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ABSTRACT

     In this paper the results of two series of ambient and free vibration tests performed on some components of a 20kV/400V
converter substation in Tehran center is presented.  The substation under study has two parallel power lines, a lightening
arrester, a CB dejunctor, and a current transformer, which have been connected to each other by cables or bus bars.  Tests
were performed after the completion of the unit installations just a few days before putting it in service.  The first set of tests
was a series of ambient tests in time intervals of 3 minutes during the high traffic hours of day, and the second set was a
series of free vibration tests based on small initial displacements imposed on the components by ropes and quick release.  The
tests’ data were gathered by using six SS1 transducers installed in different locations of the component elevation and plan in
the two main horizontal directions.  The results of the two sets of tests were analyzed and compared, which shows good
agreement in both natural frequencies and damping properties.  Based on the results of these tests, the interaction between
various components as well as soil-structure-interaction are presently under study by use of computer models which have
been verified by test results.  At the extension of this study some shake table tests are being designed at present, which will be
used for evaluating the seismic behavior of these components subjected to real earthquake loading.

INTRODUCTION

     Among various power generation, transmission, and distribution facilities substation components have shown the highest
vulnerability in past earthquakes.  Breakage of ceramic parts, toppling of transformers and other heavy components,
dislocation of cabinets, failure of circuit breakers, oil leakage from isolators, and finally excessive displacements of some
components have been the most common types of damages.  To prevent the facilities from earthquake damages it is necessary
that their seismic response can be predicted as much precise as possible.  For this purpose the dynamic properties of various
components of facilities should be known, in turn, with high precision.  The best way for obtaining the dynamic
characteristics of any vibratory system is actual testing.  Once the dynamic properties of a system are obtained by test,
computer model of that system can be verified and based on this verification, the computer model can be used with
satisfactory certainty for any seismic analysis including time history analysis.
     Several experimental studies have performed on substation components during recent decades.  As one the first studies the
seismic qualification tests of electric equipment for Caorso nuclear plant can be mentioned [1].  The seismic tests on Class I
electric equipment for the nuclear power plant of ENEL at Caorso have been carried out.  The testing procedure has been
mainly based on the IEEE Guide, Std. 344-1971, and has been summarized as follows: Complete panels (fully equipped with
operated and nonoperated devices): resonance search at low acceleration level; determination of amplification and damping at
the found resonances; vibration tests at the resonance frequencies (continuous sine) with acceleration to be related to the floor
response spectrum on the basis of the results of the previous tests; devices (operated and monitored): resonance search as
above; vibration tests at the resonance frequencies, or at 33 Hz if resonances have not been found, with increasing
acceleration until the device have ceased to perform.
     In-situ vibration testing has been used to supplement theoretical analysis of selected storage tanks, pumps, motors, valves,
electrical cabinets, instrumentation, piping, and major structures [2].  These techniques have proved useful in providing
damping values, confirmation of theoretical models, development of models of exceedingly complex structures, and, to a
limited extent, for in-situ proof testing.  Seismic upgrading of several structures has been subsequently performed.  Five case
studies have been discussed in the paper.  In each case, a physical description, reasons for requiring tests, the testing
performed, and use of test data to aid analysis has been given.  The basic conclusion of the paper has been that in-situ testing
is a feasible and useful method to improve and guide theoretical studies and seismic design of nuclear power plant equipment
and structures.
     A series of seismic qualification tests has been conducted on a typical nuclear power plant electrical cabinet [3].
Acceleration and strain responses were measured for four ground level and six floor level specifications.  The test types
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include resonance search, biaxial independent random, biaxial dependent random, uniaxial random, sine beat, and sine dwell
excitations.  Tests involving random motion have been derived both from a random generator and earthquake signal source.
Response data have been initially presented in terms of transfer functions, time histories, and response spectra.  Then,
analytical parameters have been developed for correlation-of the data in terms of peak responses, time-averaged RMS
responses, and a new parameter defined as a damage severity factor.  Typical sine dwell and sine beat tests have been found
to be far more severe than biaxial random simulations.  The developed damage severity factors have indicated those result
vividly and have also provided a useful design tool for comparison of test severities before the tests are conducted so that a
choice can be made.
     The main criteria used by Electricite de France to test nuclear power plant safety equipment have been discussed for
seismic test qualification of electrical equipment [4].  These have been: (1) the single-axis test; (2) the single-frequency wave
(i.e., when the initial response spectrum shows a narrow band); (3) the use of one sine beat of 5 cycles or one synthesized
time history; (4) the consideration of the high stress level (this oligocyclic stress fatigue explains why one beat of 5 cycles
may be as severe as one time history of 20 sec with the same level of strong response spectrum, leading to the conclusion that
the duration of the testing wave applied to the equipment should be considered as a relative parameter only); (5) the
significance of the SSE tests compared to the OBE tests; and (6) the precautions taken to generate and check accurately the
synthesized time history and choose the test frequencies when the sine beat is used.
     Seismic qualification tests have been performed on electrical cables with multiple supports in a nuclear plant, routed from
termination panels over cable trays to dynamically active control element drive mechanisms [5].  The widely varying seismic
intensities during the stipulated events have been determined at the three cable attachment points using time history analysis
techniques.  The complexity of the test program has been reduced by testing separately the portions between adjacent
attachment points, including the mounting hardware.  The independent multiple point excitation requirements have been met
with existing equipment by first combining conservatively respective inputs, and then by applying the resultant input to one
cable attachment point while the other was kept stationary.  Special fixturing for motion amplification has been used to
simulate the extreme vertical cable test intensities.
     Some shake table tests have been also conducted on the electrical equipment of nuclear facilities.  In one of these works
the testing procedure has been modified for simplifying the traditional problems of the accelerated aging necessary before
testing and the testing of the equipment as a unit.  A unit has been tested with dummy components on a medium-acceleration-
capacity shaking table to determine earthquake-induced stress levels.  Those levels have been used then to test the actual
small components using a high-acceleration-capacity shaking table.
     In recent decade the fragility functions of electric equipment, including substations facilities, have been developed by use
of the test results [7].  The presented method is a comprehensive method for evaluating the seismic reliability of electric
power transmission systems, in which the used model provides probabilistic assessments of structural damage and abnormal
power flow that can lead to power interruption in a transmission system under a given earthquake.  Seismic capacities of
electrical equipments have been determined on the basis of available test data and simple modeling from which fragility
functions of specific substations have been developed.  Earthquake ground motions have been defined as stochastic processes
and probabilities of network disconnectivity and abnormal power flow have been assessed through Monte Carlo simulations.
The proposed model has been applied to the electric power network in San Francisco and vicinity under the 1989 Loma Prieta
earthquake, and the probabilities of power interruption have been examined in light of the actual power failures observed
during that earthquake.
     Recently, some experimental studies have been performed on electrical cabinets in nuclear power plants.  As a sample
modal identification testing has been accomplished on a seismic monitoring system central processing unit cabinet [8].  In
this work a guideline has been provided as well for conducting effective analytical modeling of cabinet-type electrical
equipment by comparing the test results with the analysis results from several different models.  From the test results and
their interpretation, modal properties (modal frequency, mode shape, and modal damping) of the specimen have been
satisfactorily identified.  The results of the study showed that the specimen behaves in a considerably nonlinear manner under
postulated earthquake motion in Korea.  The dynamic characteristics of the cabinet can reasonably be estimated by analysis
even up to the nonlinear range if the analytical models are appropriately constructed.
     As it can be seen, in the existing literature there are very few cases in which tests have been performed on the actual
facilities of a real existing substation.  The authors of this paper have had the chance to perform tests on some components of
a newly installed existing substation just before it is put into operation.  These tests are a part of a very recent research work
of the authors, [9], on the seismic vulnerability assessment of the existing power generation and transmission facilities in
Iran, which is still at hand.  The substation is called Kordestan substation, which is located near a freeway in the west-central
part of Tehran.  Being near a high traffic freeway makes a very good situation for performing ambient vibration tests.  This
substation is a 63kV-20kV transformer substation, which has two 30MVA main line with two 63kV entrance bays and twelve
20kV exit feeders.  For this study one line was selected in which a current transformer (CT), a circuit breaker (CB), some
switch gears, and a lightening arrester (LA) are included.  Figure 1 shows the CT and the CB on which the tests have been
performed.
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Figure 1- Line arrangement in Kordestan Substation in Tehran

TESTS SETTINGS

     Three sets of tests were accomplished.  The fist was on CTs , the second on CBs, and third on LAs.  Each set of tests
comprised one ambient vibration and one free vibration test.  These make totally six sets of test results.  Data gathering
devices, used for these tests, included some SS-1 seismometers and some FBA-11 accelerometers, and an SSR-1 recorder all
made by KINEMATRICS.  The instruments setup in these tests were as follows:

Gain = 8      Duration of recording = 30 - 180sec             Pre-event = 2sec 
Post-event = 5sec                    Sensitivity = 2.5 Volt/g                                 ∆T = .005 sec  (sampling rate = 200)

Test set No. 1: Current Transformer
     As shown in figure 2 six sensors, three in the power transmission line direction and three in perpendicular direction, were
installed on Current Transformers, one pair on ground level, the second pair on the middle support and the third on the top of
the CTs.

                                    (a) The tested CTs                                                   (b) SS-1 sensors arrangement

Figure 2- Current Transformers and SS-1 sensors arrangement for their tests

     The traffic induced tremors were the main source of excitations for the ambient vibration tests.  For the free vibration test
at first an initial deformation was imposed on the top of the CT by pulling a rope and then it was released suddenly.  In this
set of tests the SS-1 seismometers sensors the SSR-1 recorder were used.  Sensors 1, 2, and 3, shown in figure 2-b were in the
power transmission line direction and the other ones were in the perpendicular direction.
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Test set No. 2: Circuit Breakers
     Eight FBA-11 sensors were arranged for this set of tests as shown in figure 3.  The recorder was again the SSR-1.  Both
ambient vibration and free vibration tests were performed as explained for CTs.  Sensors number 1to 5, shown in figure 3-b,
were in the line direction and the other ones were in the perpendicular direction.

                            (a) The tested Circuit Breakers                                       (b) FBA-11 sensors arrangement

Figure 3- Circuit Breakers and FBA-11 sensors arrangement for their tests

Test set No. 3: Lightening Arrester
     Four FBA-11 sensors were used for this set of tests, installed on two adjacent LAs, as shown in figure 4.  This
arrangement made it possible to assess the instrument-soil-instrument interaction results in addition to ambient and free
vibration tests.  Sensors 1 to 4 were in line direction and the other one was in the perpendicular direction.

                            (a) The tested Lightening Arrester                                     (b) FBA-11 sensors arrangement

Figure 4- Lightening Arresters and FBA-11 sensors arrangement for their tests

     As a special test the equipment-soil-equipment interaction of two adjacent lightening arresters, as shown in figure 4, were
investigated by free vibration tests.  At first a small displacement was imposed at the top of one of the lightening arresters
(e.g. point number 1 in figure 4-b) by pulling a rope and then it was released suddenly to let the LA to perform free
vibrations.  Then the output records were collected at points number 4 and 5 shown in figure 4-b.  Comparing the recorded
outputs of the two LAs made it possible to study their interaction.



5

THE IMPORTANCE OF THE FIELD TESTS

     There are several factors affecting the results of a system identification task, which can not be included if the tests are
performed in laboratory rather than in field.  These factors, which make some complications in the identification problem in
turn, are the presence of cable interconnecting the neighboring equipment, variety of support systems and the type of fixation
to the base, which can be steel or reinforced concrete pedestal, tightness of bolts, cracks in concrete, deterioration of dampers
material, and finally soil structure interaction.  Field tests make it possible to include the effects of all these factors on the
dynamic parameters of interest, leading more realistic test results than the simplified lab models, although complications may
arise from difficulties in vibration signal interpretation as well as from noise induced electromagnetically in those signals
during testing.

AMBIENT VIBRATION TESTS

     As a lightly damped structure is subjected to a random excitation the output autospectrum at any response point will reach
a maximum at frequencies where either the excitation spectrum peaks or the frequency response function of the structure
peaks.  Hence peaks in response spectra generally can be assumed to represent either dominant frequencies in the excitation
spectrum or the natural frequencies of the structure.  To distinguish between the peaks due to structural vibration modes and
due to the input dominant frequencies in the output spectrum, one can take advantage of the fact that all points on a structure
responding in a lightly damped normal mode of vibration will be either in phase or 180 degree out of phase, depending only
on the mode shapes.  The coherence functions are needed to establish the random errors in the phase estimate, which in turn
establish the statistical significance of a discrepancy between estimated and anticipated phase values.  This point should be
considered in any set of tests to find the resonance frequencies.

Figure 5. The input excitation time history, auto-correlation, cross-correlation and auto spectrum functions of the CT
ambient vibration test results
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Figure 6. Cross spectrum magnitude and auto-power density function (Hz) of the CT ambient vibration test results

     Using MATLAB environment a program has been developed to calculate and plot the cross spectrum magnitude, the
phase and coherence functions, [10].  Using this computer program the response histories in the specific directions in top and
middle point of the system due to ground excitation were considered in each set of tests.  Then the obtained data were
processed by the method described hereinafter, [11].  The input excitation time history, auto-correlation, cross-correlation and
auto spectrum functions of the CT ambient vibration test results have been shown in figure 5.  The cross spectrum magnitude
and the auto-power density function of the CT ambient vibration test results have been shown in figure 6.  As it can be seen
in figures 5 and 6, the main peak in the auto-spectrum diagram is around 5.35 Hz (33.6 rad/sec).  To verify the accuracy of
this frequency value the cross spectrum phase and the coherency, shown in figure 7 can be used.  As it is seen, the coherency
value corresponding to this frequency is near 1 and the cross spectrum phase is near zero.  This indicates that the obtained
frequency value is of high precision. The same strategy has been employed for verification of other peak values in all tests.

Figure 7. Cross spectrum Phase and Coherency functions of the CT ambient vibration test results

FREE VIBRATION TESTS

     Knowing the variety of substation electrical equipments, as well as their structural properties and their base systems, free
vibration tests were carried out in order to ascertain the dynamic characteristics of electrical equipment such as fundamental
frequencies, damping ratios and mode shapes.

Frequency Assessment
     Given the low mechanical frequencies involved, electromagnetic shakers and instrumented hammers were not adequate.
Substation high voltage equipment is slender and flexible enough to be excited to moderate level of vibration, if pulled from
its top manually by a rope, to provoke an impulse followed by a decaying transient free vibration.  Since at the time of testing
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porcelain-insulators, and structural data were not available, equipment were excited only to low vibration levels in order to
ensure structural safety.  Table 1 shows the frequencies obtained by tests.  It is seen that difference between the obtained
frequencies by free vibration and ambient is less than 5%.

Table 1 . Electrical equipment natural frequencies (in Hz) obtained by ambient and free vibration tests

Electrical  Equipment Current Transformer
(CT)

Circuit Breaker
(CB)

Lightening  Arrester
(LA)

Ambient  vibration
In line direction

5.4 6.3 10.9

Free vibration test
In line direction

5.0 6.0 10.7

Ambient  vibration
Perpendicular to  line

direction
9.9 - 10.9

Free vibration test
Perpendicular to line 10.0 - 10.7

Damping Assessment
     It is important to note that damping is very difficult to evaluate, predominantly due to displacement amplitude recorded
being very low, and also due to the effects of resonance caused by the presence of close natural frequencies of normal modes
and even of adjacent equipment.  The obtained damping ratios are given in Table 2.  Furthermore, the results of interaction
studies on LAs are given in figure 8.

Table 2 . Electrical equipment damping ratios obtained by free vibration tests

Electrical  Equipment Current Transformer
(CT)

Circuit Breaker
(CB)

Lightening  Arrester
(LA)

Free vibration test
In line direction

2.4% 0.8% 2.8%

Free vibration test
Perpendicular to line

1.9% - 2.8%

Figure8. Soil structure interaction results of the two adjacent LAs
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CONCLUSIONS

     To identify the system properties a Single Input- Multi Output analysis were performed on the recorded data.  On this
basis by applying an artificial excitation the dynamic characteristics of such structure can be calculated using the mentioned
procedure.  The estimation of frequency functions will generally involve both random and bias errors.  The key to successful
applications is an understanding of these errors and a diligent effort to minimize them.  From mathematical point of view it is
obvious that the coherence function between the measured input and output will indicate the presence of errors and is helpful
in assessing their source and magnitude.  Random errors are due to the following sources:
• Measurement noise in the transducer and instrumentation, and computational noise in the digital calculation.
• Other unmeasured inputs that contribute to the output and are uncorrelated with the measured input
Bias errors are due to:
• Extraneous noise in the input measurement that does not pass through the system
• Resolution bias errors in the spectral density estimates
• Nonlinearity of the system parameters
• Other unmeasured inputs that contribute to the output and are correlated with the measured input.
Also it is assumed that there is a constant-parameter linear relation between the input and each measured output, and that all
unknown deviation from this ideal case can be included in uncorrelated extraneous noise terms at the output.
     From practical point of view the following conclusions can be stated.  Traffic was the main source of tremors and the
sensors were FBA-11 and SS-1, which are not high precision instruments.  It is recommended that use the seismometer rather
than accelerometer where the tremors are very weak.  Based on the results circuit breaker was found to have the lowest
damping ratio, followed by current transformer and then the lightening arrester.  Regarding that circuit breakers are the most
vulnerable equipment in substations using seismic design spectra associated to 5% damping ratio, as is usual in common code
practice, is not reasonable.  Fundamental frequencies were very sensitive to joint systems and interaction with inter-
connecting cables and adjacent equipment as well as soil structure interactions, therefore, a deeper understanding equipment
dynamic behavior is necessary.  High soil-structure interaction between the adjacent elements was shown by tests.  It was
observed that due to free vibration of one LA, the other LA started to vibrate even though they were not connected to each
other.  Thus the response of one will affect the other, and considering this effect is very important.  To reduce the collapse
probability of electrical systems due to seismic events it is desirable to perform laboratory tests as well, especially shake table
tests, and to record in-field responses to actual seismic events as a way to develop more efficient and economical vibration
control systems.

REFERENCES

1. Baccarini, L. “Seismic qualification tests of electric equipment for Caorso nuclear plant: Comments on adopted test
procedure and results,” Trans. of SMiRT 3, North-Holland Publishing Co., Amsterdam, Vol. 4, Paper K 7/9, 1975.

2. Ibanez, P. “In-situ testing for seismic evaluation of Humboldt Bay nuclear power plant for Pacific Gas and Electric
Company,” Trans. of SMiRT 4, Paper K 8/3, 1977.

3. Kana, D. D. and LeBlanc, R. W. “An evaluation of seismic qualification tests for nuclear power plant equipment,”
NUREG/CR-0345, Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission, Sept. 1979.

4. Fabries, R. “Seismic test qualification of electrical equipment--testing methods in use to EDF,” Trans. of SMiRT 6,
North-Holland Publishing Co., Amsterdam, Vol. K(b), Paper K 11/2, 1981.

5. Haslinger, K. H., Barishpolsky, B. M.,and Meseroll, J. M., “Seismic qualification of electrical cables with multiple
supports of widely varying seismic intensity,” Trans. of SmiRT 8, North-Holland Physics Publishing, Amsterdam, Vol.
K(b), Paper K 14/7, 1985.

6. Arabadji, P. and Clark, A. J., “Implementation of a seismic testing technique for nuclear power plant electrical
equipment,” Proc. of 9WCEE, Japan Assoc. for Earthquake Disaster Prevention, Tokyo, Vol. VI, Paper 10-5-15, 1989.

7. Ang, A. H.-S., Pires, J. and Villaverde, R., “Probabilistic seismic reliability assessment of electric power transmission
systems” Proceedings of ICOSSAR '93, the 6th International Conference on Structural Safety and Reliability, Innsbruck,
Austria, A. A. Balkema, Rotterdam, The Netherlands, pp1207-1214, 9-13 August 1993.

8. Joe, Yang H., Park, Hyung G. and Lee, Jong R., “Modal identification by test and analysis of central processing unit of
seismic monitoring system,” Trans. of SMiRT 15, International Association for Structural Mechanics in Reactor
Technology and Korean Nuclear Society, Seoul, Korea, Vol. VIII, Paper K04/4, 1999.

9. Hosseini, M., Hatami, M., Ghafory-Ashtiany, M. “The seismic vulnerability evaluation of power generation and
transmission systems in Iran,” IIEES Research Report (under print), International Institute of Earthquake Engineering
and Seismology (IIEES), Tehran Iran, 2001.

10. Mitra, Sanjit K. “Digital signal processing laboratory using MATLAB,” McGraw-Hill, international edition, 2000.
11. Bendat, Julius S. and Piersol, Allan, G., “Engineering applications of correlation and spectral analysis,” 2nd Ed., 1993.


	Title Screen
	Chairman's Message
	Conference Organization
	Main Menu
	Table of Contents
	Search CD-ROM
	Search Results
	Print

	SMiRT logo: 
	Conference: 
	Paper: Paper # 2022
	Transactions: Transactions,


