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‘L ABSTRACT

This report covers all activity carried out under Contract NO.
DAAHO1-75-C~0552, ®Manufacturing Techniques for Static Switches”.
The purpose of this contract was to improve the producibility
and reliability of the present 2.75-inch rocket launcher
intervalometer through the improvement of manufacturing methods
and techniques brought about by:;/
¢ a. Conversion of all timing functions to solid state
circuits,
b. Conversion of all switching functions to solid state
circuits,

c. Provision for the sensing and bypassing of any open
or shorted squibs,

~ d. Pilot production of five prototype solid state switches
to verify the techniques chosen. .. /[ .

e. Design of an assembly line capable of producing 1000
switches per week.

The contract has been concluded with all above tasks success-
fully accomplished. In addition, a reliability analysis of
the solid state circuitry was conducted, an EMI analysis was
made, and some EMI testing was done. A detailed investigation
into the conversion of the electronic circuitry to one hybrid
circuit chip was performed. All of these activities are docu-
mented in the report.
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SECTION I
INTRODUCTION

The presently used sequence switch, consisting primarily of an
electromechanical stepping switch, exhibits faults common to
such mechanical devices used in aircraft environments. These

faults include:

a. Sensitivity to shock and vibration resulting in short
life, mechanical failure, and erratic operation.

b. Short life and erratic operation due to mechanical
wear of component parts.

c. Degradation of electrical contacts due to moisture,
corrosion, fungus, migration of lubricants, etc.,
which result in misfires.

d. Sensitivity to temperature extremes resulting in
erratic timing of firing pulses.

e. Sensitivity to supply voltage fluctuations resulting
in erratic timing of firing pulses.

f. Critical tolerances in mechanical assembly, which
affect the timing, accuracy, and reliability of the
switch are dependent upon, the skills and variable
attitudes of the human assembler.

g. Deterioration of contacts when trying to fire a
shorted squib may lead to premature switch failure.

Prior studies have shown the feasibility of using solid-state

electronic components to replace the mechanical components in

the switch and thereby eliminate the above faults. Incorpora-
tion of solid-state electronics makes possible the development
of production procedures that reduce fabrication and assembly

costs. Use of solid-state circuitry will accomplish the

following:




a. Provide extremely accurate timing for firing pulses q’
regardless of environmental conditions, supply voltage
fluctuations, or age of the unit.

b. Provide self-protection against shorted or open squibs,
stepping to the next available good squib and firing
it within the alloted time between firings.

c. Make possible an automated assembly line with little
operator skill required. Automatic test equipment
incorporated in the line will analyze and reject

defective units before final potting and acceptance
testing.

Because of this great potential for switch improvement in both
reliability and producibility, the program described in this
report was undertaken.
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SECTION 2
CONCLUSIONS AND RECOMMENDATIONS

§ 2.1 CONCLUSIONS

i (AT ST S T

Conclusions that can be drawn from the work performed under
this contract include the following:

a. A solid-state sequencing switch is feasible anrnd proto- !
types of such a switch have been designed, fabricated,
and tested to verify the feasibility.

b. This switch can be mass-produced using common elec-
tronic production techniques. No unique processes or
components are required and no new skills must be

learned by normal electronic assembly line personnel.

c. The resultant, mass-produced switch will be more
accurate, more reliable, and have a much longer life
than the present electromechanical switch it is de-
signed to replace.

2.2 RECOMMENDATIONS

Recommendations for additional work to be done prior to mass

production of the solid-state switch and its introduction

into the military supply system include the following:

3 a. Simplification of hardware for cost savings in produc- i
tion line assembly and added reliability should be

i undertaken. This simplification was investigated

under the present contract and is discussed in some ‘
detail within this report. Because of the time and ;
; i cost limitations of this program, these hardware sim- :

P

plifications could not be used for the manufacture of
§ five prototype switches. They involve tooling costs
: which are acceptable only when the commitment to high-

¢
i i
1
|
i

2-1




PR IR 1 AT S A

EIVIG

volume production has been made. These simplifications
are:

(1)

(2)

(3)

Conversion of the discrete electronic components
to a hybrid circuit. This will cut the number of
printed wiring boards in the switch from two to
one, and drastically reduce the number of compo-
nents to be machine and hand inserted into the
boards.

Design of a suitable, high-volume package for the
toroid transformers used in the switch. For the
five prototype switches the transformers (19 in
each) were made by winding primary and secondary
windings on a standard, easily available core.
Each transformer was then hand mounted into its
proper place on the printed wiring board. For
high-volume production a method of packaging must

be devised in which the transformers are machine

A »
vy

wound and all encapsulated into a single drop-in
package with pins spaced to fit a mating board or
flexible circuit interconnect.

Design of a high-volume circuit interconnect
method. The major components of the prototype
switches (printed wiring boards, connector and
load/arm switch) are interconnected with many
individual wires, each cut to length, stripped,
and hand soldered into place. For high-volume
production great labor savings can be realized
through the use of custom designed flexible
circuit wiring. With this type of wiring all
connections can be made at once with no chance of
miswiring, and then machine flow-soldered to com-
plete the wiring process.
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b. An investigation into the variation in output charac-

T

teristics of the decoder/drivers, as described in para-
graphs 3.1.3 and 3.4, should be conducted to see if

the device manufacturer can provide units with guaran-
teed output at low temperature and at a reasonable

ERE Y

cost. If not, an added stage of amplification might %
have to be added to the decoder/driver output to in-
sure operation of all units at -55°C.

AN g

c. Methods of lowering the induced noise on unfired squib
lines, discussed in paragraph 3.4, should be investi- i
gated along with a close analysis of MIS-23156 to de-
termine whether the requirements spelled out, which
were written for an electromechanical intervalometer
firing squibs with dc voltage, are really applicable

to the solid-state switch operating at 10 kilohertz.

i d. An extensive environmental test program should be con-

PSP P—

ducted on many solid-state switches, the amount of

which is great enough for statistical analysis to be

meaningful. The five units produced under this contract

underwent only limited testing as specified by the con-
é tract.

e ——

e. Dedicated test equipment to allow rapid go/no-go
testing of the switches should be developed for both
production line and field use.
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SECTION 3
TECHNICAL ACTIVITY

The technical activity carried out under this contract centered

around the conversion of the electromechanical switch to a solid-

state design through circuit design, breadboarding and testing,
prototype design, fabrication and testing. Each of these areas
of activity will be described in the following paragraphs.

3.1 CONVERSION TO SOLID-STATE DESIGN.

Meeting all of the specifications originally written for the
electromechanical switch with a new unit of solid-state design

presented a number of real challenges. The requirement for

squib shorting by less than 0.1 ohm ruled out the use of any
semiconductor element as a switch in series with the squib.

And the 30 millisecond maximum "time-to-first-fire" require-
i ment meant that the electromechanical switch's inherent memory

of its last position, with power off would somehow have to be

i
H duplicated or designed around with presently available elec~

tronic components.

To solve the above problems, several "brainstorming"” sessions

were held with engineers of highly varied backgrounds, both

electrical and mechanical, in attendance. Many ideas were pro-

posed and each was investigated for its feasibility by the

T —

project design engineers.

About the only feasible method to emerge for meeting the squib

1 shorting requirement with present technology was that of using

the secondary winding of a transformer, whose dc resistance is
less than 0.1 ohm, as the shorting element. Then when firing

of the squib is required, energy will be coupled into this
winding by application of an ac fire pulse on the primary
winding. This was picked as the method to be designed and

breadboarded.



SEVIE
3

To meet the "time-~to-first-fire" requirement a number of
approaches were considered. A number involved solid-state
duplication of the "memory" of the electromechanical switch
! such as:

a. Nonvolatile solid state memories and bubble memories.
Both were considered too new and presently too expen-
sive for serious consideration at this time.

———

b. Built-in, long life battery to keep a volatile memory
alive during the required 400 cycles and whatever
shelf life is necessary. This was considered to be a
lessening of the reliability of a totally solid-state

: unit and building in an obsolescence that was unde-
sirable.

c. Use of a programmable, read-only memory (PROM) and
permanently alter the memory during each firing.
Memories capable of controlling the required 400
cycles are attainable but again built-in obsolescence _i
was felt to be undesirable since a solid-state unit
should have unlimited life.

d. Magnetic memory cores. This method was a strong con-
tender and investigation into it's possible use was
carried on in parallel with the chosen method during
the early part of the program. It was determined to
be a feasible method but was finally dropped for two
reasons. First it was felt that the circuitry in-

ol g

volving 19 magnetic cores and their read/write ampli-
fiers would be more costly and take up more space in
the small package than the chosen method. Secondly,
] this method would require a deliberate "resetting" of
: the memory cores at the time the rocket launcher was

reloaded. This resetting would require power on the
circuit and would present a new and possibly dangerous

reloading sequence in the field. Because of this it
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was decided that this was an unacceptable approach.

The chosen approach does not duplicate the "memory"
of the electromechanical switch. Instead it uses a
scanning technique which locates the first unfired
rocket, through sensing squib impedance, and fires
it. If the switch can scan, locate a good squib, and
fire it within the prescribed 30 milliseconds then a
memory is not required.

The circuitry required for scanning can be designed
using standard semiconductor components manufactured
to military specificaticas. Similar circuitry has
been used successfully in other applications and its
use here appeared to present no unusual problems.

An added bonus with this approach is the fact that
shorted and open squibs will be bypassed and a good
rocket will be fired with each closure of the trigger
switch. The present switch will attempt to fire a
bad squib and remain in place until a command is

generated to move to the next position.

For these reasons, the scanning approach was selected

as the one to be designed and breadboarded.

3.1.1 Circuit Design

Actual circuit design began with the establishment of the logic
flow diagram of Figure 3-l.

Upon receipt of a fire command (i.e. closure of the trigger
switch which applies voltage to the unit) squib number 1 is
selected and a determination is made as to whether or not it
is a good squib. If not the select circuitry is advanced to
squib number 2. This advancement continues until the first
good squib is found. When that occurs, a fire pulse of 40
milliseconds duration is sent to the squib to fire it. After
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firing, the squib select circuitry is either advanced to the
next squib or inhibited from advancing further depending upon

the setting of the ripple/single fire select switch.

Design of circuits to accomplish the logic depicted was then
divided into two major areas; squib shorting and firing, and

logic and timing.

3.1.1.1 Squib shorting and firing circuit design began with a
concept involving individual power amplifiers for each of the
19 outputs, operating at a frequency of one megahertz, and a
shorting method in which a load in the primary side of the
transformer is activated to reflect back to the secondary a
load of 0.1 ohm or less. The output amplifier and transformer
designs were considered to be the areas of greatest concern
and work was begun on them first. Active squib shorting cir-
cuitry would be incorporated after their satisfactory develop-
ment.

During the initial breadboarding of the output circuit, a
transformer consultant and fabricator was called upon to assist
FMC with selection and source of the transformer cores. Due

to the packaging requirement of small size and the digital
nature of the logic circuitry, the choice of a 1 MHz square
wave seemed appropriate. But because of this frequency and
wave shape, problems were encountered with stray wiring capa-
citances and inductances and long turn-off times of switching
transistors.

Since these problems at 1 MHz were not easily resolvable, the
frequency was lowered to 100 kHz with signitficant increase in
core size but still within the total package requirement if a
common power amplifier were used for all the 19 outputs.
Various core materials, with different permeabilities and
using different numbers of turns and ratios, were tried with
a conventional push-pull power amplifier. A satisfactory

i
E
:
{
|
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amplifier using 2N2905A transistors was tested with a center-

tapped 56-turn primary and 3-turn secondary ferrite toroidal
core transformer. Due to the numerous interconnections neces-

sary with 19 stations, a single-ended amplifier circuit was

designed using a dc pulse driving an iron powder core trans-
former with 30:3 turns. Since this transformer does not re-
quire a center tap the number of interconnections were reduced
to the minimum of 4 per transformer. An active squib shorting
circuit was then attempted on this 100 kHz, single-ended amp-
lifier and transformer circuit. The active squib shorting
circuit consisted of steering diodes, power transistor and

resistors.

Due to the coupling inefficiency (the secondary, having 3

turns, trying to drive the primary, having 30 turns), leakage
inductance (secondary windings on top of the primary), and

relatively high semiconductor threshold voltage, this active

shorting circuit would not work at low voltage levels. So an -
analysis was made of the launcher wiring from the intervalo-

meter to the rocket ignition contact to determine if such a

squib shorting circuit would function considering the impedance

and frequency involved. After this analysis, it was concluded

that the wiring reactance and the transformer secondary would

provide sufficiently high impedance to limit the current in

the squib to a safe level at RF frequencies. Therefore, the
active squib shorting circuit was abandoned. At dc and low
frequencies, squib shorting is provided by the transformer
secondary winding, whose resistance has been measured to be
0.072 ohm.

Soon afterward, it was found that MIL-STD-1385 (NAVY),

"Preclusion of Ordnance Hazards in Electromagnetic Fields;

General Requirements for", states: "4.1.2 Alternating power

sources with frequency greater than 10 kHz shall not be used

for the normal initiation of EEDs". Since one of the users of ‘
3=-6
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the intervalometer is the Navy, the power output frequency was

reduced to 10 kHz. This change increased the size of the

transformer core sufficiently that packaging of the solid

state version was to be quite difficult. Due to the longer

pulse duration of a 10 kHz, 50% duty cycle pulse, it was neces-
aj‘ sary to abandon the dc pulse amplifier and turn to a modified
push-pull amplifier. With this type of operation, the current
level of the primary winding is reduced, thereby reducing the
station select driver requirement. This modified push-pull
amplifier consists of two transistors which are turned on and
off out of phase. The collectors of both transistors are
connected together and then capacitively coupled to each of the
19 output transformers. The modified push-pull amplifier does
not require a center-tapped transformer resulting in a minimum
number of interconnections to the transformer.

3.1.1.2 Logic and timing circuit design began with the squib
select circuitry which was developed using two binary-coded-
decimal (BCD) to 1l(-line decoder/drivers. These standard

integrated circuits perform the function of selecting one of
nineteen squibs at a time without requiring the use of nineteen
discrete output circuits. A four-bit digital counter and a
flip-flop provide the BCD sequencing input to the decoder/
drivers.

s A s s A N

Circuitry to sense for good squibs was developed using a dual
| differential line receiver. Problems were encountered in its
use and accurate current sense levels corresponding to open
and shorted squibs could not be established. The problem
appeared to be too high an input offset voltage. No other
integrated circuits with better characteristics could be found
SO a current sense circuit was designed using discrete compo-
nents. Transistor and diode junction voltages were used to
establish current sensing levels. Temperature compensation
circuitry including a thermistor was designed to compensate

3=7
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these junctions over the required operating temperature range
: of -55° to 75°cC.

A good squib is required by specification to have a resistance
of 1 £+ 0.3 ohms. Launcher wiring between the switch and the
squib can exhibit a resistance ranging from .04 to .87 ohms.
Thus a good squib and wiring could be from .74 to 2.17 ohms.
As a result the current sense levels were chosen to indicate

a short at .7 ohms and an open circuit at 2.4 ohms.

Timing circuitry was initially designed using two integrated
circuit NE555 timers. One was used as a free-running oscilla-
tor which developed the output frequency and the other was

used as a one-shot to provide the 40-millisecond fire pulse.
Because of problems with the one-shot being triggered during
circuit power-up, the design was changed to use a counter in
conjunction with the free-running oscillator and count pulses
equivalent to 40 milliseconds and establish the fire pulse
period. This design was breadboarded and operated successfully.

When the output circuitry and logic circuitry were married to-
gether, it became apparent that additional circuitry would be
required to select the precise time at which to check squib
current to decide whether to remain at that output and fire or
step to the next output. Another counter was originally con-
cepted to provide this timing for sensing squib current. A
scheme was developed, however, to use a single counter to pro-
vide both timing functions. This counter is a CMOS divide-by-
4096 ripple counter and its operation is described in the
following paragraphs.

The complete circuit design is shown in the schematic diagram

of Figure 3-2. Referring to the schematic, circuit operation

is as follows:
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Logic & Sequencing--When power is applied to pin A of
the connector and the LOAD/ARM switch is in the ARM
position, regulators .VR1 and VR2 supply +5 Vdc and

+18 Vdc respectively to the logic and amplifier cir-
cuits. Several initial conditions are established by
the slow rise of voltage at the junction of R6 and
C27. The Q outputs on flip flops U2A and U2B are
preset high. Counter U6 is reset to a count of 0.
Counter U3 is reset to 0 thru gate U7A. U6, U2B, U9,
and Ul0 are connected to form a 1-of-20 line counter
and decoder/driver. Line one of U9 is not used since
only 19 outputs are required. Resetting counter U6
and presetting flip flop U2B selects line 1 of 20. Ul
is connected as a free running 80 kHz oscillator, and
provides overall system timing. It's output is con-
nected to counter U3 and gate U4. Output Q3 of
counter U3 provides a 10 kHz drive signal, through
buffers U8C and U8D, to the output amplifier. No
current flows thru the output amplifier with line 1
of 20 selected. A current sense circuit monitors the
amplifier current and generates a low output when the
amplifier current is above or below a good squib's
current level. When line 1 of 20 is selected the
current sense circuit senses an open circuit and gen-
erates a low output to inverter U8S8E. The output of
UBE is connected to gate U4. 1In addition gate U4
receives inputs from counter U3, oscillator Ul, and
gate U5. These inputs establish the precise time when
the output squib current is checked. If the current
is not correct at this time the output of U4 will
pulse low and counter U3 will be reset by gate U7A.
U7B will pulse U7C, U7C will pulse U8B, and U8B will
clock counter U6 to the next higher count. Line 2 of
20 will now be selected and the first real squib

J=11




r—.— e ————

EIVIG

circuit is selected. If a good squib is sensed the
output gate U4 will not pulse low and counter U3 will
not be reset. It will continue to count until it
reaches a count of 4096. Then the output of U5 will
go high, the output of UBA will go low and clock flip
flop U2A and pulse U7B. Clocking U2A will transfer
the SINGLE/RIPPLE fire information to U7C. If a low
is transfered to U7C, SINGLE fire has been selected
and the gate will be disabled preventing the clocking
of counter U6. If a high is transfered, RIPPLE fire
has been selected and counter U6 will be clocked to
the next higher count. The sequence will then repeat
if RIPPLE fire has been selected.

Output Circuitry -- Buffer U8D applies a 5 volt 10 kHz

square wave to Rl8 which is connected to the base of
transistor Q6. When the collector of Q6 goes low, Q5
turns off and Q4 turns on supplying current to the
output coupling capacitors, Cl through Cl19. When the
collector of Q6 goes high, Q4 turns off and Q5 turns
on sinking current from the coupling capacitors.
Resistors R13, R1l4, R25, and thermistor RT1 form a
temperature compensated current element for the cur-

rent sense circuit.

Each decoder/driver output line has an open collector
NPN output transistor with a substrate diode connected
between the collector and the emitter of that transis-
tor. When an output line is selected, the transistor
turns on and switches the primary of the corresponding
transformer to ground. When line 2 of decoder U9 is
selected and the amplifier output is high, current
flows through Cl, the primary of Tl, and the NPN
transistor of line 2 in the decoder. When the ampli-
fier output is low, it sinks current through the same

8=12
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elements except that the substrate diode in line 2
of U9 provides a reverse current path instead of the
NPN transistor. Capacitor Cl is an ac coupling capa-
citor. Each transformer primary is coupled to the

output amplifier by its own capacitor. The trans-

former turns-ratio is such that a 15 volt peak-to-
peak square wave applied to the primary produces an
output of about 3 volts peak-to-peak to the squib
when that primary is selected by the decoder. The

dc resistance of the secondary is designed to be

less than 0.1 ohm to meet the squib shorting require-
ment when the squib is not being fired.

Current Sense Circuitry -- Amplifier output current
flows thru thermistor RT1 and resistors R13, R1l4,

and R25. When the voltage across the series-parallel

combination exceeds .6 Vdc transistor Q1 turns on
and supplies current to R7 and RS8.

When it exceeds 1.2 Vdc, transistor Q2 turns on and
supplies base current to transistor Q3. Transistor
Q3 shunts the current flowing thru R8 to ground and
a low input to inverter U8E is produced. Thus when
the voltage across RT1l, R1l3, R1l4, and R25 is less
than .6 Vdc all transistors Ql, Q2, and Q3 are off
and the input of inverter U8SE is tied to ground thru
R8 and is low. This is the "open circuit" condition.
When a voltage above .6 Vdc is present only Ql is
turned on and a high is produced at the input to
inverter U8SE. This is the "good squib current" con-

dition. When a voltage greater than 1.2 Vdc is pre-
sent, all transistors are on and the input to inverter
UBE is low. This is the "short circuit" condition.
The circuit arrangement of RT1l, R13, R1l4, and R25
produces a higher output voltage at low temperatures, !




for a given amplifier current, and a lower output

voltage at high temperatures to compensate for varia-
tion in the turn-on voltages for the base-emitter
junctions of Q1 and Q2 and diode junction of CRl over

the temperature range.

3.1.2 Breadboard and Engineering Test Unit Fabrication

The circuits designed were converted to hardware in the form
of a breadboard - a unit that can easily be modified and
tested during the final design stages. Tests were conducted,
minor modifications were made, and when it was felt that the
entire circuit was operating as desired the breadboard was
converted to an engineering test unit - a hardwired unit which
can be handled and put through temperature and field tests.
This engineering test unit is shown in Figure 3-3.

3.1.3 Testing

Extensive tests were performed on the engineering test unit -
to prove the design satisfactory prior to prototype packaging

design. These tests covered the unit's timing accuracy,

actual squib firing capability, and the effects of temperature

and voltage changes on its performance.

Temperature tests were conducted on the unit in a temperature
chamber over the range of -70°% to 100°%. No problems were
found at high temperatures but several presented themselves as
the temperature was lowered. The output amplifier voltage
started dropping off at -25°C and squib firing became marginal.
Resistor values in the transistor output circuit were changed

to provide more base drive and correct the problem.

It was also discovered that the decoder/driver output charac-
teristics change with low temperature and units from different
manufacturers change by different amounts. Those obtained

from National Semiconductor worked over the temperature range

3-14
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3-3.

Engineering Test Unit
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while those from several other manufacturers would not. Thus
National's devices are the only ones being used.

Temperature compensation circuitry developed for the current
sense circuit, discussed previously, was also tested thoroughly
in the chamber.

Voltage tests were conducted over the required operatinc
range of 20 to 30 volts dc and operation of the unit was sat-
isfactory. Two voltage regulators designed into the unit
supply 5 Vdc and 18 Vdc to the logic and amplifier circuits
respectively. The 18 volt regulator will maintain 18 volts
as long as the input remains above 19.5 Vdc. Since the mini~
mum supply voltage to the switch is specified as 20 Vdc no
voltage problem will occur in the unit.

All circuit timing within the switch is controlled by a single

IC oscillator. The frequency drift of this oscillator was

monitored over the temperature range of -55°C to 75°C. The !
drift was so small that switch timing stayed within the speci-

fication limits.

During the testing a number of live squibs were fired with the
switch. In the first live squib test, two squibs were seen as
"shorts" by the switch and were skipped over in the firing
sequence. They were later measured and found to have a resis-
tance of 0.8 hms. The engineering test unig of the switch
was adjusted at that time to sense 0.9 ohms as a short. It
was subsequently changed to .7 ohms and the squibs were all
successfully fired. The oscillograph recordings presented in
Figure 3-4 show the ac firing pulse applied in sequence to
four squibs which were located in rocket positions 1, 9, 10,
and 19. The increase in amplitude of the ac signal occurs as
the squib fires and open-circuits.
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Figure 3-4. Oscillograph Recording of Live Squib Firing
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As soon as breadboarding of the electronic switch began, it «’
could be seen that a test set-up which would simulate the

actual firing of squibs in a launcher would be necessary to

i save many hours of time in the laboratory. A simple one-Ohm
» resistor simulates the initial impedance of a squib but since
it doesn't "fire" and open-circuit, the scanning techniques
of the switch cannot be checked without laborious disconnec-
ting and reconnectina of 19 resistors for each simulation of
a full rocket load firing. Thus a circuit was designed to

i simulate a squib's impedance and firing characteristics.

This circuit was duplicated 19 times and all were housed in

box containing other components which would mate with the
electronic switch connector and would simulate the entire
electrical circuit of the aircraft and launch tube assembly.
In addition, timing circuits were built in to check simply
and reliably for the switch's conformance to specifications
for time-to-first-fire and time-between-firings.

W

The completed test set is shown in Figure 3-4 connected to
the engineering test unit of the switch by means of the black
cable and ms connector. The white cable, terminated with
alligator clips, connect to an external power source; either
battery for field operation or adjustable dc power supply for
checking the switch's operation over the specified voltage
range.

Other controls on the test set include:

a. Power-on switch and indicator lamp. A replaceable
fuze is provided in the power line.

b. Trigger Switch. This switch simulates the pilot's
trigger switch in the aircraft and initiates action
of the solid state switch,

c. Burst Select Switch. This switch selects one of
three time durations for which the trigger pulse is
applied to the switch in order to check the following:

3-18




Figure 3-5. Test Set with Engineering
Attached for Testing
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(1) On "1" the pulse is applied for 30 milliseconds.
To meet the specification, the first unfired
squib must be fired within that 30 milliseconds.

(2) On "18" the pulse is applied for 720 millisec-
onds. To meet the specification, less than 19
squibs must be fired during that time.

(3) On "19" the pulse is applied for 885 millisec-

onds and in that time all 19 squibs must be
] fired.

d. Single/Ripple switch. This switch simulates the
single/ripple switch on the launcher and selects the
firing mode for the solid state switch.

e. Reset Switch. This switch resets all of the squib
simulation circuits back to their "unfired" condition.

f. "Squibs Fired" Indication Lamps. These lamps light
to give an indication of which squibs, 1 through 19,
have been fired. -’

g. Squib condition switches. One switch for each of the
19 squibs allows the selection of an open circuit,
short circuit, or good squib simulation on that out-

put line from the switch.

Since the squib simulation circuitry requires that a sure-fire
current has been applied for more than 10 milliseconds, as
called for in the specification, before open-circuiting, all
functional requirements of the switch are tested easily and
quickly with no additional instrumentation required and no
operator skills required. A simple sequence of operating
switches and watching for prcper lights to light will check
out a switch for proper functioning to specifications within

a minute or so.

Details of the tester, including circuit diagram, are included

in Appendix A.

®
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3.2 PROTOTYPE DESIGN

Design of the prototype switch, of which five units were to
be built and delivered under this contract, was undertaken
following the successful testing of the engineering test unit.
Steps in this design were as follows:

3.2.1 Selection of Components

Since all components used in the engineering test unit were
standard items, the same components were selected for use in
the prototypes. Military temperature range versions were
purchased where they were available within the time frame
required. Exceptions were the voltage regulators and output
amplifier transistors which are commercial units.

The possible use of hybrid circuits had been considered
throughout the circuit design phase of the contract. The
originally proposed circuits would not have fit into a package
the size of the present mechanical switch without conversion
to hybrids.

As circuit design progressed, however, the circuits grew
simpler, with fewer components, and it began to look feasible
to build the switch of standard components and primary efforts
were put toward that goal.

In a lesser parallel effort discussions were conducted with
several manufacturers of hybrid circuits and cost estimates
were obtained for the tasks involved in converting our circuit
to a hybrid. As prototype package design progressed it

became clear that the circuit of standard components could be
squeezed into the required package but with difficulty and
tight tolerances. It became evident that a hybrid circuit
would make a unit that would be much easier to produce on a
high volume production line. Thus a hybrid design program

was undertaken to prove the feasibility of the conversion to a
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hybrid and to generate a budgetary cost estimate for the high “/
volume hybrids.

The results of the program, which do prove the feasibility,
are presented in Appendix B. Included is a reliability study
of the proposed hybrid circuit.

Although feasible, the contract schedule and funds dictated
that the five prototypes be built using standard components
rather than converting to hybrids.

3.2.2 Package Design

Packaging of the early electronic circuitry into the same
envelope as the electromechanical switch appeared to present
no problem. This circuitry, operating at 1 MHz, used 19 out-
put transformers wound on ferrite cores of .375 inch OD and
.125 inch thick. All 19 would fit in a single row along the
axis of the switch.

When the operating frequency was reduced to 10 kHz, however,
packaging became very difficult. This lower frequency re-
quired an increase in transformer core size to .312 inch OD
by .250 inch thick. The 19 transformers would no longer fit
in a single row and required one printed wiring board just
for them and their associated coupling capacitors.

The final package design consists of two printed wiring boards,
a connector, a load/arm switch, and the interconnecting wires
for these components. The main printed wiring board contains
the logic, current sense, and output amplifier circuits and
the voltage regulators. The other, smaller board contains

the output transformers and coupling capacitors. These compo-

nents and their assembly can all be seen in photographs pre-

sented in Section 6.

The two boards, switch, connector, and interconnecting wires
are molded into a single, solid epoxy unit. Location of the
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connector, switch, and 3 mounting luys are identical to the

present electroumeci.anical unit.

3.2.3 Printed Wiring Boards

The prototype boards are of conventional double-sided design
with plated-through holes for circuit interconnects. They
are made of rigid glass epoxy and the conductive paths have
been tinned for protection and ease in soldering.

For a production version, it is suggested that the two boards
be combined during the component insertion and soldering
steps, as outlined in Section 6, to take full advantage of

wave soldering techniques.

3.2.4 Interconnecting Wiring

For the prototype switches, individual point-to-point wiring
was used. Flexible circuits and flat cables were considered
and estimates were obtained from vendors for their possible
use but because of high first-cost and long delivery times
they were not used. They are recommended, however, for the
final production version of the switch due to the reduction
in assembly labor possible and the reduction in wiring errors.

3.3 PROTOTYPE FABRICATION

The five prototype solidestate switches were fabricated in
the Ordnance Engineering Division's Experimental Electrical
Shop. Fabrication was done by an electronics technician of
average skill. Steps in the fabrication can be related to
the production line specified in Section 6 and depicted in

Figure 6-6 as follows:

a. Component Insertion -- In the prototype fabrication
all components were inserted into the printed wiring
boards individually and by hand. On the assembly
line a number of them are prepackaged on reels and

would be inserted by machine.
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Soldering, Lead Trimming and Cleaning =-- For the

prototypes, all solder connections between the com-
ponents and the printed wiring boards were made indi-
vidually by hand. On the assembly line all connec-
tions would be soldered at once on a wave soldering
machine. Lead trimming and cleaning would also be
completely automatic.

Board Handling and Hardware Insertion -- No board
separation was required with the prototypes but
stand-off insertion was identical to the same proce-
dure in the production line.

Board Test -- Since no automated tester is available
for testing the individual boards, no test was per-
formed on the prototypes at this stage.

Hand Soldering -- Except for automatic wire cutting
and stripping, this operation on the prototype
switches was almost the same as would be performed on
the assembly line. The wires are individually hand
soldered between the printed wiring boards, connector,
and switch.

Assembly -- This operation of fastening the two
boards together was identical with the assembly line
operation proposed.

Test -- Functional testing and troubleshooting of
bad units was done in basically the same way that it
would be done on the production line. The automatic
tester described in paragraph 3.1.3 was used for this
test and a similar unit would be designed for the
production line. It allows an unskilled operator to
quickly and reliably check the completed solid state
switch for proper operation. Timing, proper sequen-
cing, proper squib current for firing, and the abil-

ity to skip opens and shorts are all checked automa-
tically with a "go/no-go" indication to the operator.
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Units that failed the functional test were given to
an electronics technician to be analyzed with the
normal troubleshooting equipment such as an oscillo-
scope, digital voltmeter, and logic analyzer.

Pot -- Functionally good units were then potted in
exactly the same way they would be done on the assem-
bly line except that multiple molds would be used to
meet the required production rate. The units were
positioned in the mold with the connector and switch
firmly held in place. The potting compound was
mixed and poured into the mold. When cured, the
completed unit was removed from the mold.

Test -- A final functional test, identical to that
performed before potting, was then run again to
insure that potting had not affected any of the
switch's characteristics.




PG

S

3.4 PROTOTYPE TESTING

Each of the five prototype units, three potted and two unpotted,
underwent extensive testing of their functional characteristics.
Using the automatic tester, proper timing and squib firing se-
quence were monitored in both the ripple and single-fire modes.
The switch's bypass capabilities for both shorts and opens were
checked on each output line.

These tests were repeated for each of the five prototypes at
temperatures of -55°c, -25°c, 0°c, 25°c, 50°C and 75°C. All
functions operated properly over the temperature range with the
exception of the short bypass. In three units, sensing a short

at -550C is marginal and the unit will attempt to fire the short-

ed squib prior to stepping to the next output. This failure is
attributed to the decoder/drivers and their inability to sink
enough current at low temperature to indicate a short to the
current sense detector.

Since the engineering test unit and two of the prototypes do
work properly at -55°C, it is felt that all units could be made
to work with proper selection of decoder/drivers with high cur-
rent sinking capabilities. The economics of such a selection
would have to be discussed with the manufacturer of the devices
prior to the commitment of their use in the high volume pro-
duction of the switch.

Two of the prototypes were used to conduct firing tests with
live squibs. One unpotted unit was used to ripple-fire four
live squibs located at output positions 1, 9, 10, and 19. The
test was repeated with the switch at -45°C. Both firings were
successful in all respects. Oscillograph recordings confirmed
proper sequencing and timing.

One potted unit,wasgthen~u§ed to ripple-fire all 19 squibs. All
squibs fired ‘successfully.”

h
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All five prototypes were then tested according to the contract
to determine conformance to MIS-23156, Paragraphs 4.4.1, 4.4.2,
4.4.3 and 4.4.4.6, as modified by Modification P00005 to the

contract. These tests were performed for both FMC and govern-

ment inspectors.

In general, the test results were considered very successful
except for those measured under paragraph 4.4.1.2. In this
test the switch is sequenced through all 19 positions and at

each position all unfired pins are checked for the presence cf
less than 5 millivolts. At the start of the test, with only
the first output fired, about 80% of the remaining outputs are
under the 5 millivolt limit. Several range from 5 to 7 milli-
volts. As additional lines are "fired" and opened, the noise
level on the remaining unfired lines increases until finally
all unfired lines are over the 5 millivolt limit. It appears
( that each line opening adds about 0.5 millivolt to each of the
remaining lines and a maximum level of 15 millivolts or so can

be ob:ained under the i1ight combination of conditions.

Time did not permit investigation into solutions to this prob-
lem but it is felt that the following would have considerable

influence:

a. Output wires between the printed wiring board and the
connector, which are presently laced in a tight
bundle, should be separated as far as possible and

{ perhaps replaced by shielded conductors to reduce

cross-cuupling of noise between them.

b. Placement of magnetic shielding material between the
output transformers should reduce any coupling that

may exist between them.

This induced voltage, at a maximum, is still less than one-

tenth of the maximum no-fire voltage (MNFV) allowed for the
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Mark I squib and is seen by the squib for only the few milli-
seconds that other squibs are being fired. The MNFV of 200
millivolts can be applied continuously for 5 minutes without
initiation of the squib, according to specification. Thus,

the specification for the present intervalometer may be tighter
than necessary in this area.

Data sheets recorded by the inspectors covering all of these

tests for all five prototypes are being submitted with the
hardware.

3-28
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bl 3.5 TOLERANCE STUDY

Two portions of the circuitry for the solid state switch are
based upon analog operation and must be designed to operate
within specifications over the temperature range and over the
tolerance range selected for the components. These two por-

tions are clock timing and squib resistance detector.

3.5.1 Clock Timing Tolerance

The clock circuit provides the basic timing for the solid
state switch. It's output is an ac signal whose frequency,
through divide-by-N counters, determines the power output
frequency, the fire pulse duration, ripple timing, and the

squib scan speed.

This clock circuit consists basically of the SE555V integrated
circuit timer, 2 precision resistors and one precision capaci-
tor. Timing accuracy depends on the part tolerance, tempera-
ture coefficient, and drift of each component. These factors
for the 4 components are listed in Table 3-1.

The specification for ripple timing calls for 35 milliseconds
minimum to 45 milliseconds maximum between stations, or 40 * 5

ms.

An analysis of the variation in frequency due to the variables
of Table 3-1 and the temperature range of -55°C to +80°C (when
the 4 components are in their circuit configuration as an
astable multivibrator) is summarized in Table 3-2. This analy-
sis shows that the clock circuit will provide a stable time

base and stay well within the specification

3.5.2 Squib Resistance Detector

In the solid-state switch, the squib resistance detector
(current sense circuitry) determines whether or not a good

squib is present on the selected output line and signals the
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TABLE 3-1
Timing Circuit Variables

Component Part Temperature Drift
Tolerance Coefficient

Timer, SES555V

Timing accuracy t2% +100 ppm/°C
Resistor, 2K 1% $+100 ppm/°C
Resistor, 51.1K 1% s
Capacitor, 100 pF $2% 0 to +70 ppm/°C  £(.05%
+.1 pF)
TABLE 3-2
Maximum Tiauing Circuit Variations

Variation Specification,
Temperature MS MS
-55°¢ 37.4 to 43.04 35 to 45
+25°%C 38.06 to 42.06 35 to 45
+80°C 37.5 to 42.5 35 to 45
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logic to either fire the squib or continue to search for an
acceptable squib. This detector is a "window" type, bypassing
any resistance lower than the window (i.e., shorts) or higher
than the window (i.e., opens). The resistance for an accep-
table squib and its wiring to the switch can vary from about
0.7 ohm to 2.4 ohms. Thus, the "window" should be set to call
any resistance within that range a good squib.

This detector circuit was simulated on a timeshare computer
using models for the diode and transistors of the circuit.
While the computer will provide a solution, the validity of
the solution depends on a true and realistic representation of
the circuit and its elements, especially of the diodes and
transistors. Actually two circuits were simulated. One, the
dc current level detector to determine the switching points
when a load resistor, representing the reflected resistance of
the squib, was varied. The other simulated the output cir-
cuitry consisting of the coupling capacitor, transformer, and
squib. This output circuit simulation was necessary to corre-
late the squib resistance to output current to determine the
values of squib resistance of the window, i.e., the upper and
lower switching points of the current detector.

Many simulations of the current level detector were tried.

The final simulation used latches controlled by the voltage
across diode junctions to simulate transistors. The junction
voltages were determined by actual measurement of the transis-
tor base-emitter junctions.

Both upper and lower limits of the resistance window at three

different temperatures were determined through computer simula-
tion. The three temperatures»correspond to the operating envi- j
ronment of the solid state switch, i.e., -55°C, 25°C and 80°c.
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The results were:
SQUIB RESISTANCE (ohms)

"Window" limit -55°C +25°C 80°c
Upper 2.0 2.3 2.5
Lower +55 .63 oy 1

These results indicate that the squib resistance detector can
determine acceptable squibs but the variations with temperature
fall slightly outside of the desired range.

Since the computer solution is dependent on the validity of
the models used, the variations indicate that further simula-
tion with more accurate model parameters, determined from
actual testing of the semiconductor devices, is necessary.




SECTION 4
RELIABILITY ANALYSIS

A reliability analysis was undertaken of the static switch
design to establish a predicted value of Mean Time Between
Failures (MTBF) for the unit. The analysis included a worst-~
case stress analysis of the circuitry, evaluation of the
qguality level of parts used, and a compilation of predicted
failure rates.

Based on available information relating to the quality level of
the purchased electronic parts, the following is a summary of
the predicted MTBF for the static switch. The three values
shown reflect different screening levels and testing which can
be performed on the integrated circuits.

IC Qual. Level MTBF
Commercial 5,187 hours
MIL-M-38510, Class C 23,733
Vendor Equiv., 883B 28,257

4.1 CIRCUIT STRESS ANALYSIS

A worst-case stress analysis of all electronic components was

performed utilizing logic diagram SKAM 8175 as the basic cir-
cuit schematic. In general, stresses were computed based on
conservative approximations of voltage and current levels
applied, such that in most cases the computed stress levels are
probably higher than will be experienced in actual operation.
Even so, with few exceptions stress ratios (i.e. the ratio of
actual to rated electrical stress) were found to be consistent-

ly low, with approximately 75% of the components experiencing
stress of 25% or less of rated major electrical parameter value.
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4.2 RELIABILITY PREDICTION

The predicted values of failure rates are based on the data and
methods of MIL-HDBK-217B. In determining the value of the
various multipliers, the following assumptions were made.

a. The environment was considered to be "Aircraft, Uninha-
bited Area" in determining the environmental multiplier,

f'rE‘

b. Maximum temperature was assumed to be +71°C, based on
the requirement for testing to MIL-STD-810, Method 501,
Procedure I.

c. Failure rate levels for the established reliability (ER)

parts were assumed as level R for resistors and level M
for capacitors.

---.d. The 2N2907 and 2N2222 transistors were considered as JAN
devices, while the 1N4001 diode and the 2N4918 and
2N4921 transistors were assumed to be commercial quality -i
level.

e. Integrated circuits were assumed to be military tempera-
ture range, but of commercial quality. However, addi-
tional computations were made considering IC's to be
MIL-M-38510, Class C quality, and also for screening to
MIL-STD-883, Class B.

f. Cycling rates for the connector and the Load/Arm switch
were assumed as less than 40 cycles/1000 hours.

g. The temperature rating of the transformer insulation
was assumed to be 85°C.

Based on the above assumptions, the circuit Stress Analysis
sheets presented in Appendix C, list the predicted failure rates
for each component in the static switch. An MTBF value may be
calculated by taking the reciprocal of the summation of the

individual failure rates:




O S L PR A S ey WY

1 1

MTBF

T FR 192.791x107°

5,187 hours

It should be noted that this figure is merely the predicted

mean time between random failures of individual components; it
does not necessarily imply that the switch will fail to function
properly, or at least adequately, after that number of hours.
Since a failure mode and effects analysis was not a part of this
effort, it is unknown what the effect on system performance is
for failure of each part. It is likely, however, that failure
of some parts due to drift of some parameters out of tolerance,
would not always preclude adequate output. Nevertheless, the
MTBF value does give a relative picture of the switch reliabi-
lity.

The major contributors to the total failure rate are seen to be
the integrated circuits, which account for about 87% of the

summed value.

This is due largely to the assumption of commercial quality,
resulting in a quality level multiplier of 150 for these devices.
If the IC's are purchased to the requirements of MIL-M-38510,
Class C, this value drops to 16, resulting in an increase in
MTBF to 23,733 hours. Further, since the specification, par.
3.7, calls for testing of all microelectronic devices to MIL-
STD-883 by the contractor or a subcontractor, it may be logic-
ally assumed that the IC's will be screened at least to the
vendor equivalent of MIL-STD-883, Class B. In this case, the
quality level multiplier may be further reduced to a value of
10, resulting in an MTBF value of 28,257 hours.

)
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4.3 OPERATING CYCLES “r

It is recognized that the system operating hours, that is, the
total time during which the circuit is energized, is not the
parameter of major interest. Rather, since the unit is essen-
tially an intermittently pulse-operated switch, the number of
firing cycles is a more useful indicator of unit reliability.
Since the circuit is energized only when the trigger switch is
closed, and since the closure time of this switch may be only a

fraction of a second on many closures, a direct translation of
operating hours to cycles will probably lead to an unrealisti-
cally high number of cycles between failures (MCBF). Since the
circuit will experience considerable capacitive and inductive
transients during pulse operation, the stresses on many parts
will be greater, in sum, than if the circuit were to be contin-
uously energized. Although the scope of this effort did not
allow for system analysis to the depth required for a precise
quantitative determination, it is estimated that at least a
factor of ten is required to reflect the transient effects
mentioned. Knowing the timing of the system, a total time to
cycle through all switch positions can be determined and from
this value an approximate translation to cycles per operating
hour computed.

4.4 RECOMMENDATIONS

a. The variation in the quality level of the integrated
circuits depending on screening level used has been
discussed above. It is recommended that screening of
the IC devices be undertaken to a level equivalent to
MIL-STD-883, Class B. This will provide a substantial
increase in the predicted values of MTBF and MCBF, and
in particular will detect those devices prone to infant
mortality.
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b. It is further recommended that all capacitors be pur-
chased to ER level R as are the resistors. While this
will achieve only a relatively small increase in MTBF,
about 5%, it does provide added confidence, and would be
consistent with the resistor quality level.

Ce

Cne capacitor, C22, acting as a filter at the output of

the 18V regulator, is stressed to 90% in voltage. It is
recommended that a 50V rated unit replace the current
20V rating.

4-5
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SECTION 5
EMI ANALYSIS

5.1 SUSCEPTIBILITY OF THE SQUIB

For reasons of safety and reliability, the current induced
through the squib from unwanted external sources must be
kept as low as possible. The maximum no-fire current for
the Mark I Mod 0 Squib is 200 milliamperes. Normal practice
is to limit the current to 10% to 15% of the maximum no fire
current. Therefore, maximum current should be limited to 20
to 30 milliamperes.

For this analysis, squib current level will be the criteria.
The Mark I Mod 0 sensitivity to RF current has been shown
to be the same as its DC sensitivity. Therefore, there will
be no safety factor added for the RF currents.

5.2 RADIATION FIELD ENVIRONMENT

The maximum far field electromagnetic radiation environment
for electroexplosive devices as required by the three
services (Army, Air Force and Navy) are different. The Army
requirement for this analysis was taken from a document,
"Electromagnetic Radiation (EMR) Interim Criteria for
Missile Systems", received from MICOM with a letter dated
11/19/75. The Air Force requirement was determined from
sections of MIL-STD-1512 and AFSC Design Handbook DH2-5,

The Navy's requirement is contained in MIL-STD-~1385. These
requirements are summarized in Table 5-1.

Since the launchers are to be used by all three services,

the requirements were consolidated into one table. The con-
solidated requirements are shown in Table 5-2 at the frequen-
cies of interest.

5-1
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TABLE 5-1. ELECTROMAGNETIC FIELD CRITERIA
Average Power 2
Service Frequency (MHz) Density (Watts/Meter”)
Army 0.1 - 100 26.5
100 - 12,400 106
Air Force
.03 - 40,000 100
Na!x
Communications
0.25 - 0.535 239
2 = 32 26.5
100 - 156 0.1
225 ~ 400 0.1
Radar
200 - 1215 100
1215 - 1365 50
2700 - 3600 780
5400 - 5900 1050
7900 - 8400 1750
8500 - 10440 1500
33200 - 40000 40

<)
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TABLE 5-2 - POWER DENSITY REQUIREMENT
Average Power

Frequency (MHz) Density (Watts/Meterz)
.030 100
.100 100
.250 239
.535 239
2 100
32 100
100 106
225 106
1215 106
2700 780
5400 1050
7900 1750
8500 1500
40,000 100

The near field environment is not covered by those documents

covering the far field. 1In order to study this area, an
assumption is made. Due to the low impedance involved, the
magnetic inductive field is of primary concern. For the
induction coupling, the current level in the nearby conductor
is assumed to be 25 amperes, and the separation between the
launcher and the conductor is assumed to be 40 inches (approxi-
mately 1 meter).

5.3 SHIELDING

The launcher skin of aluminum, 40 mils in thickness, provides
the shielding for the solid-state switch. However, the skin
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should not have any openings. Where openings are necessary,
such as for access doors, a covering for the opening should
provide low impedance path by use of RF gaskets and conductive
surfaces.

5.4 SQUIB CIRCUIT WIRING

The squib circuit wiring is assumed to be similar to a monopole
with the squib bridgewire being the load. The length of the
AWG 20 wire varies from 11 inches to 34 inches. The spacing
between the wire and the return, which is the launcher struc-
ture and skin, is assumed to be .125 inch. For this analysis
the longest lead (34 inches) will be used. This will provide

a lower sensitive frequency when using the monopole antenna
concept.

9.5 FAR FIELD ANALYSIS

In the far field region the squib and its associated wiring is
assumed to be a monopole with the squib being the load. The
squib resistance is 1 Ohm, and the wiring varies in length from
11 inches to 34 inches. We will consider the longer length due
to its larger susceptibility within the rocket launcher. It is
important for effective shielding that the aluminum skin be
continuous without any openings. Being continuous becomes
increasingly important at higher frequencies.

The power delivered to the squib is given as,

WR = PA X S x AE

Where W, = Power available to squib (watts)

RS S 0

f P, = Power density to electromagnetic radiation
' field (watts/Meterz)
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S = Shielding loss
Ap = Effective aperture of squib wiring (Meterz)

In order to consider the worst case condition, it is assumed
that there is no mismatch between the antenna (the wiring) and
the load (the squib). The characteristic impedance of a lead,
.032 inch diameter, separated from ground by .125 inch is
ap?roximately 164 Ohms. The radiation resistance for a quarter
wave monopole is approximately 36 Ohms. In reality then, there
is a mismatch, and this assumption will result in a higher cal-
culated squib current than actual.

The gain of the antenna is assumed to vary with frequency. At
quarter wave frequency, fo' to 7 times fo’ the gain is constant.
At frequencies below fo' the gain increases 20 dB per decade.
The squib wiring is assumed to be a quarter wave monopole which

has a gain of 3.28 above an isotropic antenna. The use of such
a high gain will provide a margin of safety. Using the gain,
effective aperture area is determined by,

N 2
Ae (meter®) = GR X 3.28 x 7\

4

G Relative antenna gain, varies with frequency

R
A

Wavelength, meters

Shielding effectiveness can be defined as the total attenuation
of the RF energy in attempting to penetrate a barrier. This
shielding loss, in dB, is generally expressed as:
S(dB) = A + R
Where A = Absorption loss (dB)
R = Reflection loss (dB)

S
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The absorption loss, A, is determined by the material, its

thickness and the frequency of radiation.

A (dB) = 3.334 x 1072 t VEou
where: t = thickness in mils
f = frequency, in Hz.
¢ = relative conductivity, (referred to copper)

H = relative permeability (referred to free space)

For this squib susceptibiiity analysis, the aluminum skin of
the rocket launcher is assumed to be 40 mils in thickness.
For aluminum ¢ is 0.61 and/u s .

The reflection loss, R, is the result from the mismatch of the
impedances at the air-to-aluminum interface seen by the elec-
tromagnetic wave. This loss was determined using procedures
in NAVWEPS OD 30393, and becomes greater as the frequency de-

creases.

For this analysis, the more significant loss is used in deter-
ming susceptibility. That is, at frequencies up to 1 MHz, the
reflection loss is used; above 1 MHz, the absorption loss is

used. Utilizing these losses the squib current is calculated

from;
We=IR ; 1 =Y
Where W, = Power available to squib (watts)
IS = Squib current (amperes)
R = Resistance of squib (one Ohm for the Mark I

Mod O.)

With the shielding effect of the aluminum skin of the launcher
taken into consideration, the squib current levels are below
the required criteria of 20 to 30 milliamperes maximum. The
induced squib currents at the various frequencies are listed
in Table 5-3.
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TABLE 5-3 INDUCED SQUIB CURRENT

Power Shielding Relative Squib

Density Loss Antenna Current

w/Mz A R Gain Ampere
dB dB dB

100 -70 1.44
100 =59 2.73
239 =51 6.71
239 -42 1.40
100 =33 5.43
100 =9 5.37
106 0 1.58
106 0 7.01
106 +6 2.59
780 7.08
1050 2.59
1750 3.23
1500 9.86
100 2.15

X A X X K X X X X X X % % %

5.6 NEAR FIELD ANALYSIS

In the near field the analysis is directed toward inductive

coupling of the squib lead to the magnetic field. The induced

voltage is given as,
e =3.19 x 1078

£L4ian"2

=




induced voltage (volt)

When e
f = frequency (Hz)
L = length of coupling (inches)
i = current in nearby conductor (ampere)

Ly, ry = distances from conductor (inches)
i e \
X i T TR
st e
2

For this analysis, it is assumed that L = 34 inches, ry = 40

inches, r, = 40.125 inches and i = 25 amperes. Therefore,

e = 8.46 x 10_8 f volts

The far field region is defined as the region whose distance

is one wavelength beyond the transmitting antenna. Therefore,
the near field will be assumed to be the region within one
wavelength. Since we have previously assumed that the distance
from the conductor is 40 inches, our analysis will be limited
to frequencies whose wavelength is 40 inches or more. The cut-
off frequency is approximately 300 MHz. At higher frequencies
the region at 40 inches becomes far field, and the far field
analysis will hold.

Due to the aluminum skin of the launcher whose thickness is

40 mils, there is sufficient attenuation to protect the squibs.
The squib currents due to the near field inductive coupling
are listed in Table 5-4
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TABLE 5-4
Rh (dB) IS (current, ampere)

57 3.59 x 10°°

62 5.34 x 10°°

66 1.06 x 1077

70 1.43 x 10™°

75 3.01 x 10°°

87 1.21 x 10”4

92 2,13 = 10™¢

96 3.02 x 1079

97 3.59 x 1074

In the actual circuit there will be in series with the squib
the output transformer's secondary winding. The added impe-
dance of the secondary winding and the transformer leakage
inductance will decrease the squib current further. The total
of the two inductances has been measured to be approximately
104 microhenries.

5.7 CONCLUSIONS

Based upon the above analysis, it is concluded that the Mark I
Mod O squibs are safe from ignition and dudding when shielded
by the launcher's conductive outer skin. The far field
analysis indicates that the maximum squib current is less than
1% of the maximum no fire current (200 milliamperes). In the
near field the maximum squib current is less than 2% of the
maximum no fire current. These current values were determined
with optimum conditions, and in reality will probably never be

encountered.
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i It is imperative, though, that the enclosing outer skin have
minimum number of openings, and these openings should have
conductive covers providing a low impedance path to RF by use
of highly conductive gaskets, surfaces and finishes.

References used in the preparation of this analysis are pre-

sented in Appendix D.
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5.8 EMI TESTING

To obtain some verification of the above analysis, one of the
prototype solid-state switches was subjected to EMI testing at
a subcontractor's test facility. The unit was mounted in a

rocket launcher along with one inert rocket with a one ohm re-

sistor simulating a squib inserted in it.

A transducer to monitor actual squib current induced by a radi-
ated field was installed near the switch. 1It's output was
brought out to measuring instruments, located outside of the
screen room, through a specially made access panel and rigid
and flexible metal conduit. Figure 5-1 shows the test set-up
with the launcher mounted within the radiating antenna used for

susceptibility measurements at frequencies up to 200 megahertz.

Although testing was not quite complete at the time of writing
this report, all squib currents measured were well below the
no—-fire current specified for the squib and thus it is felt

that no hazard is presented by use of the solid-state switch.
Measurements under several sets of conditions were taken on
both the solid-state switch and the electromechanical inter-
valometer. Squib currents were comparable and in some instances

the solid-state switch currents were lower.

Preliminary test data sheets of tests performed to date have
been included in Appendix D. The final EMI test report, to be
received from the subcontractor within a few weeks, will be
forwarded at that time.

-11
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SECTION 6
PRODUCTION LINE DESIGN

A solid-state switch, which sequentially provides the electrical
energy to fire nineteen rockets, has been developed as reported
in previous sections of this report to replace the existing
electromechanical intervalometer. The objective of this part

of the report is to establish a production line concept to manu-
facture one thousand solid state switches per week. To fulfill
t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>