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ABSTRACT

This report summarizes the technical work performed by ARINC Research
Corporation under Contract N00228-82-C-7132 from 2 November 1981 to 30 April
1982. This project was sponsored by the Naval Air Rework Facility (NARF),
Naval Air Station, Alameda, California.

The report documents the results of analytic calculations and labora-
tory testing performed on three proposed configurations to solve power
transistor overheating in the programmable interface unit (PIU) of the
Hybrid Automatic Test Station (HATS). Recommendations are made regarding
the most effective configuration in terms of cost and performance.
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SUMMARY

This report contains the results of analytic calculations and labora-
tory testing performed on three proposed configurations to solve power
transistor overheating in the programmable interface unit (PIU) of the
Hybrid Automatic Test Station (HATS).

The HATS is a diagnostic device used by the Navy S-3A avionic support
program to test and isolate faults on circuit cards and modules of Navy
avionics systems. Frequent failures of the PIU cards in the HATS equipment
prevent intermediate maintenance sites from providing necessary support for
testing of aircraft avionics.

The objective of this project was to provide the Naval Air Rework
Facility (NARF), Alameda, California, with (1) a PIU circuit configuration
design that will limit the maximum output current of the stimulus buffer
amplifier to 120 mA; (2) test results of this configuration and two other
configurations proposed by NARF; and (3) a comparative analysis of the
three configurations, with recommendations as to the most effective in
terms of cost and performance.

The project was organized into three major tasks:

Task 1 - Design Current-Limit Configuration and Analyze All Proposed

Configurations. The current-limit configuration limited short-
circuit output current to 120 mA. Two other configurations were
also analyzed -- one substituting higher-rated transistors for the
existing ones, and one combining the current-limit and transistor-
substitution configurations.

* Task 2 - Conduct Testing and Comparative Analysis. All three pro-
posed configurations were subjected to laboratory testing and a
comparison of their performance and cost.

Task 3 - Prepare Final Report. The report was prepared documenting
the results of analytic calculations and laboratory testing and pre-
senting conclusions and recommendations regarding the most feasible
configuration.

The current-limit configuration consisted of changing the values for
eight existing resistors that control the point at which current limiting
of the amplifier output begins. The transistor-substitution configuration

viip



substituted D40E7 and D41E7 transistors for the eight existing D40Dll and
D4lDll transistors. The combined configuration implemented both the current-
limit and the transistor-substitution configurations.

The pertinent electrical parameters considered were output amplitude,
slew rate, rise time, fall time, and bandwidth. The primary thermal con-
sideration was the power transistor junction temperature as a function of
ambient temperature under low output, low load conditions.

Results obtained through laboratory testing confirmed the analytic
predictions of electrical and thermal performance. These results were
compared with the specified value for each parameter of interest or, where
no value was specified, with the performance of the unmodified PIU.

The following primary conclusi-ns were reached:

" The transistor-substitution configuration will not provide enough
improvement in thermal performance to eliminate power transistor
reliability problems.

" Both the current-limit and combined configurations will eliminate
thermal problems in the power transistors, but will cause a slight
degradation in output amplitude.

* The current-limit configuration is the least costly configuration
to implement.

On the basis of these conclusions, the following actions are recommended:

. The criticality of the amplitude specification should be determined.

. On the basis of the criticality of the amplitude specification, either
the current-limit configuration should be considered an acceptable
solution to transistor overheating, or additional testing of that
configuration should be conducted to determine if a trade-off can be
made among output amplitude, current-limit level, and amplifier gain.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

The Hybrid Automatic Test Station (HATS) is a diagnostic equipment
used by the S-3A avionic support program to test and isolate faults on
circuit cards and modules of Navy avionics systems. The HATS equipment
is currently plagued with failures in the war wagon cabinet, which con-
tains the programmable interface unit (PIU) card assemblies. Failure data
obtained from the Navy maintenance material management (3-M) system have
focused attention on the hybrid PIU (part number 400045-001). Frequent
failures of the PIUs in the HATS equipment prevent intermediate mainte-
nance sites from providing necessary support for aircraft avionic testing.
As a result, the S-3A avionic support program is unable to meet mission
requirements.

The Chief of Naval Operations has directed the Naval Air Systems Com-
mand (NAVAIR) to improve the exhibited poor reliability of the HATS. NAVAIR,
in turn, has so directed the Naval Air Rework Facility (NARF), Alameda,
California. Under Contract N00228-80-C-MV45, ARINC Research Corporation
conducted a reliability improvement analysis of the PIU to determine the
failure mechanisms of the PIU circuits. This analysis resulted in the
isolation of problems in the PIU circuits, determination of the causes of
failure, and identification of design deficiencies that promote or contribute
to failure.

The conclusion of the analysis was that the largest single problem in
the PIU is in the design of the stimulus amplifier power stage. Specifi-
cally, it was found that the junction temperatures in the D40Dl/D41Dll
power transistors exceed the maximum rated temperature of the devices under
certain operating conditions.

The analysis recommended that the maximum allowable output current of
* the stimulus amplifier be limited to 120 mA. The eff3ct of this would be

twofold -- (1) the power transistor junction temperature would be held
below its maximum rating under worst-case conditions; and (2) the resulting
conservation of power would enhance the thermal environment of the PIU war
wagon cabinet.

1-1
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Another alternative, which was investigated by General Dynamics, San
Diego, California, was to replace the D40Dll/D4lDll power transistors with
devices that have higher power ratings and thus could survive under worst-
case conditions. This alternative was found to be less desirable than the
first solution recommended, since it would involve potential problems with
heat sinks and would not improve the war wagon thermal environment.

Engineers at NARF determined that further analysis and testing of all
alternatives was required before initiating an engineering change proposal
(ECP). Under Contract N00228-82-C-7132, ARINC Research Corporation was
tasked to design a circuit configuration that will limit the maximum output
current of the PIU to 120 mA and to analyze and test all alternative PIU
configurations.

1.2 OBJECTIVES

The objectives of this project were as follows:

. Design a PIU circuit configuration that will limit maximum output
current to 120 mA.

. Analyze and test three proposed PIU configurations -- the current-
limit configuration, the transistor-substitution configuration, and
a configuration that combines the current-limit and transistor-
substitution configurations.

• Perform a comparative analysis of the three proposed configurations.

* Recommend the most effective configuration in terms of cost and
performance.

1.3 SCOPE

The Statement of Work (SOW) constrained the current-limit configuration
to replacement, substitution, or removal of components. No printed circuit
board traces were allowed to be cut, and there could be no hardwire additions
or changes in circuit card dimensions.

Each proposed configuration was analyzed to determine its thermal and
operational performance. Specifically, the thermal analysis considered the
impact of the proposed configurations on power transistor junction and case
temperatures, heat sink temperatures, and surrounding components. The
operational analysis considered the impact of the proposed configurations
on output current amplitude, voltage amplitude, frequency response, slew
rate, rise time, and fall time.

The proposed configurations were tested to verify the thermal and
operational performance characteristics predicted by the analyses.

Finally, an analysis was conducted to compare the estimated cost and
the performance of each of the proposed configurations.

1-2
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1.4 TECHNICAL APPROACH

The project was organized into the three tasks described in the following
subsections.

1.4.1 Task 1 - Design Current-Limit Configuration and Analyze All Proposed
Configurations

Under Task 1, a circuit configuration was designed that limited the
PIU output current to a maximum of 120 mA. This configuration did not
require a change in circuit wiring or printed circuit board layout. A
thermal performance analysis was conducted to consider power transistor
junction temperature. An operational performance analysis considered PIU
output voltages (amplitudes, frequency response, slew rate, and rise and
fall times) and currents for each of three proposed PIU configurations.
These configurations were (1) the present PIU modified to limit output cur-
rent to 120 mA, (2) the present PIU with D40E7 and D41E7 transistors sub-
stituted for the D40Dll and D4lDll transistors, and (3) a PIU incorporating
both the current-limit and the transistor-substitution configurations.

1.4.2 Task 2 - Conduct Testing and Comparative Analysis

The three proposed PIU configurations were physically implemented under
Task 2. The modified PIUs were then subjected to operational and environ-
mental tests to verify the thermal and operational performances predicted in
Task 1. Test results were compiled in a format that allowed easy comparison
of the three configurations.

1.4.3 Task 3 - Prepare Final Report

Task 3 was to incorporate the results of Tasks 1 and 2 into a final
report, comparing the three proposed PIU configurations and an unmodified
configuration from both a thermal and an operational performance perspec-
tive. This report presents a comparison of the relative complexity of the
three proposed configurations, including time required and costs, and
recommends the most effective configuration in terms of cost and performance.
The report also includes pertinent schematics, parts lists, component layout
drawings, and supporting engineering data.

1.5 REPORT ORGANIZATION

Chapter Two of this report presents a technical description of the
proposed PIU configurations. Chapter Three addresses the plan of investi-
gation, describing the details of the operational and thermal analyses, the
laboratory test plan, and the test setup. Chapter Four presents the results
of the investigation; it discusses the results of the theoretical analyses
and presents the laboratory test data for each proposed configuration.
Chapter Five is a comparative analysis of the results from Chapter Four.
It also presents the conclusions and recommendations of the project.

1-3
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Appendix A to this report presents the SYSCAP II model listings used
in the operational analysis of the configurations. Appendix B discusses
the PIU programmer used during laboratory testing. Appendixes C and D
present thermal data recorded under various load conditions during laboratory
testing.

1-4



I
I

CHAPTER TWO

TECHNICAL DESCRIPTION OF PROPOSED PIU

CONFIGURATIONS

2.1 CURRENT-LIMIT CONFIGURATION

The current-limit configuration proposes to improve the reliability of
the stimulus amplifier power transistors and thereby improve the reliability
of the PIU. The configuration will do this by ensuring that the D40Dll and
D4lDll transistors are held within their rated junction temperature extremes
during worst-case conditions.

Figure 2-1 is a schematic diagram of the PIU stimulus buffer amplifier.
The power transistors are shown as QX60, QX61, QX62, and QX63. The thermal
performance of these transistors is illustrated in Figure 2-2,* which shows
that an increase in ambient temperature operating range can be obtained if
the maximum allowable current in each transistor is limited to 60 mA under
worst-case load conditions (Vo = 0, RL = 0).

The stimulus buffer amplifier is a push-pull type. Since the upper and
lower halves of the amplifier operate identically, the following descrip-
tion of the current-limit configuration will be simplified if only the
upper half of the amplifier is considered.

Figure 2-3 shows the subcircuit for the upper half of the amplifier
from the base of driver transistor QX58 to the output port (Vo). In this
design, the current-limiting transistor, QX56, shunts a portion of the
base bias current of the driver transistor, QX58, whenever the base-emitter
voltage of QX56 reaches 0.6 V. This turn-on voltage is controlled by
voltage VX through the voltage divider formed by RX70 and RX71. At the
present values for RX70 and RX71, current limiting begins when VX is 1.92 V:

VB = (RX71)(Vx
RX70 + RX71

*A detailed discussion of the transistor junction temperature performance

can be found in Reliability Improvement Analysis of the Programmable Inter-
face Unit of the Hybrid Automatic Test Station, ARINC Research Publication
1777-01-1-2318, November 1980.

2-1
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0020 40 60 80 100

TA (0C)

Figure 2-2. THERMAL PERFORMANCE OF D40Dl1/D41Dl1
TRANSISTORS

This corresponds to an emitter current in each power transistor (QX60 and
Qx62) of 110 mA:

V-V

IE = Vx -BE

S1.92 - 0.6
-- 1i0 mA

12

Since the power transistors are in parallel, the total current at the
output port under short-circuit loading is approximately 220 mA.* The
required modification to limit the current in each power transistor to
60 mA (i.e., approximately 120 mA output current) is shown in Table 2-1.

The modification limits the emitter current in each of the power tran-
sistors to 60 mA by changing the value of VX, at which the current-limiting

transistor QX56 begins to shunt the base current in driver transistor QX58.

*There will be some small additional current at the output port due to the
voltage across RX7 and the shunt through QX56.

22-3
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+40 V

V I 2

C" 0

Figure 2-3. CIRCUIT FOR CURRENT-LIMIT CALCULATION

Table 2-1. CURRENT-LIMIT COMPONENT MODIFICATION

Transistor Circuit Component Original Modified

Upe afRX70 220 Q, 1/4 W 180 Q, 1/4 W

RX71 100 ~,1/4 W 150 Q2, 1/4 W

RX72 100 Q2 1/4 W 150 Q2, 1/4 W
Lower Half

RX73 220 2,1/4 W 180 2,1/4 W

Thus,

v = (RX7O + RX7l) (VB)
RX71

-(180 + 150) (0.6) =1.32

150

2-4
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This corresponds to an emitter current in each power transistor of 60 mA:

I = VX - VBE
RX74

1.32 - 0.6 6- -60 mA
12

Therefore, the maximum current that can flow through the output port

under short-circuit loading is approximately 120 mA.

It should be noted that the total resistance seen by the active ampli-
fier is RX70 + RX71. The current-limit configuration does not involve a
significant change in this total resistance, but rather a change in the
ratio of RX70 and RX71. This is important, because a significant change
in the total resistance could lead to undesirable degradation in frequency
response.

The configuration requires component substitution only; no printed
circuit board traces need to be cut, and no hardwire additions or changes
to the circuit card dimensions are required.

2.2 TRANSISTOR-SUBSTITUTION CONFIGURATION

The transistor-substitution configuration proposes to improve the

reliability of the stimulus buffer amplifier power transistors by matching
the thermal environment with higher-rated components. This configuration
is a simple one-for-one replacement. Transistor type D40E7 replaces type
D40Dll as QX60 and QX62; transistor type D41E7 replaces type D41DI] as
QX61 and QX63. The pertinent characteristics of these transistors are

shown in Table 2-2.

The most important difference in these two types of transistors is in

their thermal resistance, OJC. Under worst-case PIU electrical conditions
(i.e., Vo = 0, RL = 0) with the present transistors, the power dissipation
(PD) in the device is 4.25 W.* Referring once again to Figure 2-3,

P D= ( vCE) ( IE)

= [40 - (0.11) (12)] (0.11) = 4.25 W

*A more detailed discussion of power calculations is given in ARINC Research

- Publication 1777-01-1-2318.

2-5



Table 2-2. COMPARISON OF OUTPUT TRANSISTOR RATINGS

Parameters D40Dll/ D40E7/ Degree of
D41Dl1 D41E7 Improvement

Voltage L

VCEO 75 V 80 V 5 V

VEBO 5 V 5 V None
VCES 90 V 90 V None

Current

IC (Continuous) 1.0 A 2.0 A 1.0 A

I (Peak) 1.5 A 3.0 A 1.5 A L

Power Dissipation

Tab at 250C 6.25 W 8.00 W 1.75 W

Tab at 701C 4.00 W 5.12 W 1.12 W

Thermal Resistance

0jC 20.0 0C/W 15.6 0C/W 4.40C/W

J (with PIU Heat Sink) 28.5 0c/W 24.1 0C/W 4.40C/w
JA

Since the transistor has a maximum allowable junction temperature of
150 0C, the maximum safe ambient temperature (TA) is 28.9C:

TA = TJ -(PD) ('JA)

= 150 - (4.25) (28.5) = 28.9 0C

When the replacement transistors are used, the maximum allowable ambient
temperature undE.r worst-case PIU electrical conditions is 47.60C:

TA= TJ - (PD ) ('JA)

= 150 - (4.25) (24.1) = 47.60C

The increase of more than 180C allowable ambient temperature is due
to the increased capacity of the D40E7/D41E7 type of transistor to dissipate

heat under maximum power operation. The predicted thermal performance
improvement provided by the substitute transistors is illustrated in
Figure 2-4.

2-6
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Figure 2-4. COMPARISON OF THERMAL PERFORMANCE OF
D40E7/D41E7 TRANSISTORS AND D40Dll/
D41D11 TRANSISTORS

2.3 COMBINED CONFIGURATION

To gain an extra margin of safety for operation of PIUs under high
ambient temperature conditions, it was proposed that the current-limit
configuration be combined with the transistor-substitution configuration.
This configuration, hereafter referred to as the combined configuration,
has the advantage over the other two configurations in that it should
provide for optimal power transistor performance under even the most
adverse PIU ambient temperature conditions.

In this configuration, the maximum power dissipation of the power
transistors is 2.36 W:

D= (V (I.)

= [40 - (0.06) (12)] (0.06) - 2.36 W

The transistors have a maximum allowable junction temperature of
150 0C with a thermal resistance (6 ) of 24.10C/W. This corresponds to

JA

2-7
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a maximum safe ambient temperature of 93.10C:

TA uTJ - (PD) (eJA)

= 150 - (2.36) (24.1) = 93.1 0C j

Figure 2-5 compares the predicted power transistor performance for all
three proposed configurations.

Transistor-Substitution
Configuration

Current-Limit
Configuration

Ileeem Combined Configuration
210

190

170

150 l - $S

130

110 t I I

2 0 40 60 80 I0

Figure3 Do5 COMPAISO N F O ER TR N IS O

70 -1 sss*V = 0

50 RL =LL

30

10

0 20 40 60 80 100

TA (OC)

Figure 2-5. COMPARISON OF POWER TRANSISTOR
THERMAL PERFORMANCE FOR ALL
CONFIGURATIONS

2-8



I
I

CHAPTER THREE

PLAN OF INVESTIGATION

3.1 DESCRIPTION OF OPERATIONAL ANALYSIS

A systematic, theoretical analysis of the PIU amplifier circuit was
performed for each configuration, in which the amplifier was modeled as a
system of nodes and branches and representative admittance and current
matrices were developed. These matrices were then used to solve for the
desired node and branch voltages and currents. The complexity of the PIU
amplifier is reflected in the unwieldy matrix that describes the circuit.
The solutions were therefore developed by use of the CYBERNET System
Circuit Analysis Program (SYSCAP II).

SYSCAP II converts the user input of circuit elements and interconnec-
tions into admittance and current matrices. Nonlinear elements such as
transistors and diodes are modeled in such a way as to include the effects
of temperature and dynamic impedance resulting from movements in the static
operating point of the device. SYSCAP II initially assumes linearity and
solves the matrices for node and branch parameters. These parameters are
then checked against the nonlinear component models for consistency. If
the error between the two exceeds a preset level, SYSCAP II revises the
parameters of the nonlinear component model and repeats the calculations.
This iterative process continues until all node and branch parameters are
within the preset error bounds.

The transient analyses were performed on the PIU amplifier under a
SYSCAP II routine called TRACAP (Transient Circuit Analysis Program).
Appendix A contains the program listings describing each of the PIU ampli-
fier configurations.

Four configurations of the PIU stimulus amplifier were modeled by use
of the SYSCAP II circuit analysis software -- the unmodified amplifier con-
figuration, the current-limit configuration, the transistor-substitution
configuration, and the combined configuration. The operation of each was
simulated for an output voltage of ±30 V, and both 10-ohm and 300-ohm loads.
Input stimuli for these simulations were a 6 mA current pulse of 1 micro-
second duration and rise and fall tines of 10 nanoseconds.

3-1
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3.2 DESCRIPTION OF THERMAL ANALYSIS

Table 3-1 presents specification data for the integrated circuits (ICs)
used on the PIU board. These data show that most of the ICs have a maximum
ambient operating temperature of 706C. Therefore, to eliminate the power
transistors as the limiting device on the PIU board, the ICs should not be
allowed to exceed their rated junction temperature of 1500C under worst-case
loading when the ambient temperature is under 700C.

A thermal model for power transistor performance was developed to
analyze each proposed configuration. The model was incorporated into a
computer program that allowed rapid calculation of transistor thermal per-
formance under a variety of ambient temperature and electricaL loading
conditions. The model treated thermal performance in a way that is analogous
to an electrical circuit -- that is, temperatures were treated as voltages,
power dissipation as currents, and thermal resistances as electrical resist-
ances. The thermal model for the power transistors is described pictorially
in Figure 3-1. The following equations were derived from the model.

TJ = TA + PD (0JC + eCS + 6SA

TJ = TC + PD (eJC)

where

Tj= junction temperature

TA ambient temperature

= junction-to-case thermal resistance

0 = case-to-sink thermal resistance
CS

=SA sink-to-ambient thermal resistance

TC = case temperature

The first equation was used during the thermal analyses to predict the
maximum ambient temperature allowable before the 1500C rated junction tem-
perature is exceeded. The second equation was used during laboratory testing
to relate recorded device case temperatures to junction temperatures.

3.3 OPERATIONAL AND THERMAL TEST PLAN

A test plan was established to organize the overall testing of the
three PIU configurations. The test plan outlined the procedures, equipment
setup, data acquisition, and the overall approach used in conducting the
tests.

3-2



*4 0 0 0 44 4 4 0 0 40 400

0 1 0 -

0 0 Nf 0 0 O o 0 o o o -o

4 0

0 -0 0 0 0 0

fl~~~c~ 0 A0 4 0 n N
4 4 4 I I 4 4 I I I 4 I I a 0

0 v

~~~~ z4 044 04 4C.4 04 04, 0 N cO 0 44 N C 4 a 0

o N V0 c

I4 1 0 00 0 00 0 0 00 0000m000

In In

I N 0

44 o ~~ o N0 0 1 0N4 
1 

N N 0 4 0
s M(.. 4 In I Sl 0 InN ON c

03-3



T T

J Jc
Tc

ecs,

0

SA

TA

Figure 3-1. POWER TRANSISTOR
THERMAL MODEL

3.3.1 Pretest Requirements and Setup

To ensure that each PIU configuration was subjected to the same test
conditions, all three configurations were placed in the environmental
chamber and tested simultaneously. A test fixture was built to accommodate
testing and monitoring of all three cards. The test fixture incorporated
a backplane connector, provided by NARF, that was identical tothe part
used to interface the PIU cards with the HATS. During the test, access to
the PIU card inputs, outputs, power source connections, data, address, and
control lines was made through wiring connections at the backplane connector.

The PIU circuits require seven power supply potentials (+5 V, -12 V,
+24 V, +15 V, and +40 V) for operation. These voltages were supplied to
the PIUs through wiring connections in the backplane connector. A single-

point ground connection was employed to avoid ground loop problems and
reduce noise.

The input and output connections on each PIU card were also wired into
the backplane connector to interface the card with the signal generator,
external loads, and measuring instruments. The signal generator was used
to provide the digital stimulus bus (DSB) signal required for the ac mode
test. RG-223/U coaxial cables were used to couple the DSB signal to the
PIU input, and the PIU output to the resistive loads, oscilloscope, volt-
meters, ammeters, and spectrum analyzer.

Figure 3-2 depicts the overall laboratory test arrangement. The instru-
mentation setup for the temperature test measurements used thermocouple
sensors, two digital thermometers, and a multiplex switch. The multiplexer
allowed all three PIU configurations to be monitored with the limited number
of digital thermometer input connections available.

3-4
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Finally, a means of programming the PIUs had to be devised so that the
PIU modes of operation could be set up. The PIU is a subsystem of the HATS
and is normally programmed and controlled by a computer in the HATS. In
this test, however, the PIUs were to stand alone and could not be programmed
in the usual manner. To circumvent this, a programmer was designed by ARINC
Research to simulate functions performed by the HATS computer in setting up
PIU operational modes. The programmer was interfaced with the PIU cards and
provided typical functions, including:

. Storage of data containing PIU operational mode settings

. An addressing function to access the A and B circuits of each PIU
card

. Loading of programming instructions into the PIU memories

. Hexadecimal display readout of data and code values

. Generation of timing and control signals

The programmer was used initially to check the operational status of
the PIUs provided by NARF. This exercise checked the operation of the

digital-analog converter (DAC) circuits, relays, memories, and the various
digitally controlled functions of the PIU. More information on the design
and operation of the programmer is provided in Appendix B.

3.3.2 Electrical Measurements

The electrical measurements consisted of PIU output voltager n

and operating frequency measurements corresponding to the vario",; 7. oper&-
tional modes used during tl.e test. The electrical measurements ,,,re taken
in conjunction with the thermal measurements as the PIUs were subjected to
various temperature environments.

The PIU operational modes were classified into dc, ac, and current-
limiting modes. In the dc mode, the PIUs were programmed for output volt-

ages of +30 Vdc and +3.8 Vdc. In the ac mode, the PIU output was set for
±30 Vac and ±3.8 Vac modes of operation at a frequency of 100 kHz. The
PIUs were tested at rated output conditions, which necessitated the use of
a sO-ohm load for the +30 Vdc and ±30 Vac modes and a 39-ohm load for the
+3.8 Vdc and ±3.8 Vac modes. In the current-limiting mode, the PIUs were
programmed for +30 Vdc, -30 Vdc, +3.8 Vdc, and -3.8 Vdc modes. A 10-ohm
load was used to force the PIU output into current limiting during the
current limit tests.

The PIU operational modes used during the test are summarized as
follows:

* DC mode

PIUs programmed for +30 V output with a 300-ohm load

PIUs programmed for +3.8 V output with a 39-ohm load
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• AC mode (frequency = 100 kHz)

PIUs programmed for ±30 V output with a 300-ohm load

PIUs programmed for ±3.8 V output with a 39-ohm load

• Current-limiting mode

PIUs programmed for +30 V output with a 10-ohm load

PIUs programmed for +3.8 V output with a 10-ohm load

PIUs programmed for -30 V output with a 10-ohm load

PIUs programmed for -3.8 V output with a 10-ohm load

3.3.3 Thermal Measurements

The thermal measurements consisted of ambient temperature and case
temperature measurements of instrumented PIU components. The following
components were monitored in each PIU configuration:

. UX09, IC, 93L34PC

. UXll, IC, 93L34PC

. UX91, IC, MN9067

o UX90, IC, MN9067

. UX30, IC, SN75107A

. QX56, Transistor, 2N3904

. QX50, Transistor, 2N2920A

• QX60, Transistor, D40Dll/D40E7

. QX61, Transistor, D4lDll/D41E7

o QX58, Transistor, MPS8099

The components were instrumented with iron/constantan thermocouple
sensors, which generated a voltage signal converted by the measuring
instruments into a corresponding temperature value. The ambient tempera-
ture monitored was th3 air flow temperature in the vicinity of the instru-
mented components. The thermal measurements were taken at the ambient
temperature range of 50C to 650C, and the measurement levels were divided
into increments of 10C. The PIUs were programmed in the operational modes
previously described. The case temperatures were recorded for each opera-
tional mode after they stabilized at each ambient temperature measurement
level.

3.3.4 Circuit Response Measurements

The circuit responses measured were the frequency response and transient
response on the stimulus buffer amplifier of each of the PIU configurations.
These measurements were taken with the PIUs programmed in the ac operational
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mode and at ambient temperature levels of 50C, 250C, and 650C. These tests
provided information about the following response characteristics:

. Bandwidth

. Slew rate

. Rise time

* Fall time

. Percent overshoot and undershoot

. Settling time

The bandwidth was measured by using the setup shown in Figure 3-3.
The basic concept involved applying a signal with a known bandwidth spectrum
at the input of the amplifier and observing the resulting spectrum at the
amplifier's output. The bandwidth recorded was the 3 dB bandwidth of tha.
amplifier.

V. AV  R'o R s
Signal l stimulus  "t

Generator A Impli fier--- ;

Notes:

V. - repetition rate =22 kHz RA - 110 ohms (10 dB attenuation)
pulse width = 50 nanoseconds

A - programmed for -3 (voltage gain)
R'o - programmed for 0 ohms V

R - 220 ohms
S

Figure 3-3. BANDWIDTH MEASUREMENT SETUP
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The transient response was measured by applying a 100 kHz DSB signal

at the PIU input and monitoring the output signal with the oscilloscope

adjusted to display the signal's time response characteristics.

I

' I
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CHAPTER FOUR

RESULTS OF INVESTIGATION

4.1 OPERATIONAL ANALYSIS

The following subsections present the results of the operational analy-
sis described in Section 3.1. The output waveforms for each configuration
exhibited a small dc offset from the zero baseline. This offset was the

result of the values chosen for variable resistor RX79. This variable
resistor is used to adjust the output dc offset in the physical implementa-
tion of the circuit. For purposes of this analysis, the waveforms were

normalized to a zero dc offset.

4.1.1 Unmodified PIU Amplifier Configuration

Simulation of the unmodified stimulus amplifier operation provided a
baseline for comparison with the proposed configurations. Figure 4-1 shows
the output waveform of this configuration with a 300-ohm load as developed

from the model.

30

25

20

15

10
5
0 Time (Microseconds)

0
> -5 0.5 1.0 1.5 2.0

-10

-15

-20
-25

-30

Figure 4-1. PIU UNMODIFIED CONFIGURATION RESPONSE WITH 300-OHM LOAD

4-1



The output voltage has an initial value of +30.203 V until time

(t) = 12 nanoseconds (ns). At this point, the amplifier responds to the

input by slewing from its initial value to -30.203 V. It remains at this
voltage until t = 1.022 microseconds (ps), at which time it slews back to
the initial value of +30.203 V. The 300-ohm load draws 100 mA from the
output of the amplifier at the +30 V and -30 V limits shown in Figure 4-1.
The simulation therefore predicts that the unmodified PIU stimulus amplifier
meets the specified output of ±30 V at 100 mA.

Four parameters of interest are associated with the ac performance of

the PIU stimulus amplifier -- slew rate, rise time, fall time, and bandwidth.

These parameters are readily derived from the waveform in Figure 4-1.

Slew rate (S) is defined as the rate of change in output voltage when

the amplifier is operating at its maximum rated current. For the unmodified
PIU stimulus amplifier model, taken between plus and minus 10 volts,

AVS AtAt

+10- (-10) V -

(0.14 - 0.075)os 308 V/Vs

Rise time (tr) is the time required for the leading edge of a pulse to

increase from 10 percent to 90 percent of its final value. Fall time (tf)
is the time during which a pulse is decreasing from 90 percent to 10 percent

of its final amplitude. For the waveform shown in Figure 4-1, tr = 159 ns

and tf = 150 ns.

The bandwidth (B) of the amplifier is inversely proportional to the

rise time of the waveform in Figure 4-1, i.e., where K is a function of
the amplifier damping constant and is approximately 0.35. For the unmodified

PIU amplifier,

Ki B =
tr

= -3 = 2.20 MHz
t

Figure 4-2 shows the output of the unmodified PIU stimulus amplifier model

when the simulation is performed with a 10-ohm load. From the waveform we

can calculate the current delivered to a load during hard current-limiting

operation. At equilibrium, the voltage across the 10-ohm load is 2.5 V,

for an output current of 250 mA.

4.1.2 Current-Limit Configuration

Figure 4-3 shows the output waveform of the current-limit configuration

model for simulated operation with a 300-ohm load. The initial voltage for
this configuration is +29.67 V. It remains at this value until t = 12 ns,
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Figure 4-2. PIU UNMODIFIED CONFIGURATION RESPONSE WITH 10-OHM LOAD
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Figure 4-3. PIU CURRENT-LIMIT CONFIGURATION RESPONSE WITH 300-OHM LOAD

when the amplifier output begins to slew to -29.67 V in response to the
input stimulus. It remains at this voltage until t = 1.022 ps, when it
slews back to the initial value of +29.67 V. The simulation predicts that
the current-limit configuration will not meet the requirement of +30 V
at 100 mA.

* Slew rate, rise time, fall time, and bandwidth are derived in the same
manner as for the unmodified amplifier model.

S = 250 VIs

t = 259 ns
r
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tf = 220 ns

0.35B = =1.35 MHz
t r

Figure 4-4 shows the simulation of current-limit operation into a
10-ohm load. Hard current-limiting occurs at 149.6 mA.

2.5

2.0

1.5

1.0

0.5
0 Time (microseconds)0

> -0.5 0.5 1.0 1.5 2.0

-1.0

-1.5

-2.0

-2.5

Figure 4-4. PIU CURRENT-LIMIT CONFIGURATION RESPONSE WITH 10-OHM LOAD

4.1.3 Transistor-Substitution Configuration

Figure 4-5 shows the output waveform of the transistor-substitution
configuration model with a 300-ohm load. Initially, the output voltage
is +30.21 V. At t = 12 ns, the output voltage slews to -30.21 V in response
to the input stimulus. At t = 1.02 ]is, the output slews back to its initial
value of +30.21 V. At the 30-volt extremes of the waveform, the 300-ohm
load draws 100 mA from the output of the amplifier. As with the unmodified
configuration, the simulation predicts that this circuit will perform to
the requirement of ±30 V output at 100 mA.

Slew rate, rise time, fall time, and bandwidth are derived in the same

manner as for the unmodified amplifier mcdel.

S= 285 V/Ps
t =190 ns

r

tf =160 ns

0. 35
B= -= 1.84 MHz

t
r
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Figure 4-5. PIU TRANSISTOR-SUBSTITUTION CONFIGURATION RESPONSE
WITH 300-OHM LOAD

Figure 4-6 shows the simulation results for the transistor-substitution
configuration model connected to a 10-ohm load. Hard current limiting occurs
at 265 mA.

2.5

2.0

1.5

1.0

S 0.5
-0 Time (Microseconds)

0
> -0.5 0.5 1.0 1.5 2.0

-1.0

-1.5
-2.0

-2.5

Figure 4-6. PIU TRANSISTOR-SUBSTITUTION CONFIGURATION RESPONSE
WITH 10-OHM LOAD

4.1.4 Combined Configuration

Figure 4-7 shows the output waveform of the combined configuration
model with a 300-ohm load. The initial value for the output voltage is
+30.03 V. At t = 1 ns, the output slews to -30.03 V in response to the

input stimulus. At t = 1.022 kis, the output voltage slews back to its

4
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initial value of +30.03 V. This model predictf that the physical realization

of this configuration will meet the requirement for ±30 V at 100 mA.
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Figure 4-7. PIU COMBINED CONFIGURATION RESPONSE WITH 300-OHM LOAD

Slew rate, rise time, fall time, and bandwidth are derived from the

data presented in Figure 4-7.

S = 235 V/ps

t = 280 ns
r

tf = 224 ns

B = 0--5= 1.25 MHzt
r

Figure 4-8 shows the simulation results for the combined configuration

model connected to a 10-ohm load. Hard current-limiting occurs at 160 mA.

4.2 THERMAL ANALYSIS

Application of the general thermal model described in Section 3.2

resulted in the specific models shown in Figure 4-9. These models were

used to predict the ambient temperature at which device failure can be

expected under low output, low load conditions. The results of the

analysis are presented in Table 4-1.
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Figure 4-8. PIU COMBINED CONFIGURATION RESPONSE WITH 10-OHM LOAD

4.3 OPERATIONAL TEST RESULTS

4.3.1 DC Static Tests

DC static-test measurements revealed no major changes in the dc per-
formance characteristics of the modified PIUs. There were no significant
deviations in dc quiescent values nor any indication of severe offset
problems. Correct amplitudes were generated in accordance with programmed
dc modes.

4.3.2 Voltage Regulation Tests

The voltage regulation tests measured the ability of the modified PIUs
to maintain constant amplitude from a no-load to full-load condition. The
transistor-substitution configuration exhibited slightly better regulation
than did the current-limit and combined configurations when driving a full
load (300 ohms) in the 30 V mode. The results are tabulated in Table 4-2.

4.3.3 Transient Response Tests

Transient response test experiments consisting of time response and
slew rate measurements indicated that all the PIU configurations meet or

exceed specified values. Examination of recorded time response waveforms
revealed slew rates better than 175 V/s for the -0.6 gain and better than
100 V/Is for the -3 gain. The waveforms also indicated normal rise time,
fall time, and settling time characteristics. These waveforms are presented
in Figure 4-10.

4.3.4 Frequency and Bandwidth Tests

Frequency spectrum tests showed no major performance limitations in
, the frequency response and bandwidth characteristics of the modified circuits.

The frequency response measurements indicated that 3 dB bandwidths are greater

4-71
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D40/41D11 Transistor D40/41E7 Transistor
Tj Tj

o = 20OC/W J = 15.47C/W

TC TC

P D f(Vo' Io1 0 CS 0.50C/w P D f(V , I ) CS 0.50C/W

e SA 80C/W S = 8°C/W

TA TA

Current-Limit Configuration Transistor-Substitution Configuration
(I max Z 120 mA) (I max '220 mA)

D40/41E7 Transistor

T j

oC = 15.4 0C/W

TC

PD = f(Vo, I) 0 = 0.50C/W

oA = 8-C/W
SA

T
A

Combined Configuration
(I max z 120 mA)

Figure 4-9. APPLIED THERMAL MODELS
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Table 4-1. MAXIMUM TA BEFORE FAILURE FOR EACH

CONFIGURATION (OC)*

Current-Limit Transistor-Substitution Combined

83.5 47.6 93.1

*Conditions: Tj = 150 0 C, Vpo 3.8 V, = 0.
j ~prog V. =0

Table 4-2. RESULTS OF VOLTAGE REGULATION TESTS

nVo (RL = 0 ) Vo (RL = 300 Q) Voltage

Configuration (Rdc) (Vdc) Regulation(Percent)

Current-Limit +30.7 +29.3 4.78

Transistor-Substitution +30.7 +30.1 1.99

Combined +30.7 +29.4 4.42

than I MHz for all three configurations. The spectrum test results are

shown in Figure 4-11.

4.3.5 Current-Limit Tests

The design objective of reducing the maximum output current to 120 mA
was essentially met by the circuit design change implemented in both the

current-limit and combined PIU configurations. The transistor-substitution
configuration remained at the 220 mA current-limit level. The current
limiting characteristics of the three configurations are plotted in Figure
4-12, which compares the current-limit absolute values exhibited over the
50C to 550C ambient temperature range in voltage mode settings of +30 Vdc,

-30 Vdc, +3.8 Vdc, and -3.8 Vdc. Examination of the figure reveals the
following:

The current-limit value is influenced by the temperature condition.
Current limiting is maximum at low ambient temperatures and minimum

at high ambient temperatures.

* Current limiting is maximum in the high-voltage-mode settings

(+30 Vdc, -30 Vdc) and minimum in the low-voltage-mode settings
(+3.8 Vdc, -3.8 Vdc). There was an average difference of 25 mA
between the high- and low-voltage-mode settings.

There were no significant differences in the current limit between
the +30 Vdc and -30 Vdc high-voltage modes or between the +3.8 Vdc

and -3.8 Vdc low-voltage modes.

4-9
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Conditions: A -3; V = ±30 Vac; f = 100kHz R= 300 ohms; T = 250 C

+30 Current-Limit Configuration

+20

+10
4.)
-4
0

0 I I I I - I Time (Microseconds)
4j 0.1 0.2 0.3 0.4 0.5 5.0 5.1 5.2 5.3 5.4 5.5

4 -10

0

-20

-30

+30 Transistor-Substitution Configuration

+20

-~+10
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0

0 / Time (Microseconds)

0.1 0.2 0.3 0.4 0.5 5.0 5.1 5.2 5.3 5.4 5.5

4.) -10
0

-20

-30

+30 Combined Configuration

+20

U) +10
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-10

-20

-30

(continued)

Figure 4-10. TRANSIENT RESPONSE MEASUREMENTS

4-10



Conditions: A v 6/10; Vo t 6 Vac; f =100 kHz; R = 62 ohms; TA= 25*C

+6 Current-Limit Configuration

+4

s +2

-4J -
0

-4

-6 L

+6 Transistor-Substitution
Configuration
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U) +2
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,4
0
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4J -2
0
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-6 J

+6 Combined Configuration
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-4 +2

0

0 Time (Microseconds)

A) -2
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Figure 4-10. (continued)
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Conditions: i

Input Pulse PIU Load Temperature
Pulse Width = 50 nanoseconds A = -3 RL = 300 ohms T = 250C
Repetition Rate =22 kdz V AV° =±+30 Vac CL =47 pF

Input Spectrum Current-Limit
Configuration

0 0

4-dB @ 1.25 MHz

-4 a -4

v -8 -8
N

° -12 w -12
5 12

0, 0
-16 - I I -16

0 1 2 3 4 5 0 1 2 3 4 5

Frequency (MHz) Frequency (MHz)

Transistor-Substitution CQmbined
Configuration Configuration

0 0

-4 -3 dB@.35 MHz -4 3dB @ 1.20MHz

.4 -8-8

~-12 w -12

-16 - -16
0 1 2 3 4 5 0 1 2 3 4 5

Frequency (MHz) Frequency (MHz)

Figure 4-11. PIU FREQUENCY SPECTRUM TEST RESULTS
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4.3.6 Test Summary

Table 4-3 is a comparative summary of experimental versus calculated
circuit performance data. Examination of the data shows a close correla-
tion between measured and expected results. Discrepancies are attributed
to the fact that the SYSCAP II model used an ideal square wave input to
the stimulus amplifier, whereas the actual input was somewhat less than
ideal.

4.4 THERMAL TEST RESULTS

As described in Section 3.3.3, thermal data were recorded for PIU
components under normal loading conditions. As expected, the three pro-
posed configurations caused no significant thermal impact on the instrumen-
ted components under normal loading conditions. These data are tabulated
for reference in Appendix C.

Each configuration was also tested under loading conditions that would
drive the amplifier into the current-limiting mode of operation. The
thermal performance of the power transistors was of primary interest.
Figure 4-13 shows the transistor junction temperatures, which were derived
from recorded case temperatures, plotted for each configuration on the same
axis as the plot predicted by thermal calculations. These results confirm
within experimental error the thermal performance predicted by the model
described in Section 3.2.

Of the three proposed configurations, only the transistor-substitution
configuration fails to provide safe power transistor operation through 700C
ambient temperature, which is the point at which other devices on the PIU
begin to fail.

The data recorded under current-limit operati.ag conditions are tabulated
for reference in Appendix D.
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Figure 4-13. COMPARISON OF THERMAL RESULTS
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CHAPTER FIVE

COMPARATIVE ANALYSIS

5.1 COST FACTORS

When any of the three proposed configurations are applied to a PIU
card (which consists of two complete stimulus buffer amplifiers), it is
assumed that costs for drawing changes, acceptance testing, and logistic
support will be equal. Two factors were considered in our comparative
analysis -- parts cost and labor cost. The following assumptions were made:

. The cost for each resistor required for the current-limit con-
figuration is $0.10. Since eight resistors are required to modify
a PIU, the total parts cost per modification is $0.80.

. The cost for each transistor required for the transistor-
substitution configuration is $2.00. Since eight transistors
are required to modify a PIU, the total parts cost per modifi-
cation is $16.00.

. The cost per man-hour is $35.00.

. The estimated man-hours required to modify a complete PIU are
as follows:

Current-limit configuration - 2 hours

Transistor-substitution configuration - 3 hours

Combined configuration - 5 hours

The cost for each configuration is thus determined by the following equation:

C = P + (H x R)

where

C = modification cost per PIU card

P = parts cost per PIU card

H = man-hours required to remove and install parts per PIU card

R = cost per man-hour

5-1I



Applying the equation to each proposed configuration yields the results
shown in Table 5-1.

Table 5-1. COST FACTORS

Cost per PIU Card (Dollars)
Configuration

Parts Labor Total

Current-Limit 0.80 70.00 70.80

Transistor-Substitution 16.00 105.00 121.00

Combined 16.80 175.00 191.80

5.2 PERFORMANCE FACTORS

Table 5-2 presents the significant electrical and thermal performance
parameters for each proposed configuration, along with the specified per-
formance and the performance of the unmodified PIU.

Table 5-2. COMPARATIVE PERFORMANCE OF PIU CONFIGURATIONS WITHI SPECIFICATION

Current- Transistor-
Parameters Specification Unmodified Limit Substitution Coin

Configuration Configuration Configuration

Maximum DC Output
(RL  = 300 2) k

Voltage (V) 30.00 minimum 30.10 29.30 30.20 29.40

Current (mA) 100.00 minimum 100.33 97.67 100.67 98.00

Slew Rate (V/ps) 100 minimum 200 143 187 136

Rise Time (ns) 35U maximum 250 320 270 340

Fall Time (ns) 350 maximum 240 300 245 310

Bandwidth (MHz) 1.00 minimum 1.40 1.25 1.35 1.20

Maximum Allowable T A (*C) -- 28.70 83.20 47.60 93.10

With respect to thermal performance, these data indicate that, of the
three proposed configurations, the transistor-substitution configuration is
the only one that will not provide enough improvement to eliminate the
power transistors as being a reliability problem on the PIU card. There
is very little difference in thermal performance between the current-limit
configuration and the combined configuration, and both provide adequate
thermal protection for the power transistors.
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With respect to electrical performance, both the current-limit and
combined configurations meet or exceed requirements with the exception of
voltage and current amplitudes. Voltage and current amplitude degradation
is less than 5 percent in each configuration.

5.3 CONCLUSIONS

The analyses led to the following conclusions:

. It is possible to limit the output current of the stimulus buffer
amplifier to 120 mA without changing circuit wiring or printed
circuit board layout. The actual value of the current limit is
temperature-dependent.

. Operational and thermal laboratory test results for each proposed
configuration confirm the performance predicted by analytical
techniques.

. The transistor-substitution configuration does not degrade electri-
cal performance but does not increase the ambient temperature oper-
ating range enough to eliminate the power transistors as being a
reliability problem when low output, low load conditions occur.

•Both the current-limit configuration and the combined configuration

provide the required improvement in ambient temperature operating
range. However, each of these configurations causes a slight deg-
radation from specified output voltage and current levels.

. Of the thermally acceptable configurations, the current-limit con-
figuration is the least costly. There is no other significant dif-
ference between the current-limit configuration and the combined
configuration.

5.4 RECOMMENDATIONS

The specification for output voltage and current should be reviewed
to determine its criticality. If these parameters are sufficiently flexible,
either the current-limit configuration or the 1 nbined configuration can be
considered as a solution to transistor thermal failure. However, the cur-

rent-limit configuration should be givn primary consideration because of
its lower cost.

If the output amplitude specification is inflexible, additional test-
ing of the current-limit configuration to transistor thermal failure should
be conducted to determine whether the following trade-offs are feasible:

. Current limiting at a value greater than 120 mA but still low enough
to offer substantial thermal protection for the power transistors

. Slight increase in the gain of the amplifier to meet output amplitude
requirements in the current-limit configuration

*5I
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APPENDIX A

SYSCAP II MODEL LISTINGS

This appendix presents ARINC Research model listings used with the

SYSCAP II in the operational analysis of the PIU configuration.
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Unmodified PIU Model

00100 TPRCAPPSKIP

00110 PIU AMPLIFIEP TPARNIENT RHALYSIS
00120 R50(6,7) 3.32K
00130 P53(2,6) 56K
00140 P51(1,6) 56K
00150 P58(3,4) 4.99k
00160 P57(3p4) 4.99K
00170 P52(.5,4) 10k
00180 P49(6.5) 39

00190 P54(12,15) 750
00200 IP55(8,10) 10K
00210 R56(S,9) 560
00220 R60(9.10, 101
00230 P59(13,15) 750
00240 ?61 (14. 16> 15k:
00250 P62(14.6' 220
00 C ,26"0 315,24) 2.49k
00270 964(24,6) 15.4k

002 0 P65(20, 15K
0029:0 R66(22923) 511
0000 967(26,28) 10
00310 68('25. 10) 511
00320 P69" 19. c ' 11(K
I1-3 70 (31.:1 31) 221

1)13-40 r1e7 (1 . 4:' 1(0C:
Q (t0S.25 (1 P72 4. 32, 1100

00 0 P'5 396v 401.k
oo-r; 0 ' 3 3G 10

iQ:l. .. l P74 '3.4.4) I?

i041 ' P76 ( ":5, 41 1

004 2 P77(-64) 12
00430 r07*3(4, 11' 100

00440 P79 (16 , 1 ) :. IV
10450 9.8. 16' .9.
0'i460f -'5"1 6.4. -:4.6P

0470 :52(3,4- 5.75r,
A0480 1"1:l 4 3 14 . 1" *11I

00490 C -£6 1 '15. ) 4.7L
10500 r-57 15, ' . ')IL'

00510 : 62 10. :'i, 4. r1_1
00520 C58-10 .6 . lCiII
00.530 £55 (29. 19' 6.25P

00540 C5;'25,1' 01 OP
u:0550 i-59 ( 4., G I OP

90560 C6011.6 3?OP
00570 C54120

- 6) .01U

00580 Q83 ' ,' IOMEG

00590 P94(1,10' OMEG

00600 DZ50v-22,C21)1N973P
00610 DDLIM(A37,C28)IM5712
00620 D5(R23,CIO) IN4454
00630 D52 (A29.C37) M5712

00640 50ANPN'(6,C12pE8) 2M2920

00'1650 Q50DBPN'(I4, C13.E9)2M2920
00660 053,NPM'B24,C15.E2O'2M3904
00670 Q56,MPM'I31,C29,E4)2N3904
00680 EM40,G,--10)40PS.I. 0

00690 EP40v15,1-1)40.PSI.0
00700 EMS+*G.-18'1,P'S=I.0

00710 EP15 +17,-G615,11.0
00720 EDO G,-7)10PSI.O

00730 IS(P6,FG) IPULSEoPIIE6 0,6. 024M,1 ION.I ON- 1. 1OI. 10. 10LI
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00740 -THE 2113806 IS NOT IN THE DRTRDRMK. SUBBING THOE 2"13810 IN 054R D .
00750 Q54F~,PMP%320,C21,E13) 2M13810
00760 Q543,PNP(B20vC29pE12>2N381 0
00770 WPRMETERS FOR FOLLOWING QS SUPPLIED BY ROCKWELL.
00780 035NPN(D22iC269EBS) MOM
00790 370P90MY0.3621P0.2Ms0.4054P0.175Pl*4.101,0.600696.O06M,
00800 2.693E-1191.366,5.406G.80,10MP40.54.7.05Pw0.75,0.33.,0.3623UO,0,o*o,
00910 5.305E-1S,1.205,0.5403G,7.059,IOM,3.305,19.3GP,0.75,0.5,530.8Pp~o,0,0,
00920 Q58;NM(129pC15pESO) MOM
00830 370.90M.0.3621.0.2MP0.405-4!-0.175 S1I4.101.,0.6006,-6.006M,
00840 2.693E-11.1.366,5.406G,80.10M~p40.5-4,7(.0-P,0a50.330.363USovo,0,-o
00850 5.305E-12,1.205.0t.5403-G,7.059.1OM.3.305.19.36P,0.75,0.5,530.8P,0,0,O,0
00860 059.PNP(126qCIOE33) MOM
00870 163,7M,0.8222P0.3M.,0.4294.0.17P1.3.603.0.6435-6.435Mio
00880 1.157E-l3..17. G.106.7.10M.42.36p9.401P.0.75.,0.33,0.2189UD,0,0,0,
00990 9.977E-15.1,-0.456,5'-.882,10M,2.121.23.24P,0.75,0.5,0.5308M,0,0,0,0
00900 Q60.MPM(830.C15.E34'IEP, MOM
00910 2-15.l,40M-0.7033.1RM90.279,..8u1,1.357PO.3874,3.874Ms
00920 2.5-73E-10,1.654.67.51MEG,9100.1011.57.22w19.26P,.75.,.33,.1445U,0,0,0,o,
00930 1.835E-10,1.503,4.5O1MEG,5.882,IOM,3.302.10.33P,.75,.5,.7962N,0,0,0,0O
90940 Q61,PNP(P333,C1O.EC)IEP. MOM

00960 4.475E-9!p..29.6,7.64ME6.100.1OM.,69.4. 4.08P,.75..33.,54.23M.0,0,0,0,
009702.7-1.54.1EG5820M3961.1.7.,10No00o
00990 Q62,NPN(330.C15.E35) IE.Pv MOM
00990 215.1,40M.0.7033.1M.0.279.0.8w1R1.357.0.3874,3.8r4MP
01000 2.573-E-10.1.654.67.S-IMEG.100.10M.57.22,19.26P,-.75i,.'3.1445U,0,0,O0,o
01010 1.835E-10.1.50394.5OIMEG,5-.882,IOM3.32910.33:P,.75..5,).79621,0,0,0,0
01020 Q63.PNPrD33RCliOE36)IE.Pp MOM
01030 200.O20M.01.7565,1M,0.1499.0.9.191.501,0.9009.9.00n9M.
011040 4.475E-9.1.929.67.64MEG.100.1IOM,68.4.,24.08P,.75-g,3,54.23M0,0,09,

01060 O97.PNPDP32,C26,E4) MOM

01090 3.73E-10,1.757.3.6 ,7G.-53.33,IOM.31I.18.5.288P,0.75.O.33,0.1753U,!O,0,0,0,

01100 *PL IS THE LOAD RESISTOR.
01110 L(4' 0', 130 0
01120 FINI?
1130 TIME-IO0114. OL
01140 PLOT=ISIIPNODE4
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-w 2
Current-Limit PIU Model

0 f :10 TF;:FtI:: : IF,
02'':' t F01 10P I i FFL IFIEF' TF : IEIT Ir A t""- I:-S !
f(,0 12 F0 50,p,7 ,  "3. c_:,.
0n1--A I 'D _ '-:,7 'G 56K

0'14, F5'1 ,I :- 56Yi
A 115 I's P! f .4 : 4. 9'-4
oiltr F"Y' s",". 4' 4: 49.4F
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g2 n F ' 55 1 it) 1 0i
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f0-405 F P-. 4on.

iiO g) F. 4, :4 4, 1
AgJ0)4 :r F7.-,:4. 2'

1114l1" A ' '4 |-:5, 1 - 1
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00740 *THE 2N3806 IS NOT IN THE DTArP:.UBII1'IG THE 2N3810 IN 054A a. ].
00750 054A.PNP(B20C21,E13) 2N3810
00760 154,PHP(B20.C29.E12)2N3810
00770 *PAPAMETEP: FOP FOLLOWING Q - S CUIPPLIED BY POCKoJELL.
00780 055,NPD(B22,C26,E25) MOM
00790 370,9OM,.l3621,0.2M 0.40540.17591.4.I1O10.6006.6.006M,
0080A -. 69E- 11' 1 •~ :3654"b". s'8', 101,.40. •54. 7. 05F', 0.75, 0.3:3! 0. 3623U, 0, 0,0,0,
00810 5.:305E-12,.205i90A54A-r.7.0:59.1OM11.:.305.19.36P,.75.0.5,530.BP,,,0,0
00820 D58,9NPNp'B29gC:15E30f) MOM

0083' :3 -090M,1.:3621 l.2M Io.4054,0. 175-1.4.101, 0.E.O0E.,6.006M,
00840 . E-1I1I. .4I6b,.80.1IOM,40.54.7.05P.0.7T.0.33.0.3623U,0O,0,,
0085" 5.E05E-12 1.2059 0. 540-G 7. 059,10M, .3.3'5,19.36P O.75. 0.5,530.8P, 0,0,0,0
(10860 059, PP(B26' C10,E.:-:) NOM
0[A?187 i0 163,M' ii.: :--:2 ,. :-M .i42 4. 0. 17, 1,.3:. 63 '- .643:5.6. 4351.

0-l188[f 1. 157E- 13, . 1,7.2G, 106.7 10M.42.:-. 401F. ('.75. 3. 0.2189L1,0f 0, 0,0 0,
: 0089n 4.97E-15 I.1 :45n1o. 82,10M,.2. 121,3.24F. A.79,.5 9.530811.O00.0.0

r ; I' g 11N P+, .1 1: *'.•C E :34 I E. P. M OM
0 09 ':10 2 15.1,94 0M, - .70:73:--':IM 90. 2 79, - 0. 8,1,-1 -1 - f°_ A -.

009'1 20 2.5 7'-E - 1. 6 54-67.5 1 ME G 100.j- 10 M -5 I ." 1. E. P-. . : , . 14451_1 0,0, 0.0.
S0?:: A I. 8:3 5E - 10,- 1.5 fl:-, 4.5 ' 1 ME", 5. ::82, 10 . - 2- 10. -:3F' . 7 9 . 5, .7962N. 0, 0. 0. 0
(00940 061,PNPf.IB3---:, 1N'E IEP 1OM
003951)0 :00 2OM,-0 .756 5,1 M, - . 149 9, 0 .'99, I1. 5 A1,(. ':41 'v,'- . (1 (',M -

0A096 ; 4. 475E-9, 1 .9296.64MEI, G , 10M. 6 8.424. I'P. 75,. 3:3, 54.2:_.w 0. 0. 0
0,470 2.: '7E -9 1. 754 4.511 MEG .88. -,10M. H..8r . 1 '.P.7 ..5, 1. 0621. 0,0- 0 0
00980 062 g 1PM f B', 0 s z 15. E35 i I E 1 0 M
00'.-9-''' 215. 1 . 4 ''1 - . 7 -: 1I, -A. 23719 A. '., - I1 . :-'57- 0. -: -4 8. :-f-74M,
010o' 2. 573E- Ir, 1 . E 54.,7.51 MEG,- 1 -10 1M-, 57. .2, 19.2!P 75, 9 .-.. .1445 -1. 0. , 0,0 '
010 I11 ( 1. 8:.15E - 1 '1 .4. OX1ME' 5 ". 1 0M 10.. ' 1 - .75g ... .. 7962N, 0,9 0 , 00
rl 2 C, .:: N'F D-.: "1 , S: )I ,F, rOM
010:-' 2 '0, 2 M -0. 7565, -I 1M .149 F . 1'0 , 1.51 - A.9 009M9

010401 4. 475E-4 -1 .9 9, .7. 4 EG - 100 -'i Ii1 l. 4:. 4,24. 7i5 9 g 54.23N, 0. 0. 0.

0105 i1 2.A.:-7E-9 1. 54 ,4.511ME3,g , .5.. -' 1 ' ,-. 1 -' 56 12.9 1 , .- 75 . 5, 1 0r2 o 0. 0. 0. 0
0106 0 ,57* P4F , -:2,I- .26 E4) NOM

0 I w (1 0 -l. -F- 10"t 1 . 757 g3. 27IG 3 ,*-:. -1 1M -1 1.- .. 288F, U. 5, 0. : A--, .17531, 0 0, - 0. 0, ,
010-0I' :-.494E 1 1. 597 0.4511 . .2..M 1 7. 4E . 7 g f .1 1 0. :-185N 0- 0 0 0

0110 i0 *FL I,-. THE LOAD PE:7I:'TO'.
0'110 FL 4,0 ' '-:00

(1120 FINIK
11-:r, TIME=lOrN4.0U
A1140 PLOT=IS II.NOI'E4
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Transistor-Substitution PIU Model

00100 TRACAP
00110 PIU RMPLIFIER TRF IENT RRLYSIS

00120 P50(6,7) 3.32K
00130 P53(2,6) .36K
00140 P51(IG) 56K
00150 P58(904) 4.99K
00160 p57(3,4) 4.99k
00170 P52(5,4) 10k

00190 P49"695) 39
00190 54(1215' 750

00200 P'55(810) 20k
002"10 56(,9) 560

0020 96 0 (9.10> 15.4K

00230 P59 ,1315) 750
90240 PE61(14,16) 151(

002 50 R'62 14,6) 220
00260 P¢63(15924) 2.49k

002970 P64(24.' 15.4k

00230 P 65 20RG) 151
r002910 66( 2222 511

00-300 967(26-29) 10

00310o P6q'5 10') 511

00320 P69(1 .' I

0033:' P70:30-31) 220
00340 071 (-:1 4" 100
00350 3 '72 (4- 32 100
00360 P73(32,-3s 220

00370 P850,6.) 400k
00330 P86.:3.3C' 10
00330 P74(344) 12
00400 P 75 '2-7.4) 12
00410 P76,;5,4:' 12

00420 P77(364:) 12
00430 Pa73 4,.1", 10':

00440 P7?'16.17:' 3.1K

00450 P90':18,16> 6.911

00460 :50,6.4) ..SP
00470 C52'3.41 5.75P
00490 C53'14.GC . :IU

0049.=*0 C61 '15"6, 4. 7U

00500 C57'15.(' . OILI
00510 C6210,G' 4.L
00520 C 5?'10. G:' . 01I
00530 C 55 (29.19' 6.250
00540 C56 (25,10' Iop
00550 C59'4,'3' lop

00560 C'6011c6:' 390P
00570 C54(.0,G) .0OLO
00530 P839' I1 IOMEG

00590 P94(I,10 IOMEG

00600 DZO (A22,C21) IM973?
00610 DDIJMNA37C28)

IN5712

00620 D51(A23.CIO) IM4454

00630 D52'A29,C37)I5712
00640 OSOR, NPM P6.CI ,E8) 2142920

00650 P50DqMPMP149C13vE9)2M2920

00660 053,NMM(B24,.C 15E20)2N:3904

00670 Q56PMPN(B31.C29.E4)2N3904
00690 EM40(+G,- I040,PS I 0

00690 EP40(+15,-G,'40RS=I.0
00700 EMI5(+G,-19)25S51.0

00710 EP15(+1 7-G)I15.R-I.0
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00720 EDO(4+S-7'1OPS-1.O
00730 IS(R6,FC)1.PULSERI=1E6'096.0241'q,OM,10N,1v.OU,1OM,1OU
00740 0THE 2M13806 IS MOT IM THE DATRDRNK.SLIDING THE 2713810 1IM 054R I.B.
00750 Q54RPIPcD(2OC21,E13) 2713910
00760 Q543,PNP(320,C29,E12)2N3810
00770 *PRPRMETEPS FOP FOLLOWING OT SIJPPLIED BY ROCKWELL.
00790 Q55,NPN'922,C26,E25) MOM
00790 370,90M,0.3621.0.2M-0.405-4p0.l7'1.4.10190.6006,6.006M9
00800 2.693E- 1, 1. 366,5.406G,80.1071,940. 5497.OSP, 0.75p,0.339,0.3623U 09OfOFOf
00810 5-.305iE-I2,1.205,0.54036,7.059,10M,3.305919.36P.0.7,0.5,530.8P,0,D0,0
00820 Q59,NPN(B29.C15vE30) MOM -
00830 370.90N.0.362190.2M,0.4054.0.17591.4.10190.60066.006Mv
00840 2.693E-11,1.366,5.4066.G80.1OM.40i.5497.OSP.0.75,0.33.0.3623U0,O0,0
0095l 5.305E-1 ,1.205,0.5403G.,97.05-9,1ON..3.305.19.36P,0.759,0.5,530.8PO,0,0,0
00860 Q599,PNP'B26.C10PE331 MOM
00970 163-7MN,0.92229 0. 3M-.0.42949 0. 17P 1.3.603:90.643596.435ptio

00890 9.977E-15,1,0).456,5.982,1OM,2.121,23.24P0.750.,-0.5308t1,O,0,0,0
00900 QAO.MPNBP3O.C15.E34)IEP, MOM

00920 1.658E-9,1.654,9.735G,133.3,1ODM,85.4921.67P',.75..3390.2906U,0,0,0,0,
00930 1.421E-9.1.503.0.52456,5.88-2.IOM..731,11.62P,.75.50.69231,0,0,0,0
00970 c6lPNP(B33.C10.E27iIEqPq MOM

00990115E11.,G133IM8.71.P.5.3010,OO0,
01000 3.297E-13.1,0.45G,.5.89 .1071.2.437.16.78P..75.i.5.0.90991,0,0,0,0
01040 62NNB0C.E)IP.MOM
01050 30,60M-..9131,10M.0.13064.1-1.2.5749,0.236992.369MP
01060 .5-9.64.75.3.1O.542.P.7,3,.9,OO,,
01070141E915..54..921M.7.1.2.7,506270,00
01080 06.7P13C0E6I,.MOM

01100 1.155E-1 .1.1.9G.133. 3,10M.59.2,7.31.3P!,.75,.33,0.1806U,0.0,0,0,

011,20 QS7PPD32PC -69E4' MOM
011130 200' iOM. 0. "691w 0 .IM. 0. 15 0. 15- 1P2. 782P 1. 982f 19.82MP

01150 944-1157041G59a1M315776,.5050387,,,,
01160 *PL I' THE LOAD RESI!TOP.
01170 RL 4' 0.' I1.300
A1181O FINIS
01190 TIME=1 07.4.0OL
01200 PLOT=ISI1,MODE4

A-B
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Combination PIU Model

100 00 TPACRP,klp
:00110 PILl AMPLIFIER TR CIEMT APRLYSI.
10120 Q50(6,7) 3.3219
00130 P353(2.G,, 561
00140 -i (I.G, 56k'
(10150 r5"(3,4,) 4.99k'
00160 P57(3,4) 4.99K
00170 P2(5.4) 109
00130 P49(6.5) 39
00190 P54'1215) 750
00.-00 955(S 10:. 10K
00 10 ~56c?.9 560
00220 P-60(9, 10' 10k
00230 R59(13,15) 750
00a,40 P6114916) 15'
00250 P62(14.6) 220
00260 r63(15,24") 2.491'
00270 964(24,G, 15.4
00280 p 65(Z0,G;, 151
00 90 Q66(2,23" 511
00300 P67(26.2 10
00310 P69(25,10): 511
00320 P69'19,6R 19.
00330 970(30,31) 180
00340 P71 (31,4 150
00350 P72(4.32", 150
00360 P.73(32,3 3) 180
00370 P85(3.6) 400k
003'?0 P*i6(36.G) I0
00390 R74(34,4", 1
00400 P75(27,4, 12
00410 P76-35,4.) 12
01"14 0 p?77(36,4, 12
00430 P784,11) 100
00440 &79'16,17 3.19
00450 P'80,:19.16:' 6.99'

0346'0 C50'E,4, 3.6P
00470 -52t"3.4:, 5.75P
00430; '14,G' . OIU
00490 61 (15,6: 4. RI
(00500 '57'I5G,
00510 6'10., 4.71
00520 :59(10.6-) .01 LI
00530 --55(29°19. 6.25'
S00540 -56 '.25,'10:. 1 OP
00550 -594.61, lOP
00560 1760 119c,. -90P
00970 C.54' 0,.3, .0119

00590 I8( 91 1OMEG
00590 P94(1.l0v lOMEG
00600 rZO'22,C:21",IM973B
00610 DDUM'A37*C 28,1N'5712
00620 D51(A23.C10:, 1N4454
00630 D52'A29.C3?'P," 571
00640 f50A.MPM(B6CI.ZE8) 2M2920
00650 050E.HPN P14C13,E9)2M29LaO'06-60 05.rlPNM' B€24, C;17, E20 "

'M39o4

00470 .56 MPM('MB31, 29,E4)M3".o)4
006S 0 EM40.(G"- -0":40,sl .00069( EP40(. 15o-G)40P'=1.0

00700 EM15 G,-18, 15. P=1. 0
0. 00710 EP15 + 17. -G) 15 :=1. 0

#i I A-9
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00720 EDO (*G,-7) I10,RS=1. 0
00730 IS (.6,FG)JIvPULSEPRI=-IE69O6.024Mv,1orsIop,,1. ou-10g,10OU
00740 *THE 2H43806 IS MOT IMI THE DWTRDRPI.SUIBINS THE 2M43810 IN 054ft B .
00750 Q54RpPNPcUE0pC21qE13> 2N39IO
007601 054DPHP(320,C29vE2)243810
00770 *PRANMETERS FOR FOLLOWING QS SUPPLIED BY ROCKWELL.
00780 Q55vNPMcD22pC26pE25) MOM
00790 370i90Mu0.3621P0.2M,0.405-4,0.17'5v1,4.101,0.600696.006M
00800 2.693E-11 P1. 366,5.40669,80910OM940.5497. 05PP.0. 73p0.33PO.3623UP 09Or09
00810 5.305E-12,1.20590.5403G-,,7.059'10MP3.305,19.36P,0.75,O.5,530.8PO.Oo
00820 Q58qNPN(D29.C15wE30) MOM
00830 370i,90M90.3621,0.2MR0.4054,0.1?5',194.101,0.6006,6.006M,
00340 2.693E-11,1.366,5.4066,80,10iM'40.54.7.OSP,-0.75,0.33,0.3623U,0,0,o,0,
00850 5.305E-121.20590.5413G,97.059,10Mw3.305919.36P,0.75,0.5,530.BP,0O,OPO
00860 Q59qPNP(326pCIOE33) NON
00870 163,7M!,0.8222.0.3M-0.4294.0.17'1'3.603.0.643596.435M,
00880 1.157E-13.1I.1,?.2G.106.7,IOM'42.36.9.401P,0.75,0.33,0.2199U,0O,0,p~g

0903.977E-15,1,0.455,rz5.88 .IOMS.1 1, 3.24P,0.75,0.5,i0.5308N,0,0,0,0O
00900 Q60pNPN(D30.C15qE34)IEPi, MOM}
00910 30.SOM.0.9131,IOM,0.13 04.1'1, .574,0.23692.3694,

00920 1.658E-9.1.65i4,9.735GC,,133-.3,IOM.85.4921.67P..75,.33,0.2906U0,0,0,0.-
00930 1.421E-9.1.503.0.52455,5.882,10NM,3.731,11.62P.75.50.69234,0,0,0,0
00940 Q61,PMP(133rCIOqE27) IE9Pp NON
00950 20.40M,0.9?5.10N,0.1364-1.3'1, *.973,0.2721,2.721N,
00960115-11.,61.31N8.73.P.5.3010,0,,,
00970 3. 97E-13,1.0.45-G,5-.98-2R10N9 .43?9,16.78P,.75,.5,O.9O99N,0,0,0,0
0l0980 O62,NPMNB30,C15wE35)IEP% NOM
00990 06N093~0..34112540 6,.6N

0001.4 1E-9.1.53..545G.82'1M'39.7311.6P.75,.3.50631,0D0,0p

01020 0.63,PMP(33.C10.E36)IE.P. MOM
01030 220,40M.0.95,1OM.0.1364,1.3, 192.973.0. 721,a.721M
01040 1.155E-1a9..19ci,133.3,10N,58.iR*31.3P,.75,.33,-0.1806U,0,0,0,0,
01050 3.297E-13-1,0.45SG5.882,10M'2.437.16.78P.75.50.9099P,000,o
01060 rJ5lPMP(B32,C26,E4) MOM
01070 200,IOM.0.7691.0.1M,0.15-..±5.1..7821.982,19.824,

01090) 3.494E-11,1.597.0.4513S.-5.882-1,A.3.16597.746PP0.75w0.5,0.3185HD00OO
01100 #RL IS THE LOAD RESISTOR.
01110 RL (49 0) 19300
01120 FINIS-
01130 T IME-ION-.4. OU
01140 PLOT=KSII.MODE4

A-10
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APPENDIX B

PIU PROGRAMMER

The PIU programmer was designed to emulate the basic control and pro-
gramming functions of the HATS computer to enable external programming and
operation of the PIU card modules. The PIU programmer has a rear connector
that hooks up via a cable to a special test fixture, where PIU cards can be
plugged in. The test fixture uses the same backplane connector found in-
side the HATS machine.

Figure B-1 illustrates the functional design concept of the PIU pro-
grammer. This design is an enhancement of a manual programmer circuit de-
veloped earlier (see Appendix D of Reliability Improvement Analysis of the
Programmable Interface Unit of the Hybrid Automatic Test Station, ARINC
Research Publication 1777-01-1-2318, November 1980). The tedious and time-
consuming operations involved in the use of the manual programmer have been
eliminated by incorporating automatic features in the present design. Pro-
gramming has been simplified by allowing storage and ready access of pro-
grammed instructions, hexadecimal readout of data and code information, and
automatic PIU program loading.

The PIU programmer basically operates in three modes -- automatic,
manual word, and manual bit. Control switches provide the reset, clear,
SLEN, LSB, read/write, and auto/man selectable functions. In the primary
(automatic) mode, the desired PIU operating mode instructions are first
selected and stored in the machine (hexadecimal) code. Data/code instruc-
tions are selected via the SSW (single-step word) switch, which advances
the word counter every time this switch is depressed. The word counter
generates a 4-bit word identical to the data and code word format used by
the PIU. The selected code/data word is entered in the random access
memory (RAM) via the SSA (single-step address) switch. The code and data
words are alternately stacked in sequential address locations in the RAM.

Once the instructions are entered, the programming of the PIU is totally
automatic. The programmer fetches the code and data instructions from the
RAM, sends them to the proper buses, and transfers them to the PIU with data
strobe signals. A steering control circuit (represented by the "valve"
symbol in the diagram) is used to direct data/code instructions from the
word counter to the RAM, code bus, or data bus, and data/code instructions
from the RAM to the code bus or data bus.

1B-1
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The timing and control circuit generates clock and synchronization
* signals that instruct the programmer when to start, strobe, and stop trans-

mitting data. Programming in the manual word mode involves sending the data
and code instructions from the word counter directly to their respective
buses and manually strobing each instruction to the PIU. The manual bit
programming mode employs the method used in the earlier programmer circuit,
where a set of switches provides the data and code bit instructions. The
RAM is disabled in the manual modes.

* B-3
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APPENDIX C

PIU THERMAL PERFORMANCE DATA
UNDER NORMAL LOADS

Table C-1 presents thermal data recorded under normal load conditions
during laboratory testing of the PIU configuration.

C-1
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Table C-I. PIU THERMAL PERFORMANCE UNDER N0

PIU Component Temperatures (.C)
-I Programmed

Test Programmed U109 U111 U191 U190 Q130o
Temperature Mode

(M) A B C A B C A B C A B C A B C

+30 V 11.3 11.3 9.8 11.8 10.6 9.1 17.3 17.2 11.8 18.6 17.9 12.4 11.0 13.1 10.
RL = 

30 0

t30 V 13.0 11.1 8.9 13.2 10.4 8.4 16.9 16.5 11.7 18.7 17.7 11.7 10.9 12.2 9
RL = 300

; 5 -±3.8 V8  
16.6 14.5 12.0 16.3 13.2 11.9 16.7 16.5 11.5 18.8 18.2 12.0 10.8 12.6 9.""R L = 39 1. 45 1.

+3.8 V 15.4 14.3 11.6 15.7 13.3 11.5 16.5 17.1 11.4 18.4 17.6 12.0 10.8 13.2 10.
t RL = 39

RL +30 V 19.0 19.5 18.0 19.7 19.3 17.8 25.7 24.9 21.7 26.6 25.8 21.3 19.9 21.1 19
RL 300

±30 V 23.1 22.6 21.5 23.4 22.1 21.3 27.8 28.1 23.4 29.3 29.3 23.3 21.9 23.6 21
RL -

3 0 0

13,8 V 30.0 27.7 26.1 29.8 26.5 26.1 30.2 29.5 25.5 32.0 31.0 25.5 24.7 26.0 23
RL = 39

RL = 39 28.7 26.2 24.6 29.1 25.5 20.5 29.1 28.8 24.5 30.5 29.0 24.3 23.7 25.0 22

+30 V 31.2 31.0 29.4 31.9 30.8 29.2 37.2 36.8 32.0 38.0 37.6 31.5 31.1 33.0 29

±30 V 34.1 33.3 31.3 34.6 32.5 31.1 38.2 38.2 33.4 39.4 39.6 33.2 32.3 34.0 30

25 
RL = 300

R3.8 v 40.3 38.1 36.0 40.3 37.2 36.0 40.0 40.1 35.1 41.3 41.6 35.2 34.3 36.4 33SRL = 39

i +3.8 V
RL  V 38.5 36.4 34.5 39.0 35.8 34.9 39.0 38.5 34.2 40.1 39.7 33.9 33.4 33.2 32

R V 39.8 39.4 37.4 40.4 39.3 37.0 45.5 45.2 41.0 46.0 45.9 40.5 39,6 41.4i ~ ~RL  0

±30 V 4.. 41.3 40.1 43.0 40.8 40.0 46.5 46.0 42.1 47.6 47.4 41.9 40.8 42.2 39
RL = 300

35

RL = 3 47.3 44.9 43.0 47.5 43.9 43.3 46.8 46.6 42.3 48.1 48.0 42.3 41.2 43.0 4

RL = 39
+3.8 V
R= 39 46.3 44.0 42.3 47.1 43.4 428 46.6 46.1 41.9 47.5 47.3 41.7 41.0 42.7 3

R = 30 V 49.4 49.8 49.0 50.2 49.8 49.3 55.3 55.0 51.8 55.8 55.9 51.3 49.8 441. 4

230 V 52.2 52.0 51.1 52.8 51.7 51.4 56,7 56.7 53.3 57.6 58.1 53.0 51.4 52.8

RL = 300

± 3 58.8 56.5 55.3 59.5 56.1 55.6 58.7 57.7 54.5 59.7 59.8 54.3 53.5 54.5 5

+3.8 V

+3.8 V 58.1 55.8 54.4 59.1 55.3 55.0 58.0 57.5 54.1 58.7 58.8 53.8 52.8 54.3 5
RL =

3
9

+30 V 63.3 61.8 61.0 64.0 61.5 61,0 67.8 67.1 63.5 67.5 67.9 62.7 62.4 63.8

±30 V 64.2 62.5 61.4 64.8 62.0 61.5 67.2 66.6 63.1 67.5 68.1 62.5 61.9 63.0
RL = 300

55 -±3.8 V 66.9 65.1 63.2 67.7 64.4 63.8 65.9 65.8 62.4 66.6 67.7 61.8 61.2 62,6RL = 39

+3.8 V 66.7 64.1 62.6 67.8 63.9 63.3 66.4 65.8 62.3 66.6 67.1 61.6 61.5 (,2,6
RL = 39

R +30 3 67.5 75.9 68.6 68.3 78.0 69.2 73.6 75.2 71.7 73.6 63.8"* 70.9 68.6 72.1RL =3Y)
±30 V 71.7 74.2 73.2 72.5 74,5 74.) 77.0 77.5 75.7 77.8 80.3 75.3 72.2 75.2

R5 L = 300
65

±43.8 V
V 75.4 72.7 72.1 76.2 72.5 72.8 74.9 73.5 71.6 76.5 77.5 71.5 70.1 71.6PI, - 31,

-38 74.7 72.4 71.6 75.7 72.5 72.3 75.2 73.8 71.6 76.2 77.2 71.1 70.3 72.0P , - 3 iI I I III I III
*A - current-limit configuration; B = transistor-substitution configuration C - combined configuration.

"Sensor failed.



PERFOMANCE UNDER - . LOAD CONDITIONS

nent Temperatures (0c) b% configuration*

Q130 Q156 Q150 Q160 ;158 Air Flow

C A B 3 A B C A B C A B C A E C A B C

12.4 13.( 13.1 Il.2 6.5 10.9 5.9 12.2 17.2 9.8 10.4 12.9 9.7 8.3 11.5 8.8 4.1 3.8 5.3

11.7 10.) 12.2 9.2 7.0 10.6 5.7 13.2 14.9 12.2 11.5 13.2 6.5 8.8 10.6 7.4 4.4 2.2 2.3

12.0 10.8 12.6 .6 6.8 12.0 7.0 12.0 15.0 12.5 17.4 22.4 15.0 9.8 13.3 9.9 3.0 4.1 4.3

12.0 10.8 13.2 1'., 7.7 12.5 6.7 12.4 16.0 9.4 20.5 26.1 18.4 12.4 15.8 13.1 4.0 4.8 4.2

21.3 l' . 21.1 '.2 17.2 20.5 16.9 23.4 26.1 23.4 20.0 22.1 16.4 18.7 20.8 18.0 15.7 15.5 15.7

23.3 21. 23.8 21. 18.4 23.3 18.7 25.0 27.8 25.1 22.7 25.2 21.7 24,0 23.3 25.0 16.0 16.0 16.3

25.-, 24.7 . 23.4 2,.v 25.5 22.0 26.3 28.3 26.6 31.0 35.7 29.3 23.6 26.5 24.0 17.8 17.7 18.0

24.3 23.7 2;. 22.- 20.5 25.4 20.8 26.0 27.6 26.0 34.3 38.4 31.0 25.7 28.1 25.7 16.8 16.9 17.2

31.5 31.1 33. 2 . 27., 31.1 26.8 33.5 36.7 33.1 30.8 33.0 29.7 29.3 31.6 28.7 25.0 25.0 24.6

33.2 32.3 34., 30. 1 28.3 33.4 28.2 35.2 37.8 34.7 33.0 35.6 31.5 30.4 33.4 30.0 25.8 25.8 25.5

35.2 34.3 36.4 31., 31.5 35.5 3. 5 3b.6 38.4 36.4 41.9 46.0 39.3 34.3 36.6 33.6 27.3 27.5 27.2

33.7 33.4 31. 32. 31.1 35.1 31.3 35.9 37.9 35.6 43.8 48.0 41.0 35.9 38.0 35.2 26.6 26.4 26.3

40.5 3'1.6 41.4 36. - 5.3 33.9 35.5 42.9 44.9 42.3 39.7 41.8 35.2 38.3 40.3 36.6 33.9 33.8 33.7

41.9 40.8 42.2 Z '.. 3- . 41.5 3h.8 44.f 46.1 43.3 41.7 43.8 40.3 39.4 41.6 39.0 34.2 34.2 34.0

42.3 41.2 43. .. . 37., 42.3 37.5 43.9 45.0 43.3 48.7 52.6 46.3 41.6 43.5 40.6 34.2 34.2 34.1

41.7 41. 42.7 3 J .A. 43.1 38.0 43.7 35.3 43.4 51.6 55.8 48.7 43.6 45.8 43.0 34.0 34.2 34.0

51.3 41.8 ,1 . 4 .4 47.4 51.,) 47.8 54.1 56.5 54.0 50.7 52.5 50.3 49.7 51.5 49.5 45.5 45.9 46.6

53.0 51.4 2.6 '. 48.8 52.. 48.8 55.H 57.9 55.2 52.6 54.8 51.8 51.1 53.1 50.7 46.9 46.2 46.6

54.3 53.- 54.1 12.3 50.1 54.4 49.8 5o.7 57.7 55.4 60.9 64.3 58.2 54.1 55.4 52.9 46.6 46.4 46.3

53.8 52.8 -4.3 -2.1 50.2 55.) 50.7 56.3 57.8 55.9 64.1 67.6 60.6 56.2 57.9 55.5 46.2 46.7 47.2

62.7 62.4 63.8 61.1 58.4 61.8 57.9 f,5.4 ',7.1 63.9 63.1 63.8 61.0 61.4 62.2 60.1 55.6 55.4 55.0

62.5 61. ) 63. 1,,.7 58.3 62.4 57.8 G5. " b7.6 u3.8 03.4 o4.6 61.1 61.2 62.6 59.9 55.1 54.9 54.4

61.8 61.2 6 .2.6 6'.2 58.1 61.4 57.7 64.5 65.3 63.1 68.9 6,9.5 66.0 62.2 61.5 60.8 54.5 54.0 53.8

61.6 61.5 '. 1<'.2 58.6 62.9 58.1 64.6 (66.0 (,3.2 72.4 '5.4 68.1 65.0 65.6 63.2 54.3 54.1 53.7

70.9 6R8.6 2.1 6R. H F,7.4 76.0 67.6 73.6 77.3 72.9 7(1.5 73.3 70.3 69.3 72.5 70.0 65.4 69.4 65.9

75,3 72.2 7.2 72.y 72.5 75.7 72.4 77.3 79.2 78.7 74.(, 73.6 75.0 73.5 71.2 74.7 70.4 71.5 69.5

71.5 70.1 71.6 67.4 69.1 71.8 66.6 72.3 72.9 72.3 79.6 80.5 74.3 71.3 71.3 70.6 63.3 63.2 64.8

71.1 70.3 72.0 6 *.4 69.9 74.7 67.6 72.7 73.7 72.6 83.1 84.0 76.6 73.9 72.9 73.6 63.2 63.8 64.8



I

APPENDIX D

PIU THERMAL PERFORMANCE DATA
UNDER CURRENT-LIMITING CONDITIONS

Table D-l presents thermal data recorded under current-limiting
conditions during laboratory testing of the PIU configurations.
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Table 0-1. PlU TKEKI4AL PEPFORhI4CE UNDER OVERIX)AL (CUM

Test Conditions

roq amed Programmed V Measured (Volts) 1
° 

Measured (mA) U109 U111 U191 U190
Test Mode 0

Temerature 10 ) A B C A B C A B C A B C A 8 C A B

+3.8 V .2.42 +2.70 +2.25 +138 +250 +131 18.6 24.0 13.3 18.7 26.1 13.9 15.7 15.c 11.3 It.2 I.'. 1;. 1.

-3.8 V -2.46 -2.70 -2.55 -147 -250 -150 25.2 28.6 18.4 24.0 30.0 18.5 I1,c 11.4 14.2. 18,7 20.8 1,] 13,

.30 V +2.80 +3.10 +2.60 +163 +285 +154 20.7 24.8 14.5 21.0 26.9 15.2 I .'. 1.9 11.9 17.2 19.7 1.-* 12

-30 V -2.86 -3.00 -2.90 -166 -280 -172 23.5 29.6 18.5 22.5 31.5 19.1 1. 1,.1 12.1 17.1 20.1 1. 114

+3.8 V +2.35 +2.60 +2.20 +136 +245 +127 29.4 33.3 24.2 29.8 35.3 24.t 2 ..' .5.4 21.9 21.1 23.3 - 2L4

-3.8 V -2.40 -2.60 -2.50 -139 -245 -146 33.3 37.9 27.7 32.0 39.4 2 21.5 25.5 22.9 22.2 23.8 2 4 22,
15

+30 V +2.78 +3.00 +2.55 +159 +280 +150 31.4 33.9 25.0 31.8 36.. 25. 21.7 25.8 22.7 22.0 23.1 21 2&

-30 V -2.82 -2.90 -2.80 -162 -270 -167 35.2 39.5 29.0 34.0 41.2 29.1 .7.3 26.6 23.3 22.6 23.' 2,. 234

+3.8 V +2.28 +2.50 +2.10 +131 +235 +123 39.7 33.2 35.0 40.1 45.6 35.5 36.0 35.9 32.9 36.3 39.0 1.. 1%

25 -3.8 V -2.34 -2.50 -2.45 -135 -240 -142 44.4 48.2 39.4 43.7 50.1 39.9 37.8 37.4 34.2 38.0 40.3 33 l'

+30 V 0 . 02.90 +2.48 +155 +270 +145 43.8 46.0 37.8 44.3 49.0 38.4 38.8 38.0 35.0 38.8 41.0 13,

-30 V -2.72 - .1 - '.An -163 -268 -168 48.1 51.6 42.4 47.4 54.3 43.0 39.7 39.6 36.4 39.7 39.6 33.4

+3.8 V +2.18 +2.50 +2.00 +126 +230 +118 51.1 54.1 46.0 51.7 56.7 46.6 46.6 46.7 43.5 47.2 50.0 42.'

-3.8 V -2.62 -2.80 -2.50 -152 -260 -146 57.0 59.5 50.0 57.0 62 2 50.9 48.0 47.6 44.7 48.2 50.6 43.3 4
35

+30 V +2.61 +2.80 +2.4,c +151 +260 +142 54.2 55.4 47.9 54.9 58.3 48.6 48.5 47.5 44.9 48.7 50.6 43.,

-30 V -2.62 -2.80 -2.75 -152 -260 -160 58.2 61.1 52.0 58.3 63.6 53.0 48.9 49.2 45.6 49.2 52.0 44.2

+3.8 V +2.10 +2.40 +1.95 +120 +220 +113 63.0 65.0 57.9 58.2 58.6 55.5 58.9 61.4 54.3 54.5 56.7 53.3

-3.8 V -2.14 -2.40 -2.30 -125 -220 -532 66.6 69.5 61.9 59.2 60.0 56.4 59.6 62.6 55.0 55.2 57.4 54.
45

+30 V +2.52 +2.70 +2.30 +145 +250 +136 65.9 67.1 59.6 59.8 60.0 56.5 60.1 62.9 54.9 55.6 57.8 54.4

-30 V -2.53 -2.70 -2.66 -147 -250 -156 69.3 71.8 63.8 60.0 60.9 57.1 60.4 63.5 55.4 55.9 58.2 54.9

+3.8 V +2.10 +2.30 +1.88 .118 +219 +112 70.2 73.4 66.0 71.0 75.9 67.0 66.2 66.7 63.8 67.0 69.5 62.5

-3.8 V -2.10 -2.30 -2.23 -123 -218 -128 75.2 77.9 70.6 75.7 80.3 71.6 67.8 67.6 65.0 68.5 70.5 63.4

55
+30 V +2.46 -2.60 +2.30 +142 +245 +132 74.2 75.2 68.2 75.1 78.0 69.2 68.2 68.3 64.9 68.9 71.2 63.4

-30 V -2.48 -2.60 -2.60 -137 -245 -153 77.6 80.0 72.3 78.2 82.7 73.5 68.4 69.3 65.5 69.0 71.8 63.9

sR
A  

aveter resstance in the load. R
A 

- 6.(, for configurations A and C; SA A 0.8 for configuration 8.
*:A -urrent-limit configuration; 8 - tran,-tor-substitution confLquration; C - combined configuration.

5
NA - te perature not recorded, because Q,1 15 off 1n the 03.8 0 and -3, v -odes.
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lOBANC E UBE8 OVERLOAD (0RRET-1LIM1TIN6) CUNDITIONS

PlO um|3renr e.,peratlures {C) by ConFxuratxon~
m

U190 13.' 015f, Q15V 'no2 Q161 Q158 Air Flo

A B C A B A H c A A 6 C A B C A B C A B C

1b.2 19.0 11.0 11.1 12., 8.3 10.5 23.5 8.1 12.5 14.3 12.7 32.7 -,.6 25.6 KA+ NA BA 14.6 21.2 12.6 2.6 0.5 3.6

18.7 20.8 13 13.3 14.1 11.5 .3 12.6. 8.4 16.0 15.9 12.0 4,,.S 21.8 34.3 54.9 BA 9.8 16.2 9.6 4.1 2.6 4.5

17.2 19.7 11.b 1:-o 13. 3 .8 11.7 23.7 8.8 12.7 14.8 12.7 . .0.0 28.5 HA KA NA 16.0 21.6 13.7 1.7 1.2 3.8

17.1 20.1 12.2 12.0 1 1., 1,.4 8.7 14.2 8.4 12.1 15.2 12.7 24.3) 43.9 23.8 37.9 59.0 BA 8.9 18.2 8.9 3.2 0.9 5.1

21.1 23.3 20.0 21.1 1S.3 31.4 17.9 24.1 25.7 21. 37.3 .3.6 35.4 NA NA N8 24.7 29.6 24.6 11.9 13.0 13.3

22.2 23.8 2C.4 22.2 2 3.. 2H .4 1'.4 23.1 17.7 24.- 2-.4 21.8 30. < 43.3 31.6 43.4 63.0 34.5 18.5 26.6 19.3 13.0 13.6 14.2

22.0 23.1 21.3 221.3.1 . 13.,. 32.4 19.1 24.4 . 21.7" 41.8 ?.9 38.4 NA NA NA 26.0 30.3 25.8 13.0 13.2 14.5

22.6 23.7 21.. 22.3 23. . 18.2 23.9 18.3 24.5 2.1 21.5 32.8 52.9 33.4 47.2 67.4 35.8 19.3 28.0 19.8 13.1 14.6 14.6

36.3 39.2 32.7 32.' 3. 3 .4 42.2 29.8 35.8 j.6 33.2 48.3 '2.7 46.3 BA BA NA 36.6 40.0 36.4 24.0 24.1 25.2

38.0 40. 3 33. 33.' 14., 1,A 2q.8 34.3 29.8 3b.8 37.. 44. 42.5 3.5 43.1 55.2 72.9 45.4 31.0 37.4 31.2 24.7 24.8 26.2

38.8 41.0 33.8 34.5 25. 32.3 32.8 45.3 32.0 37.. 38. 34. 53.2 '6.3 50.8 BA NA MA 40.0 42.8 38.8 25.5 25.9 27.0

39.7 39.6 36.4 35.5 3. 34.2 32.2 36.7 32.9 38.s 3'.5 3.' 4,.5 6,.8 46.6 60.9 77.5 49.5 33.5 40.8 33.7 27.9 26.7 26.4

47.2 50.0 42.5 43.0 44., 41.' 41.s 53.2 4,3.9 49.1 48.3 45.2 59.7 62.5 57.2 BA NA BA 49.6 51.1 47.7 35.4 35.5 36.0

48.2 50.6 43.3 43.7 40.2 42.3 42.1 44. 42'. 3 4-.2 47.7 45.6 5.8 70.9 54.5 66.1 85.2 56.5 43.8 48.1 42.3 35.4 35.3 36.1

48.7 50.6 43., 44.4 4,., 42.7 44. 54.'. 42.6 419.4 48.3 45.7 63., S3.2 60.7 64.9 79.5 53.1 51.6 52.3 49.5 35.7 35.9 37.0

49.2 52.0 44.2 45.., 4b... 41., 4. 43.4 41.p 50.4 48.7 41,.3 5.4 72.2 56.4 71.6 86.1 59.5 1,4.9 49.9 43.7 36.0 36.2 37.4

54.5 56.7 53.3 54.5 5t,.7 53.3 53,. 7 ,4.5 53.7 ,2.b 61.3 58.1 71., 32.3 68.8 72.8 86.2 62.4 63.1 62.8 59.8 47.8 47.7 48.5

0 55.2 57.4 54.0 55.2 57.4 54. 54.8 57.. 53.2 62.9 30.1 58.9 65.5 79.6 65.8 78.6 91.7 68.8 56.5 59.9 55.0 48.0 47.9 49.0

9 55.6 57.8 54.4 55.6 57.6 54.4 57.4 . 4.4 2.6 3. 2 56.1 7'.493,. 72.0 77.3 90.3 65.2 64.5 63.9 60.6 47.9 47.9 48.8

55.9 58.2 54.9 55.9 58.2 54.9 56.1 57.8 53.9 63.1 58. 8. 83.1 68.2 83.1 96.3 71.7 57.6 61.3 55.6 47.8 47.6 49.0

67.0 69.5 62.5 62.4 64.9 61.5 64.9 72.3 62.0 71.0 68.1 66.6 78.9 99.0 76.8 80.8 93.2 71.1 71.6 70.5 68.1 56.8 55.9 56.9

68.5 70.5 63.4 63.6 65.5 Q2.7 64.2 I,5.5 62.0 71.8 69.3 67.2 74.0 87.7 74.2 86.6 100.0 77.3 65.2 68.4 63.7 56.7 56.9 57.3

68.9 71.2 63.4 64.0 65.9 62.9 66.6 73.3 63.3 72.1 68.2 67.1 83.5 103.5 80.5 85.2 97.4 73.8 73.8 71.9 69.8 56.6 56.4 57.3

69.0 71.8 63.9 64.3 66.6 63.3 65.0 66.6 63.0 72.0 68.8 67.5 76.8 90.3 76.6 90.5 1103.5 80.3 66.9 70.0 64.8 56.5 57.2 58.0
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