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Abstract

The current that flows between the electrical test equipment and the nuclear explosive
must be limited to safe levels during electrical tests conducted on nuclear explosives at
the DOE Pantex facility. The safest way to limit the current is to use batteries that can
provide only acceptably low current into a short circuit; unfortunately this is not always
possible. When it is not possible, current limiters, along with other design features, are
used to limit the current. Three types of current limiters, the fuse blower, the resistor
limiter, and the MOSFET-pass-transistor limiter, are used extensively in Pantex test
equipment. Detailed failure mode and effects analyses were conducted on these limiters.
Two other types of limiters were also analyzed. It was found that there is no best type of
limiter that should be used in all applications. The fuse blower has advantages when
many circuits must be monitored, a low insertion voltage drop is important, and size and
weight must be kept low. However, this limiter has many failure modes that can lead to
the loss of over current protection. The resistor limiter is simple and inexpensive, but is
normally usable only on circuits for which the nominal current is less than a few tens of
milliamperes. The MOSFET limiter can be used on high current circuits, but it has a
number of single point failure modes than can lead to loss of protective action. Because
bad component placement or poor wire routing can defeat any limiter, placement and
routing must be designed carefully and documented thoroughly.
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Current Limiters

Executive Summary

Electrical tests are conducted on nuclear explosives at Pantex. The electrical testers used for
the tests must be designed so that they create the lowest possible risk of any unintended
application of electrical energy. Current flows between the tester and the device under test must
be limited to the lowest levels that will assure reliable completion of required tests. Each tester
must be designed so that the risk of over current is as low as is reasonably attainable. An
essential part of risk management is the selection of the lowest voltage, lowest short circuit
current, and lowest total energy power source that will support reliable operation of a tester. A
second essential part of risk reduction is the use of robust barriers to separate parts of the tester;
this is shown in Figure 2. A third part of risk reduction, and the part that is the principle topic of
this report, is the use of current limiters to limit the electrical current that can flow between the
tester and the nuclear explosive. The selection of a power source and the use of barriers are
critical because no limiter can withstand unlimited voltage or dissipate unlimited energy, and no
limiter is effective if it is bypassed.

Three types of current limiters – the fixse blower, the resistor limiter, and the MOSFET-pass-
transistor limiter – are used extensively in Pantex test equipment. Detailed failure mode and
effects analyses were conducted on these limiters. Two other types of limiters were also
analyzed. Circuits were built and tested to confkrn and extend the analyses. In particular, a circuit
very similar to the fuse blower used in the UA5088 current limiting adapter and a circuit very
similar to the MOSFET current limiter used in the QU2454 command disable tester were built
and tested. Tests were conducted for nominal supply voltage and room temperature and for
various combinations of elevated supply voltage and elevated temperature.

A tester powered by a battery that has low short-circuit current comes closest to being
inherently safe. The resistor limiter provides passive stie~, that is, the resistor does not have to
take any action to limit the current. The other types of limiters are all sense and respond devices.
That is, part of the limiter monitors the current, and, if the current exceeds the limit, generates a
signal that causes some change in the circuit that limits the current. From a pure stiety view
point, sense and respond devices are less desirable than those that are inherently safe or are
passively safe.

It was found that there is no single best type of limiter that should be used in all applications.
The fuse blower has advantages when many circuits must be monitored, a low insertion voltage
drop is important, and size and weight must be kept low. This limiter has many failure modes
that can lead to the loss of over current protection. However, it was found that the operational
amplifiers and the comparator used in the UA5088 will operate properly for periods of at least a
few minutes at supply voltages up to 30 V and at temperatures up to about 190 C. This upper
temperature is well above the specified maximum use temperature of 125 C for these integrated
circuits.
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The resistor limiter is simple and inexpensive, but is normally usable only on circuits for
which the nominal current is less than a few tens of milliamperes. The MOSFET limiter can be
used on high current circuits, but it has a number of single point failure modes than can lead to
loss of protective action. Extensive tests were conducted to determine how a version of this
limiter, which is similar to a limiter in the QU2454, would respond to elevated supply voltages
and elevated temperatures. The circuit operated up to temperatures of about 150 C. When the
entire limiter was placed in an oven, the limit current decreased somewhat as the temperature
increased. This behavior would provide extra protection in most applications. However, no
decrease in limiting current with increasing temperature was observed when only the MOSFETS
were heated.

Failure modes and effects analyses were ako performed for a limiter that uses a pass
transistor and light emitting diode and for a limiter that uses an npn transistor and a silicon
controlled rectifier. Because the npn transistor in the latter limiter would not normally be in
saturation, there would be relatively large power dissipation in this transistor during normal
(none limiting) operation. This could be a significant disadvantage in battery-powered
equipment.

Component layout and wire routing are an essential part of the design and construction of
limiters and testers. Because bad component placement or poor wire routing can defeat any
limiter, placement and routing must receive as much attention as circuit design.
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Current Limiters

1. Introduction

Electrical testers are connected to nuclear explosives during assembly, maintenance, and
disassembly operations. Permissive action link (PAL) controllers are connected to nuclear
weapons to perform coding and locking operations. Both the testers and the PAL controllers
contain circuits that limit the current that could flow between the tester or controller and a
nuclear device. The correct and reliable operation of the limiter circuitry is crucial to the
assurance of nuclear explosive safety. This report discusses, from a nuclear explosive safety
viewpoint, the selection, design, and failure modes of current limiters.

The remainder of this report is divided into seven sections. Section 2 provides a discussion of
over current protection, Section 3 provides information on the selection of current limiters,
Section 4 contains a discussion of the use of fises and circuit breakers, Section 5 provides a
discussion of the use of resistors, Section 6 contains the results of failure mode and effects
analyses (FMAE) and laboratory tests of three types of active current limiters, Section 7 presents
a discussion of all test and simulation results, and conclusions are given in Section 8.

2. Over Current Protection

The power supplied by a current of I amperes to an electrical load with resistance R ohms is
equal to 12Rwatts. Because the power is proportional to the current squared, it increases rapidly
as the current increases. Unless the power supplied to a circuit can be dissipated as rapidly as it is
applied, the temperature of the circuit will increase. An increase in temperature can result in
damage to the circuit and possibly to fire. If the current is large and is applied rapidly, the build
up of heat can be so rapid that an explosion occurs. Since damage to circuits, fire, and explosion
are undesirable, particularly in or near a nuclear weapon, test equipment and PAL controllers
must contain circuitry that limits output currents to safe levels.

Consideration of the design of nuclear weapons leads to a number of levels of electric current
that could constitute a threat to nuclear safety. The highest level at about one hundred amperes
arises from the possibility of firing the main charge detonators. It is true that to reliably fire such
detonators, the applied current must have a special waveform. However, if the current is
available, it is possible (more precisely, it cannot be shown to be impossible) that an acceptable
waveform could result from arcing or f?tom some other mechanism. Therefore, it is necessary to
assure that currents of hundreds of amperes never unintentionally reach a nuclear explosive.

The next highest level is set by the melting of the insulation on hookup wire or other circuit
components. Teflon insulated size 20 wire is used extensively in weapons. Figure 1 shows data
on the temperature rise recorded when currents of 10, 20, and 25 ampere flowed through one 20
gauge wire that was enclosed within a group of 80 similar wires. To obtain the data, a
thermocouple was placed at the middle of a 6.5-foot-length (2m) current-carrying wire, and SO
6-inch-long (15 cm) pieces of similar wire were wrapped and taped in place over the
thermocouple. The graph shows that the temperature rise was less than 15 C after 30 minutes

11



(1800 seconds) at 10A, about 50 C after 30 minutes at 20 A, and about 80 C after 5 minutes at
25 A. The Teflon wire insulation had a melting point above 150 C. The data show that it is
important to protect 20 gauge wire from large currents; they also show that such wire will not
over heat to the melting point of the insulation if a current as large as 25 A flows for a few
seconds. It is reasonable to require that any source that could be connected to size 20 wire in a
weapon be limited to less than about 10 amperes.

Figure 1.

o~
1 10 100 1000 10000

Time (seconds)

Temperature as a function of time and current for a 20-gauge
Teflon-insulated conductor surrounded by a bundle
of 80 similar conductors that were not carrying current.

The next lowest level is set by the 5-A all-fire level for squibs and other electro-explosive
devices. Another level, at 1 ampere, is set by the minimum current required to operate typical fire
sets. Another, slightly lower limit, at 0.5 A arises from the no-fire current for electro-explosive
devices (most modern devices have a no-fire current of 1 ampere, but there are still some 0.5-A,
no-fire devices in stockpile weapons). Finally, currents of less than 100 milliamperes normally
pose little risk to modern nuclear explosives. The various levels are summarized in Table 1.

Current limiting is required by Department of Energy (DOE) orders. In particular, Section VII
of Order 5610.11 requires the establishment of design and fabrication criteria for testers that
introduce electrical energy into nuclear explosives. For equipment designed by Sandia
Laboratories, these criteria are found in design guides DGIOOOI and DGI027.5. Both of these
design guides require that electrical equipment that will be connected to the electrical circuitry in
nuclear explosives contain circuits to limit output currents and voltages to safe levels.
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Table 1. The relationships between current, duration, and consequences
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>100 =1 microsecond Melt or fire main Very high
charge detonators

>20 Seconds to minutes Damage wiring, start fire High
>5 Milliseconds Fire squibs High

=1 =50 milliseconds Charge fire set High

>().1 but <0.5 Milliseconds Operate low power Moderate
warhead electronics

<0.1 Indefinite None expected Low

The possibility of limiting the current through the selection of a low current battery should
not be overlooked. Many of the small batteries designed for use in hearing aids and watches have
short circuit currents of less than 100 rrul For example, the short circuit current of the
Panasonic BR1216 coin-style lithium battery is only about 5 mA. Such a battery could be used to
power a simple continuity tester that might be used to confhm the position of a safety switch.
Such a tester would be inherently safe; even if the battery were connected directly to a detonator
or an electro-explosive device, the current would be too low to initiate any reaction. At the
present time, testers that are not inherently stie, but which are made quite safe through the use of
current limiting circuits, are used to check the position of safety switches. It seems evident that a
tester with a small battery that could supply only a few milliamperes would pose less risk than a
tester that contains a large battery and current limiters.

Current limiters should be independent of each other and of the functional circuitry in a
tester. The current limiters must be protected against voltages that would cause them to fail.
These design imperatives are most easily achieved if a tester is partitioned as shown in Figure 2.
As shown in this figure, the power sources are surrounded by a robust barrier that will withstand
credible mechanical and thermal stresses. All electrical penetrations through this barrier must be
protected by over current and overvoltage circuits that disconnect power if the voltage or current
exceeds design limits. Over voltage protection can be as simple as the selection of a battery with
a voltage that is less than the lowest safe working voltage of any component in the functional and
protective circuits. It can also be quite complicated if any voltage in the source region is higher
than the lowest safe working voltage. If the power supply contains unitized power sources, the
designer must account for any high voltages generated inside of such supplies. For example,
many unitized supplies that convert 28 V dc to +/- 10 V dc generate 50 or more volts internally.
The designer must either show that this higher voltage can not possibly appear on any pin of the
supply, show that all fictional and safety components could tolerate the maximum voltage, or
provide protective circuitry that assures that the high voltage could not appear on any electrical
penetration through the barrier.

The limctional circuitry in modem testers frequently consists of a combination of analog and
digital circuitry, Some of this circuitry is implemented with discreet components, but much of it
is commonly implemented with integrated circuits. Most integrated circuits are rectangles of
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black plastic that have metal tabs protruding out the sides; that is, they are “black boxes.” They
are certainly “black boxes,” that is, unknowns, when response to abnormal current, voltages and
temperatures is considered. These components should never be part of the safety circui@ of a
tester. The reasons to use them are often quite compelling. For example, a programmable logic
array that is already part of the functional circuitry may seem to be the appropriate place to
combine signals from over voltage and over current sense circuits; however, this should not be
done because the failure of a functional circuit should never impair the operation of stiety
circuits. Furthermore, it is nearly impossible to establish the credibility of safety circuitry if
signals from it pass through chips and circuits that are part of the functional circuitry.

As shown in Figure 2, there should be over current and possibly over voltage protection
circuitry between the functional circuitry and the connections to a weapon. Both DG1 0001 and
DG1 0275 call for redundant current limiters. Both documents also speci~ that the current
limiters be designed and built so that the failure of one limiter does not lead to a cascade of
failures that destroys the other limiter. This most always means that each limiter must be on its
own circuit board and within its own enclosure.

Current Current
limiter limiter

Power FmrctionaJ
sources Circuits Current Current

limiter limiter

Qrrrenl .CurrenL —
limiter limiter

limiter limiter

RobustBarriers
Appropriatevoltage
and currentlimiting
on electricalpenetrations

Comectiorrs
to weapon

Note
The use of italics indicates that the two current limiters on each connection
should be of different design and use different components.

Figure 2. The block diagram of a tester shows the use of robust barriers to separate
power sources, functional circuits, and output protection circuits

3. The Selection of Current Limiters

The ideal current limiter shown in Figure 3 assures that the current flowing to or from a
circuit never exceeds the selected limit no matter what source of electrical energy is connected to
the input terminals and no matter what electrical load is connected to the output terminals. No
device or circuit provides perfect current limiting; however, some limiters do a pretty good job.

The description of the load in Figure 3 includes “any internal power source.” It would be very
difficult to design current limiters to cope with such loads. Fortunately, the nuclear explosives
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that are tested at Pantex do not contain active internal power sources. They might contain power
sources such as thermal batteries, but the batteries are not active during tests. Also, there are no
high voltage batteries in weapons in the enduring stockpile.

One approach to current limiting is to interrupt the circuit between the source and the load if
the current significantly exceeds some pre-selected value. For example, in most a.c. power
distribution systems, fhses or circuit breakers are used to interrupt circuits if the current becomes
too large. The second approach is to limit the current to a pre-selected value, but not to interrupt
the circuit. This second approach is used extensively in test equipment.

E
Any Same of
Power
Any voltage
Anycurrent

Any noise
Anytransients

Current never exceeds
Imax

mIrnax AnyLoad:

Current
Any resistance

Limiter
(includes short)
Anycapacitance
.kly inductance

I Anychangesin load I

Figure 3. The properties of an ideal current limiter. There is—
no vol@-gedrop across an ideal limiter.

4. Fuses and Fuse Blower Circuits

Section 4.1 contains a brief discussion of use of fises for over current protection. Section 4.2
provides a detailed failure modes and effects analysis of the fise blower circuit. Such circuits are
used extensively in perniissive action link (PAL) control equipment. The analysis, which
concentrates on protection circuits similar to those in the UA5088 current limiting adapter, is
applicable to iise blowers in general. The UA5088 ‘will be used at Pantex to provide additional
protection against over currents and over voltages during PAL operations. The reader who is not
especially interested in fuse blowers or the UA5088 may want to skip over Section 4.2.

4.1 Fuses and Circuit Breakers

Fuses are used primarily to interrupt current before the heat caused by excessive current can
damage wiring and cause fwes. The advantages of fuses include low cost, low power dissipation,
ruggedness, and simplicity of operation. Disadvantages include an inherent lack of testability,
slowness of operation, and the possibility that molten fise material might re-connect a circuit that
has just been opened. There is no nondestructive test to prove that a fise will open a circuit when
it should. However, cotildence that a fise will open when it should can be obtained from tests on
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samples drawn from a group of fuses that were manufactured under nearly identical conditions
and in a relatively short period of time. A series connection of fuses can be used to increase
cotildence that a least one fuse will open and interrupt current flow.

Typical specifications (Littlefuse Designers Guide) for fhses used in electronic devices state
that a fise will carry 110 % of rated current for a least four hours and open within 60 minutes if
the current is 135 YO of the rated value or within 2 minutes if the current is 200 % of the rated
value. Fast acting fuses, for example type 3AB, can be expected to respond somewhat faster. For
example, according to Littlefuse, a 15 A (ampere) type 3AB fise can be expected to open in
about 10 seconds if the current is 30 A and in about 200 ms if the current is 60 A. The expected
opening time is still of the order of 10 milliseconds for currents as large as 150A.

Suppose a 10-A fuse is used for over current protection on a line for which the nominal
current is 3 A. It is common practice to select a fise with a rating well above the nominal current
so that the fise does not blow during turn-on and turn-off transients. Such a fuse would most
likely carry 30A of current, that is, a current equal to ten times the nominal current, for hundreds
of milliseconds before it opened.

Fuse Blowers A special circuit, commonly referred to as a fuse blower, is used for over
current protection in many PAL controllers. The block diagram of a typical circuit is shown in
Figure 4. The circuit consists of a resistor or other device that senses the current flowing to a
circuit in a nuclear explosive; one or more stages of amplification; a comparator; a circuit which,
when energized, short circuits the source of power through a fuse; and the fuse which, when it
opens, disconnects power from the power source.

tl

=+iT, O.tzJi.jverc ent

L6 v II I out3

Figure 4. A cartoon representation of the fuse blower circuit. The sense function,
which is indicated by the figure holding the magnifying glass, is
commonly implemented with a sense resistor and an operational
amplifier. The hand, which is on the switch, is frequently implemented
with a comparator, a drive circuit, and a SCR.

The fuse blower offers a number of advantages over a fise. The primary advantage is much
faster removal of power in the event of over current, which occurs because the entire short circuit
current capability of the power source is applied to open the fuse. For example, the T1 576 battery
pack used with PAL equipment at Pantex will provide about 80 A of short circuit current to blow
a fuse. Additional advantages include the ability to monitor a number of conditions, the fact that
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the amplification and comparator fi.mctions can be implemented with high quality integrated
circuits, and the need for only one high power switching device. A silicon controlled rectifier
(SCR) is commonly used as the switching device. Disadvantages include total dependence on the
operation of the circuitry that drives the power switch, on the correct operation of this switch,
and on correct operation of the fbse. These disadvantages are mitigated to some degree by the
fact that an SCR is most likely to fail as a short circuit.

4.2 Detailed Analysis of the Fuse Blower Used in the UA5088

The reliability of the current limiting circuits used in the UA5088 are of particular interest
because this device was designed solely to provide additional over current and overvoltage
protection at Pantex during PAL operations. A failure modes and effects analysis of the circuits,
conducted at the University of Idaho by Professor Noren, was a continuation of previous failure
modes and effects analyses that Professor Noren conducted for Sandia. Preliminary circuit
information was obtained from the Sandia design team and sent to Professor Noren. Because no
attempt was made to communicate every design change, the circuits that he analyzed at the
University were not identical in all respects to the circuits that were finally incorporated into the
UA5088. However, because there is so much similarity between the two sets of circuits, the
analyses done by Professor Noren are entirely relevant to the circuits in the UA5088. They are
also relevant to fuse blower circuits in general.

The entire fuse blower was divided into three groups of circuits to facilitate the analyses. The
first group, Stage 1, performed the sense and initial amplification functions. The second group,
Stage 2, provided additional amplification, and the third group, Stage 3, provided control of the
SCR and the switching and fusing functions. This division of the complete circuit was
convenient, but arbitrary. The sense fhnction and the fust stage of amplification were performed
by the circuit shown in Figure 5.

=

T +lSV C12

A 100pF

R15

RSENSE
38.2k

.1
0

4)
R13 RI4
5Slk S.Ilk

IL!3AD
Cll

R16

120pF
38.2k

VDUTI

Figure 5. Stage 1 of the UA5088 fuse blower circuit
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The voltage across the resistor RSENSEis proportional to the current, ILOD, flowing from the
power supply to the load. The capacitors, Cl 1and Clz, are selected to assure circuit stability. If
the current flowing through RI 1and R13 is small compared to the current flowing through RSENSE;
that is, if the resistance of the series combinationsofR11 and R12, and of R13 and R14, is much
larger than the resistance of RSENSEand RLOD, a situation that exists for all applications of the
UA5088, VOUT1can be expressed as

(1)

When the sum of the values of the resistancesofR11 and R12 are equal to the sum of the value
of the resistances of R13 and Rlzj and the value of the resistance of RIs is equal to value of the
resistance of R1(j,the circuit fhnctions as a differential voltage amplifier. The transfer fimction
simplifies to

(2)

For R15 = R16 = 38.2 k~, RSENSE= 0.1 L2,and Rll = R12 = R13 = R14 = 5.11 k~, Voml/ILoD
= 0.374 VIA.

The circuit for the second stage is shown in Figure 6.

C21
100pF

RR22a R22b
5.lk lOOk

R22

f1 —

o VCIUT2
VCIUT1 o \

f

R21 +
10k -15V

Figure 6. Stage 2 of the fuse blower circuit

18



Stage 2 is a non-inverting amplifier. The input to this stage is VOUT1, the output of the frost
stage. C21 is selected to assure circuit stability. If R22 is used to represent the sum of R22~and
R22b,the transfer function for the second stage is given by

()Voun= 1+Q2

vOUTI Rzl “
(3)

When R22, = 5.1 kfl, Rzzb= OCl, and Rz1 = 10 kfl, VouTJVouT1 = 1.51 V/V; because Rzzb
has the lowest possible value, this is the minimum voltage gain for the second stage. For Rzz. =

5.1 kf2, Rzzb = 100 kCl, and Rzl = 10 Ml, VouT2/VouTl = 11.5 lV/V; this is the maximum voltage

gain for the second stage if the maximum value of Rzzb is 100 kfll If the value of R2.zbis
determined by the setting of a potentiometer, this setting can be selected to obtain a particular
gain.

The circuit for the third stage is shown in Figure 7. The circuit operates in the following way.
The output of the comparator will be near zero volts as long as the voltage out of Stage 2 is less
than the reference voltage of 4 V plus a diode voltage drop of about 0.7 V. As long as the output
of the comparator is near zero volts, current from resistor R34 will flow into the comparator. A
comparator is a very high gain amplifier that is able to either sink or source current. If the output
of Stage 2 increases just a few millivolts above about 4.7 V, the output of the comparator will
change from about zero volts to nearly the positive supply voltage. This voltage is 28 V in the
circuit shown. When the output of the comparator goes high, current from R34 and from the
comparator will turn on the transistor, which in turn will provide current to turn on the SCR.
Once the SCR turns on, there will be a low resistance path directly from the power supply to
ground. Because the fuse is in this path, it experiences a surge of current when the SCR turns on
and opens quickly. When the fuse opens, the power supply is disconnected from the circuitxy.

Component values are chosen so that current through R34 is sufficient to bias transistor Q1
into the conducting state. This means that if the comparator fails as an open circuit, Q1 will turn
on, the SCR will conduct, and the fuse will open and disconnect the power source.

If a logical OR circuit is placed ahead of the comparator or ahead of the drive transistor, a
number of out-of-bounds conditions can be sensed and used to f~e the SCR. For example, over
voltage and excessive case temperature as well as over current will change the state of the
comparator and trigger the SCR in the UA5088. Diodes D1 and D2 represent diodes in logical
OR circuits used in the UA5088.
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Figure 7. Stage 3 of the UA5088 fuse blower circuit

The results from Eqs. (2) and (3) can be combined to yield

vouv _ VOUT1 #OUD . R15

()

R22—
ILOAD

RSENSE 1+ —
ILC)AD VouTl R11+R12 RZI .

The load current at which the SCR will be fired is given by

ILOAD >
v~F + 0.7v

1115

()

R22 .
RSENSE 1+ —

RI I + R12 R21

(4)

(5)

For R22bequal to 100 Ml and for the other component values already given, the SCR is
triggered when ILOD exceeds approximately 1.1 A. When Rzzb is equal to zero, the SCR is
triggered when ILOD exceeds approximately 8.3A.

Circuit analysis, computer simulation, and experiments were used to identifi the failure
modes of the fise blower circuit and to determine the effects of these failures.

A failure is said to result in a sajie condition if, as a result of the failure, the
SCR is triggered immediately, or, after the fault, the SCR would be triggered
for load currents not larger than the intended maximum current. A failure is

said to result in an unsafe condition if neither of these conditions apply.

Table 2 shows the failure modes and effects for the passive components in the circuits shown
in Figures 5 through 7.
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Table 2. Failure modes and effects for the passive components

.

.,,,.,, .,. .,,, ,,. ,.,,. . . . ..... . ...
, ‘,mtiiilg~~::;::”@ii ..”i:&j~#@&~’:,“:;:,”:,,:,~~,:‘“lmiw~”:;;:,::”:;”’:““”’,::.:“,::;‘:: ,“.;:,,;,,:,, ,,,, ,.

RI, Safefor R~>Rl,J(R13+R14)*R~Determinedfor Eq.”(1)’
Unsafeotherwise

Short Safefor R~<RlJ(R,3+R14)*Rs Determinedfor Eq. (1)
Unsafeotherwise

RIZ Open Safefor R~>RlJ(R,3+R14)*Rs Sameas R,, open
Unsafeotherwise

Short Safefor R~<Rl~(R13+R,4)*Rs Sameas Rll short
Unsafeotherwise

R,3 Open Unsafe Determinedfrom Eq. (1)
Short Safe DeterminedfromEq. (1)

R,4 Open Unsafe Sameas R13open
Short Safe Sameas R13short

R,5 Open Safefor R~<R,J(R13+R14)*Rs DeterminedfromEq. (1)
Unsafeotherwise

Short Safefor R~>Rl@13+R14)*Rs DeterminedfkomEq. (1)
Unsafeotherwise

R,6 Open Safe DeterminedfromEq. (1)
Short Unsafe DeterminedfromEq. (I)

c,, Short Unsafe Sameas R16short
C,* Short Safefor R~>RlJ(R13+R14)*Rs Sameas R15short

Unsafeotherwise
Rzl Short Safe Thegainof the secondstagebecomes

infinity
R2, Open Unsafe Gain of secondstage is decreased
R22. Short Unsafe Gainof secondstageis decreased

Open Safe Gainof the secondstagebecomeslarger
RD~ Short Unstie Sameas Rza

Open Safe Sameas R2h

C21 Short Unstie Gainof the secondstageis reduced
RWF Short Safe No effecton the outputof the

comparator
Open Unsafe The outputof the comparatoris low

R31 Short Unsafe Little effecton output of the comparator
Open Safe No effecton the outputof the

comparator
R32 Short Safe Thereis enoughcurrentthroughR34and

R35to triggerthe SCR
Open Safe No effecton the output of the

comparator
Cs, Short Safe The sameas R32 short
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Table 2. Failure modes and effects for the passive components (Continued)

,,,,,,,,, ,,,,. .:, ,,,:, ,,,.,.~~.:Ei..~’.tiqM :,, “;;‘,: ,“”,,,, ,,,,,:M+M ‘,:’’~~j~r~~~~y:,” :’ ,“,,,,’.,~~. $y’’ect., ‘“: ;:,”) .::), .:, ‘,““ ,;, ,,,,
,.,,,,.,,,, ,,

.,

R~q Short Safe The output of the comparator is always
high

Open Unsafe The outputterminalof the comparator
(the collectorof a BJT) is no longerhas
a pull-upresistorraise the outputhigh
enoughto triggerthe SCR

R35 Short Safe Q, still turns on.
Open Unsafe Cannotturn on QI

CE Short Unsafe The base of QI is grounded

Rc Short Safe QI is forced active which results in the
SCR triggering.

Open Unsafe The circuitwill not triggerthe SCR

R~ Short Unsafe VEis grounded.No triggervoltageor
currentto triggerthe SCR

Open Safe Increasesthe gate currentto the SCR

M Short Safe Increasesthe gate currentto the SCR, but
this conditionmay darnagethe SCR

Open Unsafe No triggercurrent
CG Short Unsafe Thegate of the SCR is shortedto

ground.

Table 3 shows the possible failure modes for the various power supplies and the effects of
each failure. To evaluate the effects of the various failures, it was assumed that one source
supplied all 28 V power, that one*15 V source supplied power to both of the op-amps, and that
the 4-V reference was obtained from a zener diode circuit that was powered by the 28-V supply.
The effects of various ftilures of the transistor, Q1, are shown in Table 4, the effects of various
failure modes of the SCR are shown in Table 5, and Table 6 shows the failures modes of the op-
amps and the comparator and the effects of these failure modes.

Table 3. Failure modes and effects of the power supplies
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Table 3. Failure modes and effects of the power supplies (Continued)

.

+4 V source Short to ground Safe

I 1

Open circuit Unsafe

load circuitry requires the 28-V source as well

No power applied to the circuit. It is assumed that the
load circuitry requires the 28-V source as well.

The voltage from the second stage needed to fire the
SCR becomes lower.

The output of the comparator is indeterminate.

Table 4. Failure modes and effects of the transistor

Collector-Emitter Safe The circuit triggers the SCR
(C-E) Short

Collector-Base (C-B)
Open

I C-B Short

Unsafe The circuit will not trigger the SCR

~

The SCR is disconnected fi-omthe circuit

The circuit will not trigger the SCR

Table 5. Failure modes and effects of the SCR

,:,,,,,,,,,,,,, ..,,,,, ,,, ,,, :,:,,,,,,:,.,::,.,:,:.,:.,,,,,, ,,:.
; “’:;**~*#*~~ti~il;::,,,‘: ‘,’::, ““”’:jjffi~ ~‘,:,:,::,:,,,,‘~~:““,:: ,,,,,,.,.,,.”,’”,,,,,,,,,,,,,,,,,,,,,,,,,,,:“iRMifi&i~i3*:::‘“:::::’..; . : .::.,,,: “

Anode-Cathode Unsafe The SCR is an the open circuit. No complete path
(A-C) Open for current to flow to blow the fuse

A-C Short Safe The fise blows, nearly the same state as had the
SCR been fired

Anode-Gate Unsafe The SCR never turns on.
(A-G) Open

Anode-Gate Short Safe The SCR is latched on.

C-G Open Unsafe No trigger current to trigger the SCR, the A-C
terminals may not short

C-G Short Unsafe Most likely that SCR could not be turned on from
the gate

23



Table 6. Failure modes and effects of the op-amps and the comparator

I I Output stuck low I Unsafe I Low output will not trip SCR I

Output short to ground Unsafe Low output will not trip SCR

Output stuck open Unsafe Low output (although not OV)
will not trip SCR

op-Amp 2 (OA2) Output stuck high Safe High output trips SCR

output stuck low Unsafe Low output will not trip SCR I
Output short to ground Unsafe Low output will not trip SCR

Output stuck open Unsafe Low output will not trip SCR

I Comparator (COMP1) I Output stuck high Safe High output trips SCR

Output stuck low Unsafe Low output will not trip SCR

Output short to ground Safe Same condition as output high
for open collector output

Output stuck open Unsafe Low output will not trip SCR

The circuits shown in Figures 5 through 7 were built and tested. For the fust set of tests, the
value of R22bwas adjusted so the SCR would be triggered when the current to the load was about
3.0 A. This selection of trip current was convenient, but arbitrary. Voltages measured in the
circuit for various values of the load current are shown in Table 7. There was good agreement
between the measured values and the values determined from circuit analysis.

The input voltage-to-output voltage transfer function of the Stage 1 circuit was measured as a
function of temperature. The circuit was placed in a forced air oven, and the oven set point
temperature was adjusted upward as necessary to obtain a sequence of increasing circuit
temperatures. Circuit temperature was obtained from a thermocouple probe attached to the
circuit. The entire set of tests were completed within a few hours. The results of the tests are
shown in Table 8.

The data in Table 8 show that the first stage circuit operated at temperatures up to 195 C,
which was the maximum temperature that could be obtained with the laboratory oven. This result
was somewhat surprising because the LM148J is rated only for use up to 125 C.

Tests were conducted to determine how the operational amplifier in the first stage would
respond to higher than specified supply voltages. The results are shown in Table 9.
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Table 7. Voltages measured in the experimental fuse blower circuit
for various load currents

=1=
VR11 (mV) 0.4

VR12(mV) 0.7

VR13(mV) 0.4

VR14(mV) 0.7

VR15(mV) -2.7

VR16(mV) -6.3

VOUT1 (mV) I 1.8

VOUT2 (mV) 9.3

VR34(V) 27.9

Comparator 0.148
output (v)

VB(V) 0.085

Vc(v) 28

VG(V) o

VA(V) I 28

14.7 I 29 I 43.8 / 57.8 I 71.3 I 86.4 197.6 I

40.5 181 I 121.8 I 162 I 202 I 249 I 285 I

-109.7 I -218 I -324 1-429 I -528 1 I -726 I

-521 I -1043 I -1576 I -2110 I -2650 I I
193.7 390 588 789 989 1225 1412

717 1435 2170 2910 3640 4520 5210

27.9 27.9 27.9 27.9 27.9 18.05

0.147 0.147 0.148 0.148 0.149 9.97 9.96
I

0.083 0.083 0.083 0.083 0.085 5.81 5.8

28 28 28 28 28 5.2 5.2

0 10 10 10 10 I 0.824 I 0.823 I

The measurementsweremadewith the circuitin roomair (approximately27 C). A fewentriesare
blankbecausethe measurementscouldnot be retrieved.

VB = voltageat base of Q1,VC = voltageat collectorof Ql, VG= voltageat gate of the SC~ and
VA= voltageat the anodeof the SCR

Table 8. The results of operating the Stage 1 circuit at elevated temperatures

I 2000 I 7.49 II 2000 I 7.48 II 2000 I 7.45 II 2000 I 7.5 I

I 3000 I 11.21 II 3000 I 11.23 II 3000 I 11.2 II 3000 I 11.2 I

3813 14.29 3813 14.33 3813 14.38 3813 14.39

4000 14.29 4000 14.33 4000 14.38 4000 14.39
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Table 8. The results of operating the Stage 1 circuit at elevated temperature (Continued)

3000 I 11.22 l\ 3000 I 11.21 II 3000 I 11.25 II 3000 I 11.26 [

3s90 14.45 3880 14.45 3880 14.51 3880 14.48

4000 14.45 4000 14.45 4000 14.51 4000 14.48
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The results showed that the operational amplifier would tolerate short duration excursions in
the power supply voltage. Since no failures occurred, the operational amplifier was subjected to a
more rigorous test. The test conditions and results are shown in Table 10.

Table 10. The results of subjecting the operation amplifier in the
Stage 1 circuit to higher than normal power supply voltages

Vin(mV) () 1000 2000 3000. 4000 5000 5170 5500 6000

Vout(v) 0.00 3.73 7.48 11.2 14.9 18.6 19.2 19.2

Vin(mV) (j I 1000 I 2000 I 3000 I 4000 I 5000 I 5170 I 5500 I 6000

Vout(v)
I 0.00 I 3.75 I 7.52 I 11.2 I 15.0 I 18.7 I I I 22.5

The op-amp failed at the supply voltage of +34.5V,
after failure, the amplifier output was -32 V

As shown in Table 10, the op-arnp failed when the supply voltage was increased to
+/- 34.5 V. The test was repeated a number of times with the same result. In all instances, when

an amplifier failed, the output voltage was about -32 V.

A set of tests was conducted to determine how the operational amplifier would be effected by
the combination of elevated temperature and higher than normal supply voltage. The Stage 2
circuitry shown in Figure 3 was used for this test. The value of R22b was adjusted so that the
stage had a voltage gain of 5. Results are shown in Table 11. The tests were conducted with the
circuits in a laboratory oven. The oven temperature was adjusted until the desired circuit
temperature was obtained. Then, the supply voltage was turned on and the output voltage was
measured for various input voltages. The sequence of measurements took less than 5 minutes.
The power supply voltage was increased and the input-output measurements were repeated.
Finally, the power supply was turned off and the oven was adjusted for the next temperature. It
took approximately 25 minutes to go from one temperature to the next.
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Table 11. The results of testing a Stage 2 circuit at various temperatures
and at supply voltages of +/- 15 V (nominal) and +/-30 V

11114.9911 I 4.97 11 1 I 5.05 I 1 I 5.04 II

2 9.98 2 9.99 2 10.05 2 10

2.89 14.4 3 15.0 2.91 14.5 3 15.1

4 20 4 20.I

5 24.9 5 Valuenot
recorded

1 5.07

2 10.1

2.89 14!5
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The data in Table 11 for operation at nominal supply voltage and elevated temperature are
consistent with the data shown in Tables 9 and 10 for operation at nominal voltage and elevated
temperature. This should be the case; it is comforting that the data confirm the expectation.
Comparisons of the data Table 11 with those in Tables 8 and 10 show the combination of higher
than normal supply voltage and elevated temperature did not result in failure at much lower
supply voltage or temperature than would have been expected for the application of either stress
separately.

The Stage 3 circuit was tested at various temperatures and with various supply voltages. The
sequence of events - ramp temperature, set voltages, take data - was essentially the same as that
used for the tests summarized in Table 11. Results that show the operation of the comparator are
given in Table 12. Tests were also run with the circuit at 130 C and 160 C. The results were
essentially the same those shown. The results show that the voltage reference circuit and the
comparator functioned correctly for at least short periods at temperatures up to 195 C and for
supply voltages up to 60 V. The maximum test temperature was well above the maximum rated
continuous use temperature of 125 C for the comparator.

Table 12. The results of tests of the voltage reference and the comparator
at various temperatures and supply voltages

,. ,:, ,, ,,,,;.:,:;,,,.,:, ,., .:,:, ;:;,:,:’..:’..:,.,:.,,.,,.:.. ....,,,,,. . “““’:.:;:A+=;*$;:& :.,,”’::::”‘‘j’”; .V., j;

,:;;:;,, ,’,“‘:””:::”’;‘ ‘;;:+;”=”;b+’~:’”“: “:’;”~~::, ,.:”‘“:... :, ..:.,.,.:..,. ,’, ,., .
.,, :. .,., ....: :,, ,., ,,.

supply VREF VTRI VOL VOH supply VREF VTRI VOL VOH

m m pm m m m (v) P(v) (v) (v)

28 4 4.03 0.157 25.8 28 3.92 3.94 0.182 25.8

40 4.12 4.16 0.21 36.8 40 4.05 4.07 0.246 36.7

45 4.15 4.19 0.235 41.3 50 4.08 4.12 0.308 45.8

50 4.18 4.25 0.259 45.8 55 4.09 4.14 0.343 50.4

60 4.24 4.27 0.327 54.9 60 4.09 4.15 0.388 54.9
.;:.,,.,. ,.,,.., ;, ,“’”,,:;::, “:f.=$$5:*::;:’:::’”: ; “;’::!::; ;, :::;;; “;’””$’=;3~:g’’(i{igi?*$&i’$$5 & “!”:’‘: ,

supply VREF VTRI VOL VOH supply VREF VTRI VOL VOH

WI W) pm W) w W1 m pm ~ ~

28 3.71 3.72 0.323 25.6 28 3.99 4.03 0.158 25.8

40 3.84 3.86 0.426 36.5 40 4.09 4.13 0.213 36.8

50 3.9 3.93 0.518 45.7 50 4.14 4.18 0.258 45.8

55 3.91 3.94 0.569 50.2 55 4.17 4.2 0.285 50.3

60 3.92 3.96 0.623 54.6 60 4.21 4.25 0.319 54.9

29



Tests were conducted to determine the maximum collector to emitter voltage the transistor,
Q1, would sustain at various temperatures. The tests were conducted with the transistor in the
Stage 3 circuit shown in Figure 7. The elevated supply voltages were applied to the comparator
and the resistor R34, as well as to the transistor. The voltage to the transistor was applied through
resistor RC. The input to the comparator was set so that the comparator output was at the low
level; therefore, no base current was supplied to the transistor. The test provided a measure of
what is referred to as the collector-emitter breakdown voltage measured with the base open. The
results are shown in Table 13.

Table 13. The maximum voltage that the transistor
in the Stage 3 circuit would hold off

110 54

140 50

II 170 35
1 I

190 approx. 21
I

The data show that the transistor would hold off the nominal 28 V supply voltages at
temperatures up to at least 170 C. It was shown in Table 4 that a short between the collector and
emitter of the transistor is a “safe” failure because when the short occurs, the SCR will be
triggered to the ON state.

The entire fuse blower circuit, that is the combination of Stages 1,2 and 3, was tested at
various temperatures. The circuit was cotilgured so that the SCR would be triggered when the
load current slightly exceeded 3 A. The configuration was the same as the one used to gather the
data shown in Table 7. Test results are given in Table 14. The quantity labeled IT is the load
current at which the SCR was triggered ON, and the quantity labeled VAK is the voltage
measured across the SCR after it had turned ON. The second set of values shown for the
temperature of 30 C were taken after all of the other tests had been completed.

The data show that the load current at which the SCR was fired decreased as the temperature
of the circuit increased. This was the expected behavior; it would be beneficial in most all
applications of a fise blower. For example, if heating of the circuit were the result of a
malfunction in an adjacent piece of apparatus or the result of a fire in the room in which the fbse
blower was located, operation of the SCR at lower load current would provide additional
protection. Note that when the temperature reached 190 C, the SCR was not able to hold off the
28 V supply voltage. This feature of the SCR would also result in a safe failure mode.
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Table 14. Results obtained when the entire fuse blower was heated in an oven.
The second set of data for T = 30 C were taken after the 30 C to 195 C
temperature sequence had been completed.

For the test that was just described, the entire circuit was placed in the oven. Tests were also
conducted to determine what would happen if only part of the circuit were heated. Partial heating
could occur if parts of the circuit were located in different places. For example, most of the
circuitry might be located inside a cabinet, but the SCR might be located on a heat sink that was
attached to the side of the cabinet. If a fue occurred outside of the cabinet the side of the cabinet
and the SCR might become quite hot before the temperature of the circuits increased
significantly. The situation could be quite different if the source of heat was internal to the
cabinet. If this were the case, the circuit board might become quite hot before the temperature of
the SCR increased significantly. The results of tests in which only the SCR was placed in the
oven are shown in Table 15.

Table 15. Results obtained when only the SCR was heated in an oven

IIIT(A)13131312.991312.99 II

VAK(V) 1.015 0.975 0.959 0.939 0.912 0.892

T(°C) 130 160 170 185 195 30

II IT(A) I 2.99 I 2.99 I 2.99 I 2.99 I O I 3 II

II VAK(V) \ 0.876 I 0.84 I 0.847 \ 0.907 I 0.871 I 1.001 II

The data in Table 15 show that when only the SCR was placed in the oven, the load current at
which the SCR was triggered did not decrease as the temperature increased. Note that when the
temperature reached 190 C, the SCR was not able to hold off the 28 V supply voltage. As was
mentioned above, this feature of the SCR would result in a safe failure mode.

Many failure modes of the fise blower have been identified and the consequences of ftilures
have been presented. Any failure that prevents the triggering of the SCR leads to an unsafe
condition. Examination of the various tables in this section shows that there are a number of
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single failures that will prevent triggering. Therefore, the fise blower is vulnerable to many
single point failures. The experimental data show that the op-amps and the comparator used in
the UA5088 will tolerate, for at least a few minutes, temperatures up to 190 C and supply
voltages up to 60 V. This means that these key parts will most likely fiction if the fuse blower
is subjected to high temperature from a fire or to high voltage from a surge on power lines or
from an unintended connection of batteries. More discussion of the results and data for the fuse
blower will be found in Section 7.

Section !5. Resistor Current Limiters

Consider the simple electrical circuit shown in Figure 8. The nominal current, InO~,through
the load is given by Eq. (6).

RLim Current

--l

~fl

RLim
Noad

Power
Source

Figure 8. A simple resistive current limiter. It is recommended practice
to place a resistor in both the supply and return leads.

INOm =V/(R source + 2R1imiter + ‘load) (6)

In Eq. (1), R,Ouce includes any resistance associated with the source and the wiring, Rlirniteris
the resistance of each resistive current limiter, and Rlo,d includes all resistance associated with the
load. It is recommended practice to put a current limiting resistor in both the drive line and the
return line. Normally, the two resistors have the same value; the modification to Eq (6) if they
have different values is obvious. The impedances of the source, the limiting resistors, and of the
load may depend on the frequency. Because the essential facts about resistive limiters can be
developed without the introduction of frequency dependent impedances, they will not be
introduced. However, it is often necessary to consider inductive and capacitive reactance as well
resistance in the analysis of specific tester-to-weapon interfaces.

If RIO.ddecreases to zero, that is, if the load is “short circuited” the current increases to

Isc = Vj( &ource+ 2Rlim) . (7)

The ratio of short circuit current to the nominal current is given by

ISc/Inom = (&Urce+ 2Rlim + Rload)/(Rsource + 2Rlim) . (8)
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If the resistance of the source is small compared to the other resistances, Eq.(8) can be
rewritten in terms of the nominal source voltage, V, and the voltage, V1~~&across the load; the
result is

k@nom = v(v-vlo~d) . (9)

Consider the following examples. The nominal current in a 28 V monitor circuit is
10 milliamperes. If two 140 !2 limiting resistors are placed in the circuit, there will be a 2.8 V
drop across them. In most instances, a drop of this size would be acceptable. If some fault occurs,
the resistors will limit the current to 100 milliamperes. As discussed in Section 2, a
100 milliampere current will not usually create significant risk. Now suppose that the nominal
current is 1 ampere. Many specifications require that the voltage to this large a load be at least
24 V; that is, the drop between the voltage source, usually a battery, and the load shall not exceed
4 V. If the source voltage is 28 V and the drop across the limiting resistors is 4 V, that is, the
drop across the load is 24 V, then, horn Eq.(9), the short circuit current will be seven times the
nominal current. In many applications, an increase from 1 ampere to 7 amperes would not be
acceptable.

It is not possible to state absolutely when resistor current limiters can be used and when they
cannot be used. However, experience suggests that they can oilen be used in testers when the
nominal current does not exceed a few tens of milliamperes, but that they can rarely be used
when the nominal current is as large as 1 ampere.

Because the output current is proportional to the source voltage, as shown by Eq. (6), a
resistive limiter provides little or no protection against overvoltage at the source. Consider again
the just discussed example of a limiter for a 1-ampere circuit. Then, suppose the short at the load
occurred because the source voltage tripled. If this occurred, that is, the load resistance decreased
to zero and the source voltage increased to 84 V, the output current would increase to 21 A. It is
difficult to imagine any piece of test equipment or PAL gear for which such an increase in output
current would be acceptable.

DG1OOO1requires the use of redundant, mechanically rugged, current limiters. In the case of
resistor limiters, this has been interpreted to mean the use of two different resistors that are
mechanically and thermally isolated from each other. Inmost recent designs, the resistors have
been placed in protective metallic enclosures. Furthermore, care has been taken to make sure the
resistors cannot be easily bypassed. In particular, wiring layouts have been designed and carefilly
specified so that the input to a limiter and the output from it do not end up in the same wiring
bundle. The need to consider the layout of wiring cannot be over emphasized since experience
has shown that the desired layouts are often quite different fi-om the nea~ tightly bundled ones
technicians are trained to make.

Work was done to determine what type of resistors could be used in limiter circuits. The
results of the work are documented in a memo from R. V. Baron to D. H. Loescher. A copy of
this memo is found in Appendix A.
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6. Current Limiters with Diodes, Transistors, and SCRS

A failure modes and effects analysis was conducted on three basic types of active current
limiters. The circuits for the three limiters, which will be referred to as the types A, B, and D
limiters are shown in Figures 9, 10, and 11, respectively. The use of letter designations for the
types of limiters was initiated sometime in the early 1990s and is carried into this work. The
letter designation for each type of limiter was arbitrarily selected; there is no relation between
circuit details and the letters. There was a Type C limiter which was based on the LM117
integrated circuit. Because it was not subjected to a thorough analysis, it will not be discussed
fiuther in this report.

To determine the results of component failure, simulations were run for each component or
junction short circuited and for the same component or junction open circuited. The simulations
were most usually run for both some nominal load resistance and for a short circuited load.

A failure was said to result in a safe condition if, after the failure, the load
current would not ever be larger than the intended maximum current and
the power dissipations in all components are within the ratings for the
components. A failure was said to result in an unsafe condition if these
conditions did not apply.

6.1. Evaluation of the Type A Limiter

The circuit schematic for the Type A current limiter is shown in Figure 9. This limiter
consists of three resistors, RI, R2, and R3, a power PMOS transistor Ml, a pnp transistor, Q 1,
and a zener diode, DZ 1. The gate bias for the PMOS transistor is chosen so that under normal
conditions there is very little voltage drop across this transistor. This bias can be set in one of two
ways. The resistors R2 and R3 can be selected so that Ml is normally turned fidly on. If this is
done, R3 must be small enough so that leakage currents through Q1 and Ml do not effect the bias
point. In this biasing method, DZ1 is used to prevent excessive voltage between the gate and
source from damaging the MO SFET. Alternately, R2 can be taken out of the circuit, or made
very large, and the bias can be fixed by DZ 1. If this is done, R3 is selected so that current through
the zener diode is large enough to establish a stable bias point. A bias point established by the
second method will be less sensitive to variations in input voltage than will be a bias point
established by the first method.

Transistor Q 1 and resistor R1 form a feedback path through which the bias on the gate of Ml
is adjusted so that the load current does not exceed IMAXgiven by:

IMAX = (VEB(QI))~l (lo)

It is good design practice to place resistors in series with the base and collector of Q1 and in
series with the gate of M2 to protect these transistors from damage. Such protective resistors,
which are not essential to the operation of the circuit, were not included in the analyses.
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RI
Ml

R2 $R3

Figure 9. A schematic of the Type A, series MOSFET limiter

A Type A circuit was designed for IMAXequal to 1A dc and input voltage equal to 28V dc.
PSpice simulations were run to determine how changes in component values, in input voltage,
and in load resistance effect the load current. The component values are shown in Table 16. The
combination of values does not represent a good design because some values were chosen so that
the effects of faults could be shown clearly. In particular, the zener voltage of the IN4746A is
18V, which is quite close to the maximum recommended gate-to-source voltage for the
MOSFET. Also, the value of R2 is so high that the gate-to-source voltage on the MOSFET
exceeds the recommended maximum if the zener fails as an open circuit. Good design practice
would lead to the use of a zener diode with a lower zener voltage, and to the selection of a value
of R2 that did not result in too high a voltage on the MOSFET. As long as there were not any
faults, the limiting action of the circuit would be the same if Rz were omitted. Note, the
component values were chosen to provide clear results for a FMEA; they were not chosen as
examples of good design practice.

Table 17 shows the calculated power dissipation in each component of the example Type A
limiter. The calculations were done for VIN= 28V and a shorted load.

Table 16. Type-A component values for lmaX= 1 A

R3 Resistor 500 !2

Q1 PNP BJT 2N2907

Ml PMOSFET IRF91W

DZ1 Zener Diode 1N4746A

VIN Power Supply 28V DC
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The following limits apply for the components selected:

Ql: VCE>-40 V; VCB>-60 V; VEB>-5 V

Ml: VDs <60 V; VW 60 V; VGs~)> -20 V

DZ1: VDz <30 V.

Table 17. Type-A power dissipation for VIN =28 V for shorted output

The simulation results for a source-to-drain short at the PMOSFET are shown in Table 18.
The simulation results showed that a current of 44 A would flow if this ftilure occurred when the
load was shorted. They also showed that the power rating of every component was exceeded.
This means that a cascade of failures would most likely eliminate all current limiting capability
of the circuit.

Table 18. Source-drain of Ml shorted and load shorted

RI 1040 w 3W R~< 12 W

R2 75 mw 125 rnW ---

II R3 I 1.1 w I 3W I --.
II DZ1 I 23 W I lW I R=< 5.3 W

II Q1 I 730w I 1.2W I R~< 7.5 W

II Ml ! --- I 75W I ---
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The simulation results for a gate-to-drain (G-D) short at Ml are shown in Table 19. For a G-
D short, the worst case load current was 47 A for a shorted load. The maximum power ratings of
the pnp transistor, Q1, and the resistor, R1, were exceeded. Therefore, the failure results in a
unsafe failure of the limiter.

An open circuit source-to-drain (S-D) failure of Ml is a safe failure condition because the
power source would be isolated from the load. An open circuit gate-to-drain (G-D) failure is a
safe ftilure condition as Ml is off, and the load is isolated from the power supply. Such a failure
would most likely be the result of break in the connection between the transistor package and the
semiconductor chip. As shown in Table 20, source-to-gate (S-G) short of Ml results in a fail safe
condition. Because the zener diode DZ1 and the base-collector (B-C) junction of Q1 are in
parallel with the S-G of Ml, a short in DZ1 or a B-C short in Q1 will give similar results.
Therefore, a shorted DZ1 or a shorted B-C junction in Q1 are also safe failure conditions. None
of the breakdown voltages is exceeded for this failure mode.

If the emitter-base (E-B) junction of Q1 is short circuited, R1 is bypassed and all control is
lost. For the example circuit, simulation showed that the load current would be 64 A; and the
power rating of Ml would be exceeded. However, none of the breakdown voltages would be
exceeded. The results of the simulation are shown in Table 21.

II R1 I 416 W I 3W I R~< 4.2 Cl II

II R2 I 80 mW I 125 mW I R~< 1OE-3Cl II
II R3 I Negligible I 3W I --- II
II DZ1 I Negligible I lW I --- II
II Q1 I 610 W I 1.2W I R~< 16.6 Q II
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Table 20. Source-gate of Ml shorted

RI 1.9 lnw 3W

R2 Negligible 0.125 W

II R3 I 1.4W I 3W II

II DZ1 I Negligible I lW II
II Q1 I Negligible I 1.2W II

Table 21. Emitter-base of QI shorted

II RI I Negligible I 3Q I

II R2 I 30mf2 I 125 m f2 I ---

II R3 I 0.18Q

II DZ1 I 0.29 ~ I lQ I ---

II Q1 I --- I 1.2f2 I

An emitter-to-collector (E-C) short of Q1 eliminates the VsG voltage differential on Ml. With
VsG equal to zero, Ml does not conduct and no current flows to the load. Therefore, an E-C short
is a safe failure condition. None of the breakdown voltages is exceeded in this case. Either an
emitter-to-collector (E-C) open, or a base-to-collector (B-C) open failure mode is unsafe because
feedback control is lost. With either the E-C or the B-C open and Ml fully on because of the bias
circuitry, current would flow freely from the power supply to the load. The current into a shorted
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load calculated for this failure mode was 22A. The power rating of RI was exceeded; a
cascading failure of RI would leave the circuit with no current limiting capability. Table 22
shows the results for this failure mode. A base-to-collector (B-C) short of Q 1 is similar to the S-
G short of Ml, and the results given in Table 20 apply. A B-C short is a safe failure mode.

.

In the example circuit, an open circuit failure of DZ1 leads to a gate-to-source voltage of
-28 V, which is more negative than is specified for this junction. The junction might withstand
the additional stress, or it might fail. If it ftiled, control would be lost. A better circuit design
would have values of R2 and R3, which did not lead to excessive bias on M 1 in the event that
DZ1 failed as an open circuit. A short circuit failure of DZ1 is equivalent to a S-G short at Ml or
a B-C short at Q 1. Because both of the latter lead to a ftil safe condition, a short circuit failure at
DZ1 also leads to a fiiil safe. Refer to Table 20 for simulation results.

Table 22. Emitter-collector and base collector of QI open

II RI I 380 !2 \ 3L? I R~< 13 !2 II
II R2 I 70m C2 I 125 m Q I —. II
II ~ I 3.9 m Cl I 3K2 I -- II

DZ 1 Negligible 1!2 —-

Q1 --- 1.2Q —.

A short circuit failure of R1 leaves the limiter without any current limiting capability. If the
load has low resistance, the power ratings of Ml and R3 will be exceeded; thus, both will
eventually fail. The calculated current into a shorted load was 64A. If R1 is open, there is no
path for the current to flow. Thus, R1 open results in safe failure condition.

A short circuit failure of R2 leads to a VsG of zero volts. With V,SGequal to zero, Ml does not
conduct and no current flows to the load. This is a safe ftilure condition. An open circuit failure

. of R2 gives the same results as the normal operation results. The load current for the R2 open
circuit failure simulation was 1.098A as opposed to 1.097A for the normal operation. Thus, an
R2 open fhilure is a safe failure mode.
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If R3 is short circuited, the gate of Ml is connected directly to ground, and all feedback
control of the output current is lost. Furthermore, because the current through DZI would not be
limited, this component would overheat and burn out. If the load were also short circuited, the
power ratings of R1, Q1, and Ml would be exceeded, and a cascade of failures would occur. The
results of the simulation are tabulated in Table 23. An open circuit failure of R3 results in VsG
equal to zero volts; therefore, Ml does not conduct. Thus, an open circuit failure of R3 is a safe
ftilure condition.

Table 24 gives a summary of the effects on the Type A limiter of different component
failures.

Simulations were run for input voltages from Oto 112 V dc for both a nominal load of 20 G!
and for a shorted load. Table 25 shows the power dissipation across each component at selected
input voltages. Examination of this table shows that for VIN=56 V, the power rating of R3 was
exceeded. For VIN equal to 84 V and 112 V, the power ratings of both R3 and M 1 were
exceeded. The breakdown voltages VsD and Vm for Ml were exceeded when Vm> 84 V and
VN> 88.4 V, respectively, for a nominal load of 20 !2 For a shorted load, VsD and VN were

exceeded for Vm> 59 V and Vm> 54.7 V, respectively.
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Table 24. A summary of the effects of component failure on Type A

Source-Drain of Ml Shorted Catastrophic

Source-Drain of Ml Opened Safe

Gate-Drain of Ml Shorted Catastrophic

Gate-Drain of Ml Opened Safe

Source-Gate of Ml Shorted Safe

Emitter-Base of Q1 Shorted Catastrophic

Emitter-Collector of Q 1 Shorted Safe

I Emitter-Collector & Base-Collector of Q1 Opened I Catastrophic

DZ1 Opened Safe

DZ1 Shorted Safe

RI Shorted Catastrophic

R1 Opened Safe

R2 Shorted Safe

R2 Ouened Safe

t

R3 Shorted Catastrophic

R3 Opened S&e
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Table 25. Power dissipation for varying input voltages

RI 0.90 0.96 0.99 1.02 3

R2 2.8 m !2 2.8 m f) 2.8 m fl 2.8 m Cl 0.13

R3 0.93 4.6 11.1 20.3 3

DZ1 --- --- --- --- 1

Q1 0.21 0.471 0.741 1.011 1.2

Ml 30 62. 96 130 75

Simulations were used to investigate the circuit’s response to sudden changes in the load and
to sudden changes in the input voltage. A very important factor in the transient response was the
inductance of the load and of any wiring between the limiter and load. For the purposes of the
simulations, it was assumed that there was a total inductance of 250 nH in the load and the
wiring. This is the value that would be calculated for one foot of two-conductor cable if the
conductors were parallel, had a diameter of 1 mm, and were separated by 4 mm. These values of
diameter and separation are representative of those measured for typical interconnections.

The response of the circuit was simulated for the situation in which the load suddenly
changed from 20 S2to a short circuit. The significant part of the transient consisted of an over-
shoot to about 1.1 A, which lasted for about 3 microseconds. The response of the circuit was
simulated for the situation in which the nominal load of 20 Q was suddenly replaced by an open
circuit. None of the breakdown voltages was exceeded. Ringing was observed when the load was
changed suddenly from an open circuit to a short circuit. Further studies showed that the example
circuit would go into oscillation after sudden changes in the load if the parasitic inductance of the
wires was more than about 500 nH. Simulations showed that if a shunt diode was placed across
the 500 nH inductance, the circuit responded to changes in load without ringing.

The response of the circuit to sudden changes in the input power supply voltage was
simulated. For the case in which Vm was suddenly switched from OV to 28 V, the maximum
over-shoot was to 1.25 A and it lasted for only 500 microseconds. When a sudden change in VIN
from 28 V to OV was simulated, no large swings in current were observed for either the nominal
load or a shorted load. The response of the circuit to surges in the input voltage was simulated.
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The response to a surge to 56 V, which lasted for 1 microsecond was an increase in load current
to 1.13 A. The current spike lasted for about 3 microseconds. A surge to 84 V produced a current
spike to 1.15 A. The breakdown voltages VGSU and VDSW were exceeded for a surge to
more than 84 V.

The Type Al Limiter (similar to a limiter used in the QU2454 tester) A slightly modified
version of the Type A circuit, designated as Type 1A, was built and tested. The circuit is shown
in Figure 10. All of the components, except the shunt resistor and the power MO SFETS, were
mounted on a printed circuit board (PCB). The shunt resistor was mounted separately, and the
parallel MOSFETS were mounted on heat sinks. The shunt resistor,RsH, was a parallel
combination of power resistors. Three p-channel power MOSFETS were connected in parallel to
avoid excessive heating of a single device, and so that data on power sharing could be obtained.
The circuit is similar to, but not identical to, a current limiting circuit used in the QU2454, a
tester at Sandia’s Weapon Evaluation and Test Laboratory.

The approximate expression for the limit current, IMAX,is

IW = V~~l)[l + (Rl+R2)/ I&#Rl (11)

Type Al circuits were designed for VIN = 28 V and for Iw 1A, 5A, 7A, and 10A.
Table 26 shows the values and part numbers of the components for the 1 A and 10A designs. A

nominal load of 0.44 !2 was used in all experiments to ensure that the limiters operated in the
limiting mode. Tests were conducted with the entire circuit out in the laboratory, and with all or
part of the circuit in an oven. Device temperatures were measured with a Fluke Universal
Temperature Probe 80T- 150U and the oven temperature was monitored using a Fluke Air Probe
80PK-4A Type K Thermocouple. A Fluke Thermocouple Module 80TK provided the interiiace
between these probes and either a Cirkit TM5365 or a Keithley 168 digital multi-meter.

h — —
Rs, tl

Figure 10. The circuit of the Type Al limiter
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Table 26. Type Al component values

/
,. ,,,,,, , ,,,,,,,,,,, ,,,,.

,’,,, Componql$: “: ,,?%P@ , ~~ M %+%Y+ “““:, ~ “’??M?@iY” ‘:

RI Resistor 30 kL2 6.2 kfi

Rz Resistor 22 kCI 47 k!G?

R3 Resistor 51kf2 51 kf2

Rq Resistor 20 kf2 20 kL2

RSH Power Resistor 0.81 C2 0.66 f-l

h Resistor 470 Q 470 Q

QI PNP BJT 2N2905 2N2905

M,, Mz & M3 Power MOSFETS IRF9141 IRF9141

D1 Zener Diode 1N4883 1N4883

Vm Power Supply 28V 28V

The circuit was allowed to operate at room temperature for about 20 minutes and then the
temperature of each component was measured, Table 27 shows the results. Significant
temperature increases were observed for the power MOSFETS and the shunt resistor for currents
higher than 5A. These observations suggest that more parallel MOSFETS and resistors with
higher power ratings would be required for safe operation at 7 A and 10A (or different heat sinks
might be used to better dissipate the heat). The data in Table 27 show that the temperatures of the
components on the PCB remained close to room temperature; this was the expected result.

Type Al limiters were operated in an oven so the current limiting behavior of the circuit
could be observed for circuit temperatures above ambient. For some tests, the entire Type Al
circuit was placed in the oven, and the current limiting behavior was observed as the oven
temperature was increased to 200°C. For other tests, one of the three main parts of the limiter, “
that is the PCB, the MOSFETS, or the shunt resistor, was heated separately, while the remaining
main parts were kept at room temperature. The latter te~ts were done to determine whether a
temperature differential could lead to unsafe operation of the circuit.

Table 28 shows the results obtained when the entire circuit for the 1A and 10A designs was
placed in the oven. The results show that as the oven temperature increased, the value of the load
current decreased. This can be explained in part by the fact that VEBin Equation 11 has a
negative temperature coefficient. At temperatures above 150°C, oscillations in the load current
were observed.
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Table 27. Temperature of Type Al components

II RGs I 25 I 25 I 25 I 25

Table 28. Results from elevated temperature testing of entire Type Al circuit
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The results were obtained when the PCB was placed inside the oven, but the shunt resistor
and the power MOSFETS were kept outside at room temperature are shown in Table 29.
Oscillatory behavior was observed at temperatures above 150”C. When oscillations occurred, the
load voltage varied fi-om 0.3 volts to 0.9 volts at a tiequency between 3.3 Hz to 3.5 Hz. The
waveform resembled a sawtooth. The low frequency suggests that the oscillations were due to
some thermal-electronic interaction.

Table 30 shows the results obtained when only the MOSFETS were placed inside the oven. It
is seen that the load current did not change much with increase in the temperature. However,
when the oven temperature went beyond 150°C, some of the MO SFETS failed as short circuits
and all of the current limiting capability was lost. The operating temperature at which failure
occurred is essentially the same as the maximum rated use temperature of 150 C given for the
IRF9 140 power PMOSFETS.

Table 29. Results from tests in which only the Type Al printed circuit board was heated
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Table 30. Results obtained when only the MOSFETS in the Type Al limiter were heated

50

65

70

85

115

120

130

135

140

145

150

155

I

1.01 10.4 I
0.995 10.4

0.995 10.4

0.995 10.3

0.993 10.4

0.990 10.4

0.988 10.4

0.987 failed

0.990 failed

0.991 failed

0.995

failed

The circuit was exposed to pulses of 28V of various durations so that the effects of turning on
and turning off power could be observed. No significant over shoots or oscillations were
observed. The circuit was subjected to over-voltages of up to 60V. The current limiting
capability was not effected, but in some instances the pass MOSFETS failed as short circuits after
a short time of continuous operation. This shows that overvoltage protection is required for safe
and reliable operation of the circuit.

More discussion of the results and data are found in Section 7.

6.2 Analysis of the Type-B Limiter

The Type-B current limiter circuit schematic is shown below.

RI RI

o 0
+

I
+

L

.?

+
INPUT OUTPUT

R2

Figure 11. The basic Type B regulator
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It consists of two resistors, RI and R2, a pnp transistor, Q1, and a light emitting diode, D1.
The circuit will limit the output current to a value Iiimgiven by

Iti = ~~1 - V~B)/Rl, (12)

in which VD1is the “turn on voltage” for the light emitting diode (approximately 1.4 volts) and
VEBis the “turn on voltage” for the emitter-base junction of the bipolar transistor (approximately
0.75 volts). Under normal (not limiting) operating conditions, Q1 is biased into saturation and the
base current in the transistor is determined from the relation

1~= (Vti-V~l-Vm)/R2. (13)

VEBwill not be larger than about 0.75 V and VR1 will not be larger than about 1.4 V which is the
turn on voltage for the light emitting diode. If Vi. is 28 V or larger it is reasonable to write

1~z V@2. (14)

The collector current, which is equal to the current to the load, will be approximately equal to the
smallest of the following three quantities (RL is the resistance of the load):

1. (Vk - VECWY(IU+ \) (15)

2“ L (16)

3.~xIb (17)

V~c,.tinEq.(15) is the collector to emitter saturation voltage for Q1; it is normally about 0.4 V.
The value of ~ for Eq. (17) is chosen so that the equation

(18)

provides a reasonably accurate description of the relation between 1. and Ib for values of Ic near
Ilim.If the circuit has been designed properly, the value in Eq. (15) will be the smallest of the
values and the value in Eq. (17) will be the largest. Under normal operating conditions, the
current should be determined by the supply voltage and the load resistance, that is, it should be
deten-nined by Eq.(1 5). If the load resistance is so small that the current would be”larger than Ilim,

then the current should be limited to I1i~.If the circuit has been properly designed, there should
be enough base current, Ib, to support a collector current of at least Ili~, that is, the current
determined from Eq. (17) should be larger than that determined from Eq. (16).

If the output current approaches Lim,significant current will start to flow through the light
emitting diode. This current will add to the base current that is already flowing through R2. The
increased current through R2 will result in an increased voltage drop across this resistor. More
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voltage drop across R2 means less voltage available to forward bias the emitter-base junction of
the transistor. Because of the exponential relation between junction voltage and junction current,
a small decrease injunction voltage will result in a large decrease injunction current.

It is instructive, but somewhat artificial, to separate the circuit in Figure 11 into the control,
sense, gain and feedback components of a classic feedback control system. The bipolar transistor
is the control element, the light emitting diode is the sense element, the exponential relationship
between junction voltage and junction current provides gain, and the feedback occurs in R2.
More information on the design of Type B limiters is given in Appendix B.

A Type-B current limiter was designed for 28 V operation with I1i~equal to 1A. PSpice
simulations were run for the component values and part numbers shown in Table 31. The
limiting voltages for the two semiconductor devices, as given in the data sheets, are

Ql: VCEW)= 80V; VCBW= 80V; VEB(W)= 6V

Dl: VDW)= 3V (reverse)

Table 31. Type-B component values for lK~= 1A

II RI I Resistor I 0.75(2

II R2 I Resistor I 500 Cl

II Q] I PNP BJT I 2N6187

11 D1 I Light-Emitting Diode I LN28RP

II I (LED) I
II Vin I Power Supply I 28V DC

Table 32. shows the power dissipation in each component of the Type-B limiter for Vin equal
to 28 V and RL a short circuit.

Table 32. Type-B component power dissipation for shorted output

R1 600 mW 3W

R2 1.39 w 3W

Q1 (2N6187) 24 W 65 W

II D1 (LN28RP) I 77 mW I 135 mW
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In the Type-B limiter, the pnp transistor, Q1, is a critical component because an emitter-to-
collector (E-C) short or base-to-collector (B-C) short leads to an unsafe condition. If the emitter
and collector of Q 1 are shorted together, the output current is only limited by the resistance of
RI. If RI were to also fail as a short circuit, the current would only be limited by the internal
resistance of the power supply The results from a simulation of an emitter-to-collector short are
given in Table 33.

Table 33. Emitter-collector of (21 shorted

II RI 1120 w 3W R~< 13.2 W
I I I I

II R2 I 1.8W I 3W I --- II

II Q1 I -.. I 65 W I --- II

An E-C open is a safe failure mode as long as the base-collector junction is not shorted. A
base-collector short is catastrophic as the power supply has a path through D1 to the load. If D1
also failed as a short circuit, the output current would only be limited by the internal resistance of
the power supply. As is shown in Table 34, a load current of 30 A was calculated when a base-
collector short was simulated.

Table 34. Base-collector of QI shorted
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A base-to-collector (B-C) open failure is a safe ftilure condition given that the E-C has not
failed as a short circuit. An E-B short is a safe failure mode as long as neither the E-C nor the B-
C junction is shorted. An E-B open is also a safe ftilure mode provided that neither the E-C nor
the B-C junctions are shorted.

As shown in Table 35, a short circuit around R1 resulted in an unsafe failure of the example
circuit because the power ratings of components were exceeded. An open circuit fiiilure of RI is

. a safe failure mode as long as the B-C junction of Q 1 is not shorted.

II R2 I 4.4 w I 3W II

i Q1 \ 100 w I 65.00 W II

If R2 is short circuited, the base current in Q1 and the current through D1 will become very
large, and, most likely, Q1 and D1 will over heat and burn out. If D1 fails as a short circuit, the
power supply will be isolated fi-om the load. However, if D1 fails as an open circuit and Q1 fails
as a short circuit, the output current will be limited only by the internal resistance of the power
supply and the resistance of R1. An open circuit failure of R2 is a fail sa.ilemode. The base of Q1
is disconnected from the ground when R2 is open; therefore, no current flows through Q 1 to the
load.

D1 supplies current to R2 if the sum of the voltages across R1 and the emitter-base junction
of Q1 becomes as large as the turn-on (sometimes call “knee”) voltage of this diode. If there is a
short circuit around D1, no base current and, therefore, no collector current will flow in Q 1, and
no current will flow in the load. Hence, a short circuit ftilure of D 1 is a safe failure.

An open circuit failure of D 1 eliminates feedback control of the output current, but,
depending on the value of R2, such a failure may not result in very large output currents. It was
stated at the beginning of this section that the output current will always be the smallest of the
values given by Equations (15) through (17). If D1 is an open circuit, the output current will be
limited to the value determined by Eq. (17). If the circuit has been properly designed, this value
should not be much larger than the value given by Eq. (16). Table 36 gives a summary of the
different failure modes.
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Table 36. Summary of component failures

II 2 II Emitter-Collector of Q1 Opened II Safe II

II 6 II Emitter-Collector of Q 1 Shorted II Unsafe II

II 7 II Emitter-Base of Q 1 Opened II Safe II

II 8 II RI Shorted II Unsafe II

II 9 II R1 Opened II Safe II

II 10 II R2Shorted II Unsafe II

11 R2 Opened Safe

12 D 1 Shorted Safe

13 D 1 Opened Unsafe

To evaluate the effects of different input voltages, simulations were run for input voltages up
to 112 V dc (that is, four times the nominal Vin of 28 V de). Simulations were run for a nominal

load of 20 Q and for a shorted output. Table 37 shows the load current, ILOD, and the power
dissipation across each component for different input voltages. For VIN = 56 V, the power rating
of R2 was exceeded and for VIN = 84 V the dissipation rating of Q 1 was also exceeded.
Therefore, if there is a chance that the power supply voltage could increase, components with
higher dissipation ratings should be chosen (the installation of heat sinks could also be
considered). For Vm equal to 84 V and 112 V, the power ratings of most components were
exceeded. The breakdown voltages VCE(W) and VCBW) were exceeded for a shorted load for
VN>80VandVIN>81 V, respectively. Vc~(u and Vc~(w) were exceeded for VW> 103 V

and Vm> 104 V, respectively for a 20-Q load.

The response of the circuit to sudden changes from the nominal 20 K) load to a short circuit or
an open circuit were simulated. For all of the simulations it was assumed that the there was an
inductance of 250 nH in series with the load (even if the load was a short circuit). The response
to a change from the nominal load to a short circuit was a transient increase in current to about
103.3 ‘%0 of the nominal value. The transient lasted for about 200 microseconds. A change in load
resistance from 20 Q to an open circuit resulted in a small transient that decayed in about
18 microseconds. None of the breakdown voltages was exceeded. The response of the circuit was
simulated for a change from an open circuit condition at the output to a short circuit condition.
According to the simulation, the current overshot to 1.3 A., and about 21 microseconds elapsed
until the current to reached the steady-state value of 1.0 A.
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Table 37. Power dissipation for various input voltages with the load shorted

Sudden changes in the input voltage were also simulated. According to the simulations, when
Vin was switched from OV to 28 V for a load of 20 Q, the transient in the load current took
about 6 microseconds to decay. The maximum overshoot was to 1.14 A. Similar results were
obtained for a shorted load except that the over-shoot was to 1.4 A, and the circuit reached
steady-state in about 2 microseconds. None of the breakdown voltages was exceeded for either
load. The response of the circuit to 1-microsecond-long surges in the input voltage was
simulated. The response to a surge to 56V was a spike that reached 1.52 A and lasted for about
2.4 ps; None of the breakdown voltages was exceeded for this surge. More discussion of the
Type B limiter and of the results just given is located in Section 7.

6.3 Type C Limiter

No significant work was done on this type of limiter.

6.4 Type D Limiter

The Type D current limiter circuit schematic is shown in Figure 12. It consists of three
resistors, Ill, R2 and R3, an npn transistor, Q 1, and a silicon controlled rectifier, SCR.
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Figure 12. The circuit for the Type D limiter

In the Type D circuit shown, the resistor R1 limits the current through the SCR once the SCR
is turned on. The SCR has three terminals called the anode, the cathode, and the gate; these
terminals are commonly assigned the letters A, G, and K. This convention is followed in this
report. Resistors R2 and R3 determine the output current value at which the SCR is turned on.
The value of R3 is chosen so that when the load current ILOAD reaches the value IMAX,the voltage
drop across R3 is large enough to turn on the SCR. The voltage across R3 is determined from
KirchofFs voltage law, that is,

ImxR3=I~dcxR2+V~~ (19)

in which IR3is current through resistor R3, IGae is the current through R2 to the gate of the SCR
and VGKis the voltage between the gate and the cathode of the SCR. The exact values of IG~t~and
VGKat which the SCR turns on depend on the SCR and on the temperature. The values of IG~te
and VGKat which the SCR turns on are commonly referred to as IGTand VGT.Typical values for
these quantities at room temperature are about 1 mA and 0.8 V, respectively. For most SCRS
both IGTand VGTdecrease as the temperature increases. Hence, as shown in Eq. (19), the current
IR3at which the SCR turns on will depend on temperature. The circuit designer will have to
determine whether this temperature dependence can be kept within acceptable limits.

The Type D limiter wastes a relatively large amount of power because the npn transistor is
not driven into saturation under normal operating conditions. In fact, the voltage, VL, available to
the load is given by the equation

vL=vin-ILX(Rl/(l+~)+~)-v~~ (20)

in which Vin is the supply voltage, IL is the current to the load, VBEis the base to emitter voltage
of the npn transistor, and ~ is the large signal gain of this transistor (that is, at the chosen

operating point, IL= P x IBE, in which IBEis the base to emitter current). In the sample design

which is discussed below, R1 is 1000 ohms and R3 is 6.9 ohms. Suppose ~ is 100, VBE is 0.8 V,

and the load current is 200 rnA. Then the voltage to the load will be about 4.2 V less than the
supply voltage. The circuit designer must decide whether this much loss in the limiter is
acceptable.
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When the current through R3 becomes large enough, the SCR turns on and current will flow
through both the transistor and the SCR. The current, IL, to the load is given, approximately, by

IL ~ ~in-Vx)/Rl+(Vw-V~~)/~ (21)

in which VscR is the voltage across the turned on SCR. The equation does not take into account
the voltage drop in R1 due to the base current of the transistor.

A Type D current limiter was designed so that the SCR would turn on when ILreached
280 mA (referred to as IM~ in the tables and text that follow), so that the current into a shorted
load would be 62 mA. There was no particular reason for choosing these values. Both are for an
input voltage of 28 V. Component values and part numbers for the sample circuit are shown in
Table 38. Note that the component values were chosen so that the effects of component failure
would be clear rather than because the example would illustrate good design practice. For
example, good design practice would most likely lead to a much smaller value for R2 to reduce
the dependence of the maximum current on the current reauired to trigger the SCR. Maximum
ratings for the npn transistor and the SCR are

npn: VCEW)= 400V; VCB(W)= 400V; VEBW)= 5V, P.m = 100 W,

SCR: Vx&W ~)= 60V; VAX(REVMAX)=60V; VG(MAX)=4V

(A denotes the anode, K denotes the cathode, G denotes the gate).

Table 38. Type-D limiter component values

II RI I Resistor I 1.0 kCl

II ~ I Resistor I 4.3 kf2

II ~ I Resistor I 6.8 Q

SCR Silicon Controlled MCR103
Rectifier

Q1 npn Transistor 2N3902

Vin Power Supply 28V dc

IMM = 290mA; 1~01~= 62mA

Table 39. shows the power dissipation in each component for Vin equal to 28 V and the load
shorted.
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Table 39. Component power dissipation for shorted output, Type D limiter

If RI fails as a short circuit, the current to the load is limited only by the internal impedance
of the supply, the effective internal resistance of the SCR, and the impedance of the load.
Therefore, a short circuit at RI results in an unsafe ftilure of the limiter. The results ffom a
simulation of this failure are shown in Table 40. An open circuit of RI is a safe failure mode
because there would be no base current to Q 1, and this transistor would not conduct any current
to the load.

Table 40. Resistor RI shorted

. .
::::’j “’:’&mpQn&ni: ‘.::,:,,;’;;’:;,:“, “““ ;Piw.ii;wtitig ::’:‘:“Pawt%” ,, ,,::,:,:,’,,, ,::::,, .... ,::,.. Dissipation ~~~~~~~.:,”:,: {, :: .,,,, ,,. . ,:“’

RI —. 3W

R2 0.1 w 3W

R3 79 w 3W

Q1 15 w 100 w

SCR 442 W 48W

I~=19A

A short circuit failure of R2 is a safe failure mode because the SCR will turn on before
IMAX is reached. The results obtained from a simulation of this failure are shown in Table 41. If
R2 fails as an open circuit, the SCR never turns ON. Hence, this failure mode results in an unsafe
failure of the limiter.

A short circuit failure of R3 results in an unsafe failure of the limiter. The results from a
simulation of this failure are shown in Table 42. An open circuit failure of R3 is a safe ftilure
mode because the load is isolated from the power supply.
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Table 41. Resistor R2shorted

II R2 I --- I 3W II
II R3 I 0.01 w I 3W II

Q1 1.OW 100 w

SCR 0.03w 48.00W

IL= 64mA; ICLAMP= 62mA

Breakdown voltages are not exceeded

II R2 I Negligible I 3W II
II R3 I --- I 3W II

Q1 27 w 100W

SCR Negligible 48W

1~~= 1.0 A

An anode-to-cathode short at the SCR results in a safe failure of the limiter, provided RI is
not short circuited also. An anode-to-cathode open circuit at the SCR results in an unsafe ftilure
of the limiter. An anode-to-cathode short circuit results in a safe failure because the SCR is
essentially turned on all the time. If the cathode and gate of the SCR are shorted together, the
SCR will not turn on. This will result in an unsafe failure of the limiter.

It is difficult to predict the consequences of an anode-to-gate short or open at the SCR. If the
only ftilure at the SCR were an anode-to-gate short, the SCR would be turned on whenever an
voltage of more than about 0.8 V was applied between the anode and cathode. Such behavior
would result a safe failure of the limiter. However, it is much more likely that an anode-to-gate
short would be accompanied by other failures within the SCR. The consequences of an anode-to-
gate open circuit are also difficult to predict. There is high impedance between the gate and the
anode of a properly fimctioning SCR. The most likely causes of an open circuit, rather than just
high impedance, are an open anode lead or an open gate lead. Either of these faults would lead to
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unsafe ftilure of the limiter. Because it is not possible to cord3dently predict the effects of anode-
to-gate failures, the authors assert such failures must be shown as leading to unsafe failure of the
limiter.

The transistor is also an essential component of the limiter. An emitter-to-collector short
results in an unsafe failure because, after such a short, the current is limited only by R3. There
could also be some current through the SCR, which could be turned on. However, if RI were
much larger than R3, the current through the SCR would not add much to the current through R3.
An emitter-to-collector open of Q1 is a safe failure mode because no current flows to the load.

If the only flaw in the transistor is an emitter-to-base short circuit, the transistor will not
conduct current and the current to the load will be limited to Vi~ /(R1 +R3). If R1 is relatively
large, this current will be less than the nominal current. Hence, an emitter-to-base short results in
a safe failure mode. The results of simulating this fault are shown in Table 43. The results could
be quite different if the emitter-to-base short were accompanied by other faults. An emitter-to-
base open, by itself, results in a safe failure mode because the transistor never turns on and no
current flows to the load.

If the collector and base short together, but the transistor continues to function, the situation
is the same as that of a short across R1. It is shown above that such a short results in an unsafe
failure of the limiter. If, as a result of the collector-to-base short, the transistor does not carry
current between the collector and emitter, the load is isolated from the supply, and the short
results in a safe failure. Because in a safety analysis, it is reasonable to assume that the most
damaging situation might occur, it is concluded that a collector-to-base short would result in an
unsafe failure of the limiter. The most likely cause of an open circuit between the collector and
the base is an open base lead or an open collector lead. If either of these leads is open, no current
will flow through the transistor. Therefore, an open circuit between the base and collector most
likely leads to a safe failure condition.

Table 43. Emitter-to-base short of QI

II RI I 0.8W I 3W

K! Negligible 3W

R3 6 mW 3W

II Q1 I --- I 100w

SCR Negligible 48 W

IRL= 28 mA

II Breakdown voltages were not exceeded
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Table 44 gives a summary of the different failure modes.

Table 44. Summary of component failures

II 1 RI Shorted Unsafe
I 1 I

II 2 RI Opened Safe
1 1 I

1131 R2 Shorted I Safe II
II 4 I R2 Opened Unsafe

1151 R3 Shorted I Unsafe II
R3 Opened I Safe II

1171 Anode-Cathode of SCR Shorted I Safe

II 8 I Anode-Cathode of SCR Opened I Unsafe

1191 Anode-Gate of SCR Shorted I Unsafe II
10 I Anode-Gate of SCR Opened Unsafe

II 11 I Gate-Cathode of SCR Shorted I Unsafe II

II 12 I Emitter-Collector of Q1 Shorted I Unsafe

II 13 I Emitter-Collector of Q1 Opened I Safe II
14 Emitter-Base of Q1 Shorted Safe

15 Emitter-Base of Q1 Opened Safe

Collector-Base of Q1 Shorted I Unsafe

17 Collector-Base of Q1 Opened Safe

Simulations were run for input voltages up to 112 V dc, that is, to four times the nominal Vin
of 28 V dc, to determine the effects of variation in the input voltage. For this set of simulations,
the load was a short circuit. Table 45 shows the power dissipation in each component for
different input voltages. It is clear from the results that when the input voltage is doubled to
56 V, the power rating of RI is exceeded. Therefore, if there is a chance the input voltage will be
as large as 56 V, a higher power rating resistor should be selected. According to the sirrmlation
results, the power rating of no other component was exceeded for input voltages up to 112 V.
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Table 45. Power dissipation for a short circuit load and various input voltages

Simulations were run to determine the response of the limiter to sudden changes in the load,
and to sudden changes in the input voltage. For the simulations, it was assumed that the load
included an inductance of 250 nH. The response of the circuit was observed when a nominal load

of 220 Q was suddenly replaced by a short. From plots of transient response, it was determined
that the current would overshoot to about 830 mA before settling to 62 mA in about 130 p.
Simulations were run to determine the response of the circuit when a nominal load of 220 Cl was

suddenly replaced by an open circuit. It was determined that only about 30 p.s elapsed before the
current reduced to zero after switching to the high impedance load. Finally, the response of the
circuit was observed when an open circuit at the output was suddenly changed to a short circuit.

The response included a spike to 830 mA that lasted for about 100 ps. The output current reached
the steady state value of 62 mA in about 130 us.

The circuit’s response to a sudden switching of the input power supply from OV to 28 V with
RLOD = 220 Q was simulated. Plots of the response showed a steady rise of the load current
without any ringing or over-shoot. In about 2 ps, the current reached its steady-valueof115 mA.
The circuits response was simulated for a sudden change in Vin from 28 V to OV for RLOM=
220 C?and RLOD.= O Cl According to the simulations, the load current decreased to zero in
about 1 microsecond. No voltage over shoots at the load were observed. The response of the
circuit to surges in the input voltage was also simulated. The response to a 1-microsecond-long
surge to 56 V was a spike, which lasted for about 3 VS.

Additional discussion of the Type D limiter and of the simulation results are found in the
next section.
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7. Discussion

There is no single best limiter. Limiter selection must be derived from a balance between
system requirements and limiter characteristics. Requirements and characteristics that should be
considered include voltage of the source, the energy available from the source, the maximum
acceptable time interval between the onset of over current and the onset of effective limiting, the
maximum acceptable fault current, the amount of power that can be dissipated in the limiter
during normal conditions, the maximum acceptable voltage drop across the limiter, required
reliability for limiting, abnormal electrical and thermal environments that the limiter must
tolerate, tolerance to turn-on and turn-off transients, space available for the limiter, and cost. The
list is not exhaustive. These requirements and how they might affect the choice of a limiter are
discussed below.

Most test systems at Pantex are powered fi-om a battery pack and many of the battery packs
operate at about 28 V. All of the battery packs now in use could provide enough energy to
seriously damage a nuclear explosive.

Table 1 shows the relation among magnitude of over current, duration of over current, and
consequences. It is seen in this table that a currentof a few hundred amperes that lasts for only
about a microsecond could in principle fire a main charge detonator. The simulation results given
in Sections 3 and 4 show that current spikes couJd be expected to last for a few microseconds
after a sudden change from a nominal load to a short circuit. The response of actual limiters
would be slower than indicated by the simulation results because of stray inductance and
capacitance that were not filly accounted for in the simulations. It is necessary to conclude that
none of limiters could be depended onto prevent a microsecond long transient that could fwe a
detonator. The only way to ensure that such a transient does not occur is to use a battery pack that
could not produce hundreds of amperes of short circuit current.

The simulation results show that the Type A, Type B, and Type C limiters discussed in
Section 4 could respond to a short at the load and limit the current to safe levels in tens to
hundreds of microseconds. This means that any of these limiters could be used to prevent the
charging of a fire set, and possibly to prevent the firing of electro-explosive devices. The relation
between firing current and ftig time for electro-explosive devices is complex and is beyond the
scope of this report. If it is of concern for a particular tester, the designer must determine whether
the response of the limiters under consideration will be fmt enough to provide adequate
protection.

Response time is not an issue for the resistive limiters discussed in Section 5. Such limiters
permanently limit the current available. However, as discussed in Section 5, resistive limiters
generally can be used only on lines that carry nominal currents that do not exceed a few tens of
milliamperes.

The vc)ltage drop across a current limiter and the power dissipated in the limiter during

normal operations must be acceptably small. Sometimes the requirement for low voltage drop
will determine the choice of limiter. For example, a fuse blower was the only type of limiter that
met a requirement on the UA5088, which specified that the insertion voltage drop could not
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exceed a few tenths of a volt. Power dissipation during normal operation is a concern for a
battery powered tester. A desire to put the smallest amount of electrical energy that will get the
job done near a nuclear explosive dictates the selection of the smallest battery that will provide a
reasonable interval of use between re-charge cycles. Inefficient current limiters will lead to the
use of a larger battery than is necessary. Larger batteries will lead to the use of a limiter with a
higher energy rating because the limiter must be able to safely discharge a fully charged battery.
Most likely a limiter with a higher energy rating will likely occupy more space and weigh more
than a limiter with a lower rating. In other words, the choice of an inefficient limiter can cause a
ripple through the design of an entire tester. It was pointed out in Section 6.4 that the type D
limiter is not particularly efficient because the npn transistor is not driven into saturation.
Therefore, this limiter is a poor choice when power dissipation is important.

All of the limiters, even resistors, can fail to provide limiting. Failure modes and effects for
the various limiters are discussed in detail in Sections 6 and 7, and in Appendix A. All of the
limiters, except the resistor limiter with two resistors, are vulnerable to single point fkilures. That
is to say, a failure of a single component can lead to an unsafe failure of the limiter. For example,
if the SCR in the fise blower fails as an open circuit, the limiter will not provide protection. In
the case of the Type A limiter, the limiter will be unsafe if the MOSFET transistor ftils as a short
circuit. Many other single point failure modes can be determined from the various tables that
show the results of the FMEA work. Thoughtful design can sometimes eliminate one or more
single point failures. For example, the use of two parallel-connected SCRS could eliminate the
single point ftilure associated with fhilure of the SCR in a fise blower. During the design review
process, the designer must show how single point failures have been dealt with, and that the
proposed design will provide reliable protection.

The designer must also show that he has considered abnormal environments that the tester
might experience, which may include high temperature, high voltage, shock, vibration, deluge of
water, and fire fighting chemicals. The stresses may be presented singly or in combination.
Detailed information about the credible abnormal environments at various locations at Pantex
can be obtained from the Pantex nuclear explosive safety organization. Data were presented in
Section IV and Section VI on the response of various limiters to elevated temperature, to above
normal power source voltage, and to combinations of high temperature and high voltage. Data
were also presented reg&-ding the response of the fuse blower and of the Type A circuit to
differential heating; that is, to heating which caused parts of the limiter to be at different
temperatures. The designer should arrange circuit components so that a limiter has the safest
possible response to abnormal heating. Normally, this would mean that current from the limiter
decreased, or at least did not increase, in response to credible abnormal heating.

Turn-on and, to a lesser extent, turn-off transients can be a challenge to the designer for any
limiter that latches into some low current state when an over current is sensed. The fise blower,
which latches into a zero current state, is an extreme case of such a limiter. The Type D limiter is
another example. If a turn-on transient activates such a limiter, the protective action of the limiter
will come into effect before the equipment becomes filly functional. To overcome this problem,
designers frequently delay limiting action for a short period, perhaps a few seconds, when power
is switched on. Unfortunately, if the delay circuit malfi.mctions, the limiter may never be turned
on. For example, the turn-on delay circuit in the UA5088 adds many single point failures to this
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device. A related challenge may arise if the limiter must drive reactive or switched circuits in the
nuclear explosive under test. ‘suppose, as happened in the case of the UA5088, a fast acting fhse
blower is activated by a few microsecond wide current spike that would not cause any damage.
The only way to eliminate the unwanted activation maybe to raise the over current trip level to a
much higher value than would otherwise be needed. For example, the existence of microsecond
duration spikes recently led to the selection of 3 amperes trip levels for some lines that carry
nominal currents of a few hundred milliamperes.

Sometimes size and weight are not of great concern at Pantex, but sometimes they are most
important. In the case of the command disable tester for the W80, size and weight were not of
primary concern. However, in the case of the UA5088, which will be hand carried to remote
locations, size and weight had to be considered carefblly. Frequently, because it uses only one
high power semiconductor device, a fuse blower will be smaller and lighter than other limiters.

It was pointed out in Section 3 that improper component layout or improper routing of wiring
can defeat any limiter. It does little good to design and build a great limiter, and then run the
inputs and the outputs next to each other in a tightly wrapped wire bundle. However, this was
done frequently in the past, and it will almost certainly be done in the fhture unless the designer
specifies layout and routing with the same care that he specifies circuit design and component
selection.

8. Conclusions

Electrical testsare conducted on nuclear explosives at Pantex. The electrical testers used for
the tests must be designed so that they create the lowest possible risk of any unintended
application of electrical energy. Current flows between the tester and the device under test must
be limited to the lowest levels that will assure reliable completion of required tests. Each tester
must be designed so that the risk of over current is as low as is reasonably attainable. An
essential part of risk management is the selection of the lowest voltage and lowest total energy
power source that will support reliable operation of the tester. Another essential part of risk
reduction is the use of robust barriers to separate parts of the testeq this is shown in Figure 2. The
selection of a power source and the use of barriers is so important because no limiter will
withstand unlimited voltage or dissipate unlimited energy, and no limiter can perform if it is
bypassed.

Another part of risk reduction is the use of current limiters to limit the electrical current that
can flow between the tester and the nuclear explosive. Five type of limiters, the firse blower, the
resistor limiter, and three types of limiters based on active semiconductor devices such as
transistors, were discussed in detail. There are advantages and disadvantages to each type of
limiter. Many of these are identified and discussed in Sections 4, 5, and 6. None of the limiters is
the right choice for every application. Each one may be a good choice for a particular application.
The designer must select the one that best meets requirements, and then show how inherent
disadvantages have been resolved.
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Poor layout of components or poor wiring can make any limiter ineffective. Even though
component layout and the routing of wiring may not be as interesting as circuit design, the tester
designer must assure that they are done properly.
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Appendix A
Current Limiting Resistors

R. V. Baron was the Sandia expert on resistors for over ten years. He was asked to evaluate
resistors for use in current limiters. He documented his work in a memo to D. H. Loescher. This
memo is reproduced below.
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date: January 3, 1994

SandiaNationallaboratories
Albuquerque, New Mexico 87185

to: D. H. Loescher, 12332, MS0492

from:L% V. Baro~ 2276, MS108I

subject Final Report of Nuclear Weapon Tester Current Limiting Resistor Testing.

Introduction

Presently carbon composition resistors are
used to limit the current that can be sup-
plied by Nuclear Weapon testers during a
fault condition. One of the references that
suggest this resistor type describes the us-
age ~ a cficuit si~ar to Fi=qre ] Thi5

circuit is designed to be used to protect
against such things as power line surges,
spikes, and lightning strikes. This reference
also states that carbon composition resis-
tors have very good surge capabilities. The
purpose of this study was to determine how
true this is, to define the ultimate failure
mode, and to determine if another type or
types of resistor would be a better choice.

The two shunt elements shown in Figure 1
are not desirable for nuclear weapon use as

Current Limiting Resistor

Unprotected ~ ~ Protected

input
T [

output

& h

Figure 1. Surge Protector from Reference 1.

Current Limiting Resistor

o 0

Unprotected Protected
Input output

o 0

Figure 2, Surge Protector used in Nuclear
Weapons Testers.

the circuit will fimction normally even if they
have failed or were never installed. Also, since the portion of a nuclear weapon tester con-
nected to the weapon is powered entirely by batteries, the threat is not born a power line
surge or spike but from an accident that will comect the batteries powering this portion of
the tester to an improper wire connected to the weapon and/or some other failure such as
crossed pins or improperly connected comector such that the current is applied to an in-
correct wire in the weapon. Fi=szjre 2. The circuit in Figure 2 is acceptable since no power

line surges are possible and the maximum voltage is well defined. If the resistor is missing

or ope~ the tester will not work properly. A simple measurement can verifj that the resis-

tor is the correct value. The total voltage and energy available in this application is not

from an ill defined, short surge but can be determined as the maximum of all battery cells
connected in series. This voltage may be present until the batteries are drained. The resis-
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tance of this resistor is usually chosen to limit the current to 100 mA at the maximum volt-

age possible.

If the current is to be limited to 100 @ the required series resistance will vary as the volt-
age, R = 10V. The power dissipated in the resistor will also vary as the voltage since
P = VI. For the same maximum current limit of 100 ~ the maximum power dissipated in
the resistor would be P = O.IV. Since the potential voltage in a tester can exceed several
hundred volts, power dissipations of 10 to 40 Watts or more are poisible and resistances of

1 I@ to 4 @ must be used. If a different current is choser+ these equations will have to be
changed accordingly.

Four types of resistors, listed in Table 1, were procured for this study. They were chosen
based on their reputed surge resistance. The Th-i Oxide Film was chosen since it was de-
veloped by AT&T for use in surge protectors. T@ resistor is specifically designed to open

cleanly and not char or flame. The resistance value was 1 M2 for all resistors. The power
ratings chosen were either the maximum available, e.g., carbon composition and tin oxide
types, or did not exceed 2 inches in length. One inch versions of the wire wound, 5 W
rated, and ceramic/carbo~ 3 W rated, resistors were also purchased. All the resistors were
1YO initial tolerance except the carbon composition resistors that were 5°A initial tolerance.
Two combinations were also tested. A combination of a tin oxide resistor and a 3 Watt in-
candescent lamp in series look very promising if the size can be tolerated. A carbon com-
position and tin oxide resistor in series eventually behaved like a tin oxide resistor.

Each resistor was tested at voltages corresponding to 20 to 40 Watts across 1 Ml These
voltages were chosen so that failures would occur within an hour or so. A few resistors
were tested at lower voltages.

Table 1 Resistor Types Tested.
I I 1

Resistor Construction Power Rating, Manuticturer Catalog
70 “c Type

Carbon Composition I 2 Watt Allen Bradley HB

Wire Wound 5 Watt Dale ESS-5
10 Watt ESS-10

Tin Oxide Film 3 Watt Dale FP-3P

Ceramic/Carbon 3 Watt Carborundum 234AS
5 Watt I02AS

3 W LampA’in Oxide ——

Carbon Compflin Oxide 5 Watt Total
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Carbon Composition Resistors.

Carbon composition resistors are manufac-
tured by mixing carbon power with a
binder. The amount of carbon is vaned to
achieve the desired resistivity. This mix is
molded into a cylinder with embedded
leads. The external coating is then applied
and the resistors are marked. Carbon
composition resistors are manufactured in

power ratings at 70 ‘C of 1/8 W, 1/4 W,
1/2 W, 1 W, and 2 W. The 2 W resistor
was tested in this study. Note that the 2 W

rating at 70 “C is sometimes listed as 5 W
at 25 ‘C.

When subjected to high power levels, the
resistance increases to 5 to 6 times the in-

itial resistance in the first 20 to 30 seconds,
see Figure 3. Figure 4 shows the variation
in the time required for the resistor to start
to stabilize at the high resistance condition.
After reaching this peak the resistance then
slowly decreases until it drops to 4 to 5
times the initial resistance. At this point the
resistance falls rapidly to 1/1Oth to l/20th

of the initial resistance and the resistor is

essentially shorted. As expected, the time

before the resistor shorts varies with the

applied voItage/power. Below 140 volts

(20 W initial power) the resistors did not

short after being on test for up to 8 hours.

However, the resistance was slowly drop-

ping and, with sufficient time or an external

source of heat, the resistor would be ex-

pected to eventually short. Figure 5 shows
the time to short for the various applied

voltages used in this test. External heat

fkom any source will reduce the time to

short at any voltage. The mechanism for

shorting is Joule heating which carbonizes

the binder resulting in the eventual lowering

of the resistance. A fire with no voltage

applied can cause a carbon composition to

carbonize and short. Lower wattage rating

SWI d High
Racictama Stabilizatka

o 5 to 15 20 25 30 35
Time, Mhw2es

Figure 3, Resistance change characteristic
for carbon composition resistors tested at
173 V, 30 W initial power. Shofiing oc-
curred in all but one of the resistors tested
above 20 W.
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Figure 5, Time until short for Carbon Com-
position Resistors.
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resistors should have similar characteristics but will short sooner.

Allen Bradley is recognized as the leading manufacturer of carbon composition resistors.

The usage of carbon composition resistors has been continually decreasing and one of Allen
Bradley’s distributors, TTI, is predicting that Allen Bradley will stop manufacturing carbon
composition resistors sometime in the fhture. Appendix A contains a 2252 newsletter
published after receipt of a letter from TTI, the Allen Bradley distributor.

Tin Oxide’ Resistors

Tin Oxide resistors were developed by AT&T and Corning Resistor Co., now DALE
Electronics, in Bradford, PA for use in telephone equipment placed at a customer’s site.
These resistors are required to survive or open cleanly during a lighting caused surge
without flaming or starting a fire. This resistor is manufactured by depositing a tin oxide
film on an optical glass core. The thickness of the tin oxide is vaned to achieve the desired
resistivity. The rod is cut to lengt~ the ends coated with a conductive metal, end caps are
pushed onto the blank and the resistor is laser trimmed to value and coated. A flameproof
coating is applied to reduce the chance of starting a fie. Tin oxide resistors are
manufactured in power ratings at 70 “C of 1/2 W, 1 W, 2 W, and 3 W. The 3 W resistor
was tested in this study. Smaller wattage’s maybe desirable for this usage.

Figure 6 shows the behavior of these resistors when they are subjected to high power
levels. The resistance stays fairly constant near the nominal resistance until the resistor
nears failure. Depending on the applied voltage, this can be occur in a few seconds to tens
of seconds. The resistance then drops to a minimum of 1/3 of the nominal resistance for a
few seconds. The final failure is then initiated and the resistance increases until the resistor
opens. This open occurs at the center hot spot where the tin oxide film is ruptured.
Occasionally, short periods of lower resistance may still occur but the resistance of these
flashovers is at least twice the nominal
resistance. At 122 volts one resistor did
not open but, ~er dropping to 437 ohms,
the resistance rose to 816 ohms where it
stabilized until the test was stopped 45
minutes later. This resistor showed
evidence of extensive heating around the
end caps, not at the center hot spot. Figure
7 shows the minimum resistances that
occurred during this test. The resistors
tested at the lowest voltages did not ftil but
stabilized at a resistance above the
minimum resistance. The minimum
resistance appears to be well behaved and
may be due to some property of the

coating. Uncoated resistors were not
available and removing the coating without

. Tm -
173v(11w>a! iti~

0.0 I , I

o 10 33 4
lime. i’iconds

Figure 6, Resistance characteristic for tin
oxide resistors tested at 173 V, 30 W initial
power. The shape is characteristic of tests
at all voltages where the resistor opened.
No resistors shorted.
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damaging the resistive film was not
possible.

Figure 8 shows the time to open for the
various applied voltages used in this test.
The mechanism for ftilure is Joule heating
which eventually vaporizes the tin oxide
film thereby causing the resistor to open.

This resistor most closely meets the
requirements for this study. The resistance
shift may be compensated for by using a
resistor that is three times the value
required to limit the current. In other
words, to limit the current to 100 mA
chose a resistor such that R = 30 V. A
lower wattage resistor would fail in a
shorter time and might be an additional

option. Since this resistor is a somewhat
specialized item it is available with only
one standard coating. Other coatings may
be obtained but would require special
processing.

DALE Electronics, Bradford, PA is the
only manufacturer of this type of resistor.

Ceramic/Carbon Resistors.

Ceramic/carbon resistors were developed
by the C~borundum Co., Niagara Falls,
NY, to absorb high energy pulses. These
resistors are made from a carbon loaded
ceramic with end caps and leads. The
amount of carbo~ and the diameter and
length of the ceramic rod determine the
final resistance value. The rods are cut to
lengt~ the ends coated with a silver loaded

epoxy, and end caps are pressed on. A
flameproof coating is then applied.

Comection to the resistive element is thru
the silver loaded epoxy. It was hoped that
these resistors would ezhibit an increasing
resistance characteristic similar to the
carbon composition resistors without the

09 1 I + C+dMot Fall
I
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1+ >“
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Figure 7, Minimum resistance that occurred
du--ing testing.
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Figure 9, Resistance change characteristic
for ceramiclcarbon resistors tested at 173 V,
30 W initial power. The shape is character-
istic of tests at all voltages. All of these re-
sistors eventually opened.
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eventual shorting due to the carbonization
of the binder since the binder is a ceramic.
The 234AS type ceramic/carbon resistors
are manufactured only in a 3 Watt rating at
40 “C. Five Watt, 102AS types were also
tested. Other sizes are manufactured but
they run 4 inches to 24 inches long. Disks
and washer types are also available but they
start at 1.6 ‘inches in dkneter and run to
4.’75inches in diameter. These types were
not judged to be practical for this study.

Figure 9 shows the behavior of ceramic re-
sistors when subjected to high power levels.
The resistance starts to drop immediately
after power is applied. The resistor shown

2fo

I Fail.r. Mo&

x +%

A=+=Q-+
4 6 10

Tmw to FaiI&e, Minutes

Figure 10, Time until opening for Ce-
ramic/Carbon resistors.

in Figure 9 took two minutes to reach the limit of the chart recorder, 500 mA. The current
exceeded 500 mA for 6.5 minutes when the resistor finally failed open. This general char-
acteristic occurs regardless of the applied power. The time to failure, shown in Figure 10,
tends to be shorter at higher power levels but is somewhat erratic. These resistors exhib-
ited two different failure modes depending on the applied voltage. At the lower voltages,
the resistor failed in the center of the body due to hot spot heating destroying the ceramic.
Al the highest voltages tested, the failure occurred at the end caps. This is due to the high
current density at the edge of the end caps destroying the silver epoxy. Some of these re-
sistors exhibited very little damage at the center hot spot. Between these two voltages,
both types of damage were observed on the resistor. In this regio~ both modes were se-
vere enough to have caused failure.

The 5 Watt, 102AS Type, exhibited similar characteristics. These resistors did not ftil,
even after hours on test at the lower voltages. A resistor tested at 173 volts, 30 W initial

power, did not ftil afler 3 hours but the resistance had dropped to 935 Q and had a down-
wi~d slope. Failures at the higher voltages were similar to the 3 Watt 234AS resistors ex-
cept that there was much less melting of the ceramic.

The ceramic resistors did not live up to expectations. The reduction in resistance is uncon-
trolled and results in very low resistances that would provide no protection.

~lre Wound Resistors.

The wire wound resistors tested were purchased ilom DALE Electronics, Columbus, NB.
Wke wound resistors are the known for their ability to withstand overloads. These resis-
tors are manufactured by placing end caps on a ceramic core and winding
Nickel/Chrornhm wire onto the core between the end caps. The wire is welded to the end
caps at each end. The coating on the resistor tested is a proprietary silicone. Other types
of coatings are available, including flameproo~ but were not tested. The overload charac-
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teristics of this type of resistor are due to
the relatively large amount of metal in the
resistance element. The wire resistivity,
length and cross-sectional area determine
the final resistance. Figure 11 shows the
resistance variation of a typical 5 Watt
wire wound resistor tested at 173 V. The
pen on the recorder left the chart for a
short period at 48 seconds. Carbonization
of the coating is the cause of this undesir-
able behavior. The downward drift in re-
sistance prior to carbonization of the
coating is probably due to changes in the
coating. Other resistors tested at the
same or higher voltages caused the power
supply to self limit at 1.2 A. When this
occurred the test was terminated. If left
on test long enough, these resistors would
have eventually opened as the coating
burned away.

-7- January 3, 1994
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Figure 11, Resistance change characteristic
for 5 Watt wire wound resistor tested at 173
V, 30 W initial power. The coating caused

the resistance to drop below 376 !2 after 48
seconds. This resistor opened at 100 sec-
onds. None of the resistors tested perman-
ently shorted.

All the five watt resistors that were tested below 173 V (30 Watts) were removed from test
after more than two and a quarter hours and they had neither shorted nor opened. One re-
sistor, tested at 148 V, 22 W, was left on test for just over 6 hours. During this time the
current had only increased by 2 rnA. Figure 12 shows the resistance characteristic at 167 V
(28 watts). During this test the resistance dropped to 931 Q after 12 minutes and then re-

covered and stabilized at 973 f2 until power was removed after 175.3 minutes (2.9 hours).
As expected, tests at lower voltages showed less resistance drop. The resistance drop is
most likely due to the change in the
insulation resistance of the coating.

‘“’~
Several ten watt wire wound resistors were
also tested. The resistance variation ob-
served at 200 V (40 Watts) was less then
the variation of the five watt resistors tested
at 173 V. The test was stopped after an
hour and a half when there was no evidence
that the resistor would ever fail. If this re-
sistor gets hot enougk the coating will
cause this resistor to behave in a manner
similar to the 5 Watt resistor.

Figure 12, Resistance change characteristic
Wire wound resistors with silicon coat@s for 5 Watt tire wound resistors tested at

~e not acceptable but a dlfierent coat*ng~ 167 V, 28 Watts initial power.
The resis-

or no coating at all may be acceptable.
tance when the test was stopped was 973 Q.
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Wire wound resistors are manufactured using flame proof coatings which will not
carbonize but this type of coating may still result in a characteristic similar to the tin oxide
resistors. A completely uncoated resistor may not exhibit the resistance drops seen in the
tested resistors but this type is available only as a special. Other coatings or packages are
available, each of which will have its own thermal, and therefore, failure characteristics.
While the wire wound resistors initially appeared to be very desirable due to their overload
capabilhy, the carbonization problem must be overcome.

Combinations

L.ampflln Oxide in Series

Jim Hanloz 2252, suggested using a lamp.
A lamp alone has a low cold resistance but
if a resistor is placed in series with the
lamp, this can be overcome. A properly
chosen incandescent lamp in series with a
tin oxide resistor results in a nearly perfect
circuit. The low cold resistance of the
lamp, about 188 S2 for the lamp tested,
results in little added resistance to the cold
circuit and results in resistances of 4 to 5
.~ under fault conditions. The tin oxide
resistor is added to assure that the
minimum resistance of the circuit will limit

01 10203040 eo 70 eo
Time. Seconds and W&s —

Figure 13, Resistance characteristic of a
lamp, tin oxide resistor in series tested at 173
v.

the current to 100 mA. If the fault is large enough or lasts long enoug~ the lamp will bum
out, or the resistor will ope~ opening the circuit. The lamp reaches its operating
temperature within a few seconds. Figure 13 shows the resistance characteristic of a Syl-
vania 6S6, 115-125 V, 6 Watt lamp in se-

Iies with a 1 M2, 3 W tin oxide resistor.
This is a candelabra based lamp used in lab
benches to indicate that the power is on.
This test was run at 173 V. The resistance

stabilized at 3.26 M2 after 1.5 seconds.
The initial transient may be due to the
power supply voltage coming up slowly.
At no time did the resistor exceed its rat-
ings and, after 72 minutes, the resistor was
only slightly waw.

Figure 14 shows the current-voltage char-
acteristic of this lamp. The load line for a
1000 W resistor operated at 173 volts is
,also shown. The intersection of the mo
curves is the operating point. At this point

I-VChamteristic for a Sylvanis 6S6, 6 W,115-125V Lamp

110

100

[~,\

173V,lKfl
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80 /
< lamp qlom
E 70
-.

=’60
~
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.
=4~

30

20

‘:3

o 50 100 150 3003504M
lamp Vdfge, V*Z

Figure 14, Current Voltage Characteristic of
a 6 Watt lamp. Also shown is the load line

for a 1 kf2 resistor operated at 173 volts.
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54 mA of current will
The lamp tested was a

flow in the circuit.
different lamp then

-9- January 3, 1994

the lamp measured for the characteristic
and the stabilized cument was 53 mA. Fig-
ure 15 shows this same characteristic with
the load lines for the appropriate resistors
to protect circuits with fault voltages of
100, 200, 300 and 400 V. Also plotted is
the maximum rated power for a 3 W tin

oxide resistor for the requirements of 100
mA maximum current. It is apparent that
the resistor will be over powered when the
fault voltage exceeds 150 V. However, At
400 V applied the resistor is only
dissipating 9.45 W. Even so, when the tin
oxide resistor enters its low resistance
mode, the lamp will still limit the current to
less than 100 mA. For example, if the tin

oxide resistor drops to 1333 !2, The volt-

I-VChamtenstic for a Sylvanis 6S6, 6 W,11.5-125V Lamp

iio _

o 50 100 150 ?00353400
Lamp Vc%!ge, V%

Figure 15, Current-voltage characteristic
showing the load lines for various tester volt-
ages and the 3 W maximum power rating
line.

age across the lamp will increase to about 290 volts and the current will limit at about 88
mA. The lamp will bum out eventually, thereby offering final protection. Of course, a
lower wattage lamp may be used to reduce the current even more. A 3 Watt lamp should
extend the region of operation at less than rated power to 260 volts. The 6S6 lamps are
listed in Allied Catalog for voltages of 115-125, 130, 145, 120DC and 130DC. A 3 Watt
versio~ 3 S6/5 for 120-125 V service, is also listed. Lamp manufacturers may have
additional lamps to choose from.

The cold resistance of the lamp is around 188 Cl at room temperature. Therefore, the pres-
ence of both the lamp and the resistor can be easily verified by measuring the resistance of

the series circuit at 100 WA and again at, say, 10 to 50 n@ depending on the voltage being
protected against. The fist measurement will be the tin oxide resistor plus the cold
resistance of the lamp and the second measurement will consist of the tin oxide resistor plus
the hot resistance of the lamp. For the 100 V protection circuit, the low current reading
will be about 1200 W and the high current reading will be 1800 f2 to 3000 Cl depending on
the test cument. This is an easy and accurate method of assuring that the circuit is correct.

This solution may be somewhat large as this lamp is approximately 1 inch in diameter and 2
inches long, but clever packaging may result in an acceptable size. Lamp manufacturers
have other lamps available that may have more optimum size, voltage and wattage ratings.

Carbon/Tin Oxide in Series

A carbon composition in series with a tin oxide resistor was also tested to detemnime if the
tin oxide could be used to offset the end-of-life shorting phenomenon exhibited by the car-
bon composition resistors. A typical resistance characteristic of this combination is shown
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.

in Figure 16. The minimum resistance of
this combination was 895 f2. Ratioing this
reading to the total resistance of both
resistors, 2000 f2, gives 0.4475 which

would be the equivalent of 447.5 Cl if the
total resistance of the series combination

was 1000 Cl This really is no improvement

since the minimum resistance for the 1000

Cl tin oxide resistor shown in Figure 6 was

437 Q.

Tlhe voltage for this test was 245 V which
placed 30 watts initial power across the
2000 Cl total resistance(15 watts initial
power in each resistor). Note that the in-
crease in the carbon composition
resistance effectively places most of the
applied voltage, and power, across the
carbon composition resistor. After the
resistance of the carbon composition
resistor falls below the nominal resistance,
most of the voltage and power is now
placed across the tin oxide resistor. The
results in a characteristic that is the sum in
time, of the characteristics for each
resistor. The carbon composition delays
the onset of the low resistance caused by
the tin oxide but does not prevent its
occurrence. This is because the carbon
composition resistor is in its low
resistance mode when the tin oxide resis-
tor starts to fail. Comparing F@re 4 and
Figure 8 it is apparent that this is a race
that the tin oxide resistor cannot be win.

Figure 17 shows the minimum resistance
that occurred for three dtierent applied
voltages. In each case the voltage was
chosen to give the same initial power in
the pair that was used for the individual
resistor tests. Figure 18 shows the time
to open for the series pair. These times

are on the order of the times to short for
the carbon composition resistors tested at
higher power levels.
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Figure 16, Resistance change characteristic of
a series combination of tin oxide and carbon

is m 210 220 240 m
Appriavottage

Figure 17, Minimum resistance for a 3 W tin
oxide and 2 W carbon composition resistors
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Figure 18, Time to open for 3 W tin oxide
and 2 W carbon composition resistors in se-
ries.
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As noted before, as the carbon composition resistor increases in value, the fraction of the
voltage and power across the carbon composition resistor will increase until the resistor

shorts. If 500 S2were used for both resistors, the times should appear more like the
carbon composition resistance times. Using a smaller wattage tin oxide resistor in the
series pair will shorten the time required for the tin oxide resistor to open. This maybe
sufficient to assure that the race is always won by the tin oxide resistor but this needs to be
thoroughly tested before this is considered to be a viable solution. Also the values of the
two resistors must be carefilly selected. Using the same resistance for both resistors is not
necessarily optimum.

Conclusions

There are no commercially available resistors that will, singly, meet all the requirements for
surge limiting in nuclear weapon testers. The carbon composition resistors presently used
increase in resistance with applied voltage/power but they WILL eventually short if the
fault condition lasts long enough. Also, external heat sources will reduce the time to short.
If the maximum amount of time under the fault conditions can be rigidly controlled and is
short enougi carbon composition resistors still might be satisfactory. This time must be
much shotier then the minimum times shown in Figure 5. These resistors may also be
available only for a limited time, see appendix A.

The tin oxide resistors have a well controlled, but not ideal, characteristic. These resistors
decrease to approximately 1/3 of their initial value prior to opening. However, this is a
‘well-defined phenomenon. If a lower wattage version is used and the resistance is raised by
a factor of two, the overall characteristic may be satisfactory. This should be looked at
more closely. A different coating material, or no coating at all, may create an acceptable
resistor. The problem of handling uncoated resistors may be alleviated by having the resis-
tor supplier mount the resistor in the desired confi=-ration. Procedures wilI have to be in-
corporated to ensure that only uncoated resistors are used.

The carboticerarnic resistors have nothing to recommend them for this use. The resistance
characteristic has a long period of un-controlled low resistance. They do fail open but take
a long time to do so.

The wire wound resistors tested have a coating that carbonizes and results in a very low
resistance. A flameproof coating may be satisfactory although this coating may behave
similarly to the coating used on the tin oxide resistors. An uncoated wire wound resistor
should be satisfactory but will have to be special ordered. The specification will have to

specifj that no coating or impregnant be used. AgaiT the problem of handling uncoated

resistors may be alleviated by having the resistor supplier mount the resistor in the desired
configuration.

The combination of a lamp and another resistor results in an acceptable solution. The resis-

tor and lamp will have to be matched using measured characteristics of the lamp. This

combination will protect the circuit under all conditions.
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Combinations of two or more of the resistor types tested are not satisfactory since there is
no appropriate match in characteristics. In all cases, a race must be won. A single tin ox-
ide, properly sized, is the best solution if the tester can stand the added resistance in the
lines.

lProtection of Elec&onic Circuits from overvoka:es, Ronald B. Standler, John Wiley & Sons, 1989,
chapter 12, pp. 171-174.
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January 3, 1994

I
PREFERRED ELECTRONIC PARTS NEWSLETTER

“We can help make your successes affordable”” I
Newsletter No.: PEPN93-WF Date: June IO, 1993 !

ALL RECEIPIEN7S: Please share wtih interestedpanies. Due to recent reorganizationand restructuring,pe~ect
distribution is surely impossible. Every ostempt is made to keep the distributwn lk currens. We ask thaf you
tolerate mkdirected copies.To be added or dele!edj?om disn-ibu!wn, please call Vie!a Crain, 2252, (505) 845-
8N2. For more informationon Prefem?dPans, pleme comet Paul Plunkett,22S2, 844-7646or Jim McKenney,
2252,844-2474.

* DISCRETE COMPONENT PRODUCT *

* ALERT #

This newsieiter contains o component alert issued by Department 9213 that covers carbon
composition resistors that some Sandians might be using, Also included are excerpts from a
memorandum written by Tll, a resistor, capacitor, and connector dtiributor. which prompted
Department 9213’s alert. If there are any questions regarding the attached information
contact: ***Jim McKenney, 2252 (844-2474); or Charles McCO@, 2252 (844-6255)***

TTI

DLSTRIBUTCRS OFMSLSTCHLS,C4PA~RS, AND CONFECKRS

TO: Sales & Product

FROM: Mike Morton

DA7E January 19, 1993

REz ALLEN-B~DLEY

Anernpts to restore projitabi[ity to the Allen-Bradley Component Division through reduction in
cost and increased pn”ces have proven to be Unsuccessful. As the demand for carbon
composition resistors diminished each year, ecorwmt”es of volume production are losL lWS

reducn”on in producfi”on volume then equates to higher component cost and reduced revenues.
Lower revenues with fixed expenses equate to losses. i%is is the exact reason why AIlen-Bradley
has continued to raise prices. Unfortunately this trend will continue untii such rim tha tie
demand has diminished w a point that it becomes impossible to produce carbon composition
resistors at a profit. WP b~[i~vf this co-m within the next COUDIP of~ r
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Sandia National Laboratories
Albuquerqu~NewMexico 871S5

date: May ~,.1993

to: LXstn”bution

?onz Ruth Reichert, 9213

rzdject: R.CX. Resistor ALERT!

Carbon co~osinon resistors may not be available within the nextyear or two. Allen
Bradley is the only manufacturer of carbon composition resistors and is experiencing &clining
w.les in this produc~ Consequently they anticipate discontinuance of this product line.

ST~T NOW! To prevent a crisis for carbon compositionresi.wrs, it is impo-t that
Engineering start looking at carbon composition resistors required for present commitments,
md evaluating the RL and RLR jilm resistors. As a minimum, the evaluation should include use
~f these resistors in new desigm as well a replacements in exhting designs that might require
Wure assembly. Note attached memorandum from 717. Please contact me v you have any
questions or ~there is concern over replacement zypes.

Dism.butiox Please route this to any staff thatmight have an interest

9202
92X2
9214
9214
9214
9214
9214
9214
9216
9222
9225
9231

SA. Spraggins
C.M. Greenwood
LE. Anderson
M.S. Atins
R W. Cross
D.C. Grahek
K W. McCoy
ZP. Miller
F.L Crutcher
AJ. Me&m
A.C. Boye
P.J. Green

copy w:

9211 T.G. Taylor
9213 D.E Barnes
9213 J.H. Borrego
9213 RS. Kreinbrink
9213 M. khy
9214 C.B- Key
9214 G.T- Kolesar
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Appendix B
Design Equations For The Type B Limiter



The circuit for the Type B limiter is shown below.

-~

Conventional symbols, that is, IE, IB, and Ic, are used to represent emitter current, base
current, and collector current, respectively. Note that the load current, IL, and the collector
current, Ic, are equal to each other. Diode, D 1, is a light emitting voltage with a turn on voltage,
V~,O., that is equal to approximately 1.4 V.

Consider first operation of the circuit in the normal, that is to say, non-limiting mode. To
achieve low power loss, the transistor, Q 1, is operated in saturation with an emitter to collector
voltage drop of about O.4 V. The values of the resistors must be chosen so that saturated
operation of Q 1 is obtained. The supply voltage, Vin, the load current IL and the component
values are related by the following equation:

Vti = V~c,., + @L +(~ + I~)Rl (B.1)

To keep losses low in the base circuit of Q1, the base current should be set near the minimum
amount that will assure saturation. If the small signal current gain of the transistor is reasonably
large, which most always will be the case, it is likely that a low enough VEc,~atwill be achieved
with a base current that is no larger than 10 0/0of the Ic. If IB is not larger than 10 ‘Zoof Ic, the
error will not be large if IC+IBin the last term on the right hand side of Eq. (B. 1), is replaced with
Ic. If this replacement is made, and
below is obtained.

if it is recognized that IL and Ic are equal, the equation shown

Vti - VEC,W+ IL(RL + Rl). (B.2)

If RL is large compared to RI and Vi~ is large compared to VEC,sat, both of which will usually
be the case, it is also reasonable to further simplify the equation and write:

IL,nod - v~lRL. (B.3)
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The value of R2 is selected so that during nomml operation the transistor is in saturation.
This requires that the base current be larger than IL,.Omd/~; that is, that

IB>oti > IL,norm@ (B.4)

in which ~ is the current gain of the transistor. How much larger will depend on the transistor

s selected. The base current is related to the circuit voltages and resistances by the equation

IB,.O~ = (Vh - VRI -V~B)/R2. (B.5)

If Vi. is significantly larger than both VR1 and VEB,which will usually be the case, the equation
can be simplified to

IB,.Oti - v@2 (B.6)

Eq. (B.4) and Eq. (B.6) can be combined to obtain

Rz < p vfi/rc. (B.7)

Now consider the current limiting mode of operation in which the current to the load is IL,m~.
In this mode, the sum of the voltage drops across R1 and the emitter-base junction of Q1 will be
equal to the turn on voltage, VD,O~of the light emitting diode

V~30.= VR1 + V~~. (B.8)

The voltage VR1 is given by

VR1 = Rl(I~- + 1~). (B.9)

Because the transistor is not in saturation, IB can be determined from

1~= I~p/~, (B.1O)

and Eq. (B.9) can be written as

VR1=R11~-(1+1/~). (B.11)

If Eq. (B.8) and Eq. (B. 11) are combined, the result is

R1 = (V~.O.-Vm)/(l~=(l+l/~)). (B.12)
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The ratio of the maximum current, IL,~mto the normal current, IL,.O*~ is given approximately
by:

IL,max/ILJmmd- (~D,on -vEB)~iJx(~~l). (B.13)

It is seen that the difference between the normal and limited current decreases as the value of
RI increases.

If the values Of IL,.Om~and of IL,~= are specified, or if the value IL,.Omdand the acceptable

percentage of over current are specified, estimates of R1 and R2 can be obtained from the
equations just given. Once estimates are available, refined values can be obtained from computer
simulations and from experiments.
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