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Air Force Wright Aeronautical Laboratories, Air Force Systems Command,
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1.0 BACKGROUND
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1.1 INTRODUCTION

. Several different series—resonant-inverter (SRI) based converters have

k.. been developed for the Aero Propulsion Laboratory (APL) of Wright Pat—

e terson Air Force Base (WPAFB) over the years. The control and protec-

X -, tion circuits for these converters varied and were built of discrete

’ components. This program was established to simplify and standardize
the control and protection circuitry and to use modern integrated cir-

& cuit (IC) technology to reduce the converter's size.

This final report covers the work accomplished during the period from
> October 1982 to October 1985.

1.2 OBJECTIVES

The primary objective of this program is to develop a standardized con-
‘ trol and protection circuit that will work with any SRI-based con-

g verter; a hybrid implementation version of the control and protection
X circuitry will be produced. The secondary objective is to identify

potential problem areas associated with using the existing 200-kW dual
full-bridge SRI in space.

o 1.3 SCOPE

The scope of this program is limited to control and protection cir-
cultry for an SRI-based converter including analysis of the operatiomn
of the control and protection circuitry for the three existing APL con-
- verters. It includes recommending approaches to reduce the size and
complexity of the control and protection circuitry through IC technol-
ogy. The program includes design, fabrication, and test of a bread-
board and a prototype of the standard control and protection cir- a
cuitry. Operation of the standard control and protection circuitry
will be demonstrated with the three existing APL power stages.
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1.4 PHASE I TASKS AND SUMMARY OF KEY RESULTS
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1.4.1 Converter Requirements Definition
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The objective of this task was to define the requirements and inter-
‘ faces for the three specified APL converters. The converter require-
T ments for the three specified APL converters Lave been collected in a
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1.4.2

1.4.3

requirements document. The electrical inputs and outputs, as well as

details of the interfaces between the controller and the three power
stages, have been incorporated in this document. The primary objective
of this program was to develop a set of standardized control and pro-
tection modules that can be configured to control any SRI topology.

The controllers provide a voltage regulator output characteristic that
operates from 10% of rated load to rated load. Input and output over-

voltage protection is provided and the control and protection units
operate with an output transformer or a short for testing.

Control and Protection Analysis

KL N I
TR .
PP SRR

The objective of this task was to analyze the implementation and re-
quirements for the control and protection circuits for the three exist-
ing SRI-based converters. The 5~kW ac-dc and 10-kW dc-to—-dc units were
government—-furnished property (GFP) to Martin Marietta at Denver.
Analysis and operation of these units, as well as analysis of the
200-kW dc-to=~dc unit which remained at WPAFB, revealed unique require-~
ments and previously unknown details of control and protection circuit
operation. In addition, electrical schematics were prepared for the
complete 10-kW unit, all the control boards of the 200-kW unit, and
gelected parts of the 5-kW unit. Through this a detailed understanding
of the operation and performance requirements for the control and pro-
tection circuits has resulted.

Analysis of the 5-kW ac-dc unit revealed two unique requirements.
Back~bias sensors (BBS) for this unit must tolerate ac voltage and not
saturate. There is also a requirement for the protection unit to pre-
vent simultaneous conduction of series SCRs during phase transitionm.
Analysis of the 10-kW dc-to-dc unit uncovered an unreported inversion
in the control integrator and an unreported use of the resonant capaci-
tor voltage in the control and protection implementation. A detailed
understanding of the operation and requirements for control and protec-
tion was acquired from analyzing and operating the 10-kW dc-to-dc

unit. Analysis of the 200-kW dc-to-dc unit revealed a nonresetting
integrator in the coantroller.

IC Technology Study

The objective of this study was to identify process and fabrication IC
technologies for implementing the control and protection circuits. For
the near term, it is practical to design for 107 rad (S1). Test data
are avallable to substantiate this level of radiation tolerance and
parts are available from manufacturers. If the background level is
greater than this, local shielding must be used to reduce the piece-
part radiation level to 107 rad (51). The following recommendations
are made for the control and protection circuits: (1) digital circuits
should be CD40XX series CMOS (2) IC operational amplifiers and voltage
comparators should be bipolar monolithic LM108s and LMllls (3) the dig-
ital design constraints of the Sandia Center for Radiation-Hardened
Microelectronics (CRM) should be followed (4) hybrid circuit technology
should be used for the firing pulse generator (FPG), BBS, protection
unit (PU), and three-phase unit and (5) discrete circuits should be
used for the control circuit,
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1.4.4

1.4.5

1.4.6

Functional Design

In the functional design task, all of the required functions of the
control and protection circuits were identified, duplicate functions
were identified and removed, the identified functions were partitioned
to logical groupings of functional circuits, all signals associated
with each circuit were identified, and block diagrams of the control
and protection circuits that interface with each of the three existing
APL power stages were developed.

Custom Part Specifications

The objective of this task was to define the custom part specifica-~
tions. The control and protection functions were partitioned into five
areas and custom part specifications were written for the following
five parts:

1) Back-bias sensor (BBS),

2) Firing pulse generator (FPG),
3) Protection unit (PU),

4) Three~phase unit (TPU), and
5) Control unit (CU).

The custom parts specif’cations have a narrative description of the
requirenents, both top-level and detail requirements, a block diagram,
a circulit schematic, power requirements, and a parts list.

Microprocessor Study

There were two purposes for the microprocessor study. The first was to
consider using a microprocessor to reconfigure the countrol and protec—
tion circuitry for the hreu existing power stages. The second was to
identify tasks that could be performed by a microprocessor oun future
SR1s.

The study concluded that a microprocessor is not appropriate to recon-
figure the controller to the three existing APL power stages because
the reconfiguration can simply be performed by a three-position rotary
switch. If a microprocessor were used, an uninterruptible power source
(UPS) would be required, and a microprocessor malfunction could cause
unknown damage to a power stage. It was also determined that a micro-
processor was too slow for use as an embedded controller. The control
and protection functions can be performed much faster by dedicated ana-
log and digital circults.

However, several candidate microprocessor functions for future SRIs
were identified. These functions can be performed either by a local
microprocessor in the SRI or by a central microprocessor in the elec-
trical power subsystem. These candidate functions are:

1) Data acquisition;

2) Limit checking;

3) Self-protection;

4) Monitor key parameters;
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5) Efficiency calculation;
6) State of health monitoring;
7) Peak power tracking with solar array.

Thermal Study

The purpose of the thermal study was to provide a first—-order assess-
ment of the magnitude of the problems associated with gpace deployment
of the 200-kW SRI. From this study it was determined that the SCR-
diode pair effectively sets the radiator temperature. The most likely
radiator temperature would be constrained at about 57°C when power
semiconductor junction temperatures are at 125°C maximum. To limit the
SCR temperatures, heat pipes are recommended. Under ideal conditiomns
to keep a radiator at 57°C, the radiator area would be 150 ft? to
reject 8 kW thermal from the 200-kW SRI. This study assumed ideal con-
ditions. For systems not under ideal conditions, the radiator area

would be significantly larger.

Packaging Study

The general packaging problems associated with space deployment of the
200~kW SRI were addressed. The study was limited to the low~voltage
power stage only; the high-voltage output transformer, rectifiers, and
capacitor were excluded. The study, which assumed ideal conditioms,
revealed no insurmountable packaging problems with space deploymeant of
the 200-kW SRI. The projected weight of a 200~kW converter unit
(including the power electronics, thermal control, and radiator) was
339 1b for a specific weight of 1.7 1b/kW. For a system with nonideal
conditions, the specific weight will be significantly higher.

PHASE II TASKS AND SUMMARY OF KEY RESULTS

Detailed Design

The objective of this task was preparation of detailed design drawings
for circuits used in the generalized control and protection for each of
the functional blocks identified in the Phase I study. Maxiwum use of
breadboard circuits allowed design optimization of custom parts. The
designs were tested over varied line input conditions, at fixed output
voltage, over a 10:1 load range, and over a temperature range of -40 to
+85 degrees C. Breadboard tests were completed before finalizing the
designs for hybrid microcircuit fabrication.

Fabrication of Hybrid Microcircuit Prototypes

Designs developed under the breadboard fabrication test and evaluation
task were adopted to microcircuit hybrid designs. Chip components were
used to directly replace IC and discrete capacitor and semiconductor

components which were used on breadboards. Resistors were replaced in
the hybrids by silk—-screened resistive ink, where appropriate, and with
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chip components, where required. Layouts of individual hybrid cir-
cuitry were optimized for circuit performance. Packaging arrangement
was based on use of existing hardware. Packaging tailored to specific
application is possible by modifying existing assembly designs.

Components used in the prototype demonstration hybrids follow the
recommendations outlined in the Phase I study and those described in
section 1.4.3 of this report. The intent of the Phase II fabrication
task is the demonstration of functioning control architecture. Commer-
clally available components were substituted for radiation hardened and
MIL screened components where practical.

Test Plan

Functional test procedures have been developed as a common baseline for
screening various design approaches. They ensure that the selected
approach meets design goals, and they provide a means of testing per-
formance of the custom parts as individual circuit functional blocks
when fabricated and throughout unit 1life. A functional test procedure
was written for each of the three Aero Propulsion Laboratory (APL)

power converters to evaluate operation as complete control units con-
figured with breadboard functional blocks or prototype hybrid circuit
functional blocks.

Control System Test

Two of the three APL power stages and a scale model of the 200 kW power
stages were operated and functionally tested in accordance with the
test procedures outlined in paragraph 1.5.3. Several conditions were
monitored during tests and are as follows:

1) Line input voltage and curreat,

2) Resonant current waveform,

3) Control circuit logic timing,

4) Output voltage and current,

5) Component stress voltage and currents.

During evaluation of individual functional circuit blocks, design goals
were compared with measured results. Circuit modifications were made
to optimize circuitry to meet or exceed design criteria where possi-
ble. In testing each of the functional circuit blocks, consideration
i8 given to operation up to 100 kHz resonant circuit frequency. For
all functional blocks, the capabilities and limitations of each circuit
are identified.

PHASE III TASKS AND SUMMARY OF KEY RESULTS

Acceptance Test Procedure

The objective of this task was the development of an acceptance test
procedure for the integration and test of the standardized control sys-
tem for each of the three APL SRI power converters listed in paragraph

2.1.2. A unique card cage assembly 1s used for each of these power
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1.6.2

converters. Functional blocks are implemented on individual plug cards
for modularity and ease of testing. Each may be moved from one card
cage to another with no modifications or jumper changes.

The acceptance test procedures were written for each of the three APL
power converters. Each procedure lists support requirements, special
considerations, test operations, and an appendix of supporting tables
and figures. Support requirements include test equipment, materials,
documents, and facilities required to properly perform the tests. Spe-
clal considerations are listed for cautions and warnings, definitioas,
1ist of acronyms, and other necessary information vital to properly ad-
minister the tests. Test operations are listed in logical sequence
with consideration to least risk to hardware and personnel. Where ap-
plicable, prerequisites to running tests are listed. The appendix of
supporting tables and figures includes diagrams showing proper connec-
tion of test equipment, hardware under test, and facilities power.
Tables for acceptance testing are included along with blank tables
which may be used to record data taken at subsequent tests,

Demonstration at AFWAL APL

Two of the APL SRI power converters were tested at Martin Marietta
Denver Aerospace, the 10 kW half bridge dc—to—dc and the 5 kW three
phase ac-to-dc. These two converters were retested at APL to ensure
proper operation after shipment from Denver to WPAFB. The 200 kW
dc-to-dc unit requires input power of 600 Vdc at 370 amps and a 200 kW
load bank and was tested at APL where facilities are available to run
the full power test.
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2.0 PHASE I STUDY TASKS

2.1 CONVERTER REQUIREMENTS DEFINITION

2.1.1 Top-Level Requirements

The standard control and protection circuitry will perform the func-
tions necessary to start, operate, regulate, protect, and shut down an
SRI-based converter. The controller is required to work with any SRI-
based converter topology, and with either ac—-dc or dc-to-dc and protec-
tion circuitry will perform the functions necessary to start, operate,
regulate, protect, and shut down an SRI-based converter. The con-
troller is required to work with any SRI-based converter topology, and
with either ac-dc or dc-to-dc converters. The controller will mech-
anize a voltage regulator function.

2.1.2 Target SRI-Based Converters

The standard controller will be designed to work with the following
three existing APL SRI-based converters. By reconfiguring one con-
troller design it will be able to operate each of the three converters.

Table 2.1-1 describes the three existing APL SRI-based converters.

Simplified schematics of the power stages for these devices are shown
in Figures 2.1-1 through 2.1-3 (Ref 1, 2, and 3).

Table 2.1-1 SRI Power Converter Characteristics

Type Power V (In) V (Out) Topology
ac-dc 5 kW 208 Vdc 3-Phase 20 kV dc  3-Phase ac Full Bridge
de~to-~dc 10 kW 600 Vdc Max 10 kV de  1/2 Bridge
dc-to-dc 200 kW 600 Vdc Max 25 kV dc¢ = Twin Full Bridge
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2.1.3 Operating Frequencies
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The internal resonant frequency of the three converters i1s 10 kHz. The
controller was designed considering internal resonant frequencies up to
100 kHz.

The input of the 5-kW ac—-dc converter is three-phase 60 Hz, sine wave.
The controller was designed considering an input frequency up to 2.5
kHz.

Output Characteristic

The controller provides a current-limited voltage regulator output
characteristic for the SRI power stage. The voltage regulator operates
from 10% of full rated load to full rated load.

Environmental Requirements

2.1.5.1 Temperature Requirements--The control and protection circuitry
was designed to work within specification in the temperature range of
~-40 to 85°C,

2.1.5.2 Radiation Requirements—~-The control and protection circuitry
was designed with plece parts that will withstand 10° rads (Si).

Local shielding will be required to ensure that the electronic piece
part dose rate does not exceed 109. Although not required to be

built with radiation-hard piece parts, the prototype control and pro-
tection circuitry was designed with piece parts that have radiationhard
equivalents,

CONTROL AND PROTECTION ANALYSIS

The objectives of the control and protection analysis were to review
the control and protection approaches in each of the three existing APL
SRI-based converters, to determine which control and protection func-
tions are necessary (both essential and nonduplicate), and to develop
an architecture that can be used with all three existing topologies
(half bridge de-to-dc, full bridge ac-dc, and dual bridge dc-to-dc).

The three existing APL SRI were analyzed. Table 2.2-1 summarizes the
control and protection tasks.

Table 2.2-1 Summary of Control and Protection Tasks

Detection of SCR Reverse Bias

Firing Pulse Generation

Output Voltage and Current Control
Protection from Catastrophic Failure
Start-Up

Phase Control (Three-Phase ac-dc Unit)

00 00 0
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The fundamental protection problem arises from the basic topology of
all three power stages: half bridge, full bridge, or twin full

. bridge. In any bridge configuration, two SCRs are in series across the
- gource. If for any reason one SCR is triggered on while the other is
conducting, the SCRs may be destroyed by short-circuit current from the
. source. The fundamental protection function is to ensure that one SCR
-ﬂ is off before the other is triggered on. Directly related to this

~ function is accurate sensing of the SCR state. Sensing of the SCR
state involves determining whether the anode-to-cathode voltage is for-
ward or reverse~biased. Every SCR has a reverse recovery time (TQ).
After an SCR has been forward-biased and conducting, it must be
reverse~biased for a time not less than TQ before it recovers its abil-
N ity to block forward voltage. The protection function, themn, includes
— sensing the SCR reverse bilas and inhibiting SCR triggering until the TQ
- requirement has been met.

A sgpecific control function is assoclated with generation of the firing
pulse to trigger the SCRs on. Specific functions are also assoclated
with controlling the output voltage and current. These Include a fast
L loop for cycle-by-cycle control of the current and a slower loop for

.- voltage control.

Specific functions are also required to start the SRI. The protection L
circuitry required to ensure two series SCRs are never fired at the

same time complicates the task of the start—up circuitry. The start-up
function includes using the polarity of the resomant capacitor voltage
to determine which SCR to fire first. Because of unbalanced leakage in
the SCRs, the initial resonant capacitor voltage can be of either pol-
arity. The initial SCR fired will be chosen so the resonant capacitor
voltage adds to the source voltage. In additlon, the start-up cir-
cultry overrides the protection circuitry for one cycle to allow the
power stage to start, The start—up circuitry also provides a clock
signal to initialize the three-phase control unit.

The three-phase control unit requires additional functions to determine
when an input phase transition has taken place, to determine wher. the
proper back-bias signals have been received based on the phase pair,
and to give SCR fire commands based on the phase pair. The three-phase

unit must generate SCR fire commands for two discrete modes: first,
when the SCR functions as an SCR, and second, when the SCR functions as
a diode.

2.2.1 Previous Approaches

PRI Y -'nu-',.“"'.ZAA-I.AA Sctntadeat el

Analysis of the three existing SRI control circuits revealed the fol-
lowing approaches were used to implement control and protection.

It was found that distributed rather than centralized logic was used
which resulted in more complicated interfaces between functional cir-
cuits. Representative areas in which distributed logic functions were
5 found are:

1) The 10-kW dc-to-dc BBS hold-off circuit,

2) The three-phase configuration BBS antisaturation circuit,

10
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3) The 200-kW dc-to-dc configuration firing pulse generator inhibit
circuit.

It was found that functions had been duplicated. In the 10 kW de-to-dc
configuration, there were double-sided start circuits, multiple "FIRE"
prevention circuits to inhibit toggle action, and duplicate means of
preventing overvoltage.

It was also found that there were multiple circuit designs to perform
the same functional task in different topologies. There were also dif-
ferent circuit designs for the firing pulse generator for the 5 kW
ac-dc and 200 kW dc-to-dc configurations.

It was also found that discrete logic had been used rather than inte-
grated circuit logic.

Criteria for Partitioning of Functional Tasks

The object of the partitioning task was to simplify the architecture,
produce simple, logical interfaces, remove duplicated functions, and
ensure that general-purpose functions are defined that can be used in
all configurations (except functions that are unique to the ac-de unit).

New Architecture and Functional Units

The new architectural approach 1is based on:

1) Centralized logic;

2) Functions identified as necessary and nonduplicate;

3) Circuits capable of performing their functions in all topologies;
4) Use of IC technology.

Using the partitioning criteria, the control and protection tasks have
been grouped into the five functional circuits:

1) Back-bias sensor;

2) Firing pulse generator;

3) Protection unit (includes start-up function);
4) Three-phase unit;

5) Control unit.

Results of Existing SRI-Based Converter Evaluations

Table 2.2-2 gsummarizes the results of the 10-kW converter evaluation.
Two items in the converter design were found that had not been pointed
out in the open literature. Filrst was an inversion in the controller
integrator and second was the use of the resonant capacitor voltage as
an ianput to the protection circuit. These discoveries aided in a de-
tailed understanding of the 10-kW unit operation that could be extended

directly to the 5-kW and 200-kW units.

11
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Table 2.2-2 Results of 10-kW Converter Evaluation

Observation Significance
Inversion in Controller This inversion not shown in open litera-
Integrator ture; addition to practical knowledge.

Use of Resonant Capacitor Never shown in open literature;
Voltage Protection Circuit additional knowledge.

Detailed Understanding of Understanding directly applicable to 5-kW
10 kW Unit and 200-kW units.

Table 2.2-3 summarizes the results of the evaluation of the 5-kW ac-dc
and 200 kW dc-to-dc units.

Table 2.2-3 Results of 5-kW and 200-kW Evaluations

[V, ]

kW ac-dc

Established unique Requirements for 3-Phase Back-Bilas Sensor
~ Prepared Electrical Drawings for Selected Cards
- Developed Selected Back Plane Wiring Information

200 kW dc-dc
= Determined that controller Uses an Apparent Nonresetting Integrator
- Developed Electrical Schematics for All Cards

IC TECHNOLOGY STUDY

The purpose of this study was to identify IC process and fabrication
technologies for the control and protection circuits. Although the
goal was to identify technologies that were compatible with wide use

and high production rates, only prototype quantities will be produced
for this contract.

Another general study guldeline was to consider the possibility and
difficulty of radiation-hardening the chosen process technology.
Although there was no requirement for the prototypes to be radiatiomn
hard, the ability to implement the prototype designs in a radiation-
hard technology was considered.

The 1IC technology study consisted of a survey of process technology
(bipolar or MOS), a survey of fabrication technology (custom ICs, com-
mercially available ICs, gate arrays, and hybrids), a discussion of the
options for each functional circuit, and recommendations for the pro-
cess and fabrication technology for each of the functional circuits.
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Nt 2.3.1 Process Technology-—-Digital

7

N For digital circuits, the IC process technology can be divided into two

Ky

categories, bipolar and M0S, with the subdivisions as in Table 2,3-1.

-~

The wost common bipolar processes are Transistor-Transistor Logic
(TIL), including TTL-LS (low-power Schottky), and ECL. Emitter Coupled
Logic (ECL) is a superfast technology and has excellent radiation re-
sistance. Cn the negative slide it consumes high power, requires multi-
[~ ple bias voltages, and has limited family availability. Its very high
speed also requires special care in layout and interconnection design.
A prominent use for ECL has been in such large mainframe computers as
. the CRAY series of supercomputers. The AIT serles resonant inverters
operating up to 100 kHz will not require the speed that ECL provides,

- such as toggle frequencies in the hundreds of MHz region. ECL is not
o considered a candidate for AIT. TTL has been the leader in small and
medium~scale integration (SSI and MSI) although in receut years it has
fallen behind in the trend toward large-scale integration (LSI) because
,jﬁ of thermal limitations in high-density microcircuits. TTL-LS repre-

‘ sents an lmprovement in bipolar technology to make it more competitive
with the MOS technologies. It has much lower power dissipation than
TTL while maintaining relatively good speed and radiatiun resistance.

Pl |
e

- Table 2.3-1 Comparison of Integrated Circuit Processes
; { Integrated
- Circuit Power , Family Radiation
Process Consumption Speed Availability Hardness

75 Bipolar

- - ITL Poor Very Good Excellent Very Good
- - TTL~-LS Good Good Good Good

- - ECL Very Poor Excellent Poor Excellent
) - 12 Programmable Programmable Poor Good
- MOS

e - NMOS Poor Excellent Poor

- - PMOS Good Poor Good

. - CMOS Very Good Good

- - CM0S/S0S$ Very Good Good Poor Very Good
. - CMOS/BULK  Very Good Poor Poor Very Good

The TTL processes yield 5~V parts. The noise margin for 5-V TTL is

. approximately 0.4 V or 8% of VCC. Conservative design practice prefers
i: nolse margins larger than the 0.4 V available from 5-V TTL.

. 1%L 1s still expensive and lacks sufficlent industry interest

: (sources of supply) to be considered a strong candidate for the AIT

- program. Another criticism that has been leveled at I2L is a lack of
e standardization as there are large variations from manufacturer to

- manufacturer.
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The generic MOS processes are NMOS, PMOS, and CMOS. NMOS is currently
the most popular MOS process although it has a narrow range of operat-
ing temperatures, poor radiation resistance, and requires high power.
Many sources of supply and a great varlety of device types have conm-
bined to force its cost to the lowest levels. NMOS is used in many of
the microprocessors for such personal computers as the 6502 micropro-
cessor in the Apple 2 Plus.

PMOS has lower power dissipation and better radiation resistance than
NMOS but few sources of supply and limited device selection. Its de-

velopment has been stifled by the development of CMOS.

CMOS represents a near—-perfect process technology in many ways. Its
quiesceunt power dissipation 1s near zero, and its dynamic dissipation
increases primarily because of parasitic capacitance loading. Noise
imaunity is very high (30 percent of supply voltage for both high and
low states) and switching noilse generation very low relative to TTL and
ECL. A particular advantage of CMOS for the AIT program is that it can
combine both analog and digital functions. Digitally controlled analog
transmission gates are available that can operate with input and output
voltages between zero and a full power supply voltage level. These
gates are highly useful in systems where analog multiplexing and
ac-to-dc conversion functions are required.

An advantage of CMOS 1is that it is available in a variety of operating
voltages, up to 13 V. By going to 15-V CMOS, a noise immunity of up to
5 V can be obtained. This is 12.5 times the noise immunity of 5-V TTL.

Any process technology selected for AIT should be compatible with space
application. This means radiation resistance. The Space Division has {
established near-term goals for microelectronics radiation tolerance
for five-year missions of 5x10% rad (Si) minimum in general and

1x107 rad (Si) for enhanced survivability missions. The lopg-term
goal is 1x10 rad (Si). Unhardened CMOS is good to about 10% rad

(S1). To overcome this limitation, serious development activities are
underway in two areas-~-(M0S/SOS and QM0S/Bulk. Referring to the sub-
strate, SOS indicates silicon-on-sapphire and Bulk indicates silicon
substrate base material, The physics of the Bulk technology are well
understood and its capabilities and producibility have been demon—~
strated by the CRM. Although material problems have plagued CM0S/SOS,
it continues to recelve heavy emphasis.

Sandia's Bulk technology process has been used to fabricate radiation-
tolerant parts since the middle 1970s, first with a metal gate process
and subsequently with self-aligned polysilicon gates. They have con-
sistently demonstrated total dose tolerance in the 107 rad (Si) to

10 rad (si) range. They have also demonstrated upset levels greater
than 108 rad/s. They have fabricated tens of thousands of these
hardened parts that have also functioned over the full range of nor-
mally specified environments. Many of the parts were subjected to full
Class S screening and quality assurance procedures.

Appendix A gives further information about radiation~hard microproces-
sor chip sets.

14

PR . W oe . N - —_— . R U R ..
S A R T R C K AT

. . K
A A A R S P N T A

PRI & . e, LA S
PPN ST . ST W ST PR VA S VIR PP S, P8 00, 7 EPE PR,

R B et e .
it S fo s o




T e EaaE RN el WS R T RTARUTRCTR. T TR il hal e el S e dh i A 00 e a i B 210 g o reeT v
Ly " Pal anige mads abie aech ot

LA Nl Sad el st Sid Mon sebsrmus e - oua S St

2.3.2 Process Technology--Linear

The basic process technology for linear ICs 1is bipolar monolithic. Two
sources were used to gather information about radiation-hard linear
ICs——first the CRM at Sandia National Laboratories, and second, the
Parts Technology group at Martin Marietta Denver Aerospace.

At the time of this survey, CRM did not have any radiation—hard linear
circuits in production (operational amplifiers or comparators). CRM

anticipates some operational amplifiers in production within two years,
but they have no comparators scheduled (Ref 4). Therefore CRM 1is not a

source of radiation-hard linear circuits for the prototype phase of the
AIT program.

The Parts Technology group at Martin Marietta is responsible for
selecting parts for the radiation-hard circuits to be produced in the
near term. They have surveyed commercial manufacturers and compiled a
list of linear IC, digital IC, tramsistor, and passive component pro-—
ducers who have published data demonstrating radiation hardness. It
was concluded that fabrication of radiation-hard electronics using com-
merclally available components in the near term will require the fol-
lowing guidelines. Electronic piece parts that can be produced in the
near term are considered acceptable for use with appropriate derating
at 107 rad (Si) total dose. If the background dose is higher than
this level, local shielding should be used to reduce the total dose at
the piece part of 102 rad (Si).

Table 2.3-2 summarizes linear piece parts demonstrating acceptable rad-
iation hardness to 107 rad (Si).

Table 2.3-2 Linear ICs with Demonstrated Radiation Hardness to 107

rad (S1)

Gepneric P/N Manufacturer MIL-M-38510 Description Hardness Statu
IM101A NSC 10103 Op amp Acceptable
IM103 NSC None Ref Diode Acceptable
1IM105 AMD None Adj Volt Reg Acceptable
IM108A AMD 10104 Op Amp Acceptable
IM111A AMD 10304 Comparator Acceptable
IM113 NSC None Ref Diode Acceptable
LM124 AMD 11005 Quad Op Amp Acceptable
0P-15 PMI None Bi Fet Op Amp  Acceptable
Ref-02 PMI None +5 Volt Reg Acceptable !

Discrete bipolar transistors are subject to beta degradation and satur-
: ation caused by iounizing radiation. The radiation can cause an in-
v crease 1n photocurrents that appear as an increase in collector~to-base
AR leakage, causing the trangistor to saturate. Low-frequency bipolar
transistors are more radiation-sensitive than high-frequency transis-

hﬁf tors. Therefore, a suggested radiation hardening guideline 1is to

AN choose transistors with as high a cutoff frequency as possible.
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2.3.3 SCR Radiation Discussion

An SCR is a four-layer bistable switch that depends on a p-n-p-n struc-—
ture for regenerative feedback. When the SCR loop gain 1s less tham 1,
it is off. When its loop gain is made greater than 1, it is switched
on. It is normally turned on by injecting current into the gate. The
photocurrents caused by ilonizing radiation can produce an apparent gate
current increase. If the photocurrents induce gate current exceeding
the turn-on threshold, the SCR will be turned on by radiation. A gen-
eral rule 1s that the dose rate required to turn a SCR on is propor-
tional to the gate current required to turn on the SCR. The higher the
gate current required to turn on the SCR, the higher the dose rate
threshold for turn-on. At the present time, radiation-tolerant flight-
type SCRs have not been identified.

Fabrication Technology

Table 2.3-3 summarizes the candidate fabrication technologies. The
most desirable technology for the control and protection circuits is
custom IC. Custom IC will yield the lowest unit cost per circuit and
will hasten the wide acceptance and use of the SRI. The fabrication
technology characteristics show that they differ in initial cost, de-
velopment time, time to produce the first prototype, and lot size for
economic production. Custom ICs have the highest initial cost, longest
development time and the highest lot size for economic production, but
the lowest unit cost. Custom ICs may require from $0.1M to $1.0M for
initial cost and require up to a year for delivery of prototypes.

Table 2.3-3 Candidate Fabrication Technologies Compared

All Other

Initial Development 3-Phase Control
Candidate Cost Time Reliability Controller Circuits

Custom IC Highest Highest Highest Yes Yes

Gate Array Lower Lower High Yes No

Hybrid Lower Lower Lower Than Yes Yes
Gate Array

Discrete Lowest  Lowest High Yes Yes

A candidate technology for the three—phase controller is a gate array
because the three-phase controller is primarily digital. Gate arrays
are not a candidate for any other AIT control circuit. Commercial gate
arrays from silicon foundries have been estimated to have an 8- to
12-week turnaround time (from design input to delivery of prototype
chips) with a cost of $10k to $30k.
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The fabrication technology compatible with the low—-production scenario
for the prototypes in this contract is hybrid circuits. Hybrid circuit
technology is a candidate fabrication technology for all control and
protection circuits.

A hybrid circuit fabrication of the three-phase controller is compati-
ble with radiation hardening. The prototype will be built with com-
mercial 4000-series CMOS chips that are not radiation-hard but do have
radiation~hard equivalents to 10 rad (Si). The three-~phase con-
troller can be made radiation-~hard by substituting the radiation-hard
chips from RCA for the commercial 4000-series chips. The 1linear ICs
from Table 2.3-2 that have radiation-hard equivalents will be used for
prototype fabrication.

2.3.5 Options

Table 2.3-4 summarizes the options for the three-phase unit. There are
no theoretical problems with implementing the three-—phase controller by
a commercial CMOS gate array. The controller will require approxi-
mately 100 gates, which is pedestrian. Mask-programmable gate arrays
are capable of speeds up to 10 MHz. A maximum frequency of 2.5 kHz for
the three~phase unit and a maximum of 0.1 MHz for the resonant fre-
quency is required. The most practical option for the three-phase unit
is considered to be hybrid circuit technology because of the availabil-
ity of radiation hard 4000-series CMOS.

Table 2.3-4 Three-Phase Controller Options

Can Design Be
Built with
Radiation~Hard
Option Parts? Comment
1) Use Gate Array from Yes Not practical; hardened gate array
Conklin Chip Set not in production at Sandia.
2) Commercial CMOS Qualified Yes By using CRM radiation—~hard design
Gate Array from a constraints and only cells avail-
Silicon Foundry able from CRM Library, there would
be minimum effort to fabricate in
GUA array at CRM.
3) Hybrid Circuit Yes Prototype with 4000-series QMOS;
o substitute radiation-hard 4000~
P;; series CMOS for later builds; no
ﬁié additional design required for
b radiation hardening.
i
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Table 2.3-5 summarizes the options for the FPG, BBS, control unit, and
protection unit. Commercial linear arrays are not considered strong
candidates because of the lack of radiation-hardened versions of the
linear arrays. There are only digital gate arrays, no linear arrays,
in the Conklin chip set that is being radiation hardened by CRM. Hy-

brid circuits are the most practical option for the prototype
fabrication.

Table 2.3-5 Options for FPG, BBS, Control Unit, and Protection Unit

Can Design Be

Built with
Radiation~-Hard
Option Parts? Comment
1) Commercial Linear No Theoretically a possibility, but
Array the number of linear arrays is
very small compared to digital
gate arrays.

2) Hybrids Yes Hybrid fabrication most practical
for the prototype production quan-
tities envisioned; suggest design
be done using LM108 and LM11l1
parts that have radiation-hardened
equivalents.

2.3.6 Recommendations

The recommendations for the fabrication and IC technologies for the
circuits are summarized in Table 2.3-6. Hybrid circuits are recom-
mended for the firing pulse generator, back—bias sensor, protection
unit, and the three-phase unit. Discrete ICs are recommended for the
control unit because the many external components required to customize
the control circult to the particular SRI negate any advantage in hyb-
ridizing the control circuit at this time. For digital circuits, RCA
4000-series commercial CMOS is recommended for the prototypes. Radia-
tion-hard equivalents of the 4000-series CMOS can be used for later
builds to produce radiation-hard circuits. We recommend the prototypes
be bullt with commercial equivalents of the demonstrated radiation-hard
linear circuits from Table 2.3-2.

18
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Table 2.3-6 IC Technology and Fabrication Recommendations

L TE L Ny R VRN LYY

Fabrication
Unit Technology IC Technology
Three-Phase Hybrid RCA 4000-series CMSOS for prototype;
substitute radiation-hardened RCA
4000-series for flight.
FPG, BBS, Hybrid Monolithic bipolar, LM108 and LM11l1l

Protection for linear, digital same as
three~phase.

Control Discrete Monolithic, LM108, LM111l, and OP-l5,

FUNCTIONAL DESIGN

Objectives

The objectives of the functional design task were to:

1) Identify the functional elements;

2) Generate system block diagrams for each of the three existing APL
SRI topologies;

3) Generate functional requirements for each functional block;

4) Perform a functional design for each functional block to the block

diagram and schematic level.

This section describes the system—level block diagrams. Conceptual
design of the functional blocks will be discussed in Section 2.5 (cus-
tom part specifications).

Partitioning

The control and protection functions were partitioned into the fol-
lowing five areas:

1) Back-bias sensor;
2) Firing pulse generator;

3) Protection unit;
4) Three-phase unit;

S) Control unit;

10-kW dc/dc Block Diagram

Figure 2.4-1 1s a block diagram of the control and protection circuit
configuration for the 10-kW dc-to-dc converter. The features of the
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Figure 2.4-1 8BS All

10-kW dc-dc Simplified Functional Block Diagram
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power stage are that it is a half bridge with two SCRs, two BBSs, and
two FPGs, There is one control unit, one protection unit, and one
housekeeping power supply. The start function 18 shown as a separate
block to highlight it, but it is functionally incorporated in the pro-
tection unit. The housekeeping supply includes a debounce circuit for
the logic start signal configurations. The feedback parameters used for
control are the resonant current and the output voltage.

2.4.4 5-kW ac—-dc Block Diagram

Figure 2.4-2 1s a block diagram of the control and protection circuit
configuration for the 5 kW ac~dc converter. The significant features
of the 5-kW ac-dc configuration are that each of the 12 SCRs functions
as an SCR 1/3 of the time, a diode 1/3 of the time, and is inactive 1/3
of the time. There are six phase pairs within 360 electrical degrees.
The phase pairs must be sensed, and while the system is operating
within a phase pair, the system equivalent circult is that of a full-
bridge SRI-based converter.

SCR 1 BBS FPG XFORM SCR 1
AK 1 T 1 I Gate
3-Phase
. ] Unit ° . .
[ ] L L [ ] [
. . . . .
-~
SCR 12 BBS a o - FPG | IxFORM | _IscR 12
AK 12 M5 2 3 7] 2 12 Gate
gedx gL
Liwooego
Vio) —o=f fer} 1
Vic) —om fer) 2 .
Protecti m
Vis) = Unit ction Vis)
ove
o & g
g > i o& Housekeeping
{0} —*
-‘l Control Start
is.p Unit
Vs.p. e
ac dc
BBS Al

Figure 2.4-2
5kW Three Phase ac-dc Simplified Functional Block Diagram
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The control
for each of
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and protection circuit includes 12 BBSs and 12 FPGs, one
the 12 SCRs. The three neutral to phase voltages are in-

three-phase unit where they are used to determime the in-
stantaneous operational phase pair. The RFT signal is generated in the
three-phase unit and sent to the protection unit. When the protection
unit determines it 1s safe to go from one phase pair to another, {t
responds by sending a SFT signal to the three-phase unit. The feedback

parameters used for control are the resonant current and output voltage.

200 kw dc/dc Block Diagram

Figure 2.4-3 is a block diagram of the control and protection circuit
configuration for the 200-kW “c-dc converter. The significant features
of the power stage topology are that there are twin full bridges, eight
SCRs, and each SCR is provided with an antiparallel diode. The SCRs
function as SCRs only. They do not have to function as diodes as in
the three-phase configuration. Each SCR is used, at most, 50% of the

time.
SCR 1 8BS 1 FPG W
SCR 2 BBS 2
L ) T
3 3 8ss Fire
GRP 1 GRP 1
4 4 ‘ 3 3 3
) I = N
6 6 | BBS
GRP 2
I—* ‘ ~ sl s 5]
SCR 7 B8S 7
SCR 8 8BS 8 =R D
Fire
GRP 2
=
("
Protection m .
Unit
CiR)
Vio)e————a] CiR}
Lim
Vig)————a] Vs
Vis) e | v Ve
-« o ¥ £
> > u ¢
Housekeeping
1{0) et Start
ISP, ———a Control
Unit [ de
VSP e ‘ ‘
BBS

Al

Figure 2.4-3 200 kW dc-dc Simplified Functional Block Diagram

Significant features of the control and protection circuit are the
eight BBSs and eight FPGs. Because there are two full bridges for one
direction of resonant current two SCRs must be fired for each bridge,
or a total of four for the two bridges. The four SCRs associated with
the same direction of resonant current are fired from the same protec-
tion unit signal. The firing pulse generators are all referenced to
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signal ground. The SCR gate and cathode circult are isolated from sig-—
nal ground with a transformer. The resonant current and the output
voltage are the feedback variables for control.

CUSTOM PART SPECIFICATIONS

There are five functional elements: (a) firing pulse generator, (b)
back-bias sensor, (c) protection unit (d) three-phase unit, and (e)
control unit. The detail requirements are described in the following
subsections.

Four of the five functional circuits have been implemented as hybrid
custon parts. The control function 1s implemented using small scale
integrated circuits to facilitate circuit modifications. A unique con-
trol function is not optimal for all power converter applications.

Firing Pulse Generator

2.5.1.1 Background~-The three SRI power stages all use SCRs as the
power-switching device. The fundamental interface requirements for an
SCR gate circuit are the open-circuit voltage, the equivalent series
resistance, and the pulse width. A survey of modern large SCRs re-
vealed that they all have approximately the same gate turn-on require-
ments. The modern SCRs all have amplifying gates. The gate current at
turn—on is specified as 150 mA and the voltage as 3 V. Turn-on times
are typically 3.5 microseconds maximum. Figure 2.5.1-1 shows typical
SCR turn-on delay time as a function of gate current. The figure shows
that a gate current of 0.5 amp produces a delay time of 1 microsecond.
Gate currents lazger than 0.5 amp provide only marginal reductions in
the delay time. The rise time of the current should be less than one
microsecond.

Another factor that influences the required open-circuit voltage for
the SCR gate drive circuit is the time rate of change of current
(di/dt) that must be supported while the SCR is turning on. If the
maximum specified di/dt is called for, an open—circuit voltage of up to
15 V can be required (Ref 5). From an analysis of existing SRI conver-
ters it 1is apparent that they have been designed for a low di/dt during
SCR turn-on. For example, the 200-kW dc-dc unit has a maximum di/dt of
6 amps per microsecond. This is much less than the 100-amp per micro-
second the SCR 1s rated for. When the circuit of the 200-kW FPG was
analyzed, we found that the open-circuit voltage was 6 V. In the
200-kW FPG, there was no intentional series resistance. Only the para-
gitic resistance 1in the circult was used to limit the gate current.
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Figure 2.5.1-1 Typical SCR Turn-On Characteristics

Figure 2.5.1-2 shows an idealized representation of the FPG current
waveform. There are six adjustable parameters: four current levels
(IP1, IP2, Idcl and Idc2), and two pulsewidths (TPl and TP2).

A discussion of the FPG characteristics for the power switch drive com-
binations shown in Figure 2.5.1-3 follows. The SCR direct drive re-
quires a current pulse from the FPG for SCR turn—on but no sustaining
current to hold the SCR on. A gate—assisted turn-off (GTO) SCR will
require a current pulse for minimum turnoff time. For driving a bipo-
lar transistor with proportional drive, the FPG must supply both turn-
on and turn-off pulses. The proportional feedback will supply the base
current to hold the bipolar transistor on. Because bipolar direct
drive requires the FPG to supply all of the base current while the
transistor 1s conducting, it is not practical for large SRI-based
converters.
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Figure 2.5.1-2 FPG Current Waveforms
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A MOSFET requires only gate voltage for continuous conduction. The FPG
must supply an initial turn-on current pulse to charge the gate capaci-
tance and a sustaining current to maintain voltage on the gate clamp.
For turn—-off the FPG must supply a negative current pulse to discharge
the gate capacitance and a sustaining current to maintain the reverse
voltage clamp.

Q
SCR
FPG FPG % Clamp Diode
1 Clamp Diode

o
I SCR Direct Drive

Bipolar Proportional Drive

. J

Clamp Diode
| v ]

I Bipolar Direct Drive I I

Mosfet Drive

Figure 2.5.1-3 Possible Drive Combinations

An investigatlon was made to determine the compatibility of require-
ments for the SCR drive and bipolar transistor drive. From tests of
the 5-kW ac-dec and 10-kW dc-dc breadboards, it was found that actual
firing pulse generator requirements could be met by an open—circuit
voltage of 9 V, a peak current of 1.5 amps, and a pulsewidth of 4
microseconds. In Ref 6, Robson and Hancock described the development
of base drives for SRI using the bipolar transistors D60T and D70T. In
thelr paper, they list the following as turn-on pulse requirements for
proportional drive.

Transistors Pulse Amplitude, A Pulse Width, ms
D60T 12 15
D70T 30 10

From these considerations, it does not appear a single firing pulse
generator could be optimum for both an SCR and a bipolar proportional
drive. A circuit that is designed for a 1,5-amp SCR pulse will be too
small for the bipolar drive. If the firing pulse generator is designed
to supply elther 12- or 30-amp pulses for bipolar drive, the circuit
will be greatly overdesigned if used with an SCR. During the detailed
design phase, attempts were made to reconcile the conflicting require-
ments of an SCR and bipolar transistor proportional drive for a single
drive circuilt.
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2.5.1.2 Requirements--As a minimum, the firing pulse generator must
function with the three existing SCR power stages. The firing pulse
generator must have the following characteristics:

1) Open-circuit voltage--15 V,
2) Peak current--2 amps,

3) Pulsewidth--To 10 microseconds where these parameters can be made
smaller by changing circuit components.

This set of requirements will allow the same SCR gate firing circuit to
meet the requirements for the three existing APL converters and also

provide lower gate voltages and currents for minimum gate circuit dis-~
sipation and maximum efficiency.

2.5.1.3 Block Diagram--Figure 2.5.1~4 is a block diagram of the SCR
FPG with transformer isolation. The transformer provides isolation
between signal ground and the SCR gate and cathode.

Power
Charging
Network
Fire
Group - Digital . .
Command Interface Switch Capacitor
i SCR
Isolation Pulse o
Transformer Former Pulse

Figure 2.5.1-4 FPG Block Diagram

2.5.1.4 Circuit Diagram—-Figure 2.5.1-5 shows a circuit diagram for
the capacitor discharge FPG. The components inside the dashed lines
are those to be incorporated in a hybrid circuit, The switch 18 com-
posed of Ql, Q2, and Q3. Energy storage capacitor Cl is charged
through R2, and Tl 1is the isolation transformer. The pulse character-
istics can be controlled by varying Cl, the turns ratio of Tl, or by
varying R3.
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2.5.2
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Figure 2.5.1-5 FPG Schematic

2.5.1.5 Power--The FPG shall be provided with 15 V, +10%. The fire
command to the FPG shall be a positive true signal from the 15-V CMOS.

2.5.1.6 Parts List——The parts list is summarized in Table 2.5.1-1.

Table 