





ORNL-2794

Contract No. W-T7405-eng-26

INSTRUMENTATION AND CONTROLS DIVISION

A MAGNETIC CORE CIRCUIT FOR THE RELIABLE

PRODUCTION OF SINGLE PULSES FROM CONTACTS

R. J. Klein

DATE ISSUED

OCT % 61959

OAK RIDGE NATTIONAL LABORATORY
Oak Ridge, Tennessee
operated by
UNION CARBIDE CORPCRATION
for the
U.S. ATOMIC ENERGY COMMISSION

MARTIN MARIETTA ENERGY SYSTEMS LIBRARIES

I

3 4yy55 0351182 1







TABLE OF CONTENTS

SECTION

INTRODUCTION ¢ o ¢ « & o o + &

iii

SHORT CURRENT PULSES FROM CLOSING CONTACTS

Initial Contact Current
Anode Arc . ¢+ 4 0 4 o
Cathode Are¢ . « « . . .
Unstable Breakdowns . .

Determination of I. . .

EFFECT OF IMPERFECT CORE MATERIAL ..

Output Signal Integrator

Calculation of Integrator Attenuation

Selection of Integrator
OTHER CIRCUIT CONSIDERATIONS .
Power Supply Decoupling
Complete Circuit . . .
Output Polarity . . . .
Test Results . . . . .
CONCIUSIONS . & o o o o o » o
LIST OF SYMBOLS . & « « & « &
REFERENCES « « o « « o o o o o

APPENDIX ° o o . e e o e e o o

Time-Constant

PAGE

10
11
13
19
22
23
29
30
3Q
31
33
3h
38
40
42
L3



10.

11.

13.
1k,

15.

iv

LIST OF FIGURES

B&S iC SWitCh-COI'e CirCU.it . L] . . . . - . . . ] .

Typical Current Waveform Generated By Closing Contacts

Core Output Pulses With Transient Breakdown At Contacts

Load Voltage As Contacts Close .+ « + o« ¢ ¢ o o

L]

Equipment For Determining I, For Various Contact Materials.

Unstable Breakdown Performance Of Common Contact Metals .

Comparison @f Waveforms In Switch-Core Circuit .

Hysteresis Loops For S-3 Ferrite . . + « « & o o

Typical Core Output Waveform With Half-Sine Wave Shown

For Comparison . « « ¢ ¢ o s o o o o o o o »
Single Stage RC Integrator Circuit . . . . . . .
Time At Which Peak Value of eog Occurs . « - « o »
Voltage Attenuation Curve Of Integrator Circuit .
Compleéte: Switch-Core Cireuit . « o+ « « « o o ¢«
Example Of Complete Switch-Core Circuit . . . . .

Output Waveform From Test Circuit . . « « + o

.

21

2l
25
27
28
32

- 37




INTRODUCTION

Some electronic circuitry used in computers, nuclear physics in-
strumentation, and elsewhere, utilizes very short electrical pulses. In-
dividual pulses of less than one microsecond duration are regigtered by
these circuits and spurious pulses are intolerable in most applications.
Often control signals for these high speed circuits must be provided by
the mechanical motion of switch contacts. The waveforms of current and
voltage produced by contact closures is usually very irregular, and many
individual pulses may be produced by a single closure.

If a single electrical impulse must be produced for each actuation
of the contacts, special means must be employed to filter one pulse from
the irregular contact signal. The methods in common use rely on the fil-
tering action of an electronic bi-stable or mono-stable multivibrator,l
special mercury filled relays, or network filters. While each of these
systems may be satisfactory under certain conditions, none is a general
approach to the problem. Multivibrators require rather expensive active
circuitry. Special relays employ mercury wetted contacts in high pres-
gure enclosures and are therefore expensive and position sensitive.
Linear network filters have a dependence of output signal on input wave-
form which makes the output signal undependable when the input waveform
1s unpredictable.

The magnetic core circuit shown in Fig. 1 has been suggested for
use in this a.pplication,2 This approach takes advantage of the fact that,
when saturated, a magnetic materiasl which has a rectangular hysteresis

loop undergoes very little flux change when a magnetomotive force; similar
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Fig. 1. Basic Switch Core Circuit.



3

to that which caused saturation, is applied or removed. Ideally, when the
switch in Fig. 1 is actuated, the condenser C, discharges through the pri-
mary winding of the core causing complete reversal of the magnetic satura-
tion polarity on the first switch bounce. Later bounces would cause no
further flux change so the output signal, ep, would consist of one pulse.
When the switch is allowed to return to its normal state, C; recharges to
voltage V through the primary winding, resetting the core flux to its
original polarity of saturation. In reality the hysteresis loop of the
core 1s not exactly rectangular, and the first current pulse from the
switch contacts may not last long enough to fully reverse the magnetiza-
tion of the core.

The purpose of this thesis is to present the results of an investi-
gation of these and other factors which control the reliability of this
approach. The two most troublesome sources of unreliability, unstable
breakdown currents between the contacts and the departure from rectangu-
larity of the magnetic core material, are treated in separate sections.
Some general problems of design and layout are discussed in the next sec-
tion. The conclusions are presented in the last section.

It is shown that the difficulties may be overcome by a suitable
choice of parameters and slight additional circuitry. Tabulated data ave
presented which may be useful in circuit design.

The magnetic core circuit which resulted from this investigation
should prove to be a highly successful solution to the problem of obtain-

ing single electrical pulses from the actuation of contacts. It is
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passive, relatively inexpensive, and can be made extremely reliable. The
small physical size of its components fits the modern trend toward minia-

turization of electronic equipment.



P
SHORT CURRENT PULSES FROM CLOSING CONTACTS

The switch-core circuit of Fig. 1 was first designed without re-
gard for any special contact operating conditions. It was hoped that the
mechanical inertia of the contact mass would insure a first bounce dura-
tion considerably longer than the time, T4, required for magnetic flux
reversal of the core. While it was found that for even very low mass
contact assemblies, the period of the first mechanical bounce exceed 10
usecs, which is several times the usual Tg;, reliable single output pulses
were not produced. Instead of the first current pulse of about 10 usecs
auration:which was expected, oftern short pulses of current were observed
before metal-to-metal contact was established. A typical current wave-
form is shown in Fig. 2. These current pulses partially switch the core
flux and result in several short output voltage pulses as shown in
Fig. 3(b) and 3(c) instead of the desired single pulse of Fig. 3(a).

In order to understand the origin of these short current pulses
it is necessary to consider the physical events which take place as

charged metallic contacts close.

INITIAL CONTACT CURRENT

The first indication that oppositely charge metallic contacts are
approaching each other is a very weak current which is the result of
field emission electrons from the cathode surface.5’h’5 The actual
electric field strength at the microscopic irregularities on the cathode
surface is considerably greater thap the gross field, F, at the smooth
areas on the surface. If E is the voltage across the contacts and 4 is

contact separation
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E
F=3 (1)

The actual field at the peak of an irregularity is enhanced by a
factor B, which is related to the geometry of the irregularity and the
electrode spacing. Boyle, et. al.6 have reported enhancement factors up
to 30 at the peak of certain irregularities. This factor is diminished
rapidly as the contact separation is reduced but the gross field in-
creases as the separation decreases. The net effect is an increase in
field strength in all areas as the separation 1s reduced, but very high
fields may be present at irregularities even at comparatively wide con-
tact spacing.

Field emission current is a very sensitive function of field
S'l:reng'th..)‘L The fact that B is greatest at the peak of the usual mound
shaped irregularity and diminishes down the side of the mound means that
the current which flows due to field emission will originate almost com-
pletely from the peak of one cathode mound.6 The emitting area is there-
fore extremely small, between 107° and 10~ cm® for several irregulari-
ties measured on tungsten electrodes.6

The strength of the electric field required to produce a signifi-
cant current depends upon the electrode material and the cleanliness of
the surface. For badly contaminated silver surfaces, fields as low as
0.5 x 10° V/cm may be sufficient to produce currents near 1078 amperes,
vwhile for clean tungsten, 30 x 108 V/cm mey be req_uired.5 Thus ‘under
different conditions the actual separation at which field emission cur-
rent reaches & given value can vary between wide limits.

Heat is generated by resistive effects within the cathode irregu-

larity because the current density from this small emitting area is very
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great even at modest values of total current. The anode electrode is
also heated as the field emission electrons strike its surface, releas-

ing the energy they acquire from the potential drop across the gap.

ANODE ARC

If a substantial current flows only after the electrode separa-
tion is reduced to a very small value comparable with the mean-free-path
of an electron in air (0.5 micron), the bombarded area on the anode is
essentially equal to the emitting area of the cathode. In this case the
heating at the anode is much greater than that at the cathode as the same
number of electrons flow in each, but the voltage drop across the gap is
usually much higher than that within the mound shaped cathode irregular-
ity so the electrons loose much more energy upon striking the anode than
within the cathode.

The current increases as the electrode separation is reduced until
at some point the anode heating reaches the melting point of the metal.
When atoms of the anode material are released into the gap, the electrons
streaming from the cathode ionize some of them. The positive ions are
then drawn toward the cathode by the field. The approach of these ions
intensifies the field at the cathode, increasing the field emission cur-
rent. This regenerative process leads to complete breakdown and arc
formation when the ionic enhancement of cathode field current reaches
about 65%.6 Thus when the field emission current from the cathode with
ionic space charge is 1.65 times the current which would flow without

space charge, breakdown occurs and the current which flows within the
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gap is then limited only by the external circuit. The voltage across
the gap immediately drops to a value slightly larger than the ionization
potential for the electrode metal used.

Imnediately after breakdown, the particle density in the arc is
extremely high. A very rough approximation places the pressure within
the arc at over 600 atmospheres.éS The diameter of the arc is thus forced
to increase rapidly by its own internal pressure, until at some point
this pressure is balanced by magnetic containing forces. In order to
maintain the arc, the current density at the anode must not be allowed to
fall below that required to produce boiling of the metal., It has been
shown that the current required to sustain an anode arc in palladium is

about 100 times the current required to initiate it.h

CATHODE ARC

If the cathode base metal or surface condition will allow signi-
ficant field emission current at the low gross field strength which may
be obtained at electrode separations which are larger than about 0.5 mi-
crons, the electrons are dispersed by interactions with air molecules.
Thus the bombarded area on the anode is no longer equal to the emitting
cathode area, but may be much larger. The temperature rise of this large
anode area will be less than that of the emitting point on the cathode
surface for a given current. Again at some value of field current melt-
ing occurs, but this time atoms of cathode material are proJjected into
the gap. The result is very similar to the préviously mentioned break-

down in that the atoms within the gap are ionized by the electron stream.
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Breakdown is reached when these positive ions enhance the cathode field
current as before. Sustaining this arc now depends upon maintaining
sufficiently high current density at the cathode to continue boiling the
cathode material over an area which increases with time until the arc
stabilizes. Again the ignition current of the breakdown is much less

5

than the current required to maintain the arc.

UNSTABLE BREAKDOWNS

The reason for the short current pulses of Fig. 2 is now clear.
The external circuit resistance was not low enough to maintain the re-
quired current density after an arc started between the closing contacts.
In some cases, many arcs would be started by field emission current and
would blow themselves out before the contacts touched the first time.
Fig. 4 shows the effect of increasing the circuit current. In Fig. 4(a)
the primary current, i., 1s considersbly less than the minimum arc sus-
taining current, I.. Several short pulses caused by unstable breakdowns
will be noticed. As i, is increased the arc does not extinguish immedi-
ately, but does stop and start again before actual metallic contact is
established at about the 0.6 psec marker of Fig. 4(b).

It will ve noted that even after i; exceeds I,, two conditions
mey exist during the first few microseconds after breakdown occurs. The
arc with its accompanying 10 to 15 volt drop may last for a time compar-‘
able with the core switching time, Tg, as in Fig. 4(c), or the arc may
be followed almost immediately by actual contact closure as in Fig. 4(a).

Thus a certain amount of varistion in the primary current and consequently:
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in the core output pulse was ﬁoticed even when no unstable breakdown oc=-
curred. If the supply voltage, V, was large with respect to the 15 volt
ungertainty in contact drop, this variation of output pulse amplitude was
confined to less than 10%. It is not advisable to use a supply voltage
in excess of 300 volts however, as this is near the minimum sparking po-
tential for air,u Voltages of this order can cause an unstable glow-
~ discharge breakdown} in air etween the contacts, which again produces
false output pulses and result in unreliable operation. Voltages from

100 to 200 volts worked best.

DETERMINATION OF I,

Tests were conducted on commonly used contact materials %n an ef-
fort to detdérmine the minimum circuit current, I, which would pfoduce no
unstable current pulses, at least for an initial period exceeding the
longest core switching times which were expected. A period of 5 Lsec was
chosen as a reasonable upper limit to the magnetic core switchingxtimes
for the ferrite cores which by reason of size and economy seem well
suited to this application.

The equipment indicated in Fig. 5 was used to obtain data on un-
stable breskdowns which occured in various contact materials while they
were operated by a low speed motor drive.

A timed stepping relay automatically changed the series resis%»
ance in the contact circuit after a fixed number of operations of the
test contacts. A separate mgthanical register was used to record the

number of faulty operations which resulted from each value of series

resistance. Knowing the resistance and supply voltage, the contact
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15
current was determined. As long as the supply was between about 50 and
300 volts as previously mentioned, the data seemed to be nearly independ-
ent of this voltage.

The results were fairly consistent with the main variations aris-
ing from surface conditions which were related to dleanliness. Freshly
cleaned contacts have more faulty operations per thousand operations at
a given current than aged or dirty contacts. The reasons for the ease of
establishing and maintaining an arc between contaminated contacts have

7 All of the materials

been studied by Germer in considerable detail.
which he tested arced at lower fields when they were contaminated.

Fig. 6 is a plot of some of the data obtained with common contact
metals. Each point represents an average of about 10,000 contact opera-
tions which were run at different times and with different conditions of
contact surface. The curves seem to indicate that the probability of the
occurrence of an initial current pulse shorter than 5 psecs may be made
as small as desired by increasing the contact current. An example of the
effect of shortening the sensitive period from 5 usecs to 2 usecs may be
seen in the curves for paslladium. In this case, if one unstable breakdown
in 10,000 operations is an acceptable figure, about 1.6 amps of contact
current would be required for a 5 psecs sensitive period while 1.3 amps
would probably be sufficient for a 2 usecs period. It will be noticed
from the rather large slope of the curves that the probability of un-
stable breakdowns is reduced very sharply as the current is increased,
so in practice it should be easy to operate with currents sufficiently

large so that the failure rate due to this cause is negligible. The
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contact current should not be made a great deal larger than necessary,
however, as contact erosion is usually enhanced at large currents.

Table I lists the contact metals which were tested, together with
the critical circuit current; I,, which would be expected to produce about
one unstable breakdown in 10,000 contact operations. It will be noted
that the critical current increases in the same general way as the melt-
ing temperature of the metals. This trend may be useful for predicting

an approximate value for the I of an unlisted metal.
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Table I. Critical Currents for Various Contact Metals

P e

Melting
Metal Ic (amp) Temperature (°C)

SILVEr + v v v v ¢ e o o s s o 0.9 o o v v v ... 960
GOLd o v o « v 4 o o s e e e 0.9 v v e e e e .. . 1063
COPPET « « « o o o o o o o o o LT o v v o o ove » » 1083
Palladium . « « « o o o o oo LT ¢ o v o o« . . . 1554
PLatinum « « « o o o o s o o o 25 4 v o o 0 oo . . 1773

Tungsten . « « « « « ¢« o « + « 4.0 ... .. . . . . 3410
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EFFECT OF IMPERFECT CORE MATERIAL

After the significance of minimum contact current was realized

and suitable values of supply voltage and primary series resistance were
installed in the circuit in Fig. 1, single output pulses were still not
always produced for each actuation of the contacts. Very narrow spikes
of output voltage were noticed, even after the desired output pulse has
long since passed. This is illustrated in Fig. 7. The primary current,
i; of Fig. 7(a), would produce a core output voltage resembling Fig. T(b).
It will be noticed that the narrow spikes which follow the desired pulse
are the derivative of the primary current waveform. When saturated, the

core output voltsge follows the usual magnetic winding equation:
ag
e2 el -NE dt (2)

With perfect magnetic core material the flux tramsition which pro-
duces the normal output pulse completely saturates the core material so
that further flux chanrge is not possible. In reality, however, there is
a certain small amount of flux change in any magnetic material when the
applied magnetOmotive force is removed. The hysteresis loops of Fig. 8
clearly display the change along any one loop when the applied field is
removed, permitting the core flux to move from Bg back down to Byp. The
ratio gﬁ is known as the squareness ratio, Rs)8 of the core. The nearer
this ratio is to unity, the less will be the net flux change when the
magnetizing force is removed. The portion of the curve from By to Bg
is completely reversible so that application of a magnetizing force pro-

duces a flux change of opposite polarity but the same magnitude as that

produced by removing this force.
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The squareness ratio, Ry, increases with flux density as may be
seen from the decreasing slopes of the tops of the hysteresis loops in
Fig. 8 as the magnetizing force producing the loop is increased. Un-
fortunately the peak amplitude of the output voltage spike produced by
applying a magnetizing force to an already saturated core is determined,
not by the amount of flux change, but by the rate of change of flux. The
portion of the loop between By and By is extremely fast so the transition
is time limited essentially by the rate of rise of the magnetizing force.
When the core is saturated, the primary circuit is essentially resistive
so that the rate of current buildup is determined almost entirely by tﬁe
contacts. For most cortact materials this is in the order of 10~ sec or

9

faster. Thus if no preventive measures are taken, spikes may occur in
the core cutput circuit which have a peak amplitude comparabde with that

of the signal pulse.

OUTPUT SIGNAL INTEGRATOR

The area under the output pulse curves is proportional to the
amount of flux change which produced the pulse; so partial integration
in the output circuit of the core offers the possibility of attienuating
the amplitude of the noise spikes without seriously attenuating the sig-
nal pulse. It is obvious that the maximum signal-to-noise ratio (S/Nmax)
will occur with a very long time-constant integrator and will be equal teo
the ratio of the flux change which produces the des;red signal (By + Bg)
to the flux change which occurs when the driving magnetic force is re-

moved (Bg - Bp). Thus
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B +B 1 +R
S/N __8 r s

max ~ Bg - By 1 - R

(3)

It is clear that a value of squareness ratio near unity is desirable for
the core material to maximigze this signal-to-noise ratio.

Perhaps the simplest integrator for this application is the single
stage RC network. In an effort to compute the time-constant which would
produce the best filtering action, the output pulses fram the core were
assumed to be of half-sinusoidal shape. Fig. 9 shows this approximation
against a typical core output pulse, The width of the half-sine wave,
T,» Was chosen to equal about twice the full rise time of the signal
pulse. It is apparent that the error in this approximation is quite
small until the output has decayed to about 70% of its peak value.

This is sufficiently accurate to obtain a reasonable solution.

CAILCULATION OF INTEGRATOR ATTENUATION

.To find the attenuation of a half-sine-wave pulse passing through
a single RC integrator, the relation between input and output voltage of
the circuit in Fig. 10 was developed. The details of the solution of the
circuit equations are given in the appendix.

let w = ;i and assume that the input voltage,es between O<st=rTy
iss

€z = Ep sin w t (%)

The Laplace transform of the equation for the output voltage, eo, is:

z[ 2] E
i(%) = (RzC2S i 1) - (Rz=C2S +%’(s2 + 02) (5)

Applying inverse transformation and simplifiying:
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_ __ExuR sin w t ~t/RzC2
eo = TT§2525§§2+ T (Ratee - cos wt +e > (6)

Let K = B,réa, then substituting for w and RpCp:
w

EonK 1 R t t
€o = Tﬂ_fh [KK sin ﬂ(Tw) - COS8 It(,rw) + e

It is reasonable that the peak value of eg,Eog, will occur after the

_1/K(E_)
Tw } (7

start of the input pulse at t = 0, and before the input pulse ends at

t = T Equation 7 is valid during this period so the time, tp, at which
Eo occurs may be found by setting the time derivative of Equation 7 equal
to zero. Differentiating Equation 7, setting it equal to zero and sim-
plifying yields:

t
-1/Ke—
) (8)

0 = cos n(%—) + oK sin n(g—) -e
w w

Values of tp, which are the solutions of this equation for t in terms of
T, for various values of K, were determined graphically and are plotted
in Fig. 11. The time at which eg reaches its peak value varies from 0,5
Tw (which is the time the input is at its peak) when K is zero, to 1.0
Tw (which is the time at which the input wave terminates) when K is in-
finitely large.
When the values of tp from Fig.ll are inserted into Equation 7,

solutions for ep peak may be obtained. The ratio of peak input to peak

output voltage is thus:

%§-= 11 [i— sin ﬂ(;&) - cos x(;s) +e

ZnKSE + 1 | K

;
-1/K(=R)
Ty ] (9)

A plot of this ratio for various values of K is shown in Fig. 12, It will
be noticed that the attenuation of the circuit is small when K is small,

but increases until it reaches 20 db per decade at large values of K.
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SELECTION OF INTEGRATOR TIME-CONSTANT

Usually the width of the noise spikes generated by the rapid flux
transitions in a saturated core is much smaller than the width of the de-
sired output signal caused by reversing the saturated flux state of the
core. After integration, the ratio of peak amplitude of the desired sig-
nal to peak noise amplitude will depend upon the ratio of widths and ame
plitudes before integration. Unfortunately there is no value of K for
the integrator which will yield a maximum signal-to-noise ratio. This is
true because the ultimate signal-to-noise ratio obtainable by integration
is the ratio of areas of the desired pulse to the noise pulse. The larger
the value of K, the more nearly the output amplitude is related to the in-
tegral of the incoming pulses, thus the better the signal-to-noise ratio.
It may be seen from Fig. 12, however, that the amplitude of the desired
signal will drop rapidly if K is very large. A suitable compromise is
K = 0.4. The attenuation of the desired signal with this value of K is
then about 3 db, while measurements indicated an attenuation of the peak
noise voltage was sufficient to produce signal-to-noise ratios of 30 db
to 35 db for the ferrite cores* which were tested. Because of the
extremely fast rise of the noise spikes, no accurate measurement of their
amplitude and width before integration could be made. Fig. 7(c) shows the

form of the output voltage after integration.

*
General Ceramics S-1,Se3,and MF 3876 Ferrites.
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OTHER CIRCUIT CONSIDERATIONS

The performance of the switch-core circuit of Fig. 1 was quite
satisfactory after R, was chosen by the method indicated on page 17 and
an RC integrator was added to the output circuit as explained on page 29,
It was found, however, that certain other factors influence the opera-
tion of this device, particularly when it is used in conjunction with
other circuitry. These factors together with some of the general design

problems of this circuit will be considered briefly in this section.

POWER SUPPLY pECOUPLING

The supply voltage in the primary circuit, shown as V of Fig. 1,
is called upon to furnish a transient current which may be several am-
peres peak when the switch is allowed to return to its normal state after
actuation. The rate of rise of this current is extremely rapid as ex-
plained on page 22. The resulting sharp voltage transient developed on
this supply line occasionslly coupled into other circuits which shared
this line, resulting in undesirable side effects.

Usually the switch core circuit was actuated by manual operation
or by some other low duty-cycle means. A suitable RC decoupling network
was chosen so that the condenser supplied the necessary peak current for
a sufficient period to completely reverse the flux in the magnetic core
while the resistor effectively isolated this surge from the supply line.
The charge lost from the decoupling condenser during this surge was re-
placed by the decoupling resistor during the long interval between

switch actuations.
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COMPLETE CIRCUIT

Fig. 13 is a diagram of the complete circuit. The selection of
parameters to fulfill the previously mentioned conditions for relisble
single pulse production is rather straightforward.

The output impedance of the magnetic core secondary winding is a
nonlinear function of N3, Nz, i;, and time, but in most cases it has a
peak value less than a few hundred ohms. Most loads which are to be
driven by this circuit have input impedances somewhat higher than this
and so may be neglected in designing the magnetic circuit. In these
cases, the manufacturers curves relating driving ampere turns, switching
time, and peak voltage per turn may be used directly to select the core
size and windings required to produce the desired output pulse.lo A
general approach for the core design in the case of heavy loading is
available, if required.ll

With a high load impedance, the output integrating time-constant
is simply RaCz. Although this product should equal 0.8 times the full
rise-time of the core output pulse for adequate integration, the actual
values of R and Co may be selected rather arbitrarily. It is wise to
set a minimum value for Cz, however, so that the fast rise-time signals
in the primary circuit will not be coupled into the secondary circuit by
interwinding capacity. Capacitive division will usually be sufficient to
suppress this undesired coupling if Cp is greater than about 50 ppf, pro-
viding care is exercised while winding the core to insure maximum physi-
cal separation between the primary and secondary windings. Reasonable
separation between components and lead wires in the input and output cir-

cuits is also advisable.
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When low load impedances are expected, adjustment of the value Rp
and Co will be necessary to maintain the required output circuit time-
constant.

The contact material dictates the minimum current which may be
allowed during the flux reversal time of the core, as explained on page
15. Condensers Cp and C; must supply this current during the entire
period. The voltage availlable to drive current across the contacts will
diminish with time as the charge on these condensers changes. There is
also a back voltage developed across the primary winding of the core
which tends to diminish the driving voltage during the core switching
time. Another effect which must be considered is the 15 volts lost
across the contact arc during the core switching time. Thus the sum of
these effects reduces the voltage drop across Ry during the critical
period while the core is switching. The value of R; should then be
chosen so that even at this diminished voltage, the contact current re-

mains in excess of the required I. for the contact material used.

OUTPUT POLARITY

The output signal, eg, is bipolar. One polarity of output pulse
1s obtained when the switch is closed, whilé the opposite polarity pulse
results when the switch is allowed to return to its normal position. TheA
design freedom afforded by the iéolated secondary winding allows either
polarity pulse to Se chosen for actuating the following circuitry. This
circultry will then usually ignore the unused pulse. If necessary a di-
ode, shown as Dp of Fig. 13; may be inserted in series with the output

circuit to insure that the undesired pulse be ignored.
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TEST RESULTS

To test the reliability of a cilrcuit incorporating the design re-
quirements set forth in this thesis, the assembly shown in Fig. 14 was
constructed. The design was based on a General Ceramics 3/8 inch diame-
ter S-3 ferrite core and a push button switch with silver contacts. The
desired output pulse into a high lmpedance load was to have about 25 volts
peak amplitude and 0.5 psec width with an input voltage of 130 volts. The
circuit diagram in Fig. 13 was used and the following parameters were se-

lected for this test:

Ny, = 2 turns Rz = 820 omms
Nz = 5 turns Cz = 220 puf

Ry = 43 ohms Rp = 10,000 ohms
Cy = 0.1 pf Cp = 0.1 uf.

Fig. 15 shows the output pulse shape, ep, from this assembly. For
this picture, 100 output pulses were superimposed to test the uniformity
of output signals. The small amplitude uncertainty is caused by the dif-
ference in primary current from the case of no contact arc to the case of
continuous contact arc during the core switching time. Silver arcs usu-
ally stert with rather wide contact separation so for most operations
the arc burns all during the first 0.5 usec required to switch the core.
This arc lowers by about 10% the primary current available to switch the
core, which accounts for the large group of output signals at the lower
level.

A motor operated cam was arranged to actdate the switch at the

rate of three cycles per second. The output pulses were monitored with
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a scaler. More than ten million cycles of operation were recorded with-

out a single false pulse or lost pulse before the test was discontinued.
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CONCLUSIONS
During this investigation the following circuit conditions were
found to contribute to reliable single pulse operation of the switch
actuated magnetic core circuit:

1. The supply voltage should not exceed 300 volts as larger
values cause unstabile glow-discharges in the air between
the closing contacts, which may produce false output pulses.

2. The contact current must not be allowed to fall below some
critical value during the time required to reverse the state
of flux saturation in the magnet;c core. Smaller currents
will result in occasional multiple output pulses. The value
of this minimum current is related to the contact material.

3. The voltage waveform from the secondary winding on the mag-
netic core should be integrated to eliminate narrow spikes

which occur as a result of contact bounce. These spikes

ceuse repid flux transitions even after the core is saturated.

A single RC integrator with a time-constant of about 0.8 times

the full rise-time of the main output pulse from the core was
found to be satisfactory.
k. The placement of components in the primary and secondary cir-

cuits to meintain good isolation was found to be important in

some cases. Winding separation on the magnetic core should be

as great as possible to reduce air coupling and interwinding

capacity.

-
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The results of this investigation indicate that under certain con-
ditions, a relatively simple magnetic core circuit may be used to reli-
ably produce single pulses from the irregular current waveform generated
by closing contacts. This circuit contains no active elements and does
not draw stand-by power. With this circuit the reliability of single -
pulse production is to some degree under the control of the designer.

In applications such as manually operated switches or slow speed machin-
ery where the total number of s%itch operatiocns expected is less than
about one-hundred million, a considerable improvement in reliability may
result with this circuit compared with one which depends upon active
elements which deteriorate with time. For applications requiring more
total operations, special contact materials may be required to withstand
the eroding effects of the rather high peak currents required by the mag-
netic core circuit. The design freedom resulting from the d-c isolation
of the output circuit and the possibility of having several output cir-
cuits with different pulse amplitudes and d-c levels is another desir-

able feature of this approach.
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LIST OF SYMBOLS

Residual magnetic flux density
Saturation magnetic flux density
Condenser in series with primary
Condenser in secondary integration circuit
Decoupling condenser
Diode in output circuit
Voltage between contacts
Instantaneous value of output voltage
Peak value of output voltage
Instantaneous value of sécondary voltage
Pesk value of secondary voltage
Gross electric field strength
Magnetomotive force which produces Bg
Instantaneous value of primary current
Instantaneous value of secondary current
Critical contact current
Ratio of time constant to pulse width, RaCa/Ty
Laplace transform of x
Number of primary turns
Number of secondary turns
Resistor in primary circuit
Resistor in secondary circuit
Decoupling resistor

Squareness ratio of magnetic core, Br/Bs
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n
Laplace tremsform operator
Ratio of peak value of main output pulse to noise output pulse
Time
Time at which peak value of ep occurs
Switching time of core (time for core flux to reach By with Hg
applied)
Width of half-sine wave pulse used to simulate core pulse
Primary supply voltage
Electric field enhancement factor
Flux in magnetic core

Ratio of & to Ty, /7.
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APPENDIX
DERIVATION OF INTEGRATOR CIRCULT EQUATIONS

The equations for the integrator circuit of Fig. 10 may be
as follows:

e2-R211-%'-2—fi2dt=O

€ = (]:"': figd.‘b

With the system initially at rest, the Laplace transform of these

i[ea] = Rai[iz] +%2‘1

Lleo] - %ﬁd

Solving equation 12 for i[iz] gives:

tions is:

i[. ]__ ileel _Casi[ea]
2 TR, + -k Beles +1
CgS

Substituting this value of df[iz] into equation 13 yields:

.i(eo) = I%;'é'eﬁ%

It is assumed that during the period 0 = t = Ty

]

. n
(=1-) E2 sin — t
Ty

Let w = ;_I—-, then:

Es sin wt

-]

The Laplace transform of e is then:

Lieal = Lire sin wt] - 222

Substituting this expression for i[ez] into equation (15) gives:

E
i[eO] ® TRzCas + iﬁ[sz + W= )

written

(10)

(11)

equa-

(12)

(13)

(1%)

(15)

(16)

(17)

(18)

(19)
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Application of the residue theorem to obtain the inverse transform ylelds:

t
[ oot ot o ReC2 ] (20)
€o= +
Racz ( QJu)(-3w+ ) (23&)(3w+R20 ) (-Ra(]:' +Jn)( 2C - Jw)
Gathering terms and finding a common denominator gives:
coe 2 - (1o ™ G el | ot/ ] e
Relz L (2g)lw? + (gZg)®] [P + (5)?]

Regrouping exponentials and making use of identities simplifies the ex-

pression to:

- LouR sin wt _ 'Racal
e°”G’R§c—2§a+_I[mﬂzcg cos wt + e (22)
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