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ABSTRACY

PNL has conducted a test program on relays to determine the influence of
parame..rs related to design, electrical conditions and vibratory motion on the
respective seismic capacity levels. Single frequency excitation was used o
most of the test runs; multifrequency random motion was also used for some test
runs The test data have been evaluated and the results are presented in thi
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EXECUTIVE SUMHMARY

As part of the Component Fragility Research Program, BNL has conducted a
test program to explore the influence of various vibration and electrical
parameters on the seismic capacity of relays. A total of forty six commercial
grade relays were tested. Most of the tests were performed with single axis
sine dwell excitation in the frequency range of 1-50Hz. Relays were tested both
with the electrically operating and nonoperating conditions, Both the normally
open and normally closed contacts were monitored. Limited multifrequency tests
were also performed to determine the correlation between the single frequency
and multifrequency fragility levels. Electrical chatter for a duration of 2
milliseconds or greater was used as the failure criterion.

The enormous amount of data generated from approximately three thousand
test runs have been evaluated and the results are contained in this report.
The capacities of the tested relays are provided at each frequency in terms of
the acceleration of the input sine dwell motion. Multifrequency test results
are presented in terms of test response spectra. Substantial variations of the
capacity results are observed due to influence of the frequency and direction
of the input motion, electrical modes and contact states. The capacities of
multiple specimens of the same relay model typicully vary up to 50-100%.
Repeated short duration chatter is observed in some cases to be more harmful than
a single long duration chatter output.

At low frequencies, the capacity levels of the tested relays were
controlled by input motion either in th2 front-to-back or 1in the vertical
direction; whereas, at high frequencies typically the vertical motion was more
damaging. The side-to-side motion seldom controlled the capacity level. For
most relays, the normally closed contacts in the nonoperating electrical
condition were first to indicate chatter. It was difficult to control the shake
table motion in determination of the frequency dependent fragility test response
spectra. This was successful for one relay model. The mean ratio between the
spectral acceleration at 5% damping and the respective sine dwell amplitude was
approximately three (3). A few relays were tested with alternate adjustments
and settings. It appears that at each frequency there is an optimum adjustment
for each specimen at which it pcrforms best.

The current test program is aiso described in this report. The impact of
the 2 millisecond chatter on the relay capacity levels will be investigated by
further testing. The variation of the capacity levels among specimens of an
identical relay model will be further explored. The conversion factor relating
the mult1frequency test response spcicra vith the corresponding single frequency
input motion will be established for additional relay models.






TABLE OF CONTENTS

ABSTRACT

EXECUTIVE SUMMARY

ACKNOWLEDGEMENTS

LIST OF TABLES

LIST OF FIGURES

CHAPTER 1 BACKGROUND

1.1 INTRODUCTION

1.2 BACKGROUND

1.3 OBJECTIVES OF BNL TESTS

CHAPTER 2 TEST PLAN

2.1 INTRODUCTION

2.2 TEST SPECIMENS

2.3 MOUNTING FIXTURES

2.4 TEST PROCEDURES

2.4.1 Sine Dwell Tests

2.4.1.1 Adjustment Tests
2.4.1.1.1 Spring Adjustment

2,4.1.1.2 Contact Gap Adjustment

2.4.1.1.3 End Play Adjustment

2.4.2 Sine Sweep Tests

2.4.3 Random Multifrequency Tests

2.4.3.]1 Fragility TRS
2.4.3.2 Dynamic Sir-ilarity

2.4.4 Pickup and Dropout Tests
CHAPTER 3 TEST RESULTS
3.1 INTRODUCTION
3.2 SINGLE FREQUENCY SINE DWELL TEST RESULTS

3.2.1 Frequency of Vibration Input
3.2.2 Direction of Vibration Input

ix

PAGE

iii
v

vii

xi

10
10
13
13
13
13
14
14

14
14

15

17
17

68
68



TABLE OF CONTENTS

3

4 tlectrical Condition

.5 Same Model, Different Specimens

6 Settings and Adjustments
3.2.6.1 Spring Tension Adjustment
3.2.6.2 Contact Gep Adjustment
3.2.6.3 End Play Adjustment

3.2.7 Capacity Results by Model Number
3.3 SINE SWEEP TEST RESULYS
3.4 RANDOM MULTIFREQUENCY TEST RESULTS

3.4.1 Capacity TRS
3.4.2 Dynamic Similarity

3.5 PICKUP, DROPOUT AND TRIP TIME
3.6 MISCELLANEOUS OBSERVATIONS

3.6.] Rejeated Short Duration Chatter
3.6.2 Single Axis v. Multiaxis Excitation

CHAPTER 4 SUMMARY AND RECOMMENDATIONS
4.1 INTRODUCTION
4.2 SUMMARY

4.2.1 Single Frequency Tests
4.2.2 Multifrequency Tests

4.3 OBJECTIVES vs TEST RESULTS
4.4 CURRENT TEST PROGRAM

4.4.]1 Relay Chatter and Acceptance Criteria

4.4.2 Specimen Variation

4 4.3 Relay Chatter and Circuit Breaker Malfunction
4. 4.4 Single Frequency to Multifrequency Conversion Factor

4.4.5 IEEE Std Seismic Rating
4.5 CONCLUDING REMARKS
CHAPTER § REFERENCES

Qgerating Mechanism and Dynamic Characteristic:

PAGE

70
70

75

75
103
113
113
121
12l

121
127

136
136

136
138

139
139

139
139

142
143
43
144
144
144
144
144

145



Table No.

2-1
2-2

3-1
3-2
4-1

LIST OF 7°.(ES

Relay Test Specimens
Conditions at Test Electrical Modes

Single Frequency Sine Dwell Capacity Levels
Input Accelerations in "g"
Pickup, Dropout and Trip Time Test Results

soverning Single Frequency Sine Dwell Capacity Level
Input Acceleration in "g"

xi

PAGE

11
57
137
140



LIST

OF FIGURES

Test Fixtures

nate \‘,(Hd\it) of Shake hi"‘)(‘
Dwell Test (Machine Limit)
Capacity Level
onoperating Mode, NC Contac
Capacity Level
Nonope ~ating Mode,
211 Capacity Leve
Nonoperating Mode,
11 Capacity Level
ing Mode
Capacity Level
: g Mode
Dwe ! | ty Level
154B, Operating Mods
Dwell Capaci Level
1, Specimer
operating Mode, Contac
Dwell Capacity Level
1, Specimen 2
operating Mode, NC Contact
Owell Capacity Level
ecimen 3
ing Mode,
11 Capacity Leve)
imen |
ting Mode, NC Con
11 Capacity Level

P

jode, NC Conta

Capacity Level
3

Mode, NC Con

ty Leve!




Figure No.

3.16

31

3.18

3.19

3.20

3.2l

3.22

3.23
3.24

3.2

3.26

3.27

3.28

3.29

3.30

LIST OF FIGURES

Sine Dwell Capacity Level

HMA124, Specimen 1

Nonoperating Mode, NC Contact

Sine Dwell Capacity Level

HMA124, Specimen 2

Nonoperating Mode, NC Contact

Sine Dwell Capacity leve)

HMA124, Specimen 3
onoperating Mode, NC Contact
Sine Dwell Capacity Level
1AV, Specimen 1, Operating Mode

Overvoltage, NO Contact

Sine Dwell Capacity Level
1AV, Specimen 1, Operating Mode

Undervoltage NC Contact

Sine Dwell Capacity Leve)
IAV, S-ecimen 2, Operating Mode

Overvyitage, NO Contact

Sine Dwell Capacity Level
IAV, Specimen 2, Operating Mode
Undervo\tage. NC Contact

Sine Dwell Capacity Level
PVD, V Direction

Sine Dwell Capacity Level

C0-6, Specimen 1

Operating Mode, CO Contact
Sine Dwell Capacity Level
C0-6, Specimen 2

Operatin? Mode, CO Contact
Sine Dwell Capacity Level
C0-6, Specimen 3

Operatanq Mode, CO Contact
Sine Dwell Capacity Level

SG, Specimen 1

Nonoperating Mode, NC Contact
Sine Dwell Capacity Level

SG, Specimen 2

Nonoperating Mode, NC Contact
Sine Dwell Capacity Level

SG, Specimen 3

Nonoperating Mode, NC Contact
Sine Dwell Capacity Level

SC, Specimen 1]

Nonoperating Mode, NC Contact

xiii

PAGE
33

34

35

36

37

38

39

40
4]

42

43

44

45

46

47



Figure No.
3.3]

3.32

3.33

3.34

3.35

3.36

3.37

3.38

3.39

3.40
3.41

3.42

3.43

3.44

3.45

LIST OF FIGURES

Sine Dwell Capacity Leve)

SC, Specimen 1

Operatin? Mode, NO Contact

$ine Dwell Capacity Leve)

SC, Specimen 2

Nonoperltinz Mode, NC Contact

Sine Dwell Capacity Level

SC, Specimen 2

Operatin? Mode, NC Contact

Sine Dwell Capacity Level

SC, Specimen 3

Nonoperating Mode, NC Contact

Sine Dwell Capacity Leve)

SC, Specimen 3

0perat1n¥ Mode, NC Contact

Sine Dwell Capacity Level

SVF, Specimen 1

Nonoperating Mode, NC Contact

Sine Dwell Capacity Level

SVF, Specimen )

Operatin? Mode, NC Contact

Sine Dwell Cap.city Level

SVF, Specimen 2

Operatin? Mode, NC Contact

Sine Dwell Capacity Level

SVF, Specimen 3

Operating Mode, NC Contact
Influence of Vibration Frequency
Sine Dwell Capacity Level
Influence of Electrical Conditions
Sine Dwell Capacity Level

HMA124, Specimen 1, V Direction
Influen.e of Electrical Conditions
Sine Dwell Capacity Level

SVF, Specimen 3, V Direction
Influence of Electrical Conditions
Sine Dwell Capacity Level

HFA154B, V Direction

Influence of Electrical Conditions
Sine Dwell Capacity Leve)

IAV, Specimen 1, V Direction
Comparison of Specimen Capacities - HFASI
Sine Dwell Amplitude, FB Direction
Nonoperating Mode, NC Contact

xiv

PAGE
48

49

50

51

52

53

54

55

56

69
71

72

73

74

76



)

3 4¢ Comparison of Specimen Capacities HFAS]
' ude. V Direction
NC Contact
4 men Capaciti¢ HGA
ude, FB Direction
NC Contact
3,48 men Capacitie HG/
ude, V Direction
, NC Contact
3.49 men Capacities HMAL24
ide. FB Direction
N Contach
3.5(C Comparison of Specimen Capacities HMA124
. e Dwe Amplitude, SS Directio
Nonoperating Mode NC Contact
3.5 Compar n of Spi en Capacitie HMAL 24
Sine :n‘! r\'f;v tuge, Vv :l‘V( 1107
Nor peratir Mode N( ntact
3,52 Lomparisor T oP¢ men Capacities 1AV
Sine Dwe Amplitude, FB Directior
Operatir Mode, Overvoltage, NC Contact
53 Comparison of Specimen Capacities LAV
Sine Dwell Amplitude, SS Directior
operating Mode, Overvoltage, N Contact
3,54 Comparison of Specimen Lapacities AV
Sine Dwell Amplitude, V Direction
U at Mode § 1tac NC Contact
3.5% ities 1AV
{‘..v
NO Contact
¢ ties 1AV
ctior
N\,’ ntact
;, ties 1AV
t10r
NO Contact
5¢ Lies CO-¢
tior
59 L1¢ \ L+
tior
6( itie CO-¢
]CL10r




OF FIGURES

Comparison of Specimen Capacities
Sine Dwell Amplitude, FB Direction
Nonoperating Mode, NC Contact
Comparison of Specimen Capacities
Sine Dwell Amplitude, SS Direction
Nonoperating Mode, NC Contact
Comparison of Specimen Capacities
Sine Dwell Amplitude, V Direction
Nonoperating Mode, NC Contact
Comparison of Specimen Capacities
Sine Dwell Amplitude, V Direction
Nonoperating Mode, NC Contact
Comparison of Specimen Capacities
Sine Dwell Amplitude, V Direction
Operating Mode
Comparison of Specimen Capacities
Sine Dwell Ampiitude, SS Direction
Nonoperating Mode, NC Contact
Comparison of Specimen Capacities
Sine Dwell Amplitude, SS Direction
Operating Mode, NC Control
Comparison of Specimen Capacities
Sine Dwell Amplitude, V Direction
Operating Mode, NC Control
Influence of Spring Tension Adjustment
Sine Dwell Capacity Level, HFAS1, Specimen 1
FB Direction, Nonoperating Mode, NC Contact
Influenc - of Spring Tension Adjustment
Sine Dwel, Capacity Level, HFAS], Specimen
FB Direction, Nonoperating Mode, NC Contact
Infivence of Spring Tension Adjustment
Sine Dwell Capacity Level, HFASL, Specimen
FB Direction, Nonoperating Mode, NC Contact
Influence of Spring Tension Adjustment
Sine Dwell Capacity Level, HFAS], Specimenl
V Direction. wonoperating Mode, NC Contac
Infiuence of Spring Tension Adjustment
Sinc uweil Capacity Level, MFAS1, Specimen
V Direction, Nonoperating Mode, NC Contac
influence of Spring Tension Adjustment
Sine Dwell Capacity Level, HFAS51, Specimen
V Direction, Nonoperating Moge, NC Lontact
nfluence of Contact Gap Adjustment

11 Capacity Level, HFAS1, Specimen

on, Nonoperating Mode, NC Contact




Contact Gap Adjustment
vacity Level, HFASI, Speciman ¢
. "c.w'-n'[t“’c‘.\'ﬁl:} Mode, NC Cuntact
Contact Gap Adjustment
ACity Level, HFAS]1, Specimer
Nonoperating Mode, NC Contact
Contact Gap Adjustment
Capacity Level, HFAS1, Specimen
Nonoperating Mode, NC Contact
ntact Gap Adjustment
tv Level, ~FAS51, Specimen
operating Mode, NC Contact
act Gap Adjustment
ity Level, HFAS], Specimen
perating Mode, NC Contact
Play Adjustment
ty Level, IAVS3, Specimer
ating Mode, UV, NC Contac
Play Adjustment
city Level, IAVS3,
era.ing Mode, UV,
Piay Adjustment
ty Level, CO-6, Specimen
ating Mode, CO Contact
Play Adjustment
ty Level, C0-6, Svecimer
ating Mode, CO Contact

}
Of k

\

Dwie 11
ng Mode
ion of ¢
requency TRS y, Specimen 3
tion, Nonoper g Mode, NC Contac
1 of Sine Dwe Input
v, Specimen
Mode, NC
Input
1, Spec
g Mode,

jon Facte

Modse




Figure No.
3.91

3.92

3.93

3.94

3.95

3.96

3.97

3.98

LIST OF FIGURES

Multifrequency TRS @ 5% Damping
HFAIS1AF, 151BH, 154EH and 15. BF

FB Direction, Nonoperating Moae, NC Contact
Multifrequency TRS @ 5% Dampi

HFAISIAF, 151BH, 154EH and 154BF

V Direction, Nonoperating Mode, NC Contact

Multifrequency TRS @ 5% Damping

HFA1S4EH and 154BF

FB Direction, Operating Mode

Multifrequency TRS @ 5% Damping

HFA154EH and ]154BF

V Direction, Operating Mode

Dynamic Similarity of HFA Relays

Sine Dwell Capacity Leve)

FB Direction, Nonoperating Mode, NC Contact
Dynamic Similarity of HFA Relays

Sine Dwell Capacity Level

V Direction, Nonoperating Mode, NC Contact

Dynamic Similarity of HFA Relays

Sine Dwell Capacity Level

FB Direction, Operating Mode

Dynamic Similarity of HFA Relays

Sine Dwell Capacity Level

V Direction, Operating Mode

xviii

PAGE
128

129

130

131

132

133

134

135






In addition to the individual relay tests described above, wherein the
specimens were mounted on rigid fixtures, a large number of tests were conducted
with relays mounted on flexible panels. These panels were tested with either
single frequency or multifrequency inputs, and in some cases relays exhibited
chatter. Accelerometers mounted at the relay locations provided the corre-
ponding vibration levels at which the relays malfunctioned. Thus, the relay
fragility information can also be derived from the panel test data. Since relays
are mounted on flexible panels in the field, d:ta obtained from panel testing,
where the vibration has been filtered through the panel structure, are expected
to ceflect the plant conditions more realistically.

It has been observed that the fragility levels of a particular relay
obtained from the various tests described above are not necessarily consistent.
The following causes, individually or in any combination, can be postulated to
be responsible for such inconsistencies:

14 True frequency-sensitive fragility TRS data were not obtained in the
multifrequency tests

2. There were differences in testing techniques, time histories, testing
conditions and acceptance criteria

3. The test specimens were really not identical although the basic mode)
numbers were the same. The difference in test specimens could have been
due to either a design change without a change of the mcdel number or an
adjustment of the relay or both

4. The vibration level that causes a specific amount of relay chatter varies
over a wide range. In other words, the threshold of the chatter limit can
be attributed to different vibration levels.

1.3 OBJECTIVES OF BNL TESTS

The essertial objectives of the BNL test program are to address the
inconsistencies of the fragility data as discussed above and to demonstrate how
to construct frequency dependant fragility TRS by taking a few popular relay
models as examples. This will lead to a better understanding and a better use
of th?]existing test data. The objectives can be enumerated and further detailed
as follows:

13 To determine frequency sensitivity of relays by single frequency testing

2. To construct frequency dependent fragility TRS by use of multifrequency
vibration input

3. To determine a conversion factor that can be used to obtain a multi-
frequency TRS from single frequency test amplitudes

4. To verify similarity of relays of the same type but different specific
model numbers for which the manufacturers have recommended the same
capacity rating by use of similarity arguments

2



§ To determine the effect of different variables (e.g ad tment of
contact gap, spring tension for hinged armature relays and end piay of
|

disk for rotary relays) on the seismic fragility

2\

The tests were performed to satisfy the above goals and the extent

which the test results were successful in fulfilling the objective CUSSe
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CHAPTER 2
TEST PLAN

2.1 INTRODUCTION

The seismic tests were performed on a 10ft x 10ft triaxial shake table
following the procedures described in this chapter. Popular relay models were
selected for testing and a description of the specimens is provided in the
following section. The test specimens were mounted on rigid fixtures a
description of which is also included in this chapter.

2.2 TEST SPECIMENS

The relay test specimens were selected to represent various types (e.g.,
auxiliary, protective, general purpose), operating mechanisms (e.g., hinged
armature, rotary induction disk, plunger, solenoid), mounting configurations
(e.g., flush, semi-flush, surface) and electrical conditions (e.g., AC, 0C).
A total of forty six (46) relays of nineteen different models manufactured by
General Electric, Westinghouse and Square D Co. were tested. Of these, forty
two relays were purchased from General Electric and Westinghouse in 1988 as
current-vintage commercial grade items (i.e., non-class [E). The remaining four
relays (one GE, one Hestinghouse and two Square D relays) had been procured by
Lawrence Livermore National Laboratory in 1985 and previously been shake table
tested as part of their motor control center test program(4]. For thirteen
models, three specimens of each model were tested in order to verify consistency
of the results. The relay specimens and their functions, operating mechanisms
and mounting configurations are listed in Table 2-1.

The relays were tested at the factory setting and adjustment and no
alteration was made. In addition, eleven relay specimens were tested with two
alternate adjustments for determiration of the effect of adjustment on relay
chaiter as discussed in the following sections. Relays obtained from LLNL were
tested in the as-received conditions. Normal electrical function was confirmed
for a!l relays prior to vibration tests.

2.3 MOUNTING FIXTURES

The relays were installed on four test fixtures following the mounting
patterns ana cutouts as required for each specimen. The screws furnished by
the respective manufacturers were used to attach the relays on the fixtures,
The 1/4-inch trick fixture steel plates were supported on and braced by steel
angle members as shown by photographs in Figure 2-1. Each fixture assembly was
welded to the shake table in a manner such that the horizontal axes of the
vertical fixture plates were colinear with one of the two principal horizontal
axes of excitation of the test machine. By construction, the fundamental mode
of vibration of the fixtures was in the front-to-back (FB, normal to the plate
surface) direction and the fundamental frequency was around 90-100Hz.



TABLE 2-1
Relay Test Specimens

Manufacturer Number of

Model Number? Specimens Relay Description

General Electric 3 Instantaneous, hinged

12HFA1S1A9F armature, standard

Code 33 speed, self reset, 120VAC,
semi-flush mounted, back
connected, 3 NO and 3 NC
contacts auxiliary relay

General Electric 3 Instantaneous, hinged

12HFA15182H armature, standard

Code 33 speed, hand reset, 125VDC,
surface mounted, front
connected, 3 NO and 3 NC
contacts auxiliary relay

General Electric 3 Instantaneous, hinged

12HFA154E49H armature, standard

Code 33 speed, electric reset,
120VAC  60Hz, surface
mounted, front connected,
3 NO and 3 NC contacts
auxiiiary relay

General Electric 3 Instantaneous, hinged

12HFA154B22F armature, standard

Code 33 speed. self reset, 125VDC,
surface mounted, front
connected, 3 NO and 3 NC
contacts auxiliary relay

General Electric 3 Instantaneous, hinged

12HFAS1A42H armature, standard

Code 33 speed, self reset, 125V0C,

surface mounted, front
connected, 3 NO and 3 NC
contacts auxiliary relay

2

For subsequent discussions in this report,

the model numbers are

abbreviated to the extent that each model is uniquely identified and the relevant
test data are applicable ONLY to the complete model numbers listed in this table.

5



TABLE 2-1 (continued)
Relay Test Specimens

Manufacturer
Model Number

Number of
Specimens

Relay Description

General Electric
12HGA]1J052

General Electric
12HMA11B6

General Electric
12HMA124A2

General Electric
12]1AVS3L1A

General Electric
12PVD21D1A

General Electric
CR1208

3

Instantaneous, hinged
armature, standard
speed, DP DT conrtacts,
surface mounted, front
connected, 125VDC auxiliary
relay with solid cover

Instantaneous, hinged
armature, high speed,
(35ms), DP DT contacts,
surface mounted, front
connected, 125VDC auxiliary
relay without cover

Instantaneous, hinged

armature, high speed
(35ms), semi-flush mounted,
back connected, 125VDC
auxiliarywith glass cover

2 separate contacts, UV
adjustable 50 to 95% of
OV tap setting, time delay
on bottom contact, S2
drawout case, semi-flush
mounted, 115VAC 60Hz, 55
to 130 V tap range over and
under voltage relay

Single phase high speed
differential relay with
871 and target seal-in and
separate 87H, adjustment
range 87L: 75-500 V 87H:
2-50A, Ml drawout case,
semi-flush mounting

Self reset, solenoid,
120VAC  60Hz, surface
mounted, front connected
auxiliary relay




TABLE 2-1 (continued)
Relay Test Specimens
Number of
Specimens

Relay Descr

Definite 1 ime

overcurrent relay with 1
N( ontact with target
S€¢ { adiustment Lime
unit: 2-6 instanta-ne
unit: 2-8A, FT-11 drawout
case, semi-flush mounting

Instantaneous,
armature,
standard
contacts,
surface mous
relay with

Instantaneous
armature,
standard speed,
flexi-test
case, semi

auxiliary

irawcut
mounted

Instantaneous

operated,
ment, 2

mechanical
drawout ¢z

mounted current

num PICKUJ

jstment, contacts

1 drawou?s ase, sem

mount
purpose

ur.gerv( “(1'..

genera




TABLE 2-1 (continued)
Relay Test Specimens

Manufacturer Number of

Mode! Number Specimens Relay Description

Hestinghouse 1 Self reset, solenoid

AREE0A 120VAC  60Hz, surface
mounted, front connected
5 NO and 1 NC contacts
auxiliary relay

Square D 1 Self reset, solenoid

8501X0-60 120VAC  60Hz, surface
mounted, front connected,
§ NO and 1 NC contacts
auxiliary relay

Square D 1 Self reset, hinged 8501KP-

12, P14 armature, 120VAC 60Hz,

socket mounted, 2 NO and
2 NC contacts auxiliary
relay







2.4 TEST PROCEDURES

A tota)l of 2836 vibration tests were performed for determination of the
relay characteristics and achieving the goals described in Chapter 1. For most
of the tests, single axis single frequency excitation was used on all the
specimens. The remaining tests were performed on a selected group of relays
with multifrequency excitation in one, two and three directions. All relays
were powered during the tests and electrical continuity was ascertained by means
of monitoring channels which were connected to the relay contacts. The
electrical monitoring channels were recorded on osciliograph recorders containing
galvanometers that detect a change of state of the relay contact. A temporary
change of state, which is popularly known as contact chatter, for a duration of
2 milliseconds or greater was used as the failure criterion. The test vibration
Tevel was increased (or decreased) in small steps until a chatter failure or a
sustained change of state was observed. The procedures adopted for the specific
vibration tests and the corresponding electrical powering and monitoring are
discussed in more detail in the following sections.

2.4.1 Sine Dwell Tests

A1l forty six relays were subjected to single axis sine dwell vibration
inputs for a duration of approximately 30 seconds at 1Hz, 2.5Hz and thereafter
at every 2.5Hz up to 50Hz. The relays were tested at all these frequencies for
both the nonoperating and the operating modes that are described in Table 2-2.
These electrical modes were defined following the recommendations of the IEEE
Std[3]. Both the normally open (NO, i.e., open when operating coil of the relay
is deenergized) and the normally closed (NC, i.e., closed when operating coil
of the relay is deenergized) contacts of the specimens were monitored before,
during and after the shaking for detection of a temporary or a sustained change
of state. The specimens were also tested in the transition mode (i.e., change
of mode during shaking) at 10Hz interval up to SOHz to confirm that the capacity
level in the transition mode is not lower than that already established in the
nonoperating and operating modes.?

A1l the above tests were separately performed in the front-to-back (FB,
i.e., normal to the fixture plate containing the relays), side-to-side (SS) and
vertical (V) directions. The shake table capacity in terms of the amplitude of
the input sine wave was approximately 2.5¢ in the frequency range 7-20Hz and less
at other frequencies as shown in Figure 2-2.

"The hand reset HFA relays were not tested in the transition mode since
these relays could not be remotely operated.
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.
lectrical Modes

Model ) Nonoperating Mo Operating Mode

NRRERAR - PRETR (1,gwj zero volt)  96V-60Hz
Halals ov 125VD(
HAF1C4¢E ov* 96V - 60H2'

tA1548 oV’ 125VD(
ARIA OV 125V
dor OV 125VD(
e ov 125V
it ov 125V0C
IAV 120V-60Hz 155V-60H2*

95V-60H2"

41 ov 150V -60Hz2
Caig Uy 96V - 60H2
CO-¢€ . 2A-60H2 4A-60Hz2
MG oV 125VDC
i ov 125V
S 0.5A-60H 4A. 602
-y 120V-60Hz 36V-60Hz
- v 96V - 60H2
ar ~ 96V - 60H
i o 96V - 60H2
“"06V-60Hz on reset co i R e e

Latched condition, i.e. momentary application of power on operate coil

XSD\L‘{ on reset (\'1’.

ivervoitage coendition
» \
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Figure 2-2 Approximate Capacity of Shake Table
for Sine Dwell Test (Machine Limit)
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Since the relays were tested in all electrical modes with normally open
and closed contacts for excitation separately in all three directions, the sine
dwell tests identified the respective electrical mode, contact state and input
direction for which « particular relay exhibited its weakness. For subseqguent
tests, the relays were tested only for the respective weakest electrical mode,
cuntact state and input direction.

2.4.1.1 Adjustment Tests

The sine dwell tests discussed above were performed on the relays with
their factory settings without any alteration. In order to determine the effect
of alternate settings, certain parameters, namely, spring tension, contact gap
and rotary disk end play, were adjusted to a higher and a lTower value than the
respective original settings and the relays were tested again with sine dwell
inputs as described in the following subsections.

2.4.1.1.1 Spring Adjustment

The tension o the springs controliing the armature movement of two hinged
armature relay models HFASIA and MG-6 (three specimens for each model) was
adjusted. The specimens were tested to the fragility limit for both the
increased and the decreased tension settings. Only the normally closed contacts
of the relays were monitored for the nonoperating electrical mode since these
conditions governed the fragility level in the earlier sine dwel)l tests. All
six specimens were .ested in the FB direction and, in addition, the HFA relays
were tested in the vertical direction.

2.4.1.1.2 Contact Gap Adjustment

The contact gaps for HFASIA and MG-6 (three specimens of each model) were
adjusted larger and smaller than the factory setting and the specimens were
tested at both settings exactly in a similar manner as described in Section
2.4.1.1,1 above.

2.4.1.1.3 End Play Adjustment

The end play of two rotary disk relay models (two specimens of IAVS53 and
three specimens of C0-6) was adjusted by raising and lowering the disks from
the position set at the factory. The IAV relays were tested in the under-voltage
operating mode and their normally closed contacts were monitored for electrical
continuity. The CO-6 relays were also tested in *he operating mode and the CO
contacts were monitored for detection of contact chatter. All five relays were
;ubjected to vertical motion for both the higher and the lower positions of the

isks.
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Sine Sweep
Two relays (HHMA124 Specimen 1, SG Specimen 1) were subjected to a single
axis sine sweep over the frequency range of 1 to 50Hz at a sweep rate of one
;.tavk byr minute, The testing was performed in the nonoperating electrical mode
tical ka1tdt on for the HMA relays and FG excitation for the SG relay.
ta.kx were monitored for both relay

.

second duration multifrequency random
: : one-third octave bandwidths spaced one
octave apa over the frequency range of 1 to 100Hz. Electrical powering
nonitoring ons determined during the sine
ves of the multifrequency tests were

ncy fragility TRS matching the shape of
‘re"deﬂa; curves: second, to confirm the
them in accordance with the IEE!
ese two objectives are discussed

conditi

$ae
i

L

.

: 11 capacity results are typically
for different relays, each relay would require different multifrequency

matching the TRS with the shape of the respective sine dwell amplitude
o this end, the tests were performed in two different set-ups. In one

the target was to match the sine dwell results for a nonoperating SG

the single equency sine dwe

the horizontal directions and for an operating SVF relay in the vertical
D ¢ test set-up, a noncperating HMA124 relay was considered

; were 5

: with Diaxia

ent) and finailly wwt%
phase incoherent)

'
|

an electrical panel, relays even
their designs. Most often, these
insignificant effects on their

o tiy

manufacturer typically tests

the same test fixtures. However,
put curves for these relays were very
RRS shapes, construction of

was not part of this task







HFAS] (3 specimens)
HMA124 (1 specimen)
C0-6 (1 specimen)
MG-6 (1 specimen)
SVF (1 specimen)

Depending on the relay type, either voltage or current was gradually increased
or decreased until the relay picked up or dropped out by changing state, The
pickup and dropout tests were performed three times on each specimen. In
addition, the times required by the undervoltage and overvoltage contacts of
the IAV relay to change state were 2lso monitored. The test results are
discussed in the next chapter.
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CHAPTER 3
TEST RESULTS

3.1  INTRODUCTION

Tests were performed following the procedures described in Chapter 2.
The seismic capacity of a relay has been defined as the highest vibration level
at which the specimen did not exhibit a change of electrical state for a duration
equal to or greater than 2ms. At a slightly higher vibration level, the relay
experienced a minimum of 2ms chatter. For single frequency sinusoidal tests,
the amplitude of the sine wave recorded by the accelerometer installed on the
shake table is used as a measure of the seismic capacity at a specific frequency.
The amplitude accelerations are presented for frequencies in the range 1-50Hz.
For multifrequency tests, the test response spectrum analyzed from the time
history motion recorded by the table accelerometer is used as a measure of the
relay capacity level.

Results from both single frequency and multifrequency tests are presented
in the following sections. The extent to which the test data respond to the
objectives delineated in Chapter 1 has been critically evaluated and is discussed
in the next chapter.

3.2 SINGLE FREQUENCY SINE DWELL TEST RESULTS

The results of the single frequency tests are graphically presented® in
Figures 3.1 through 3.39 and also listed in Table 3-1. In these figures, the
solid curves indicate the approximate capacity of the shake table. At some
frequencies, testing was performed at slightly higher input levels. In all
these figures wheraver the relay capacity is shown at or above the approximate
machine 1imit, the relay was qualified up to the machine 1imit and the true
caparity level 1is greater than the input acceleration level shown at that
frequency.

The capacity of each specimen in each of the three orthogonal directions
(FB, SS and V) is shown in the figures for the controlling electrical mode and
contact state. The test data for the controlling modes are also summarized in
Table 3-1. The entire frequency range is divided into three bands: 5-15Hz,
16-30Hz and 31-50Hz. At each frequency band, the lowest capacity sine dwell
input acceleration and the average of all capacity accelerations in the range
are provided for each excitation direction and the controlling electrical modes.
If the fragility level of the relay is beyond the capacity cf the shake table,
the highest qualification test level is reported with a note that the data
correspond to the "machine limit." If a specimen chattered even &t the lowest
vibration level of 0.2g the capacity is designated as < 0.2g since no further
attempt was made to determine the exact capacity level. The corresponding levels
are shown as 0.1g in the graphical presentations.

*The single frequency test data have been plotted at an interval of 2.5Hz
and are presented as curves connecting the discrete data points.
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TABLE

3-1

Single Frequency Sine Dwell Capacity Levels®
Input Accelerations in "g"

Model

HFA151A

HFA151B

FB

SS

FB

88

Frequency

(Range (Hz) |
5.15

16-30

31-50

5-15

16-30

31-50

5-15

16-30

31-50

9-15

16-30

31-50

5-15

16-30

31-50

57

Electrical |[Accele- Specimen No,
Condition lration A s St
Nonop, NC |Lowest 0.90
Average| 1.14
Nonop, NC |Lowest §.70
Average| 1.10
Nonop, NC |lowest 0.65
Average| 0.88°
Nonop, NC |Lowest 1.80°
Average| 2.36°
Nonop, NC |Lowest 0,95
Average| 1.90°
Nonop, NC |Lowest 1.13%
Average| 1.42°
Nonop, NC |Lowest 1.80%
Average| 2.24°
Nonop, NC |Lowest 0.70
Average| 1.37
Nonop, NC |Lowest 0.25
Average| 0.58
Nonop, NC |Lowest 1.50¢
Average| 1.62
Nonop, NC |Lowest 1.60
Aversge| 1.82°
Nonop, NC |Lowest 0.85
Average| 1.30°
Nonop, NC |Lowest 1.80°
Average| 2.36°
Nonop, NC |Lowest 1.58
Average| 2.00"
Nonop, NC |Lowest 0.75
Average| 1.22°




TABLE 2.1 (continued)
Single Frequency Sine Dwell Capacity Levels*
Input Accelerations in "g"

Model Frequency |Electrical |Accele-|________ Specimen No.

MWMM&L@TM Bassanl
Nonop, NC

v 5.15 Lowest 1.80%
Average| 2.36°

16- 50 Nonop, NC |Lowest 1.70°
Average| 2.21%

31-50 Nonop, NC |Lowest 0.40
] Average| 0, 94°

|
HFA154E FB 5-15 Nonop, NC |Lowest 1.80°
Average| 2, 3C*

Op Lowest 1.30
Average| 1.62

16-30  |Nonop, NC |Lowest | 1.70
Average| 2.14°

Op Lowest 1.00
Average JS0b

—

31-50 Nonop, NC |Lowest 1.03
Average| 1.25

op Lowest 1,20°
Average| 1.40°

SS 5-15 Nonop, NC |Lowest 1.80%
Average| 2.36%

Op Lowest 1.80°
Average| 2.36%

16-30 Nonop, NC |Lowest 1.70%
Average| 2.10°

op Lowest 1.70%
Average| 2.10°

31-50 Nonop, NC |Lowest 0.40

Average| 1.10°
Op Lowest 0.70
| |Average| 1.20°

| | | I
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TABLE 3-1 (centinued)
Single Frequency Sine Dwell Capacity Levels*
Input Accelerations in "g"

Model Frequency |Electrical |Accele-| _ _______ Specimen No,
No. Direction |Range (Hz)|Condition lration - RIS 4
Y 5.15 Nono»n, NC |Lowest 1.80°

Average| 2.36°

| Op Lowest 1.00¢

Average| 1.50

12-30 Nonop, NC |Lowest 1.40

Average| 2 08°

op Lowest 1.00

Average| 1.41°

| 31-50 |Nonop, NC |Lowest 0.40

: Average| 1.15°

Op Lowest 0.7C

Average| 0.91°

HFAL154B FB 5-15 Nonop, NC |Lowest 1.20

Average| 1 38

op Lowest 1.80°

Average| 2.36°

16-30 Noncp, NC |Lowest 1.60

Average| 1.73°

| op Lowest 1.85*

Average| 2.20°

31-50 Nonop, NC |Lowest 1.20°

| Average| 1.43°
I

|0p Lowest 1.20°

Avecage| 1.43%

€8 5:15 Nonop, NC |Lowest 1.80°

Average| 2.36°

Op Lowest 1.80°

Average! 2.36°

16-30 Nonop, NC |Lowest 1.78"%

| Average| 2.12°

I
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TABLE 3-1 (continued

3 I ir 1 & “ { tv e
S Frequency Sine Dwell Capacity levels*
Input Accelerations in "g"
v SU—— ——
Mode Frequency |Electrical |Accels- Speg n.t
e — Lion Ui A00 X85 .J{{:.Lx B VI N—— b A
Ot Lowest 1.78"
Average 2.18'
Nonop, N Lowest 1.13°F
Average 1.4%
Of Lowest 348"
Average 1.42°
1 Nonop, NC |Lowest 1.8
Average 2. 3¢
[ Lowest 1
Average l
¢ Nonop, N( Lowest 0.8
Average l
I Lowest 1
Averag 1, 2¢
) 1 » .
) ™ LOWES T y
Average “
[ Lowest
Avel 1
'} 1 Mor I N Lowest i ) A
Average 1. 5¢ +
f Nonop, NC |Lowest 5t ¢
Average A
L) y v N ! Ate ’ 1
NONot N Lowest k id
Average L.4
) Nonop, N st 1.6
\‘\,‘ o 3 1F
A v - A " s 1
o ] 4 ' LOWES Y |
average
A { 9 *
{ n, N e 4
/\.' “':(li." : LK t




TABLE 3-1 (continued)
Single Frequency Sine Dwell Capacity lLevels*
Input Accelerations in "g"

Model Frequency |Electrical|Accele-|__ _______ Specimen No,

L Ne. _ IDirection |Range (Hz)|Condition lration Relaiilhs 2 K 3
v 5-15 Nonop, NC |Lowest 1.80° 1.60 1.80°
Average| 2.12° 1.94° 348
16-30 Nonop, NC |Lowest 0.25 0.60 1.20
| Average| 0.85 1.43 1.87%
31-50 Nonop, NC |Lowest | <0.20 0.25 0.25
Average| 0.27 0.38 0.66
HGA FB 5-15 Nonop, NC |Lowest 1.80¢ 1.20 1.30
Average| 2.15 1.35 1.47
16-30 Nonop, NC |Lowest 1.39 0.88 0.88
Average| 1.80 1.35 1.35
31-50 Nonop, NC |Lowest 1.26° 0.96 1.10
Average| 1.48 1.34 1.30%
S8 5-15 Nonop, NC |Lowest 1.80° 1.80° 1.80°
Average| 2.28° 2.40° 2.40°
16-30 Nonop, NC |Lowest 1,24 1.92° 1.43
Average| 2.08° 2.26"° W0 4
31-50 nop, NC |Lowest 123 0.86 0.61
Average| 1.42" 1.37° 1.18°
v 5-15 Nonop, NC |Lowest 1.60 1.80 1.60°
Average| 2.00° 2.06° 1.82
16-30 Nonop, NC |Lowest 1.70 1.40 1.28
Average| 2.05° 1.86 L7
31-50 Nonop, NC |Lowest 0.60 0.54 0.86
Average| 1.03® 0.92% 1.03%
HMAL1 FB | 5-1% Nonop, NC |Lowest 1.80° 128" 1.80°
Average| 2.16° 2.00° 2.36°
J 16-30 Nonop, NC |Lowest 1.80° 1.90®% 1.80°
} |Average| 2.20° 2.07° 2.20°
| 31-50 Nonop, NC |Lowest | 1.50° 1.50 1.50°
| | Average| 1.60° 1.60° 1.60°
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TABLE 3-1 (continued)
Single Frequency Sine Dwell Capacity levels®
Input Accelerations in "g"

Model Frequency [Electrical |Accele-|_______ __ Specimen No.
No. Direction [Range (Hz) |Condition lration -SRI 2 ) 2
$8 5-15 Nonop, NC |Lowest 1.80% 1.80° 1.80%
Average| 2. 36° 2.36° 2.36°
16-30 Nonop, NC |Lowest 1.70% 1.70% 1.70°
Average| 2.14° 2.14% 2.14°
31-50 Nonop, N2 |Lowest 1.20% 1.20% 1.20®
Average| 1.43° 1.43% 1.43%
v 5-15 Nonop, NC |Lowest 1.80% 1.80° 1.80°
Average| 2. 26° 2.36° 2.36%
16-30 Nonop, NC |lLowest 1.70° 1.70® 1.70
Average| 2.13° 2:.13" 2.10¢
31-50 Nonop, NC |Lowest 0.80 0.80 0.30
Average| 1.03% .08 0.65°%
HMA124 FB =15 Nonop, NC |Lowest 0,40 1.00° 1.00
Average| 0.84 1.22 1.20
16-30 Nonop, NC |Lowest 0.20 1.4C 0.80
Average| 0.39 157 1.02
| 31-50 Nonop. NC |Lowest 0.25 0.75 0.55
Average| 0.60 0.94% 0.80°
$s 5-15 Nonop, NC |Lowest 1.00 1.80° 1.80%
Average| 1.64 2.36° 2.36°
16-30 Nonop, NC |Lowest 0.25 1.70® 1.20
Average| 0.53 2.08° 1.82°
31-50 Nonop, NC |Lowest | <0.20 1.03% 1.03
Average| 0.55 1.26° 128"
I
v 5-15 Nonop, NC |Lowest 0.20 0.70¢ 1.00
Average| 0.33 1.00 1.34
16-30 Nonop, NC |Lowest | <0.20 0.70 0.70
Average| <0,20 1.05 113
31-50 Nonop, NC |Lowest | <0.20 0.25 0.25
Average| <0, 20 0.42 0.38

62



Single Frequency Sine Dwell Capacity Levels*®
Input Accelerations in "g"

TABLE 3-1 (continued)

Model

1AV

Rirection |
PR

SS

Frequency

Range (Hz).
5-1%

1620

31-50

16-30

31-50

5-15

16-30

Electrical

op, OVf,NO

Op, UVS NC

op, OV, NO

Op, UV, NC

op, UV, NC

op, OV, NO

Op, OV, NO

op, OV, NO

Op, OV, NO

Op. UV, NC

Op, OV, NO

Accele- Specimen No,
xation b W 2 -
Lowest 1.70% 1.80%
Average| 2.22° 2.36°
Lowest 0.40 0.70¢
Average| 0.75 1.37
Lowest 0.30 0.70
Average| 0.91 1.05
Lowest 0.40 0.40
Average| 0.55 0.65
Lowest 0.40 0.70
Average| 0.85 0.98
Lowest | <0,20 0.40
Average| 0.40 .55
Lowest 1.80° 1.80"°
Average| 2,30° 2.300
Lowest 1.30¢ 1.80%
Average| 1.52 2.30
Lowest 0.40 0.40
Average| 1.17 0.96
Lowest 0.30 U.40
Average| 0.71 0.%2
lowest 0.40 0.20
Average| 0.69 0.41
Lowest 0.30 0.20
Average| 0.57 0.45
Lowest 0.70¢° 1.30°
Average| 1.00 1.78
Lowest 0.30 0.60
Average| 0.58 1.20
Lowest 0.42 0.20
Average| 0.75 0.90
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Single Frequency Sine Dwell Capacity Levels®
Input Accelerations in "g”

TARLE 3-1 (continued)

Model Frequency [Eloctricnl
LNo. . Direction |
Op, UV, NC
31-50 Op, OV, NO
Op, UV, NC
PVD v £.15 Nonop*
Op*
|
16-30 Nonop?
Op*
31-50 |Nonop®
Op*
Co-6 FB 5-15 op, cot
16-30 Op, CoO®
31-50 Op, cot
SS 5-15 Op, cot
16-30 op, cot
31-50 Op, cod
l l

64

Accele-| _______ Specimen No.
.xation ) S— 2 i 3
Lowest 0.20 <0,20

Average| 0.33 0.50

Lowest 0.30 <0.20

Average| 0.59 0.35

Lowest | <0.20 <0,20

Average| 0.28 <0.20

Lowest 1.80°

Average| 2.11°

Lowest 1.80°

Average| 2. 36°

Lowest 1.70°

Average' 2.01%

Lowest 1.70%

Average| 2.12°

Lowest 0.65

Average| 1.01

Lowest 1.00®

Average| 1.21°

Lowest 0.20 0.50 0.20
Average| 2.04° 1.70° 1.98"
Lowest 1.80° 1.40 1.10
Average| 2.20° 1.98° 1,5¢"
Lowest 1.50° 1.00 0.86
Average| 1.61° 1.26° 1.12
Lowest y I3 1.20 1.55
Average| 2.32 2.2¢4% 2.16°
Lowest 1.40 0.50 0.70
Average| 1.93% 1.57 1.78%
Lowest 1.10 1.20® 0.40
Average| 1 40° 1.30° 0.93



TABLE 3-1 (continued)
Single Frequency Sine Dwell Capacity Levels*
Input Accelerations in "g"

Model Frequency |Electrical
_No. Direction |Renge (Hz) Condition |
v 5-15 Op, CO*
16-30 op, CO®
31-50 op, COb
SG FB 5-15 Nonop, NC
16-30 Nonop, NC
31-50 Nonop, NC
I
SS 5-15 Nonop, NC
16-30 Nonop, NC
31-50 Nonop, NC
v 5-15 Nonop, NC
16-30 Nonop, NC
31-50 Nonop, NC
sC v 5-15 Nonop, NC
Op, NO

I

65

Accele- | Specimen No,
ration 2 } 2 L 3
Lowest 1.30 0.70° 0.20
Average| 1.72° 1.16 0.42
1 west 0.40 0.20 <0.20
Average| 0.78 0.38 <0.20
Lowest | <0.20 <0.20 <0.20
Average| 0.30 <0.20 <0.20
Lowest 0.73 1.04 0.90
Average| 0.98 323 0.98
Lowest 0.96 0.96 0.90
Average| 1.20 1.25 1.10
Lowest 1.2 1.34 1.03%
Average| 1, 34° 1.45° 1.25%
Lowest 1.20 1.30 1.50
Average| 1.54 1.90 2.30°
Lowest 0.68 0.68 0.60
Average| 1.56 1.66 1.63°
Lowest 0.96 0.96 0.70
Average| 1.28 1.33 1.10°
Lowest 1.60¢ 1.80° 1.80°
Average| 2.05 2.12% 2.20°
Lowest 1.28 1.60 1.70
Average| 1.97° 1.91° 2.100
Lovest 0.31 0.20 0.30
Average| 0.52 0.45 0,62
Lowest 0.20 0.40 0.40
Average| 0, 58 0.62 0.58
Lowest 1.80° 1.00 1.0
Average| 2.36° 1.52 1.52
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The effects of various parameters as observed from the single frequency
test data are discussed in the following sections. This is followed by
discussion on individual characteristics of each relay.

3.2.1 Erequency of Vibration Input

The single frequency test data demonstrate that relays are sensitive to
the frequency of the vibration input, i.e., the capacity levels at certain
frequencies are much lower than those at other frequencies. Depending on the
design and the electrical state, some relays are sensitive at low frequencies
(e.g., 5-15Hz), some at medium frequencies (15-30Hz) and some at higher
frequencies. For example, in the FB direction a C0-6 specimen which is a rotary
disk relay, is very weak at 5Hz with a capacity of only 0.2g compared to the
capacity level exceeding the shake 1imit at other frequencies (e.g., 2.5g at 7.5-
20Hz) in the same direction, as shown in Figure 3.40. On the other hand, an SC
specimen, a plunger relay, is sensitive at 404z in the SS direction. Unlike
these two examples, some relays are weak over a range of frequencies rather than
at a particular frequency value. One such example is an HFA (hinged armature)
relay which demonstrated a high capacity level in the V direction at low
frequencies (e.g., greater than 1.8g at 5-17Hz), and a very low capacity level
at high frequencies (e.g., 0.4g or less at mnst frequencies between 23 and 50Hz),
as shown in Figure 3.40,

3.2.2 Direction of Vibration Input

The relay capacity level changes with the direction of the vibration input.
For example, the capacity levels of an SG relay in the FB, SS and V directions
are shown in Figure 3.29. At low frequencies, the capacity level is governed
by input in the FB direction, whereas at high frequencies, the vertical direction
controls the capacity level. The SS input governs at 27Hz. For some relays,
one direction controls the entire frequency range. One such example is an SC
relay which is much weaker in the vertical dirertion as shown in Figure 3.30.
Usually, either the FB or the V direction controls the relay capacity levels in
the 'ow frequency range. For most relays, excitation in the V direction is more
damag ‘ng than the FB direction at high frequencies, For example consider Figures
3.1, 3.8 and 3.39. Figure 3.1 shows that at low frequencies the capacity of an
HFA relcy in the FB direction is much less than that in the V direction; whereas
at all frequencies above 22Hz the capacity in the vertical direction is lower.
In Figure 3.8 at low frequencies (e.g., < 25Hz) the capacity of another HFA relay
is controllad by either the FB or the V direction input and at higher rrequencies
the capacity in the V direction is much lower than that in the FB direction,
Figure 3.39 exhibits the capacity of an SVF reiay which is very weak against
vertical excitotion at all frequencies. The SS direction rarely controls the
relay capacity and even if it does, it governs oniy at a short frequency range
as illustrated in Figure 3.19 which shows that the SS directizn governs the
capacity of an IAV relay only in the frequency range 22-24Hz
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3.2.3 Operating Mechanism and Dynamic Characteristics

Although the dynamic characteristics such as resonance frequency of a
relay were not monitored during the vibration tests, the movement of the
operating mechanism was captured through chatter detection. Hinged armature
operating mechanisms were observed to vibrate causing chatter over a wide
frequency range. For example, Figure 3.1 shows how the movement of a hinged
armature mechanism in the FB direction causes chatter. The capacity in the fB
direction did not change much over the entire frequency range (0.7-1.3g). More
importantly, there are other elements in the relay design that can affect the
capacity level. Figure 3.7 illustrates that although the armature of the HFA
relay moves in the FB direction, other elements in the relay design greatly
influences the capacity leve! at high frequencies since the capacity in the
vertical direction is much lower. Moreover, the influence of these elements
can be exhibited at several distinct frequencies analogous to multimode behavior
in vibration mechanics. As illustrated in Figure 3.8, the HFA relay (which has
an armature mechanism in the FB direction) was distinctly sensitive a*t 10, 15,
22 and 27 and 35-45Hz in the vertical direction exhibiting resonant-type
characteristics.

3.2.4 Electrical Cordition

Most relays are stronger in the operating mode. As illustrated in Figure
3.41 the HMA specimen withstood vibration inputs at all frequencies up to the
machine 1imit (e.g. 2.5g at 7-20Hz) in the operating mode; whereas, the capacity
level in the nonoperating mode is less than 0.5g sine dwell input. However, scme
relays are stronger in the nonoperating mode. The SVF relay is one such example
as shown in Figure 3.42. In the nonoperating mode the relay was successfully
tested almost at all frequencies to the machine limit, but in the operatinc mode
its capacity at most frequencies is limited to less than 0.3g sine dwell ..put.
Again, there are some relay models for which the capacity level at some
frequencies are controlled by the nonoperating mode and at other frequencies by
the operating mode. For example, an HFA relay performed better in the
nonoperating mode at low frequencies (up to 25Hz), and in the operating mode at
high frequencies, as shown in Figure 3.43. The IAV relay was tested at two
alternate operating modes. The results as shown in Figure 3.44 indicate that
the relay is weaker in the undervoltage condition than in the overvoltage mode.

In summary, the electrical mode strongly influences the relay performance

and the precise electrical mode controlling the capacity leve! depends on the
relay model and, in some instances, on the frequency of the vibration input.
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3.2.6.3 End Play Adjustment

The test data of IAV and CO-6 relays at alternate positions of the rotary
disks are shown in Figures 3.8]1 through 3.85. A strong effect of the end play
adjustment was observed especially for one IAV relay (Figure 3.82, 0.7g, 1.5¢
and machine limit 2.5g at 10#z). The amount of change of the capacity level
varies with the frequency of vibration (e.g., in Figure 3.8] the capacity levels
at positions 1 and 3 at SHz are res pec!\vely 0.3g and 1.5g whereas the level
are the same at 10Hz). The nature of the effect (i.e., increase or decrease of
the capacity level) is usually consistent over the entire frequency range but
it can also vary with frequency. For example, IAV Specimen 2 i1s much stronger
at position 3 almost at all frequencies but CO-6 Specimen 1 at position 3 is
stronger at 10Hz and weaker at 15Hz than at other positions. At high frequer
cies, one IAV relay exhibited a sustained change of state; however, it res

Umed

normal function upon adjustment of the disk position back to the factory setting

In summary, an adjustment of position of the disk of a rotary disk relay
greatly influences the capacity level and the factory setting may not be the
optimum setting at which the relay performs best. In addition, at some setting:
a relay can suffer a sustained change of state

Capacity Resylts by Model Number

The capacity of each relay model is discussed in this sectio

mentioned earlier, the single frequency capacity level of each
in Figures 3.1 through 3.39. The same test data have been summarized an
in Table 3-1. The individual characteristics of each relay model as

HoucT |

from the single frequency test data are briefly highlighted ac

relay is prese

11
0! 10wWS

HFA151A (Figure 3.1)

The NC contacts in the nonoperating electrical mode governs the

The hinged armature operating mechanism can withstand about 1.0g sine dwel)

across the frequency range (lowest 0.7g) in the FB direction, f’

frequLngwt , the relay i1s weaker in the vertical direction (average 0.
3)

capacity

g,

HFALS51B (Figure 3.2)

The '“dratter\ut:cs are very similar to the \huvc HFALS51A relay except
on2 exhibited higher capacities (e.g., above 1.5g at low frequencies
direction).

HFA154E (Figures 3.3 and

Unlike the above two relays, in the nonoperating mode, this relay
withstood vibration up to the machine limi 1 a?moel at all freque
three directions. However, in the operati mode, the relay 0
and changes state at a much lower level (1 C 2 Og at low frequencie
V directions; 0.7-0.9g at high frequencies in V direction)







-~ M e — Dk A B i i D Ak e M Al e e et il e B e e A s e 2 e o

3.0

—— Machine Limit
w—— - Disk Position |

...... Disk Posttion 2
i e Disk Position 3
-
1 S X
. i %
5] [
&
:
d ‘.
§. ;
\; x“/\ .
) "l V‘\ _____ b‘/-,’:\’“ © —

\l 1 ¥ 1 I T ¥ 1 14
0,0 5.0 10,0 15.0 200 25.0 30.0 3IS.0 40.0 45.0 80.0
Frequency (Hz)

Figure 3.82 Influence of End Play Adjustment
Sine Dwell Capacity Level, IAVS3, Specimen 2
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HFA154B (Figures 3.5 and 3.6)

This is another latching relay. However, unlike HFAI54f, in the nonoperating
mode, this relay performs similar to HFA151* and MFALSIE (1.2-1.6g9 at low
frequencies in the FB direction and 0.2-1.0g at high frequencies in the V
direction). In the operating mode, the relay was successfully tested to the
machine 1imit in the FB direction but the capacity was limited to 0.7-1.6g at
most frequencies in the vertical direction (tne relay changed state due to
dropping of its latch).

HFAS1 (Figures 3.7-3.9)

The weakes: mode of tnis hinged armature relay is nonoperating, NC contacts,
At low frequencies, the FB direction governs the capacity (1.2-1.8g) and at high
frequencies the vertical direction controls (0.2-0.7g)

HGA (Figures 3.10-3.12)

The nonoperating mode governs the capacity level in all directions. At low
freguencies, the capacity levels are just about the same in both the horizontal
and vertical directions (1.3-2.3g) and at high frequencies the capacity in the
vertical direction is slightly lower (0.5-1.0g). In the operating mode, the
capacity level is slightly higher than that for the nonoperating mode at high
frequencies and was tested to the machine limit almost at all low frequencies.

HMA1l (Figures 3.13-3.15)
The nonoperating condition is the controlling electrical mode. In the low
frequency range, the relay was tested to the machine 1imit at most frequencies,

the FB direction being the weakest direction (1.7-2.5g machine Timit). At high
f-equencies, the relay showed sensitivity in the vertical direction (0.3-1.09).

HMA124 (Figures 3.16-3.18)

The NC contact in the nonoperating mode governs the relay capacity. The relay
is weak in both the horizontal and the vertical directions (0.2-1.5g).

IAVS3 (Figures 3.19-3.22)

In the operating condition, the relay is very weak in all directions, the
undervoltage mode being slightly more sensitive than the overvoltage (0.2-1.09)
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PVD21 (Figure 3.23)

In the horizontal directions, the relay was tested to the mach'ne limit (2.5¢
at 7.5-20Hz) without any problem. In the vertical direction, the capacity is
about 2.0g in the nonoperating mode at low frequencies and 0.8-1.2g in both the
nonoperating and operating modes at high frequencies.

CR120

The relay was successfully tested to the machine limit at all frequencies in
all directions for both operating and nonoperating modes.

C0-6 (Figures 3.24-3.26)

The CO contact in the operating mode governs the relay capacity and the relay
is very weak in the vertical direction (<0.2-0.5g).

S6 (Figures 3.27-3.29)

The nonoperating mode controls the relay capacity. At low frequencies, the
hinged armature operating mechanism is weaker in the FB direction (about 1.0g)
and at high frequencies the vertical excitation causes more chatter (0.3-0.6g).

The specimens were successfully tested to the machine limit in both electrical
modes and in all three directions at all frequencies except that at 10Hz one
specimen indicated unacceptable chatter at a level above 2.2g in the operating
mode.

SC (Figures 3.30-3,35)

The relay is strong against horizontal excitation and successfully withstood
vibration up to the machine limit in both electrical conditions almost for all
frequencies. However, it is weak in the vertical direction especially in the
noncperating mode (operating mode 1.0-2.0g, nonoperating mode 0.2-1.0g).

SVF (Figure 3.36-3.39)

The operating mode controls the relay capacity which is very high in the FB
direction and is weaker in the SS direction, especially at higher frequencies.
In this direction (SS) the capacity of one specimen sharply dropped to a level
less than 0.2g at 25, 32.5 and 42.5Hz. The relay is very weak in the vertical
direction at all frequencies (<0.2-0.5g).
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AR

The relay was successfully tested to the machine limit for both electrical
conditions and in all directions at all frequencies.

8501X0, 8501KP

Both relays withstood vibration up to the table 1imit for both electrical modos
and in all directions at all frequencie except that 8501X0 was assigned a
canacity of 2.25g at 7 and 10Hz in the FB direction for the nonoperating mode.

3.3  SINE SWEEP TEST RESULTS

Sine sweep tests were performed on two relays in accordance with the
procedure described earlier in Section 2.4.2. The HMA124 relay chattered for
less than 2ms at 0.1g and greater than 2ms at 0.2g. The SG relay withstood up
to 0.7¢g with chatter less than 2ms and exhibited greater than 2ms chatter at
1.0g. Both results are consistent with the respective sine dwell test data
(Figures 3.16 and 3.27).

3.4 RANDOM MULTIFREQUENCY TEST RESULTS

The multifrequency tests were performed in accordance with the procedures
described in Section 2.4.3 in order to demonstrate generation of true frequency
dependent fragility TRS data and to verify the dynamic similarity of relays with
the 1EEE standard response spectrum input. The results are separately presented
in the following two sections,

3.4.1 Capacity TRS

Generation of a capacity TRS matching the shape of the capacity sine dwell
input accelerations is demonstrated in Figure 3.86 for an SG relay. The
multifrequency input in the FB direction was gradually raised from Level 1 to
Level 4 with the target to match the single frequency input shape at each level.
Up to Level 3, th- relay did not exhibit chatter grecater than 2ms duration and
at Level 4 the relay chattered for 10ms. Therefore, the Level 3 TRS is
considered to be the capacity TRS for this relay. Ideally, the target was to
generate the TRS such that at every frequency the response acceleration can be
obtained by multiplying the respective sine dwell input with a constant factor.
However, due to Timitation of controlling the TRS shape at the laboratory, Level
3 TRS has been considered to meet the target for practical purposes. Figure 3.87
shows the conversion (or amplification) factor relating the single frequency
input with the multifrequency response at every frequency. The so-called
amplification varies between 2.1 and 4.5 in the frequency range 5-30Hz. The
average value is 2.3 in the frequency range 5-15Hz and 3.0 in the frequency range

'5-30Hz. Similar capacity and amplification curves were also constructed for two
other SG specimens and are shown in Figure 3.88 and 3.89. A comparison of the
amplification values for all three SG relays is made in Figure 3.90. An average
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amplification value of 3.0 appears reasonable for this relay model in order to
convert the single frequency sine dwell input to the respective multifrequency
TRS at 5% damping.

Similar attempts were made to generate true capacity and amplification
curves for two other relays as mentioned in Section 2.4.3.1. However, the
repeated peaks and valleys in the single frequency capacity curves could not be
simulated to obtain reasonable TRS shapes. Due to the same reasons the
multiaxial multifrequency test data did not shed additional light to mcdify the
single axis results as presented above for inclusion of the multiaxis effect.

3.4.2 Dynamic Simjlarity

Four HFA relay models (three specimens of each model) of the Century Series
were tested for exploration of dynamic similarity of relays of the same type as
described in Section 2.4.3.2. First, all twelve relays were tested with biaxial
excitation in the nonoperating mode and chatterinyg of the normally closed
contacts were monitored. Since the single frequency tests showed that the HFA154
relays are also almost equally sensitive in the operating condition due te
dropping of the latch, these six relays were next tested with multifrequency
inputs in the operating condition. The TRS data are presented in Figure 3.91.

Mone of the relays exhibited chatter of 2ms or greater up to the TRS of
Level 1. A1) three 151AF relays exceeded the chatter 1imit at all higher levels.
Specimens 1 and 3 of both 151BH and 154BF (both DC) chattered for more than 2ms
at Level 3; but only Specimen 1 of 154BF chattered at level 4 and only Specimens
1 and 3 of 151BH chattered at Level 5. However, when the vibration was raised
to Level 6, all three specimens of 151BH and 154BF exceeded the chatter limit.
Up to this level none of the 154EH relays indicated chatter greater than 2ms.
With a further increase of excitation to Level 7 all twelve relays chattered
including the three 154EH relays. The corresponding vertical TRS plots of the
biaxial excitations are shown in Figure 3.92.

The test data corresponding tn the operating mode are shown in Figure
3.93. All six HFA154 relays were qualified up to Level 1. At Level 2, one
154EH specimen changed electrical state due to dropping of the latch. A1l three
154EH and two of the three 154BF relays changed state at Level 3. The
co;responding vibration levels in the vertical direction are shown in Figure
3.94,

In summary, the four HFA models did not exhibit similar vibration
characteristics at all. In the nonoperating electrical mode, the 151AF relays
showed the lowest capacity (Figure 3.91, Level 1) and 154EH relays demonstrated
to be the strongest (Figure 3.91, Level 6) while the 151BH and 154BF were in the
middle (Figure 3.91, Levels 2-5). On the other hand, in the operating mode only
the 154EH and 154BF relays malfunctioned and not the other two models. These
results are consistent with the corresponding single frequency test data as shown
in Figures 3.95 through 3.98.
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TABLE 3-2
Pickup, Dropout and Trip Tire Test Results'

Rel Spec imen
Hod:{ Number Test Preseismic Postseismic
HFAS] | Pickup 67.07 VDC 65.90 vDC
Dropout 6.61 VDC 7.65 vVOC
2 Pickup 72.36 VDC 65.66 VDC
Dropout 9.30 vDC 8.55 vDC
3 Pickup 61.76 VL2 63.10 VDC
Dropout 7.61 VDC 7.45 vDC
HMAL24 1 Pickup 66.32 VDC 54.50 VDC
Dropout 45.77 vDC 19.60 VDC
JAVS3 | OV Trin Time 1.07 secs 2.40 secs
UV Trip Time 4.63 secs 5.40 secs
C0-6 ] Pickup 1.97 amps 2.16 amps
Dropout 1.59 amps 1.93 amps
MG-6 1 Pickup 64.30 VDC 70.30 VDC
Dropout 34.70 VDC 37.50 vDC
SVF 1 Pickup £5.50 VAC 50.10 VAC
Dropout 45.40 VAC 48.20 VAC

' The average of three tests is reported.
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CHAPTER 4
SUMMARY AND RECOMMENDATIONS

4.1 INTRODUCTION

A summary of the test results is presented in this chapter. In addition,
a critical evaluation of the test program is made in fulfilling the objectives
enumerated in Chapter 2. The current research efforts at BNL in this area are
also discussed in this chapter.

4.2  SUMMARY

Forty six relay specimens of nineteen different models from three major
manufacturers were seismically tested to the fragility limit. In most of the
tests a single freguency sine dwell wave form was used in the frequency range
1-50Hz. The motion was provided in different orthogonal directions and different
electrical modes were simulated. Multifrequency vi“ration inputs were used on
a selected group of relay: to drav true fragilit, TRS curves matching the shape
of the respective single frequency input curves. The results are briefly
discussed in the following sections.

4.2.1 Single Frequency Tests

The governing capacity of each relay model 1is summarized in Table 4-1.
The results are shown only for the controlling electrical mode, contact state
and direction of excitation. 1! multiple specimens of a relay model were used,
the highest vibration level at which none of the specimens exhibited chatter
equal to or longer than 2ms is reported. The test data show that most relays
are weaker in the nono, . ating mode. Normally closed contacts are typically
weaker than the normally open c¢nntacts. A latchin? mechanism, if present, can
drop causing a change of electrical state. Fxcitation in the side-to-side
direction seldom controls. At low frequencies either the front-to-back or the
vertical 1input or both control the fragility whereas at high frequencies
typically the vertical excitation governs the relay capacity. The variation of
the capacity level among the specimens of the same relay model is high,
Adjustments and seitings can greatly influence the capacity results and the
effect varies with frequency.

4.2.2 Multifrequency Tests

A true fragility TRS matching the shape of the single frequency input curve
can be drawn, However, if the single frequency capacity varies greatly at
subsequent frequencies, it 1s very difficult to achieve the matching TRS shape
due to limitation of shake table contrels. In the test program, a reasonable
matching was achieved for three specimens of one relay model. The vesult shows
that an average multiplication factor of three can be used to d-aw a mutli-
frequency TRS capacity curve by use of the corresponding single frequency sine
dwell input curve. This factor appears to be higher for relavs with low single
frequency capacities (e.g., < 0.5g input) and lower for relay. with high
capacities. Four relay models of the same type that were judged sim'lar by the
manufacturer were tested to explore the dynamic similarity. The relays exhibited
very different characteristics.
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TABLE 4-1 (continued)
Governing Singls Frequency Sine Dwell Capacity Level®
Input Acceleration in "g"

MODEL FREQUENCY ACCELERATION

No. RANGE HZ LOWEST AVERAGE CONTROLLING CONDITIONS

$G 515 0.73 0.98 FB, Nonop, NC
16-30 0.60 1.56 §8, Nonop, NC

0.90 1.10 FB, Nonop, NC

31-50 0.20 0.45 V, Nonop, NC

sC 5-15 0.20 0.58 V, Nonop, NC
16-30 0.20 0.68 V, Nerowp, NC
31-50 0.40 0.87¢ V, Fonop, NC

SVF 5-15 <0.20 <0.20 vV, Op, NC
16-30 <0.20 <0.20 Vv, Op, NC
31-50 <0.20 0.20 Vv, Op, NC

For CR120, MC-6, AR, 8501X0 and 8501-KP relays, the capacity levels could
not be established due to limitation of the shake table.

Due to the shake table limitation, the relay capacity at 5Hz could not be
established and the reported value is applicable in the frequency range
of 7.5-15Hz

Due to the shake table limitation, the relay capacity at some frequencies

could not be established. The average acceleration was computed based on
the highest test level and the true average capacity level is higher.

Undervoltage

14]






Effect of Adjustments

Limited single frequency testing was gorfornod to explore the effect of
various adjustments and settings on the relay capacity levels. The results
cleariy show that the adjustment of spring tension, contact gap and end play
grcutly influences the seismic capacity. However, it appears that at each

requency there is an optimum adjustment for each specimen at which it performs
best. Additional testing is required to characterize the optimua setting which
may not necessarily be an extreme adjust ent.

4.4 CURRENT TEST PROGRAM

As discussed above, most of the objectives were addressed by the relay
test program. For the remaining issues, BNL's Advisory Panel considered the
test data to be inadequate to draw general conclusions and recommended additional
tests (0.7.. tests on conversion factor relating multifrequency fragility TRS
with single frequency fragility input motion). In addition, the test program
revealed information that raises some fundamental questions regarding qualifi-
cation and definition of the fragility level of a relay (e.g., repeated short
duration chatter, variation of capacity levels between specimens). Furthermore,
other recent studies[?} identified the need for resolution of cortain other relay
issues (e.g., effect of relay chatter on breaker operation). In order to address
these concerns, BNL will perform a second series of testing as briefly discussed
in the following sections.

4.4.1 Relay Chatter and Acceptance Criteria

The evaluation of performance of relays during vibration testing requires
documentation of the output effects against a pass-fail criterion. The commonly
used criterion for output discontinuities is a 2ms period. This has been
recommended by the IEEE Std[3] and was used in the BNL relay test program.
However, the sensitivity of each specific circuit to contact chatter is different
end the use of any single criterion for a pass-fail determination could err in
either ¢irection on many actual circuit configurations,

Another aspect of the 2ms critericn that has been considered little in
the past is the repetition rate of discontinuities. The use of the 2ms criterion
for a single discontinuity is probably conservative for essentially all circuits
(except solid state circuits); however, if a Ims discontinuity repeats every 2ms,
the effect may result in the picking up or dropping out of a device that would
otherwise require a longer duration (e.g., 8ms) single discontinuity pulse.
Occurence of this type of behavior may be rare in qualification or proof testing
but it has been observed in fragilit{ testing since the latter explores each
device on the "edge" of its capacity level (see Section 3.6.1).

In the second series of testing, BNL will explore whethar and how chatter

acceptance criteria can be related to some circuit parameters in an attempt to
refine the 2ms criterion,
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