASE TRANSFORMERS For transformers equipped with De-Energized Tap Changer, DETC (also sometimes referred to improperly as No-Load Tap Changers, NLTC) the associated winding(s) can sometimes be physically/electrically opencircuited by setting the tap changer between steps. DETC are usually associated with the high-voltage winding of most single-phase and three-phase power/ distribution transformers. Accordingly, for these units the insulation of the high-voltage winding-to-ground, and interwinding highvoltage to low-voltage insulation (autowinding to tertiary in the case of autotransformers) can be sectionalized. This is illustrated in Figure 6 for a single-phase two-winding transformer, and in Figures 7 and 8 for threephase two-winding transformers with the high-side winding connected Delta, and Wye, respectively. This technique can be applied to three-winding transformers as well. To check the insulations to ground of the various isolated segments of the high-voltage winding, each high-side bushing is energized, in turn, with all other high-side, low-side, and tertiary (if any) bushings guarded. Since full test potential appears across the open-circuited tap changer, the test voltage applied to the high-voltage winding must be limited to 500 volts unless it is known that a higher voltage may be applied. NOTE When manually setting the DETC between steps, estimate a position that is midway between two taps, as opposed to having the tap changer set just barely off one of the working positions. To check the interwinding insulation from each isolated segment of high-voltage winding to the low-voltage winding(s), energize the low-voltage winding at its normal test voltage and connect, in turn, each high-voltage terminal to UST with all other high-voltage terminals grounded or guarded. (Note: Guard and Ground are common for the UngroundedSpecimen Test, UST.) Table V gives an example of interwinding insulation data for a Delta-Wye transformer; the data was obtained using the UST file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (15 of 22)2004-09-29 4:33:46 AM
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Cross-Check method outlined in Table III, and the winding separation method shown in Figure 7. WARNING The De-Energized Tap Changer must be properly reset to to working position before the transformer is energized for service.



(Single-Phage Two-Winding Transformer) Gaurd UST H2,X1,X2 -



Test No 1*



Energize H1



Measure CH'



2* 1+2



H2



H1,X1,X2



-



CH'' CH



3**



X1,X2



H2***



H1



CHL'



4** 3+4



same



H1***



H2



CHL'' CHL



*Limit to 500 Volts; may go higher with manufacturer's approval. Refer to text **Use test voltage normally applied to the low-voltage winding. ***Guard and ground are common for UST. Note: The test procedure given is for a conventional single-phase two-winding transformer. The technique would be similar for singlephase autotransformers with tertiary except for changes in nomenclature whereby, for autotransformers,substitute H0X0 for Hz; also, X1 and X2 of a conventional transformer become Y1 and Y2 in the case of an autotransformer Bushing X1 of the autotransformer floats for all tests. Tests on Segments of the High-Voltage Winding Insulation to ground, and Segments of the Interwinding Insulation, for High-Side Winding that Sectionalized by Setting the De-Energised Tap Changer (DETC) Between Tap Positions
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FIGURE 6



*Limit to 500 Volts; may go higher with manufacturer's approval. Refer to text **Use test voltage normally applied to the low-voltage winding.
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***Guard and ground are common for UST.



Note:This technique is also applicable to Delta-Delta transformers.for Delta low-side winding,delete the reference to X0 from the procedure outlined above. Tests on Segments of the High-Voltage Winding Insulation to Ground, and Segments of the Interwinding Insulation, for High-Side Winding that Sectionalized by Setting the De-Energised Tap Changer (DETC) Between Tap Positions



FIGURE 7
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*Limit to 500 Volts; may go higher with manufacturer's approval. Refer -to text **Use test voltage normally applied to the low-voltage winding. ***Guard and ground are common for UST.



Note:This technique is also applicable to Wye-Wye transformers.For Wye connected low-side windings add X0 to X1,X2,X3 for the procedure outlined above. Tests on Segments of the High-Voltage Winding Insulation to ground, and Segments of the Interwinding Insulation, for High-Side Winding that Sectionalized by Setting the De-Energised Tap Changer (DETC) Between Tap Positions



FIGURE 8 TABLE V COMPARISON OF INTERWINDING INSULATION CROSS-CHECK DATA AND RESULTS OBTAINED WITH DE-ENERGIZED TAP CHANGER SET BETWEEN TAPS OF A DELTA-WYE TRANSFORMER
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SUMMARY The Cross-Check test method has been around for many years1,6 and is currently used routinely for checking single-phage and three-phage potenial transformers.4,5 Prior to the avialbility of the UNgrounded-specimen Test method(UST)2,it was used as an investigatory tool for checking the high-voltage bushing of single-phage power /distribution transformers with questionable CH readings.3 The purpose of Cross-Check tests is to concentrate the measurement in the vicinity of the high voltage winding around which the test voltage is applied.By this technique the test engineer can determine if abnormal conditions detected on Overall tests are distributed generally throught the insulation or ,if abnormal conditions are confined to localized regions as in a bushing or specific area of winding. The principle outlined herein apply also to three-winding transformers;however,for both two-winding and three-Winding transformers the Cross-Check method is not applicable to the low-voltage and tertiary windings since,for most transformers the Excitation-current requirements of these windings are beyond the charging current range of Doble field power-factor test sets. For power/distribution transformers Cross-Check tests have been shown to be possible, and effective, to the following cases: POWER AND DISTRIBUTION TRANSFORMERS FOR WHICH THE CROSS-CHECK TECHNIQUE IS APPLICABLE



1. Single-phase autotransformers without tertiary winding.



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-5B.1.htm (20 of 22)2004-09-29 4:33:46 AM



THE CROSS-CHECK TEST FOR TRANSFORMERS



2. Single-phase two-winding transformers, and single-phase autotransformers with tertiary. For these types the Cross-Check method is a useful tool but may include extraneous signals due to the effect of induced voltage in the low-voltage and tertiary (if any) winding(s). 3. Three-phase autotransformers without tertiary winding, provided that there are more than three legs for a coreform design or when the magnetic circuit is shell form. 4. Three-phase Delta-Wye transformers, with very small inclusion of extraneous signals due to the effect of induced voltage in the low-voltage windings. The test technique outlined in this paper for Delta-Wye transformers is applicable to all core designs. The Doble Engineering Company is interested in the experience of all clients in the use of the Cross-Check technique as applied to power and distribution transformers. This applies to transformers in good condition but especially so in the case of units in questionable condition. In the latter case it is of interest to determine if the Cross-Check results indicate the existence of a general condition or if the problem is localized. In cases of presumably localized conditions, it would be of interest to correlate findings during inspection with the Cross-Check data. The results of interesting client experiences will be the subject of follow-up Conference papers. The Doble Engineering Company is also interested in investigating Cross-Check tests on other types of three-phase power/ distribution transformers not covered in this report. Clients willing to assist in this investigation should contact the authors. Tests may be performed on "good" units as well as those suspected of having problems. To assist in developing workable test techniques it is necessary that information be provided concerning the core design. Details relating to winding arrangements (disc, layer, split windings, etc). would also be required. Some of what is attempted to accomplish using the Cross-Check technique maybe achieved by performing tests with the DeEnergized Tap Changer (DETC) set between taps, which effectively sectionalizes the high-voltage winding. When using the DETC to sectionalize the high-voltage winding, the test voltage applied to the high-voltage winding must not exceed the voltage that can be safely applied across an open-circuited DETC (which should be set approximately midway between two contacts). In all cases 500 Volts should be suitable; however, in sonic cases a higher voltage may be applied, provided that the specific manufacturers indicate that this is permissible. For power/distribution transformers under investigation (as, for example, units with abnormal CH Or CHL power factor, powerfactor variation with test voltage, or changes of capacitance), it would be of interest to obtain data using both the Cross-Check technique and the winding separation method using the DETC. For transformers that cannot be tested using the Cross-Check technique, field engineers can make investigation, using the DETC to sectionalize the high-voltage winding Conversely, in some cases it may not be possible to sectionalize winding using a DETC,in which case the Cross-Check method my be the only alternative.
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POWER FACTORS FOR OIL-FILLED DISTRIBUTION TRANSFORMERS D. J. Kopaczynski Doble Engineering Company * GENERAL A distribution transformer is a transformer rated 500 kVA and below, but excluding instrument transformers. In 1956, Doble presented a report1 which included a tabulation of CHL power factors on approximately 4700 oil-filled power transformers and 2300 ailfilled distribution units. The purpose of this report is to provide an updated tabulation of oilfilled distribution transformers (most of which were manufactured in the 1970s) and to include, in addition to CHL, the CH and CL power factors as well. At the outset it was intended to include a separate tabulation for "Padmount" oil-filled distribution transformers; unfortunately, there was insufficient data. Because of construction differences between "Padmounts" and conventional designs, units specifically identified as "Padmount" were purposely omitted from the tabulations herein; however, some general comments covering insulation power factors for "Padmount" transformers are given under Test Data. It is possible that some "Padmount" units, not specifically identified as such, may have been tabulated as conventional units; accordingly, hereafter, Clients are requested to identify "Padmounts" with a specific notation on the test sheet. TEST VOLTAGES Transformers included in this report cover units rated up to 69 kV on the high-voltage winding; the data also covers low-voltage windings rated below 1 kV. Doble tests are nondestructive and, therefore, the applied test voltage on transformers should not exceed the line-to-ground rating of the winding. Accordingly, tests on windings which are rated below the nominal voltage of the Doble test equipment (i.e., 2.5 kV or 10 kV) must be made at a reduced voltage. TEMPERATURE CORRECTION1 Modern oil-filled distribution transformer power factors should be corrected for temperature (Top Oil) using the correction table for power transformers labeled, "Oil-Filled Power Transformers (Sealed, GasBlanketed and Modern Conservator Type):" However, with reference to our report in 19561, it may be more appropriate for oil-filled distribution transformers manufactured prior to 1950 (approximately) to use the original Doble temperature correction table for transformers labeled, "Oil and Oil-Filled Power Transformers (Free-Breathing and Older Conservator Types)." TEST DATA Test data were compiled on approximately 320 "New" and "Used" units. A "New" unit is defined as being of recent vintage and tested for the first time; "Used" units are those which have been in service and were noted to have been tested at least once previously. A great percentage of both the "New" and "Used" units were manufactured in the 1970s. Within each category (i.e., " New " and " Used ") the data is tabulated by manufacturer, and is further separated into the individual CH, CL and CHL power factors. The data for "New" oil-filled distribution transformers is included in Table II (A, B and C) for CH, CL and CHL respectively; "Used" units are covered in Table III (A, B and C). ANALYSIS OF THE DATA When analyzing the data on a specific manufacturer's unit, the test engineer should compare his temperaturecorrected CH, CL and CHL power factors with the corresponding data which is tabulated in Tables II and/or III. Some interesting observations are made by summarizing the CH, CL and CHL power factors recorded for all manufacturers; accordingly, the data of Tables II and III are summarized and included in the foregoing Table I (Note: the numbers in Table I represent the percentage of the total data of all manufacturers which fall within the power-factor limits as given under the heading):



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-6.1.htm (1 of 6)2004-09-29 4:33:48 AM



POWER FACTORS FOR OIL-FILLED DISTRIBUTION TRANSFORMERS



From Table I the following observations are made, keeping in mind that the large majority of units ("New" and "Used" ) were manufactured in the 1970s: 1. For "New" and "Used" oil-filled distribution transformers, the corrected CL and CHL power factors are comparable to each other; most units tested 1.0% power factor or less. 2. The CH power factors for both the "New" and "Used" units were slightly higher than the corresponding CL and CHL values; however, for most units the CH power factor was also 1.0% power factor or less.



It was observed that the CH capacitance (i.e., charging millivoltamperes or milliamperes) was often quite small compared with CLand CHL; accordingly, in many cases, the bushings associated with the high-voltage winding were a significant part of the measured CHinsulation and, in all likelihood this accounts for the slightly higher tabulated power factors. As noted earlier, there was insufficient data to include a separate tabulation for "Padmount" oil-filled distribution transformers; however, based on data for 24 units of various manufacturers, about 90% of the corrected CL and CHL power factors were 1.0% or less (there were no units above 1.5% for CL and CHL). The CH power factors were slightly higher generally; however, approximately 33% tested 1% and below, and 75% of the total were 1.5% and less. CONCLUSIONS Oil-filled distribution transformers continue to be part of Doble Client insulation test program. While the amount of data included in this report is a relatively small percentage of the distribution transformer data included in our 1956 report1, the distribution of the CHL power factor remains basically unchanged. The inclusion of the CH and CL insulations in this report should be of assistance to Doble field test engineers in evaluating the winding-to-ground insulations. Data will continue to be collected on oil-filled distribution transformers. In the specific case of "Padmount" transformers, these units should be identified on the test data sheet in the event that a future tabulation of these units is appropriate.
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REFERENCE 1. Rickley, A. L. and Osborn, S. H., Jr., "Power-Factor for Power and Distribution Transformer Insulation," Minutes of the TwentyThird Annual Conference of Doble Clients, 1956, Sec. 6-501.
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POWER FACTORS FOR SILICONE-FILLED POWER AND DISTRIBUTION TRANSFORMERS M. Rivers Doble Engineering Company * INTRODUCTION In view of increased interest in the testing of silicone-filled power and distribution transformers, it is appropriate at this time to review test techniques and present power-factor test data accumulated by Doble Engineering Company. This paper contains the power-factor test data for approximately 250 transformers representing ten manufacturers. TEST PROCEDURES The CH, CL, and CHL insulation power factors are tabulated. The majority of test data was obtained using the standard Doble two-winding transformer test procedure. Some transformers are equipped with a low-voltage neutral (Xo) that is internally grounded. Routine winding insulation tests on this type of transformer consist of only one test, in which the high voltage winding is energized and measured to ground. The measurement includes the CH and CHL insulations in parallel combination. This data is tabulated separately on Tables 1 and 4. ANALYSIS OF TEST DATA Since the inherent power factor of clean, dry transformer grade silicone is comparable to transformer oil, it is reasonable to conclude that power transformers containing silicone should have power factors as low as comparable oil-filled units. Previous tabulations of oil-filled power transformers indicate that insulation power factors should be lower than 0.5% at 20° C1. The tabulated data on Tables 1, 2 and 3 indicates that this limit is also realistic for siliconefilled power transformers. The CH insulation power factors were less than 0.5% on eighty-three percent of the 155 units tested and less than 1.0% on 94% of the units. The CHL and CL insulation power factors were similar. Test data for distribution transformers (500 kVA and less) are included in Tables 4, 5 and 6. Most of the data was from transformers manufactured by Westinghouse Electric Corporation and are in the same range as data obtained for Westinghouse power transformers. The amount of data available for units by other manufacturers is limited. TEMPERATURE CORRECTION The power factor test data tabulated was obtained on transformers with top oil temperatures ranging between 10 and 40° C. No attempt has been made to correct test data for variations in temperature. It is reasonable to assume that if the paper and silicone comprising the majority of the overall measurements are properly dried (ie: initially low power factor at 20°C) then temperature effects will also be minimal. This hypothesis may not be valid for transformers with higher 20°C overall power factors. Until field studies are performed to obtain power factor versus temperature data, test engineers should take a conservative approach when evaluating power-factor data. If high power factors are measured at elevated temperatures, the tests should be repeated after allowing the transformer to cool. CONCLUSION The vast majority of tabulated power-factor test data indicates overall insulation power factors of siliconefilled transformers should be below 0.5%. The Doble Engineering Company will continue collecting test data and monitoring future trends of all file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-7A.1.htm (1 of 4)2004-09-29 4:33:49 AM
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manufacturers. REFERENCES 1. Rickley A. L. "Transformer Insulation Power Factors (A Review)," Minutes of the Fifty-Second Annual International Conference of Doble Clients, 1985, Sec. 6-201. 2. Burow R. F. and Vincent G. A. "Silicone Fluids vs. Hydrocarbon Oils: A Comparison of Thermal and Electric Performance Capabilities," Conference Paper Number C 74, 258-0, 1974 Winter Meeting, IEEE Power Engineering Society, New York, January, 1974.
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POWER FACTOR VERSUS TEMPERATURE OF SILICONE-OIL FLUIDS USED IN POWER AND DISTRIBUTION TRANSFORMERS F. J. Gryszkiewicz, P. W. B. Chan, and C. A. Glover Doble Engineering Company * At the 1973 Doble Client Conference, Messrs. Burrow and Orbeck stated: Askarel-filled transformers have been used for many years in locations where oil-filled transformers were considered to be unsafe. Recently, however, askarels have come under fire as possible environmental pollutants and a potential hazard to human health.1 As a replacement for askarels, silicones were one of the fluids proposed and developed for certain transformer applications. Eventually, Doble clients began to receive and test silicone-fluid-filled transformers. As with oil filled transformers, Doble field tests are performed at various equipment temperatures. Transformers may be out-of-service and accessible for only relatively short periods of time, during which time Doble tests must be performed with the insulation temperature well above 20°C. In the case of conventional oil-filled power transformers, power factor versus temperature correction curves are available.2 Accordingly, for these units, field test engineers can convert readings at test temperature to power factors at the standard 20°C temperature. Now having received power (and distribution) transformers filled with silicone fluids (hereafter referred to as "silicone oil"), the field-test engineer needs similar data to convert power factors on these units to values at 20°C. It seems logical to begin by studying the fluid itself, even though power-factor versus temperature data will eventually be required on assembled transformers. This report covers ten silicone oil samples. Four samples were "virgin" silicone oils, and six samples were so-called "service-aged" in that these were drawn from transformers. Our laboratory procedure was to obtain initial power-factor measurements on each sample at room temperature Subsequent powerfactor measurements were performed at five degree increments up to 100°C. Tests were performed using a Doble Type M-Oil Liquid Insulation Test Set which has an accuracy of ±0.001% power factor. The test voltage was 2.5 kV at a frequency of 60 Hz. ASTM Method D 924, "Standard Test Method for A-C Loss Characteristic, and Relative Permittivity (Dielectric Constant) of Electrical Insulating Liquids," was utilized. Our power factor versus temperature data for "new" silicone oils from four different manufacturers is plotted in Figure 1. The power factors obtained were generally lower than what we usually measure for conventional transformer oil. In some cases, our laboratory received more than one sample from the respective manufacturers; however, some of these samples had relatively high water contents and were not used for our study. Accordingly, the four curves shown in Figure 1 represent the "best" and "purest" of each sample received, one for each different supplier. Figure 2 represents data obtained on six "service-aged" silicone oils. Five of the six samples showed very close correlation with each other; however, the sample designated as "Transformer l" was anomalous in that its power factors were significantly lower than the other five and, actually, correlated closely with the samples designated "new". It appears that sample "Transformer 1" was simply very clean. Table I gives average correction values for the "new" and "service-aged" silicone oils. In the case of the column related to the "service-aged" oils, our average was taken omitting the sample "Transformer 1." While the "service-aged-samples had higher power factors than the "new" samples, the variations of power factor with respect to temperature, as evidenced by the derived power-factor correction factors, were very similar. The greatest differences occurred between 30°C and 60°C. The "new" samples required less correction compared with the "service-aged" samples; however, above 80°C the pattern was file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-7B.1.htm (1 of 5)2004-09-29 4:33:50 AM
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reversed. Table I also includes the correction factors for both conventional electrical insulating oil and the three correction tables currently used for conventional oil-filled power transformers. Comparison of the correction values listed in Tabs. I indicates that the power factor of silicone oil does not vary with temperature as much as conventional electrical insulating oils for temperatures above 20°C. It would seem that the power-factor versus temperature characterstics of , silicone-oil-filled power and distribution transformers is probably flatter than the so-called Doble Curve No. 2. Filled Power Transformers of Sealed, Gas-Blanketed, and Modern Conservator Type Through 161 kV, 750-kV CI,, though probably not as flat as Curve No. 3, "OilFilled Power Transformers of Sealed, Gas-Blanketed, and Modern Conservator Types, 230 kV up, above 750 kV BIL." For the time being, we recommend that users convert their overall winding power factors on silicone oil-filled power and distribution transformers using Curve No. 2 currently employed for conventional oil-filled units identified above. As always, corrections are based on the transformer "Top Oil" temperature. Until more data is obtained, we further recommend that the power factor of "virgin" silicone oil be corrected for temperature using the column in Table labeled "New Silicone Oil." Samples drawn from transformers, even new transformers, are automatically considered "service-aged." Accordingly, these samples are corrected for temperature using the column in Table I labeled "Ser viceAged Silicone- oil." However, the Doble Client Group is requesting clients to submit data to Doble on their silicone-ml transformers at several top-oil temperatures so that we may refine our recommendations for these units. Additional laboratory tests are also being performed on silicone oils at temperatures below 20°C in order to cover this range of temperatures as well. REFERENCES 1. Burow, R. F. and Orbeck, T. "Silicone-Fluid-Filled Transformers - An Alternative to Askarel and Dry-Typc Transformers?" Minutes al the Fortieth Annual International Conference of Doble Clients, 1973, Sec. 6-1201. 2. Rickley, A. L. and Clark R. E. "Power Factor Versus Temperature Characteristics of Modern Power-Transfonncr Insulation." Minutes of the Forty-Third Annual International Conference of Doble Clients, 1976, Sec. 6-1201.
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ASKAREL-FILLED AND DRY-TYPE TRANSFORMER POWER FACTORS G. W. Armstrong, Jr. sod E. J. Marottoli Doble Engineering Company * GENERAL This paper reviews test procedures and updates tabulations of power factors for askarel-filled, ventilated dry-type, and sealed (gasfilled) dry-type transformers. The tabulations supersede those published for askarel-filled and drytype transformers published in the Minutes of the 1966 Doble Client Conference.1 Power factors have been tabulated for ground and interwinding insulations (CH and CL, and CHL) for both distribution and power transformers. Power factors for askarel-filled units have been corrected to 20°C using the multipliers listed under "Askarel and Askarel-Filled Transformers" in the Doble Instruction Manuals2. Section One. An extrapolation of this curve was used to obtain multipliers for tests performed at temperatures between 10°C and 20°C. The power factors for the drytype units have been tabulated at test temperatures. ASKAREL-FILLED Test Procedure The procedure outlined for transformer tests in the Doble Instruction Manual2, Section Seven, should be utilized. Power-factor and dielectric-breakdown tests should be performed routinely on samples of the askarels. It is recommended that liquid samples be drawn from the top of the unit as outlined in the Reference Book on Insulating Liquids and Gases3. All users of askarel should be familiar with Section Seven of this publication. Test samples of askarels must be disposed of in the approved manner to prevent environmental contamination4.



Test Data The results of 338 tests on askarel-filled transformers are tabulated in Tables I and II. All transformer test data received has been tabulated regardless of insulation ratings assigned. This group of data indicates that overall transformer power factors of 5.0% or less can be expected for field tests on askarel-filled transformers, with 80% of the power factors recorded at 3.0% or less. It is interesting to note that of the units having power factors less than 3.0%, approximately one half had power factors of 1.0% or less. These data continue to support the practical specification of 3.0% or less (at 20°C) for acceptable overall power factors of transformer windings in askarel3. Standards In recent years, attempts have been made to establish acceptable power-factor values for askarel liquid and for askarel-filled transformers. This has resulted in an update of IEEE Standard No. 76-19745 for power-factor tests performed on askarel samples taken from new equipment. However, no standards have been established for transformers filled with askarel or for service-aged askarel liquid. Standard No. 76 notes the following: The power factor of askarel taken from new transformers, reactors, and accessory equipment can reflect the presence of moisture, dissolved polar compounds, or other contaminants and The power factor of askarel taken from new transformers, reactors, and accessory equipment can reflect the presence of moisture, dissolved polar compounds, or other contaminants and may vary with the type of equipment from which the sample was taken due to the different ratios of liquid-to-solid insulation and to the high solvency power of the askarel. Given an acceptable water content and dielectric breakdown voltage of the askarel, a high power factor seldom impairs the serviceability of the askarel within rather broad limits and is indicative of the degree of contamination present. Recognizing the possibility of a wide range of power factors being recorded for askarel in new equipment, it is difficult to establish a single limit which would be acceptable to both suppliers and users for all applications. However, as a broad guide, file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-8.1.htm (1 of 13)2004-09-29 4:33:54 AM
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power factors up to about 10% at 25°C and 60 Hz do not, in general, indicate any abnormal contamination providing that the other criteria (water content, dielectric breakdown voltage, etc.) are met. Much higher power factors may indicate excessive contamination or the misapplication of the solid materials used in manufacture in contact with the askarel and should be investigated.5 The Doble Client Committee on Insulating Fluids placed themselves on record,6 as opposing the raising of the upper limit of power factor noted in IEEE Standard No. 76. The Committee suggested the following revisions to this Guide at that time. 1. For askarel in power and network transformers, where the ratio of liquid-to-solid insulation is relatively high, power factors up to 5.0% at 20°C may be considered acceptable, providing they are not caused by moisture or other conducting contaminants which impair dielectric strength, and they are not accompanied by excessive acidity or free chlorides. 2. For askarel in certain instrument transformers, small distribution transformers, locomotive transformers, and other specialty units where the ratio of liquid-to-solid insulation may be relatively low, power factors up to 10% at 20°C may be acceptable, with the same provisions outlined in the foregoing.1 In the Appendix to this Guide, a 1966 survey of power factors obtained on askarel samples from new units indicated the average power factor of 3.0% with values ranging from 0.05% to 5.0%. Tests on serviceaged askarel samples indicate an average power factor of 10% with values ranging from 2.0% to 40%. Power factors obtained for Doble tests performed on samples of askarel from new transformers included in Tables I and II are tabulated in Table III-A. These data indicate an average of 12% power factor with values ranging from 0.5% to 80%. The average power factor for samples of new askarels is distorted due to the high values obtained for transformers from three manufacturers. Utilizing the liberal limits of IEEE Standard No. 76 and considering the values of over 10% as totally unacceptable, the average power factor for the remaining samples of askarel from new units becomes 3.1%. Power factors obtained for Doble tests performed on service-aged samples of askarels from the transformers in Tables I and II are tabulated in Table III-B. These data indicate an average of 4.9% power factor for used askarel with values ranging from 0.5% to 16%. Analysis of Test Data New, uncontaminated askarel has a power factor of 0.05% or less. Higher power factors indicate contamination with moisture, carbon or other conducting matter, asphaltic compounds, varnish, Glyptal, gasket materials and/or other foreign matter or deterioration products. It is suggested that the following serve as guides for grading askarel by power-factor tests. Askarel having a power factor of less than 0.5% at 20°C is usually considered satisfactory for service. Askarel having a power factor greater than 0.5% at 20°C should be considered in doubtful condition, and at least some investigation (dielectric-breakdown tests) should be made. Askarel having a power factor greater than 2.0% at 20°C should be investigated to determine the cause of the high power factor. If the high power factor is caused by water or other conducting matter, free chlorides or a high neutralization number, the askarel is probably an operating hazard. If the high power factor is not due to these causes, it probably is not an operating hazard except that when the power factor is quite high it may result in excessive heating of the device in which it is used. Care also should be taken that the high power factor is not due to dissolved materials from gaskets or insulation necessary for safe operation of the askarel-filled device. High power factor due to askarel contamination may mask other defects in askarel-filled devices. The tabulated data in Tables I and II for power and distribution transformers indicate that the previously recommended acceptable limit of 3.0% power factor3 was not unreasonable and that power factors of 5.0% or higher should be investigated. DRY-TYPE, VENTILATED Test Procedure The procedure outlined for transformer tests in Section Seven of the Doble Instruction Manual2 should be used. The test voltages
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should be limited to the line-to-ground rating of the transformer windings. For users of Doble 10-kV test sets, it is recommended that power-factor tip-up tests be performed.8 An increase in power factor for tests performed at two test voltages, one at relatively low voltage (I kV to 2 kV), and one at the line-to-ground rating of the transformer, is indicative of corona activity. If desired, an overpotential test may be performed at 125% of the rated lineto-ground voltage as a supplementary test on the integrity of the insulation system which can utilize high-loss support insulators selected for mechanical qualities. These insulators are subject to contamination and may not be accessible at the time of test for cleaning in an attempt to improve high power factors obtained far the CH and/or CL insulation. Tests on the transformer windings rated at less than 2.0 kV can be tested by the following modified test procedure. At lower test voltages it may not be possible to "Check" to full scale as is the prescribed operating procedure.2In such instances, the procedure would be to "Check" to the maximum point possible on the scale and proceed with the measurement in the conventional manner. If power factor alone is to be used as the criteria for grading the insulation, it is computed in the conventional manner. If values of MVA and MW or watts and current are to be used, the readings recorded must be multiplied by a factor equal to the ratio of 100 to the "Check" point. For example, if the meter is "Checked" at 50 scale divisions, the meter readings must be multiplied by 100/50 or 2. The values thus computed would be what we refer to as "Equivalent 2.5-kV Values" for the MEU and M2E sets and "Equivalent 10-kV Values" for the MH and M2H sets. Only one precaution should be observed. When selecting the proper MVA or Current Range at the reduced voltage, it should be such that the MVA or Current Meter Reading (in scaled division) does not exceed the "Check" point. When this does occur, switch to the next highest MVA or Current Range. The accuracy of measurements made using the modified procedure is reduced slightly but not to a highly significant degree.12 Test Data The power factors tabulated in Tables I V and V for power and distribution transformers were recorded at test temperatures and include tests performed at voltages higher than the recommended test voltage. The spread in the ground-insulation (CB and CL) power factors is relatively wide due in part to the inclusion of support insulators and bus work which are selected for mechanical quality. Approximately 72% of the power transformers have interwinding (CHL) power factors of 2.0% or less with 73% of these units having power factors of 1.0% or less. Approximately 54% of the CHL power factors recorded for distribution transformers were 2.0% or less with 80% of these data being 1.0% or less. Causes of Higher Power Factors The overall power factor of transformer is dependent upon the type and quantities of the insulation types used, its arrangement in the transformer, and its condition with regard to contamination. Because of the thermal and mechanical requirements of dry-type transformers, use is made of Class B, C, and H materials which include glass, silicone, fiberglass, porcelain, asbestos (used as mechanical cushioning between porcelain and metal parts), etc., some of which may have relatively high power factors. Effect of Voltage and Temperature As with other dry-type apparatus, power-factor tests on dry-type transformers should be performed at voltages not exceeding rated line-to-ground. If it is desired that the corona characteristics of the transformer be determined, tests may be performed at two or more voltages beginning at the relatively low voltage and increasing to the maximum test kV. The increase or tip-up in the power factor with increased test voltage may be attributed to corona losses at the higher voltages. It is reasonable to expect that the power factors of dry-type transformers also will vary with temperature. Accordingly, some consideration should be given to any differences in specimen temperature when comparing the results of a series of tests. The problem is complicated somewhat by the lack of temperature indicating devices on many transformers, and the lack of temperature-correction data. Considerable data are available showing the power-factor versus temperature characteristics of individual insulating materials used in dry-type transformers. Similar data for a complete transformer are not so readily available. The problem is complicated by the variety, type, quantity, and arrangement of insulating materials used in transformers by the different manufacturers. A simple curve for all makes of dry-type transformers may not be practical. Such curves, if obtainable, may show that the effect of temperature is not as great as originally suspected, as has been our experience with the generator-stator insulation8. A major insulation in ventilated dry-type transformers is air, which should have a flat power factor versus temperature characteristic. Its effect when used in series with materials of higher dielectric constant should be to flatten, to same degree, the characteristic of the overall transformer. It is unfortunate that more winding temperatures were not reported in the data compiled to date. In several instances, when two or more similar transformers were tested at the same time, and apparently under these same conditions except for temperature, relatively large file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-8.1.htm (3 of 13)2004-09-29 4:33:54 AM
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differences in temperature appear to have little effect on the temperature results. Analysis of Test Data The tabulated data indicate that it is not unreasonable to expect overall power factors of 2.0% for field tests performed on dry-type power and distribution transformers. Substantially higher power factors should be investigated as to cause. The data recorded for the initial test, if normal, should become a benchmark for comparison with the results of subsequent tests. When abnormal test results are recorded, the following may be possible causes. 1. Contamination of the winding insulation by moisture and/or dirt. Transformers awaiting installation should be stored in clean, dry locations to prevent contamination. Transformers left deenergized for extended periods in damp and/or dirty atmospheres should be cleaned, tested, and if indicated, dried out before being energized. 2. Contamination of bushings and bus-bar leads and coil supports. 3. Asbestos cushioning which may have absorbed moisture. It is suggested that units found to have questionable high power factors at temperatures appreciably in excess of 20°C should be allowed to cool for retests before definite conclusions are reached regarding their condition. Compilation of test data submitted from the field will be continued and reported at future Client Conferences. In the meanwhile, it is hoped that the data included in the Tables IV and V will prove useful to the test engineer in analyzing the results of Doble tests on drytype transformers. DRY-TYPE TRANSFORMERS, SEALED AND GAS-FILLED Test Procedure The procedure outlined for power transformer tests in Section Seven of the Doble Instruction Manual,2 should be utilized. Since these are sealed gas-filled units, the gas pressure should be read on a routine basis as part of any proper maintenance schedule. Test Data Table VI is an up-to-date tabulation of data compiled by the Doble Company for tests performed by Clients to assist test personnel in the analysis of field-test results. Some of these data were submitted previously by one Client in a paper10 which also included his experience with gas-filled dry-type transformers. Analysis of Test Data The tabulated data indicate that it is not unreasonable to expect overall power factors of 1.0% for field tests performed on gas-filled, dry-type power transformers. Higher power factors for the CH and CL insulation can be of this order if care is taken to minimize the influence of bushing surface leakage losses and the removal of any attached bus work. REFERENCES 1. Rickley, A. L., and R. E. Clark. "Askarel- Filled and Dry-Type Transformer Power Factors." ThirtyThird Annual International Conference of Doble Clients (1966), Sec. 6-901. 2. Doble Engineering Company. A Manual far the Testing of Electrical Insulation by the DielectricLoss and PowerFactor Method. 3. Doble Client Committee on Liquid Insulation. Reference Book on Insulating Liquids and Gases (1965). 4. "American National Standard Guidelines for Handling and Disposal of Capacitor- and TransformerGrade Askarels Containing Polychlorinated Biphenyls."ANSI Publication-C707.1. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-8.1.htm (4 of 13)2004-09-29 4:33:54 AM
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5. IEEE Subcommittee on Insulating Fluids. "IEEE Guide for Acceptance and Maintenance of Transformer Askarel in Equipment." Standard No. 76-1974, March 1974. 6. Doble Client Committee on Insulating Fluids. "Discussion of IEEE Proposed Guide for Acceptance and Maintenance of Transformer Askarel in Equipment, No. 76." Minutes of the Thirty-Seventh Annual International Conference of Doble Clients (1970), Sec. 10-501. 7. Rickley, A. L., and R. E. Clark. "Dry-Type Power and Distribution Transformer Power Factors." Minutes of the Twenty-Sixth Annual Conference of Doble Clients (1959), Sec. 6-1601. 8. Povey, E. H. "Generator Insulation Testing." Minutes of the Twenty-Second Annual Conference of Doble Clients (1955), Sec. 7401. 9. Tudor, R. J. "Experiences with Sealed Gas-Filled Dry-Type Transformers." Minutes of the Thirty-Third Annual International Conference of Doble Clients (1966), Sec. 6-5O1. 10. Morgan, L. A. "Prospects of Gaseous Insulation for Future Use in Transformers." Minutes of the Thirty-First Annual Conference of Doble Clients (1964), Sec. 6-1701. 11. Brown, J. A. "A Comparative Study of the Properties and Uses of Commercial Fluorogases." Minutes of the Thirty-First Annual Conference of Doble Clients (1964), Sec. 10-201. 12. Rickley, A. L., and R. E. Clark. "Tap-Insulation Tests on Bushings." Minutes of the Twenty-Eighth Annual International Conference of Doble Clients (1961). Sec. 4-5O1.
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POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS E. J. Marottoli and R. Levi Doble Engineering Company * GENERAL This paper updates tabulations of potter factors for "ventilated" and "encapsulated" dry-type power and distribution transformers as last reported at the 1976 Annual International Conference of Doble Clients1..A copy of the 1976 paper is included in the present Doble Power-Factor Test-Data Reference Book4.It is not the intention of this paper to review the recommended test procedures for transformers which are covered in the latest test set Instruction Manuals2, but provides information to the test engineer to assist him in providing a preventative maintenance program for dry-type transformers. TEST TEMPERATURE The power factors for ventilated/open and encapsulated units have been tabulated at test temperatures. The use of so many different insulating materials has made it difficult to determine a power factor temperature correction factor for ventilated units. Many tests are performed at close to 20°C, minimizing the need for a correction factor. Experience will determine whether a power factor temperature correction factor needs to be established for the newer encapsulated units. The use of modern insulation materials with relative flat potter factor vs.temperature characteristics, and manufacturing expertise tend to minimize the need for a correction factor for the test temperature at which most units are tested. Transformers with questionable power factors obtained to tests performed at temperature. substantially ambient should be retested at or near ambient temperatures. For these units, the Client should review his specifications to insure correct in-service application. RECOMMENDED TEST VOLTAGES Power Factor When testing electrical apparatus which utilizes dry-type insulation for the major portion of Its insulation system, it is good practice to observe the power factor vs. voltage characteristic for the high-voltage insulation system. In most cases, users of the 2.5 kV Doble test sets will not be able to obtain this characteristic nor can it be obtained for low-voltage windings or graded insulation systems rated for 2.5 kV or less. For users of the 10 kV test set, the recommended test voltages noted in Table I and in the M2H Instruction Manual2 which, were developed from IEEE-C47.12.90 and 12.00 1980 should he utilized. TABLE I RECOMMENDED DOBLE POWER-FACTOR TEST VOLTAGES FOR DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



Above 14.4



Test Voltage (kV) Delta and Ungrounded Wye Windings 10 kV Test Set 2.5 kv Test Set 2 and 10 2.5



12 to 14.4



2,*, and 10



5.04 to 8.72



2 and 5



Transformer Winding Rating (kV)



2.5 2.5
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2.4 to 4.8



2.0



2.0



Below 2.4



1.0



1.0



*Operating Line-to-Ground Voltage Grounded Wye Windings The graded insulation system dictates that the following test voltages be used. 2.4 and Above Below 2.4



2.0 1.0



For users of the 2.5 kV Doble test sets, a 2.5 kV test voltage should be utilized for those units whose rated kV (see Table I) is higher than 2.5 kV. In order to minimize in-service problems, a number of clients are testing transformer windings rated at low-voltage (500 volts or less). In this regard, please note the recommended test voltage in Table No. I. Capacitance When power factor tests are performed on the major insulation portion of the transformer (CH, CL, and CHL) the capacitance values for these systems should be recorded. For users of the Doble Type MEU and M2H test sets, a capacitance value is obtained from the Capacitance Dial associated with these instruments. For users of the Doble Type MH test set, the capacitance value may be calculated from the observed charging current utilizing the following formula: C(picofarads) = I(milliamperes) X 265, or by using Figure 1-2 on Page 19 of the MH Instruction Manual2. SUPPLEMENTARY TESTS Exciting-current measurements, dielectric-loss tests, and power factor tests should be made on the transformer winding, arresters, potheads, and cables associated with the unit as outlined in the Instruction Manuals of the proper test set. TEST DATA OBTAINED The low-voltage (2.0 or 2.5 kV) power factors will provide information as to the insulating quality of the transformer insulation system. Before the power factor versus voltage characteristic is obtained, the low-voltage power factor should be evaluated. If it is deemed unacceptable, no further tests should be performed since they Mac contribute to additional deterioration of the insulation system. The power factor versus voltage characteristic can manifest itself in the following manner: (Figure 1). 1. A flat characteristic - no change in power factor with an increase in test voltage. 2. Power-factor tip-up, increase in power factor with an increase in test voltage. 3. Power-factor tip-down, usually a slight decrease in power factor with an increase in test voltage, 4. Power-factor characteristic curve that is a combination of curves #2 and #3. A flat power factor versus voltage characteristic is indicative of hale or no ionisation activity within the insulation system. A power-factor tip-up versus voltage characteristic is indicative of voids and ionization activity within the insulation system. It should be noted when the major portion of this increase occurs, especially it it develop, below the operating voltage. Unacceptable increases below the operating voltage level are a cause for concern. file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (2 of 27)2004-09-29 4:33:58 AM
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A power-factor tip-down versus voltage characteristic may be associated with the lack of a core ground that may set up a voltage sensitive leakage path to ground or voltage sensitive leakage path to ground between the high- and low-windings. In damp locations, (resulting in higher than average power factor) the drying action of surface currents over the numerous standoff insulators can reduce the losses at he higher test voltages and result in a decreased in power factor. EVALUATION OF TEST DATA Power Factor The condition of the winding insulation system for power and distribution transformer should be determined by comparing the low-voltage power-factor test results obtained for the ground insulation (CH and CL), the interwinding insulation (CHL), and the power factor versus voltage characteristic with any factory data, with those obtained for initial tests on the unit prior to commissioning, with previous test data or with tabulated data for units with similar insulating systems. Capacitance Capacitance values should be compared with factory data or with initial tests prior to commissioning, with previous test values, or with values obtained for similar units on your system. It is most important that capacitance values be obtained prior to commissioning in order that future test results may reflect any physical changes in the transformer that may develop during in-service uses or if the unit is damaged. Many manufacturers of dry-type insulated transformers do not include power factor and capacitance tests as part of their routine factory tests, but these can be included in their "additional" test package. Factory information can be useful to field test engineers. TABULATED TEST DATA The CH, CL, and CHL power factors for the lowest test voltage used have been included in this tabulation. Power-factor data obtained for test voltages well below the operating voltage of the transformer should not be influenced by any voltage sensitive problem, but power-factor data obtained for test voltages at or above the operating voltage of the transformer probably will be influenced by such a problem. An attempt has been made to provide a power factor versus voltage characteristic by tabulating the difference in power factor for tests performed at a low voltage (2.0 kV) and at the operating voltage or at the maximum test voltage utilized (if this voltage was less than operating voltage of the unit). This is an area of most concern to the test engineer. RECOMMENDATIONS FOR INTERPRETATION OF DATA The tabulated data indicate that it is not unreasonable to expect CH and CHL power factors of 2.0% and CLpower factors of 5.0% for field tests performed on ventilated/open dry-type power and distribution transformers. They also indicate that the power factor vs. voltage characteristic is generally in the form of a power factor tip-up and that power factor tip-up values of 0.5% can be considered acceptable. Limit data obtained for encapsulated power and distribution transformers indicate overall power factors of 1.0% can be expected, with little or no change in power factor with an increase in test voltage. Exciting-current measurements are evaluated as follows: On single-phase transformers, the exciting currents recorded should be compared either with data from similar units or with data obtained in previous tests on that particular unit or, if possible, against factory data from that unit. On three-phase transformers, the results recorded on the individual phases are compared. A pattern of two similar currents and one low current is expected and is considered acceptable. RECOMMENDATIONS FOR EQUIPMENT TO BE TESTED
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Transformers either awaiting installation or de-energized for extended periods should be protected from atmospheric conditions to minimize contamination. Prevention costs are much less than corrective cost, and prevention will minimize inservice failures. CLIENT EXPERIENCE The data noted in Figure No.2 were obtained for four out of eight similar units installed as part of a turn-key project in 1976 by- the manufacturer. The overall power factors are considered acceptable; however a power factor vs. voltage characteristic tip - down was observed. A core ground measurement (A to B), made as noted in Figure 3, resulted in a value of 15.000 ohms. A ground strap was installed between the transformer core and the ventilating fan mount, and a core-ground measurement of 11.7 ohms resulted. Power-factor tests resulted in a 50% decrease in overall power factor from the initial test values with no indication of a power factor tip-down characteristic. These transformers utilize rubber pads to isolate normal core vibrations and isolate the transformer unit from ground. A review of other manufacturer literature indicates comparable use of rubber pads as vibration dampers. Investigation of the other four transformers in this group indicated that core grounds were installed during the original installation. REFERENCES 1. Armstrong, G. W., Jr., and Marottoli, E. J. "Askarel-Filled and Dry-Type Transformer Power Factors," Minutes of the Forty-Third Annual International Conference of Doble Clients, 1976, Sec. 6-1301. 2. Doble Engineering Company, An Operating Manual for Testing of Electrical Power Apparatus Electrical Insulation by the Doble Dielectric-Loss and Power-Factor Method; MH Test Set Section 7: M2H Test Set Pages 475 and 4-76; and MEU Page 4-68. 3. Doble Engineering Company, Transformer Maintenance and Test Guide (TMTG 489), Sec. 5-B. 4. Doble Engineering Company, Power-Factor Test-Data Reference Book (PFTDRB-684) Sec. 4e. Askarel-Filled and Dry-Type Transformer Power Factors. 5. Rickley, A. L. and Clark, R.E. "Transformer Exciting Current Measured With Doble Equipment (A Progress Report)," Minutes of the Forty-Third Annual International Conference of Doble Clients, 1976, Sec. 6-1101. 6. Ruggles, H.A. "Mechanical Collapse of Autotransformer Low-Voltage Winding Found by Change of Interwinding Capacitance," Minutes of the Fifty-First Annual International Conference of Doble Clients, 1984, Sec. 6-501. Curve No.1 Flat Characteristic Curve No.2 Power Factor Tip-Up Curve No.3 Power Factor Tip-Down Curve No.4 Combination Curve Nos. 2 & 3
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Power Factor vs. Voltage Characteristic FIGURE 1
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Core - Ground Measurements FIGURE 3
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TABLE I



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (8 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (9 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (10 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (11 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (12 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (13 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (14 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (15 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (16 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (17 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (18 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE I (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (19 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (20 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (21 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (22 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (23 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (24 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (25 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



TABLE II (Continued)



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (26 of 27)2004-09-29 4:33:58 AM



POWER-FACTOR TESTING OF DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS



©1989 Doble Engineering Company All rights reserved POWER AND DISTRIBUTION TRANSFORMERS



file://///pfs1/Knowledgebase/App_G_T/html/DobleTest%20Data%20Reference%20Book/DobleTest/Power/4-9.1.htm (27 of 27)2004-09-29 4:33:58 AM



Summary of Comments on Test Data Reference Book, Power Transformers Section 8 Test Data Reference Book, Power Transformers - Section 8 contains no comments





 View more...



Comments






















Report "Test Data Reference Book (Secc 8 Power Transformers )"






Please fill this form, we will try to respond as soon as possible.


Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description








Close
Submit















Share & Embed "Test Data Reference Book (Secc 8 Power Transformers )"





Please copy and paste this embed script to where you want to embed



Embed Script




Size (px)
750x600
750x500
600x500
600x400





URL










Close











About | 
Terms | 
Privacy | 
Copyright | 
Contact



 
 
 










Copyright ©2017 KUPDF Inc.








 SUPPORT KUPDF


We need your help! 


Thank you for interesting in our services. We are a non-profit group that run this website to share documents. We need your help to maintenance this website.

	
Donate

	
Sharing







To keep our site running, we need your help to cover our server cost (about $400/m), a small donation will help us a lot.





	
Share on Facebook

	
Share on Google+

	
Tweet

	
Pin it

	
Share on LinkedIn

	
Send email




Please help us to share our service with your friends.








No, thanks! Close the box.








