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FOREWORD
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was administered under the direction of the Research and Technology
Division, Wright-Patterscn Air Force Ease, with Captain Harold L,
Brizgs as the Project Officer. The ansalyticsl effort upon which
the report is besed was accomplished or directed by the Energy Con-
vercion Group of the Research and Devslopment Division of North
American Aviation. Experimental analyses .zre performed by the
Electrical Laboratory of lorth American Aviation, Inc,

Mre Jo Jo Plerro, Irineipal Scientist of Avionles and Mr, W,
Deniéls, Jr., Manager of Applied Science were responsidble for the
work covered under Contract Mo, AF33(657)-110l9. Research started
on April 15, 1963 &nd was completed on February 15, 196L.
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sistor converter designs end to Matt Hansen and Larry Opel for
assistance in the area of electronagnetic techniques and generator
deslgne Floyd Pixley and de ifarvey cf the Laboratory gave admirable
assistance in performing the eors loss and transistor response
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ABSTRACT

Contract objectives called for an analytic and experimental
investigation of techniques whereby an efficient and lightweight
power conversion unit can be provided, The conversion unit is
to be used to supply high-frequency electric power to accelerate
plasmas in an electric propulsion engine, Various conversion
and power genaration techniques were reviewed in the early part
of the study before approaches and concepts were established,

In sddition to the converter concepts, an additional investiga-
tion of high-frequency power generation was performed, After the

investigation, en anslysis of possible approaches for
conversion of 60 KW of SHAP 8 type of power and 300 KW of SFUR type
of power was made and conceptual designs established, Three con-
verter techniques in addition to a high-frequency generator cone
cept were eveluated; namely, a motor-gemerator unit, a statie
transistor unit and a static tube unit,

Parametric data was derived and is included in this repcrt
to show component losses, size and weight, Problem arsas under
esch conversion technigue hsve been outlined and areas for future
applied resesrch recommsnded,

PUBLICATION REVIEW

the content of this report represents the scisntific findinge
of an Air Force sponsored program. Publicstion of this technical
documsntary report dees not constitute Air Force approval of the
f;ngdinga. It 1s publisbed only for the exchange and stimilation
o 038,

14




Section

II

X

Vi

TABLE OF CONTENTS

!

INTRODUCTION
MOGRAM SUMMARY
HIGH-FREQUENCY POWER GENERATION TECENIQUES
ELECTROMAGNETIC GENERATORS
ELECTROSTATIC QENERATORS
ROTARY CONVERTER TECHNIQUES
STATIC CONVERTER TECHNIQUES
CONCEPTUAL CONVERTER DESIGNS
STATIC TRANSISTQ CONVERTER DE':IUNS
STATIC TUBE CONVERTER DESIONG
MOTOR-GENERATOR DESIGN CONCEFT
HIGH-FREQUENCY GENERATOR CONC7P7Y
RELATED STUDIES
ENVIRONMENT

APFROACH TO SYSTEM COOLING
ANALYSIS OF MATERIALS

RADIATION RESISTANCE OF CONVERTER COMFONENTS

RELIABILITY
EXPERIMENTAL STUDIES
CONCLUSIONS AND nZCOMMENDATIONS
BIBLIOGRAPHY
APPENDIX

TRANSFORMER DESIGN ANALYSIS

ANALYSIS OF SCR FREQUENCY POWER CONVERTER

TRANSISTOR POWER CAPABILYTIES

Page

L
1k
33

63
m
136
154
154
159
176

197
205

241
2ks
2k7
2hg

252
256




1.

2.

3.

k.

5.

6.

e

8.

9
10.
1,
12,
13,
b/
15,
16,
17.

18.
19,

3JST OF JIIUSTRATTIONS

TITIE

Comparison of Waight vs, Frequency for 60 KW and 300
Converter Units,

Comparison of Efficiency vs, Frequency for 60 KW znd 300
KW Converter Units,

Comparison of Weight snd Efficiency vs. Frequency for
High-Frequency Generator,

Analysis of System Weight vs, Tempsrature for 60 KW
Converters.

Analysis of System Weight vs, Temperature for 300 KW
Converter: .,

Analysis of System Vleight vs, Temperature for High
Frequency Generator,

Comparison of High Frequency (50 to 200 KC) Generator
with SPUR Type Generstor Flus Static Converter Unit,

Weight vs, Freéuenqy Comparison of High Frequency

(50 to 200 KC) Generator with SFUR Type Generator

Plus Static Converter Unit,

Power vs, Frequency for Rotating Generators.

Estimated Weight vs, Frequency fbr Retating Generstors
Electromagnetic Generator Concept (Perspective)
Generator Concept "A",

Generator Concept "B",

Generator Concept "C",

Flux Switch Cenerator Concept "D",

Generator Concepts "E" and "F",

Specific Weights of Practical Electrostatic and
Electromagnetic Designs.

Electrostetic Generator Techniques,

Comparison of Semiconductor Devices,

iv

17
18
19

N
A7V

R 8 8K




FIGURE NO,

20,
21,
22,
23,
2k,
25,
26,
27,
28,
29,
30.
31,
32,
33.
3k
35,
36.

37.

38,

LIST OF ILIUSTRATIONS (Conutinued)
TITLE

SCR Frequency Chager Techniques,

SCR Inverter Schemes,

Transistor Inverter Techniques,

High Voltage Dual Transformer Converter,

Other Inverter Schemes,

RF Generator Tube System Schematic,

Basic RF Generator Tank Circuits,

Power Supply Rectifier Circuits for RF Genarator.
RF Tubes Available for Oscillator Use.

Magnetic Multiplier Techniques,.

Transformer Parameter Analysis,

60 KXW Static Transistor Converter (Perspective)

Preliminary Schemstic of 60 KW Static Transistor 1,
Preliminary Schematic of £G ¥W Static Transistor 3¢,
Preliminary Schematie of 300 XW Static Transistor 1,
Preliminary Schematic of 300 K4 Static Transistor 3f,

Preliminery Mechanical Design of 60 XW, 1§, 200 XC

Static Transistor Converter (Typical of 50 and 800 KC

Designs,
Preliminary Mechanical Design of €0 KW, 3@, 200 XC

Static Transistor Ccnverter (Typical of 50 and 800 KC

Designs.
Preliminary lYechanical Design of 300 ¥, 1, 200 KC

Static Transistor Comverter (Typical of 50 and 800 KC

Designs.

PAGE

N
39

285 E

B

6

-3

3
T

5




FIGURE NO,

3%

Lo,

L1,

L2,

L3,
Ll
LS.
L6.
47,

L8,

L9,

50,

LIST OF YLLUSTRATIONS{Continued)

TITLE PAGE
Preliminary Mechanical Design of 300 XW, 3§, 200 XC 82

Static Transistor Converter (Typical of SO and 800 KC
Mi@'o

Thermal Flow Diagram for Static Transistor Converter, %
Thermal Flow Diagram for 60 XW and 300 XW Statio 86
Trensistor Converter,

Analysis of System Weight vs, Temperature for Static 87
Transistor Converter (60 KW and 300 KW).

Static Tube Converter Unit (Perspective), . 89
Preliminary Schematic of Static Tube 1f Converter. ) |
Freliminery Schemstic of Static Tube 3@ Converter, 92
ﬂwr&ron Control Technigue, 96

Preliminary Mechanical Design of €0 KW, 1¢, 200 KC Statiec 101
Tube Converter (Typical of 50 KC and 800 KC).

Preliminary Yachanical Design of 60 KW, 3@, 200 KC Static 104
Tube Converter (Typical of 50 KC and 800 KC),

Preliminary Mechanical Design of 300 KW, 1§, 200 KC Static 105
Tube Converter (Typical of 50 KC and 800 KCj,

Preliminary Mechanica> Design of 300 KW, 3§, 200 KC Statie 106
Tube Converter (Typical of 50 XC and 800 KXC),

Analysis of System Weight vs, Temperature for Static Tube 107
Converter (60 KW and 300 KW),

Thermal Flow Diagram of €0 KW Static Tube Converter, 109
Thermal Flow Diagram of 300 KW Static Tube Converter, 10
Motor Generator Unit (Perspective), 12
Details of Basic Generator Concept, 16
NADYNE Synchronous Motor Details, 18




LIST OF IILUSTRATIONS Continued)

FIGURE NO. TITIE PAGE

57, Preliminary Mechanical Design of 60 KW, 1§, 50 KC Motor 122
Generator,

8, Preliminary Mechsnical Design of 60 KW, 1¢, 100 KC Yotor 122
Generator.

59 Preliminary Mechanical Design of 60 KW, 1§, 200 KC Motor 123
Generator,

60, Preliminary Mechanical Design of 60 XW, 3@, 50 XC Motor 12
Generator (Typical of 100 KC and 200 XC).

6l. Freliminary Mechanical Design of 300 KW, 1§, S0 KC Motor 128
Generator,

62, Freliminary Mechanical Design of 300 XKW, 1@, 100 XC Motor 129
Generator,

63, Preliminary Mechanical Design of 300 KW, 1, 200 KC 130
Motor Generator,

6lie Preliminary Mechanicsl Design of 300 KW, 3@, 50 KC 1
Motor Generator (Typical of 100 KC and 200 KC),

&5, Analysis of System Weight vs, Temperature for Motor 132
Generator (2 figures) (60 KW and 300 XW),

€6, Thermal Flow Disgram for 6C KW and 300 Kiw “fotor Generatcr, 133

57 Efficien.y vs. Temperature for & Motor-Generstor Con- 13}
verters,

68, Basic High-Frequency Gencrator Configurstion (Perspective). 137

9, Freliminary lMechenical Design of 50 KC High-Frequency L0
Generator,

70, Preliminary “echanical Design of 1CC KC High-Frequency uml
Cenerator,

. frelirdnary Mechsnical Design of 200 KC High-Frequency 3
Generator,

72, Analysis of System Welight vs, Temperature for High-Frequency 1L47
Generator,

3. Therral Fl'w Diagram for High-Prequency Generator, U8




FIGORE MO,

e

5.
6.
m.
78,
1%

80,
81,
82,
83,
8

85.
86,
87,
88,
89,

90.
91,
92,

93.

LIST OF ILIUSTRATIONS(Continued)
Ine

Efficiency vs, Temperaturs for High-Frequency Generator
Concept,
Efficiency vs. Weight for Varicus Generator Materiasls,
Weight vs, Temperature for HYMJ 80 Material.
Weight vs, Temperaturs for Silioon Steel,
Proton Intensity with Typical Earth Orbits.

Analysis of Cooling System Weight vs, System Operating
Tenperature.

Typical Space Cooling System,

Space Radiator Desiim Technique,

Analysis of Radiator Area vs, Temperature,

Fluid Flow Rate vs. Fluid Temperature Kise of 0S-12L,

Typical Transformer Construction Showing Cooling
Provisions,

Transistor Cooling Concept.
Transistor MMounting Considerations,
Flux Density vs, Temperature for Various Msterials,

Hysteresis Loops cf Various Magnetic Materials,

Variation of Physical and Magnetic Properties of Zlectri-

cal Steels,
Flux Density vs., Core Luss for Var ~us Materisls,
Flux Density vs, Core Loss for Various Materials,

Core Loss vs, Temperature and Flux Densi! - for 3-1/L%
Silicon Steel,

Core Loss vs, Temperature and lamination Thickness for
Various Materiels,

viii

150

153
153
157
160

161
161
163
169
in

173
17k
177
179
18¢

182
183
185

186




LIST OF JLLUSTRATIONS{Continued)

' FIGURE NO, TITIE PAOE -
ke Iron Loss Data for Generator Desijns, 187
95. Comparison of Yield Strength and Flux Densities, 190
96, Yield Stress vs, Temperature for Magnetic Steels, 1) |
97 Relative Radiation Tolerance of Various Materials, 198
98, Radiation Tolerance of Capacitors snd Resistors, 203
99, Reliability Required for Various Mission, 206

100, Core Loss vs. Frequency for Various Transformer Materials, 211
101, Core Loss vs. Frequency for Various Transformer Materials. 212
Including Ferrites.
102, Transformer Core Output Voltage Waveforms, a5
103, Transformer Core Output Voltage Waveforms (Including 28
Ferrites).
104, Laboratory Core loss Test Circuits, 29
105, Laboratory Test Set-up (50 KC), 220
106, Laboratory Test Set-up (100 XC - 800 XC). 222
107. Laboratory Test Set-up Showing Cores, 223
108, Current Sharing Waveforms, 225
1094, Frequency Pc:ponse Waveforms (5 Farallel Transistors). 226
1078, Frequency Response waveforms (5 Parallel Transistors), 229
110A, Frequency Response Waveforms (10 Parallel Transistors), 230
110B, Frequency Response Vaveforms (10 Parallel Transistors), 231
1114, Frequency Response Waveforms (2C Farallel Transistors). 232
1118, Frequency Response Waveforms (20 Parallel Transistors). 233
112, Test Circuit Schematic, 236
113, Test Set-up Showing Mounted Transistors, 238
11L. Test Cet-up Showing Transistor and Instrumentation, 239

ix




LIST OF TLLUSTRATIONS (Continmed)

FIGURE NO, TITLE

1ns, Test Set-up Showing Power Supplies.
116, Schematic of £0 KW, 50 KC, SCR Inverter.

1n7. Power-Frequency Material Relationship (1963).




TABLE RO,

1.

2.

3.

Le

Se

6e

Te

e

10,

11,

12,

13,
1L,

16,

LIST OF TABLES
TITIE

Summary of 60 KW Static Transistor Converter Para-
metric Datse

Summary of 300 KW Static Transistor Converter Para-
metric Data.

Preliminary Component List for 60 XKW, 1f, Statie
Transgistor Converter,

Preliminary Component List for 60 KW, 3@, Statie
Transistor Converter,

Preliminary Component List for 300 KW, 1¢, Static
Transistor Converter,

Preliminary Component List for 300 KW, 3¢, Ststie
Transistor Converter,

Summary of 60 KW Static Tube Converter Parametric
Data,

Summary of 300 KW Stetic Tube Converter Parametric
Data,

Preliminary Component List for 60 KW, 1@, Static Tube
Converter,

Preliminary Component List for 60 KW, 3f, Static Tube

Converter,

Preliminary Comporent List for 300 KW, 1@, Ctetic Tube
Converter,

Preliminary Component List for 300 KW, 3¢, Statie Tube
Converter,

Surmary of €0 KW Motor-Generator Parametiric Data.
Surmary of 300 KW Motor-Cenerator Parametric Data,
60 K4 Motor-Generator Design Data (1f).
60 KW otor-Generator Design Data (3f).

FAGE

93

98

100

113

119
120




¢ u B
%

SR IS

T 3 3

8

LIST OF TAHLES (Continued)

TITLE
300 XW Motor-Oensrstor Design Deta (1f)
300 KW Motor-Generator Design Data (3f)
Swwary of High-Frequenoy Generator Psrametric
Rgf;nqunmy Generstor Design Data
Summary of Coolants
Propertiss of Orgsnic Coolants
Properties of Inorganic Coolants
Maximum Temperaturs of Transformer Insulations
Percentage Change in DC Magnetio Properties as
Result of Irrsdiation
Parametric Deta on Core Tests
Paramstrioc Data on Core Tests
Current Sharing Resulta
Test Instrumentation

Preliminery Coxponent list for SCR Converter

xil

PAGE

127

139

166
167
195

213

226

237
25L




INTRODUCTION

A need exists for efficient and lightweight power conversion units for use
wvith space power systems currently being developed. One of the several areas
in which converters are needed is for supplying high-frequency, high-voltage.
power to accelerate plasma in an electric propulsion engine. The objective of
this ten-month study effort, which began 15 April 1963, was to analytically
investigate techniques for providing such specialized power requircments and
to formulate conceptual designs for both 60 XW and 300 KW units. A second

part of the study involved an analysis of component designs for the generation
of high frequency electrica : wer.

Areas of jeneral analysis included rotary-mechanical, frequency-changer,
transformer and logical combinations of thzse converter devices. In arriving
at specific conceptual converter and high frequency generator designs,
related areas of materials, environment, cooling, and reliability were
studied. Two areas of experimental investigation to support analytic effort
included measurement of magnetic core loss magnitude at high frequencies and
determination of transistor response in a high-frequency, power-chopper cire
cuit.,

Parametric data ies included in this report in order that a comparison of
motor-generator, static tube and static transistor converter techniques can
be made in the frequency range of 50 to 800 kilocyeles and the power range of
60 to 300 kilowatts.

Problem areas for each conversion technique are analyzed and areis fov
future applied sclence research are recommended.

M.nuseript released bty authors, March 15, 1964, for publization as a Technical
Documentary Report.




PROGRAN SUMMARY

The investigation of techniques for converting power from SHAP 8 and
SPUR type power systems for use in high-voltage, high-frequency electro-
magnetic propulsion units covered a variety of AC to AC power conversioa
methods. (The high frequency range in this study is from 50 KC to 800 KC
and represents a pover frequency range higher than that considered im com~
ventional power systems. The expression "high frequency” 1is not to be
mistaken for the HF frequency range of five to fifty MC used in commmice~
tions.) Analysis of these conversion wmethods lead to the formulation of
several techniques vwhich appear most feasible for use in convert electric
power at these levels and frequencies to high-frequency (50 KC to KC),
high-voltage power. Each of these technigues discussed in this report along
with conceptual designs for three specific converier systems to meet the 60
KW and 300 KW power requirements. The three converter designs are: (1) a
motor-generator concept, (Z) a static transistor unit, and (3) a static tube

concept.

A second part of the study involved analysis of techniques for generst-
ing high-frequency electric power directly from a turbine shaft output. A
high-frequer- .lectromagnetic generator was designed using a solid-rotor,
static-winding technique and analyzed for use in meeting the requirements
of the Work Statement. Parametric data and design drawings are included im
the report to show the feasibility of such a machine.

Genera:l conclusions reached at the end of the study program are:

1. The tranristor converter is lightest in weight and highest in effi-
ciency bo.h when considered as a separate unit and also whea the
}otal veight of converter and cooling system are considered. Total
weight decreases with increasing temperature, but operating tem-
peratures above 300°F coolant temperature produce very little
weight decrease. From a reliability standpoint 300°F appears
best.

2. The high-frequency (50 KC to 200 KC) generator corcept is competi-~
tive with the transistorized converter design belc about 50 KC,
but not above. Even at frequencies up to 100 KC and above, a
generator designed with an output frequency to matck the require-
ment of an electromagnetic propulsion engine to be drivea
directly from the turbime should be considered since the absence
of a converter unit increases the reliability of the comversioa
system and may be worth the additional weight in this frequeacy
regime. Comparison of a turbine-driven generator with an output
in the 50 KC to 200 KC range with a low frequency generator plus
a converter is made later ia this sectionx.

3. The motor-generator converter is also competitive with the tram-
sistorized converter at the 50 KC level, but gets decidedly

T T SIS e e i ——— i e e -




heavier at the higher frequencies. The reliability of a motor-
generator unit with its high temperature capability over a multi-
transistor converter unit with temperature-limited transistors
should be considered at the 50 KC to 100 KC level, even at the
disadvantage of being heavier and less efficient than the
transistorized converter. '

4., Both the transistorized converter and the direct high-frequensy
generator offer a very important potential for application to
+ightweight ion engine systems as well as for the plasma engines
of this study application. The high-frequency technique permits
extremely lightweight transformer designs which, when applied to
the ion engine system, may lead to less total weight than the more
direct transformation and rectification of 1,000 or 3,200 eps
power for DC ion engines. High-frequency power in the 60 to.300
KW power level is used in radio communication and also in induct-
ion heating techniques. In each of these areas the volume of
equipment is not critical and in most instances efficiency of
operation is not too critical. Nevertheless, r-f generation
techniques appeared feasible in the early analysis and were
explored further.

Parametric data on weight and efficiency versus frequency for converter
and generator systems in summarized in this section. A more detailed dis-
cussion of (1) high-frequency generation and conversion techniques, (2) con-
ceptual converter designs, and (3) conceptual high-frequency generator
designs is presented in later sections.

Converter Weight Versus Frequency .

Converter system weight as a function of frequency in the 50 to 800
kiloeycle range is cshown in Figure 1. This data for both single-phase and
three-phase converter designs compures the three types of converter concepts
which formed the major analytic effort of the study. The welght advanta e
of the static transistor converter over the other two concepts at ~uch ol
tne three converclion irequerc’cs is quite evident. The rmutor-joncoi.o.
concept is competitive wivn the static iransistor converter in wel .. 1,
at the 50 kilocycle level, but gets decidedly heavier at the 200 kilocyc'e
level. The motor-generuti: conceol was not considered at Lz ZOC Wile otz
level becauce oI the vxwrer: n cer of poles and/or high rotor spued . -
quired for sucn a high-froguency output. The statie tube converte. s
neaviest of the thre: converter types, but like the statlec transistor wni:
is fairly irndevindeut of th2 frequency conversion level throu~iiout the
to S00 kiloeycle range. Weights for the transistor desicns were con!d --
ably less than thic overall component weight design objective of 300 pounis
for the 60 KW unit and 1,000 pounds for the 300 KW unit.

Converter Efficiency Versus Frequency

The three converter types analyzed during the study program are compared
from an efficiency versus frequency stundpoint in Figure 2. The static
trancistor concept is the most efficient of the three concepts with the
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static tube converter being the least efficient. To be noted is the fact
that the efficiency of the 300 KW unit exceeds the design objective of 90
per cent and is greater than 96 per cent for the 300 KW single-phase design.

Generator Weight and Efficiency Versus Frequency

A portion of the study involved an analysis of high-frequency (50 KXC
to 800 XC) power generation by rotary-electromechanical techniques. A
solid-rotor electromagnetic generator design was also analyzed for use in
deriving high-voltage, high-frequency directly from a 500 hp, 24,000 rpm
mechanical shaft. Figure 3 compares weight (lbs/KW out) versus frequency
for the conceptual design in the 50 to 200 kilocycle frequency range and
indicates the possibility of achieving a system design weight objective of
1,500 pounds or less. High-frequency (50 KC to 200 KC) gcnerator effici-
ency ranges from above 95 per cent for the 50 kilocycle design to nearly 93
ver cent for the 200 kilocycle design. This exceeds the 85 per cent design
objective of the Work Statement.

Converter System Weight Versus Temperature

System weights for both 60 KJ and 300 KW converter units are compared
in Figures 4 and 5. Total system weight (including coolant system provis-
ions) is extremely dependent on the operating temperature of ihe system.

At the low temperature level, the static tube and the moter-generator units
are quite heavy. As the operating temperature is increased towards the
1,000°F level, particularly at the 60 KW level, the system weight curves
become more convergent and the heavier static tube and motor-generator con-
verter designs become more competitive with the transistor design. At
temperatures above 27S°F, the static transistor and motor-generator unit
(50 KC) meet the system weight objective of 300 pounds for both a single-
rhase and three-phase unit. The system weight comparative analysis for

300 KW converter designs shows a wider range of coaverter weights at the
low temperature (200°F) level than for the 60 XW unit. ™e design objective
of 1,500 pounds for this converter, to be used with a SPUR type power
system, can be met in all the concepts except the 200 KC motor-generator.

The curves of Figures 4 and 5 resultéd from cooling system studies per-
formed during the program in which radiator, pump, coolant fluid, and cool-
ant tube weights were analyzed for each of the converters and generators.
These curves are based on the weight of a ccoling system with a "heavy"
radiator, one designed with adequate protection against meteorites. A
radiator with less meteorite protection was considered in the weight
analysis, but this concept was not used because of the desire to be con-
servative in assessing the cooling system weight penalty for each of the
concepts. Total system weights are somewhat less when the lightweight
radiator concept is used, but the weight trends do not change. A more
conplete picture of the effect of cooling system requirements on total
system welght is given in the Related Studies section.
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Total Geperator System Weight Versus Temperature

Figure 6 summarizes generator configuration weights and cooling system
weights in a plot of total generator system weight versus syi:tem operating
temperature. The design objJective for this portion of the study can easily
be met, as shown by the curve at the 50 KC frequency. System weight also
increases with frequency &3 shown. The feasibility of generating power st
the required high-frequency (50 KC to 200 KC), high-voltage level and elimi-
nation of frequency and vcltage multiplier devices is quite evident here.

The same feasibility applies to use of a nigh-voltage generator tech-
nique in comjunction with rectifiers to arrive at high-voltage DC power for
use in an ion type engine. The main advantage in this technique would be
in elimination of the transformer weight required in generating at a lower
voltage and stepping up to the required high-voltage level.

High Frequency Generator Versus a SPUR Type Generator Plus Converter

he basic power suvplies considered in this study were of the SNAP 8
and SPUR types and each  :nerates low frequency {1 XC and 3.2 KC) power.
Since high-frequency power is required for the electromagnetic engine of
this etudy, it was early considered that the low specified frequency of
pover generation (1 KC and 3.2 KC) was not an optimum input frequency
level. With this thought in mind, a parametric study was performed to
compare the following conversion concepts for delivering high frequency
(50 XC to 200 KC) power to an electromagnetic propulsion engine:

1. A high-frequency (50 KC to 200 ¥C) generator design concept of
this study which delivers the required high-frequency, high-
voltage power.

2. A SPUR type low frequency generator plus a converter design of
this study.

Figure T compares the two conversion concepts on a lbs/KW out versus
temperature basis. Weights include cooling system penalties for the SPUR
type generator operating at two fixed temperature levels (600°F and 800°F)
with the static trar .ister converter operating at various temperature
levels. Also conr .dered were the weights of two cooling system concepts,
one based on a heavily-protected type of radiator and the other one a
lightweight radiator. Significant is the fact that the high-frequency
generator concent s lighter in weight than the SPUR type generator plus a
converter over a major portion of the temperature spectrum. Figure 8 plots
weight versus frequency to show the "btreakover" points for the two concepts.
A single generator unit producing the required high-frequency output is
lighter in weight than the SHMIR tyre generator plus a static transistor
converter up to approximately 100 KC in a system utilizing the heavy
redlator concept. Two operating tempe.ature levels for the converter
were considered (300°F and 600°F). This leads to the conclusion that below
approximately 150 KC, the HF generator is the lightest and most efficient
way to generatc high irequency power. Above this frequency, a low frequency
generator plus a transistor converter is lighter. Above 200 KC, only the
converter auproach is feasible due to the inability of generator designs
investigated to operate stove this frequency.
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Section I

HIGH FPEQUENCY POWER GEKERATION TECHNIQUES
ELECTROMAGNETIC GENERATORS

Electrical power of radio frequencies from 50 kilocycles to 200 kilo-
cycles can be generated with solid rotor generator designs, converting
mechanical energy to electrical energy by rotating a magnetic field through
generator conductors.

The upper limit of generating frequency 1s determined by the maximum
allowable material stress in the rotating part, the minimum practical dimen-
sions of the magnetic poles, and the minimum space in which a generating
winding may be placed to utilize the number of magnetic rotor poles.

The generator described as configuration B most readily allows the
maximum freedom of the design limitations on the upi ~ frequency limit and
has capability for generating large pcwer ou. wt.

Maximum number of rotor poles are obtained by separating the north and
south poles axially, as the number of rotor teeth are one half that re-
quired if alternate polarity poles were not displaced axielly. Maximum
space 18 anllowed for the stator generating winding by using a winding design
requiring one-third of a slot per pole. This means stator diameter will
have a frequency capability of three-times the same stator using a single
slot per pole, because physicel spacing is required between slots.

The generator magnetic-excitation circuit with 1ts stationary excita-
tion coils is similar to that used for the NADYNE generator, a North
American conceived design. The use of stationary coils increases the upper
generating frequency limit since rotor space is not used for excitation
coils between poles. The use of statlonary colls also increases the fre-
quency capability by parmitiing the rotor to be rotated at greater surface
speeds.

Generator configuration & i3 ciwilar tc the inductor type (homopolar
double-ended) generator except that 2 lamin:ited ouner yoke 1s added to
permit the flux to rcotate with tle rotor. The inductor gencrator would
not be suitable without this nolificutlon since its losses would be quite

high.

As the frequency increases.the uni- voluie core loss increases. In
order to limit the unit core loss it ovecomes necessary to reduce the flux
density of the generator stator ircn circuit as frequency is increased.

The reduced flux density requires an increase in the amount of stator iron
required, resulting in increased weight for the frequency band being con-
sidered. Unfortunately, the rresently available low loss magnetie materials
saturate at low flux densities and have lower Curie temperatures than the
nickel irona. As the percentace of AC stator “ron is low compured to the
total generator veight, the reduction in AC stator iron flux density is not

1k
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as severe & penalty as it might seem. The la:gest portion of the iron e¢ir-
cuit is operating with DC flux and produces no loss under steady-state
operating conditions.

SOLID-ROTOR TECHNIQUES

Five solid-rotor, homopolar type inductor generator concepts (A, B, C
E, & F) plus a flux-switch heteropolar type of machine (D), were evaluated
and parametric data plotted to show power output versus frequency. This
data is shown in Figure G and 10 and discussed in the section which follows.
Data on Configuration B, a 24,000 rpm 300 KW design, shows i 1.2 1b/KW
weight at the 50 KC frequency level increasing to approximately 4.6 1bs/KW
at the 200 KC level. Plotted data shows that an increase of generator
speed to 48,000 rpm leads to a 50 per cent reduction in generator specifiec
weight at 200 KC (see Figure 10), but places ax upper limit on power output
from a single unit at less than 300 KW. For a 300 KW « 200 KC design at
k8,000 rpm, it would be necessary to use multiple units at a net weight
increase. The data shows Configuration B to be more suited, power wise,
for the 50 KC to 200 KC range. Configuration A is suitable for 50 to 100
KC power generation. The plotted data also indicates a low power output
limit for Configuration C and the flux-switch type of design. Configuration
E is similar to Configuration B, but differs in structure. Configuration P
is limited by its permanent magnet and i.. estimated to be capable of one-
half the power generation capacity of Configuration B. losses and effici-
ency have been determined for generator Configuration B for various irom
hot spot temperatures and coolant temperatures. As the cooling ambient
temperature increases, it i1s necessary to use magnetic materials with
higher Curie temperatures. The survey of magnetic materials has shown
that the losses increase in materials of higher Curie temperatures and
result in lower efficlency at higher temperatures.

In summary, a rotary type of alternatcr with efficiency from 85 per
cent to 95 per cent is feasible in a motor-generator type of conve—ter
design in the 100 to 200 KC frequency range. Likewlse, & rotary altermatar
concept 1s feasible for power generation with a 24,000 rpm turbine prime
mover.,

Generator Configurations Considercd

Configuration A - Configuration A consists of a north polc rotor and stator
section and 4 sovth pole rotor and stator section. The rotor flux ig uni-
directional ana its path is axially in the rotor to tne poles, across the
pole gap to stator, through the outer stator yoke to the other stator
gection across ‘ne pole gap, axially along the rotor to a concentric pole
gap, arially along the frame to the other pole gap and then into the rotor.
Each stator section is equivalent to an inductor-generator stator with one
slot per pole where one-half of the slots in each stator section are in-
active in producing voltage at any instant of time. Configuration A is
limited in frequency by the maximum number of stator slots usable in a
given diameter (see Figures 11 and 12).
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Configuration B - Configuration B is the same a3 Configuration A with the
exception that the stator has one-third of a slot per pole. This permits
generation of power at higher frequencies than possidble with Configuration
A, at the number of stator slots is ome-third that of A. Configuration B
requires three times as many conductors per slot as Configuration A to
obtain the same voltage output (see Figures 11 and 13).

Configuration C - Generator C in Figwre 1k.is similar to generator Configu-
ration A. 1In this configuration the poles in each half of the two axial
rotor portions are in line with each other and not displaced 180 electrical
degrees as in A and B generator coufigurations. The return conductor of
the generator stator turn is located om the outsids of the outer stator
yoke iron so as not to have AC voltages induced in the return conductor of
each stator turn. The required number of stator slots for a given fre-
quency and speed 1s reduced to one-half that required for generator Con-
figuration A by this means; therefore increasing the maximm possible fre-
quency for generating power to higher frequencies than &re possible with

Configuration A.

Figures 12, 13, and 1 schematically show the AC generator stator
wvinding and the relative positions of the rotor magnetic poles. The
generator rotor pole sections are similar to the Indugtor type generator.
The excitation circuit is the same as for a NADYNE type of gererator, a
North American Aviation solid-rotor design. The generator may be modified
t0 use permanent magnet type excitation by installing a permanent magnet
in the nonmagnetic section of the rotor and eliminating the static excits-
tion parts. A stationary permanent magnet may be installed in the static
excitation magnetic ecircuit.

Demagnetization and Opposing Transformer Voltages in Generator € - The
return conductor of the stator winding, located on the outside of the
stator yoke iron along with the conductor in the slot, forms a turn around
the stator which produces an MMF when a load current is flowing in the
winding. This MMF produces a flux whick will flow around the stator yoke
and generate a transformer voltage. This voltage is in opposition to the
generated voltage at a vector angle determined by the power factor of the
circuit. To limit the reaction flux and its associated transformer voltage,
the stator 1s divided into segments as shown in Figure 1k, The amount of
separation or gap is limited by the maximum stator flux densities allow-
able and the minimum iron sections allowable.

Flux Switeh Configuration D - This concept, shown in Figure 15, generates
voltage by switching the fivx passing through the stator coil from a plus
to a negative value. This is accomplished by changing the reluctance of
the magnetic circuit by rotation of the rotor poles. The field MMF beling
constant, the flux changes as a function of the reluctance of the magnetic
circuit. The flux switch has several disadvantages: (1) The flux from
the flelid c.citation circuits oppose each other in the stator coil reduc-
ing the alternating flux to one-half the excitation flux, (2) the stator
coil maxirum flux is one-half the total flux passinrg through each pole on

the rotor, {3) the rotor flux alternates in each rotor pole, (4) the
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demmgnetizing action of the stator is large, as the stator has a large
number of turns compared to the rotor pole gap ampere turi.g, which limits

the output power.

¢ tion E ~ Configuration E is similar to Configuration A or B, and
is shown in 16. The field coils of A and B have been relocated to
& position between stator sections. This eliminates the magnetic field
poles and the need for the cuter magnetic housing of generator A and B.

The magnetic frame and poles are replaced by parts sufficient for mechani-
cal purposes. The stator outer yoke i1s retained as a laminated core te
permit rotation of the DC flux with rotor rotation. The statar portions
are the same as for A and B Configurations. Data for A and B are applicadble

to Configuration E.

Configuration ¥ - This configuration, also shown in Figure 16 s the same
as Configuration E except the rotor center portion or complete rotor is a
permanent megnet and replaces the field coil. A field coil may be retained
and used for regulating the generator output. The FM material limits the
pover to about one-~balf that of Configuratic~ 3.

Other Qenerator Design Considerations

Power Output - The pover output of each configuration has been calculated
with the following parsmeters. the same for each configuration.

Average air gap flux demnsity = 20 kilolines/square inch

RMS conductar current density = maximm of 6,400 amps/square inch
Rotor dlameter - dependent upon RPM, but constant for each comparisen
Single stator core axial length

RPM = dependent upon RPM but constant for each ¢

RMS stator reaction a.mpere turns= equal or less than the field anmpere
turns of the pole air gap for the air gap flux density above.
Sinusoidal flux variation - assumed for each design comparison

Power Output Curves - The power output shown on the curves of Figure 9
approximates the maximum obtainable for the conditions of rpm and maxivamm
rotor siress noted for the air gap flux density, conductor current densities
and stator reaction ampere turns specified in the power ocutput paragraph
above. The curves show that the power output is increased by a decrease in
rpm; the power output may also be increased by increased rotor stress,
increased gap flux density, and optimization of design. A decrease in rpm
results in a power increase through an increase in rotor-diameter and
length, which results in a weight increase.

An increase in ‘the rotor allowable stress for a given rpm permits the
use of a larger diameter rotor. Assuming the same rotor flux density, the
total flux of the generator increases as the diameter squared, or stress
squared; the linear velocity increases with the diameter; therefore, the
power output is increasing as the cube power of the rotor stress. An
increase in the generator stator gap flux density also increases the power
as it increases the total flux of the generator. This increase is limited
by the saturation flux density of the rotor material.
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Power Output vs. %-muﬁnmwm’ (505.&)0;3)1,.‘
quency ccnsidered, obtainsble power output decreases witk incr

frequency. This is a result of being stress limited, heeuuutbchrgc
number of poles decreases the space svailable for conductors to produce &
voitage output. Generator Configurations A, B, and E. power ocutputs, are
limited by the maximm conduction current density since the conductor area
is limited. The power output of Configuration F is limited by the allow-
able flux density and rotaticnal stresses of the permanent mmgnet material.
The high cotalt permanent magnet material walues at TOOF have been used to
determine the power output data. Configurations C and D are linited by
the stator reaction ampere turns (MMP) and not by conductor-density. The
power from Configuration D may be increased by adding additional polas
around the stator. These would have to be added in increments of four;
the additioa of these poles would not increase the pover sufficiently to
compete with A, B, or E Configuratiorvs.

Generator C (200 XC - 24,000 rpm) - A preliminary analysis of generator C
assumed that limitations due to demagnetizing and transfcusr voltage from
load current would be computed and added in befcre finalizing the design.
This assumption resulted in favorable power outputs {over 200 KW at 200 KC).
An analysis of transformer voltage for a generator C design of 200 KC,
24,000 rpm and an average air gap density of 20 kilolines/square inch
shoved a power limit of five KW for a transformer voltage equal to the
terminal voltage. The pover limit is approximately proportional to the
air gap density, and if the air gap density were increaged until the tooth
flux density limited the flux, the power iimit would be increased from five
KW to ten KW at an average tooth flux density of 60 kilolines/squars inch
(9300 Gawss).

Weight vs. Frequency - The weights have been estimated at 24,000 rpm and
48,000 rpm for generator Configuration B for the power output levels shown
on Figure 9 and are plotted in Pigure 10.. The weights include all the
parts shown in the generator cross-section drawving. A detailed weight
estimate has been made on selected designs to evaluate the configurations
considered. Higher power levels can be cbtained at the higher rmm by
ganging or using multiple units for less weight than the slower speed
units.

Frequency vs. rpm and Poles - Consider the case of generating a 100 KC
power output with a 3200 cps input:

Input: 300 KW 120/208 volts 3200 cps 1§
Output: 10,100 velts * . 100 kilocycles/sec. 1§

The input and output frequencies determine the range in speeds and number
of poles which can be used for frequency conversion. The relationship of
£ = PN poles exists for both motur and generator, where £ = CPS, p =

120 pumber of poles, ¥ = rpm. Therefore, the following combinations
are considered:
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MOTOR MOTOR GENERATOR OUTPUT

FREQUENCY POLES RPM POLES FREQUENCY
3,200 CPS 2 192,000 62 99.2 XC
3,200 CP3 % 96,000 124 99.2 KC
3,200 CP8 6 6i,000 186 99.2 KC
3,200 CPS 8 48, 000 246 98.5 KG
3,200 CPS 16 2k, 000 ko2 98.5 KC

Rotor Diameter vs. rpm - The diameter of the rotor is limited by the allow-
able stress level for the rotor configuration and material. A solid rotor
with no axial heles through it has the minimum internal stress generated by
rotation for a given diameter. As a large diameter is desired in order to
obtain a large number of poles, the diameter of solid rotors producing a
maximum stress of 60,000 pounds per square inch at its center for the
generator rpm has been established as a basepoint and are tabulated below.
This dilameter varies as the allowable stress to the one-half power. A
stress of 60,000 psi 1s considered conservative for purposes of this study.

PSI ROTOR
RPM MAX. STRESS DIA, (INCHES)
96,000 60,000 2.84
64,000 60,000 .25
48,000 60,000 5.69
2k, 000 60,000 11.37
12,000 60,000 22.75

Pole Pitch - Consider 48,000 rpm and a rotor dlameter of 5.69 inches with

§i§ poles.
Pole Pitch = 5 5:69) = ,0726 inches

A pole sjan of 65 rer cent of the pole pitch 1s reasonatle; therefore, the
role width is (.65)(.0726) = 0.0:72 inches.

The pole spacing conditions are as follows:

For alternate north-gouth pole rotor:
OWT" -y 4 4 %— .0256" spacing

UL
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For alternate horth pole rotor:

-057"_4:1 t "—\l l .0962" spacing

The resulting close spacing for an alternate lcrth-South pole rotor womld
result in high leakage fluxes dbetween NOrth and South poles unless very
smll air gaps are used between rotor and stator. Therefore, this *ype is
not as well suited to the frequency range of 50 KC to 200 KC as the homo-

polar type.




ELECTROSTATIC GENERATORO

Early in the preliminary chaise 01 tis« study program, the plasma engine
requirements of high voltage and relatively low current suggested the appli-
catior of an electrostatic generator for mechanical to electrical energy
conversion. The electrostatic generator is attractive for plasma engine
povwer due to its high efficiency and its low power to mass ratio. Figure
17 compares the specific weight (1bs/KW) versus power output of a 90 .er
cent efficiency electromagnetic generator and a 98 per cent efficienc elec-
trostatic generator. For the power level of this program, {300 KW), Figure
17 indicates approximately .75 lbs/KW. Other references reviewed indicate
gpecific weights of .6 to .9 1lbs/KW down to .2 and .4 lbs/KW.

Broadly classiflied, the electrostatic generator falls into two cate-
gories: (1) The Van de Graaff generator, which operates on the principle
of charge transport by a moving belt, and (2) the variable capacitance type.
For the plasma engine only the varying capacitance type appears feasible.
Varying capacitance electrostatic generators may be classified into various
types dependent upon type of excitation, AC or DC output, voltage doubling;
bridge type, ete. Three types were considered in this study and are shown
schematically in Figure 18. The Type I generator shown in Figure 18 is a
varlable capacitance,line-excited type of machine with AC excitation and AC
output,. A second type of electrostatic generator, the bridge type,
,utilizes a DC e¢xcitation voltage and produces an AC output. A third type
of electrostatic generator as shown in Figure 18 is the voltage doubler or
parametric generator. This generator delivers a DC cutput voltage from
lower DC excitation voltage.

The efficiency of electrostatic generators approaches 100 per cent with
experimentally verified efficiencies of 98 and 99 per cent obtained. These
high efficlercies are the result of the elimination of losses inherent to
the electromignetic generator such as hysteresis, dielectric, eddy current,
manetic and windage (vacuum dielectric operation). In addition, the ISR
ohmic losses are a minimum due to the low required charging currents. The
increased efficlency is important for a number of reasons. Energy is con-
served, heat losses (which must be radiaved to space) are at a minimum
resulting in lighter weight radiators and the totul system weight 1s reduced.

The utilization of the electrostatic generator for the particular appli-
catinn of this program would involve the solution or a number of problems,
some inherent to the generator and some due to program requirements.

3ome major problems requiring solution are:

1. Selection of generator type (possibly a hybrid type) which would
provide the high frequency output power.

2. Conversion equipment to provide proper output loads for the
generator. The electrostatic generator is inherently a high-
voltage, low constant-current generator and thus requires a high
impedance outpnt load. The load represented by the plasma
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engine is lov (below 1,000 cbms) and this would result in low
pover transfer and very high excitation voltage mless soms type
of impedance matching device 1s used.

3. Bearing and sesl prodlems. Since rotor weight is smll, the
eleoctramagnetic bearing is one solution that should de investi-
eated. .

k. Manufacturing and fabrication problems involving rotsting
elements at very close spacing.

5. Electrical conversion equipment for excitation power supply.




ROTARY CONVERTER TECENIQUES
A MOTOR-GENERATOR

The most common type of frequency changer or converter is a motor-
generator set. Such a device possesses the main advantages of high power
per unit wveight and high temperature capability. Traditional designs are
frequency limited for this particular application because of the number of
poles required to produce the desired freguency.

With the advent of high-strength steels from which rotors can be mamu-
factured has come an increased speed capability for generators. Coupled
vith this is the trend away from wound-rotor construction and toward solid-
rotor types of machines. By use of solid-rotor techniques and increasing
the speed of the rotor, an increased frequency output is possible from a
motor-generator type of converter. High voltage, either three-phase or
single-phase, is no problem for a motor-generator unit and is limited only
by the insulation requirements.

For the high-frequency, high-voltage requirement of this study, the
motor-generator is appealing in that there is no need for a transformer to
gain the high output voltage of 10,100 volts. The motor-generator type of
device is really limited only by the number of poles which can be included
in the periphery of the rotor.

It is necessary in the three-phase application to consider three separ-
ate generator sections on a single rotor, each displaced by 120 electrical

degrees.
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SPATIC CONVERTER TECHNIQUES

SEMICOKDUCTOR TECHNTQUES

Several types of semiconductor devices vere reviewed during the pre-

liminary investigation phase for possible application in high-frequency
and high-voltage conversion devices. ZThese included:

a. Silicon controlled rectifiers (SCR)
b. Transistors

¢. Four-layer diodes

d. Tunnel diodes

Bach semiconductor device was investigateda in terms of voltage, cur-
rent and frequency cupabilities today and in the future. Figure 19 is a
comparison of these siatic devices. The first device to be investigated
wvas the silicon controlled rectifier (SCR) because it is widely used
today in converter systems. Althoughk SCR's are capable of handling large
currents and voltages (up to 235 ampe at 600 volts) they are presently .
limited in frequency of operation to about 35 K cps. This frequency cap-
ability 1is expected to adwvance upward to around 70 to 100 K cps in the
next few years. Based on this expected future capadility a preliminary
design of a single-phase SCR type of comverter has been made and is
compared with the transistor unit in the Appendix.

Trangistor devices have high voltage, high current, and high frequency
capability and appear the most promising for converter use. Several types
of circuits using cransistors were investigated, including power chopper,
power square wave oscillation and an rf generator technique. Of these,
the power cliopper appeared the best; mainly, due to the fact that this
circuit does not require a saturated-core transformer with its resulting
large saturating current loss. In using a DC chopper technique with tran-
sistors or the silicon controlled rectifier, the DC magnetization of the
transformer resulting from the large DC current in the primary vinding
must be considered. The tunnel -Qiode is capable of switching large
currents (1,000 amps or more) at a high frequency, but these devices are
limited in voltage capability to .2-2 volts. This voltage feature makes
tunnel diodes not too practical for use with high-voltage power sources.
The four-layer diode is limited in current and frequency (ten emperes at
20 kilocycles per second).

Of the senmiconduc:or devices studied, the SCR and transistor concepts
were the most vorthy of design analysis. A more detailed discussion of
these two techniques plus tunnel diodes and fourslayer diodes will be
found in the section which follows.
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81licon Controlled Rectifier gscaz Converters

SCR inverter circuits are of three main types: The pover chopper vhich
produces a sguare vave output, a sine wvave inverter type, and a 3P AC to 1f
AC direct converter. A direct AC comverter frequency changer requires no
input transformer for its operation, but can comvert 3¢ alternating curreat
directly into high frequency, high voltage, single-phase alternating current.
In order to increase the output voltage, a step-up transformer is required.

The operation of a typical circuit for utilizing 39, 120/208 V: 3200
eps power input as shown in Figure 20 is as follows. Minsthelzﬁ
electrical degrees that the line to neutral voltage of phase A of the supply
to the frequency changer is higher than that of the other two phases, the
two silicon controlled rectifiemsconnected to phase A of the supply alter-
nately conduct current. The rate at which these two controlled rectifiers .
svitch is determined by the timing of the firing pulses that are sent to
their gate. 7The commutation or transfer of the load current from one recti-
fier to the other is accomplished by the commutating capacitor C.

During the next 120 electrical degrees, the line to neutral voltage of
phage B of the supply is the highest and the two-controllied rectifiery
connected to this phase take over the switching of the load current. The
silicon-controlled rectifiers connected to phase A and C are idle during
this period. ’

The output frequency 1s dependent on the frequency of the controlled
rectifier firing, and this follows some reference such as an oscillator.
During the operation of a frequency changer of this type, vhen one silicon-
controlled rectifier is fired, the capacitor charges according to the time
congtant determined by the commutating capacitor Cl, the inductance of the
neutral choke L1, and the impedance of the load. A transformer voltage is
then reproduced since the capacitor is in parallel with the transformer,
When the second rectifier of the pair which is connected to the other
half of th2 primary is fired, the capacitor discharges around the near
short circuit path. The discharge current passes forward throughthe .controllad
rectifier turning it off. The capacitor now charges in the opposite
direction until the first rectifier is again fired. This commtatica pro-
cess continues with the controlled rectifiers producing tbe high-frequency
voltage in the output transformer.

In order for this circuit to commutate, the total 1cad must be capaci-
tive or represent a leading power factor; the commutating capacitor being
considered part of the load. If an inductance is added to the load, the
capacitor value may have to be changed to keep the total power factor lead-
ing. This circuit can operate with a maximum power factor of .96, and a
minimum of zero. In other words, the circuit can operate at no load with
only the commutating capacitor. However, 1f the value of capacitance is
large (approaching zero power factor), high voltage will appear across the
power transformer and across the controlled rectifiers. These voltages
are much in excess of the applied supply voltage and could easily exceed
the ratings of the switching components.
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The operating frequency of this circuit is limited dy the controlled
rectifiers used. If the controlled rectifier is selected for a short
turn-off time and the transformer leakage is kept to a minimum, operating
fregquencies up to 35,000 cycles per second and dbeyond could dbe realized.
The switching power capability of SCR devices is also limited by frequency.

Direct Sine Wave Inverter

The operation of the direct sine wave inverter may be described as
follows: The DC voltage is applied as shown in Figure 21A. Capacitors
C1 and Cp are kept from charging because silicon controlled rectifiers CRl
and CR2 are in their blocking state. If & pulse is applied to both SCR
gates, only SCR1 will fire as CR2 is reverse biased. As CRl starts to
conduet current, I, flows in the direction indicated through the locad 5
and charges capaci%or Cp to twice the applied voltage E. Since the
voltage on Cp 1is of the polarity shown, CR1 becomes back biased and returns
to its blocking state. CR2 is now forward biased and begins to conduct,
causing current Io to flow through the lcad T; in the direction shown and
causing capacitor Cz2 to discharge. When capacitor discharges completely,
silicon controlled rectifier CR2 returns to its blocking state and CR1
starts to conduct repeating the cycle at haif the rate of the applied gate

pulses.
SCR Power Chopper

The operation of this circuit depends on the use of a gate~controlled
silicon controlled rectifier, that is, an SCR which can ve turned on with a
positive pulse and turned off with a negative pulse. The circuit for the
power chopper is shown in Figure 21B. A voltage V is applied with the
polarity as shown and this causes capacitor C) to charge through resistor
Rl and output transformer Ty. When the voltage of C; reaches the break-
down value of diode D, {20V to 4OV), a positive pulse is applied through
R3 to the gate of silicon controlled rectifier CR1 causing it to conduct
current I, through the load transformer Ty. As CRl starts to conduct,
capacitor Co starts to charge through R,. When the voltage across Cp
reaches the breakdown voltage of diode b starts to conduct a current
I ., as shown causing CRl to return to its blocking state. C; then starts
8 charge causing the cycle to repeat. This circuit then is free running
compared to the sine wave inverter which has to be pulsed at a rate twice
the output frequency.

For this study the SCR power chopper circuit was chosger. for detailed
analysis and comparison with the transistor circuit and is cescribed in
the Appendix.

Transistor Type Inverter - With recent developments in high power, high-
frequency transistors, it is now possible to design a DC to AC frequency
converter with outputs of several thousand watts. These power transistors
have remarnable frequency capabllities even into the megacycle range.

Transistor inverters may rcughly be classified into three types,
although all are based on rectifications of the incoming AC to DC, then
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vegenerating a pev frequency. The first type wigic be called a power chopper.
In this type of system the incoming alternating vultage is rectitied, filtered,
tuen switched by - pover switch at the desired frequency as shown in Figure 22A.
The step-up traansformer T).transforms the outpit voitage to the desired level.
The power switch in this case is a transistor or a group of transistors ir
parallel. The switch can be a zilicon-controlled rectifier but due to the
frequency limitation of silicon-controlled rectifiers, transistors must be

wied in this application with a correspondiag loss in efficiency due to the
additional power loss in each transistor.

One design aspect which must be considered in using the DC chopper tech-
nique is the DC magnetization of the transformer core resulting frou the large
DC curreat present in the primary windings. Three methods can be used to
correct this DC magnetization effect and establish a "flux reset” in the trans-
former. One technique is the use of an air gap in the transforwer which pre-
vents the transformer core from saturating. Another technique is the use of
an extra transformer winding of the proper polarity to cancel the unwanted
field flux. The third technique is to use an increased amount cf iron in the
core. Any of these methods will result in a weight penalty. Howvever, this
penalty will be small due to the small size and weight of the transformer
required at the high frequencies proposed in the inverter design. S8election
of the technique to be used can easily be made in the prototype iransforuwer
design stege. Implementation of the "flu. reset" techaique (any one of the
three wentioned) presents no real problem i~ the design.

The second type of transistor inverter might be called the power square
wave oscillator. In this type of circuit the input 3§ altermating current
is rectified, riltered, and used as the supply voltage for a square wave
oscillator. The operation of this circuit (see Figure 22B) is as follows:
Assume that transistor A is conducting and transistor B is off. The voltage
E 13 now across winding (2) of the transformer, with the polarity as shown.
Voltages of the same polarity are induced in the other winding; this results
ir a positive base voltage at B, and a negative base voltage at A. This wmaine
tains A conducting and B at cutoff.

The voltage E across winding (2) produces an increase of flux in the core
untis it saturates. At saturation the current in wincing (2) rapidly rises
and the reactance drops, causing the voltage in the remaining windings to
disappear. The negative base drive is removed from transistor A, so that
it is nonconducting. The current of the winding is then zero, and the flux
drops. The flux change induces voltage in the windings opposite in po.arity
to the previous condition. This causes transistor B to stert conductiug
with transistor A maintained off. Voltage £ is now across winding (3) and
the cycle repeats itself ia the reverse direction.

For high power output the circuit of Figure 23 can be used. It is essen-
tially the same as Figure 22B except that it uses two transformers instead of
one. By use of two transformers, the input transformer saturates; therefore,
the extra current necessary at saturation is small compared to the load
current. This allows the use of a smull square-core driver to drive a much
larger power. The output transformer then works linearly to step up the
output voltage to the required level. The input voltage is divided equally
across the four series primary, subjecting each transistor to only half of
the suyply voltag:




nJ L2 B WS
9 8 ] PowER e 10 KV
RECTIFIER +] FILTER TRANSISTOR 300 KW
C ey .
STEP-UP
| e ¢ TRANSFORMER
REFERENCE
OSCILLATOR
A
POWER CHOPPER TYPE FREQUENCY CHANGER
B — >
POWER SQUARE WAVE A 12
OSCILLATOR =)
-
(DC TO AC CONVERTER) E 5
.-——ﬂ .4'
¢——4 RECT - OUTPUT
AC "‘;
34
-
- TN ) —0
+
B -
A sy
i g B~ RECTIFIERS FILTER
C  mund
PULSE .
, DRIVE POWER
OSCILLATOR WIDTH e DF [ | ] FILTER
MODLLATOR SEC [1ON SECTION

RF POWER GENERATOR
C

Figure 22, Transistor fre uency Changer Techniques

L1




1:8 g;lﬁ
N9 .
® RS RIS
et Q8
RF
o~

)b
t

D12

\AA L addasaa aa

E

Ti1

“ieure 23, ‘igh Joltare “ual Trensforrmer

e — - e

Transistor Converter

g | N RS OIS

gy FA ks

PR




, @gwm‘gﬂgmmmwshg,

G

g -

The third type of transistour juverter co.1ld be called an ! power
generator (refer to Figure 22C). The RF frequency is gcnexated by a low
level precision oscillator. "he output of the ascillator is applied to a
pulse width modulator, which regulates the output voltage by ~sntrolling the
on-off time of the driver circuit and this actuates the power cvutput stege.
The duration of the square-wave voltuge is controlled durirg each .aif cy le
as it is applied to the driver section. For low line and h.gh load con-
ditions of the inverter, the syuare~wave voltage actuates the driver circuit
during 180° of each half cycle of the inverter frequency at high line and low
losd conditions, the driver is actuated only for approximately 90° of each half
cycle. This reduces the "on" time of the power switches result.ng in reduction
2f output power at constant output voltage.

Shockley Four- Layer Diode Inverter - Simple, 2fficient and versatile solid-state
Inverters may e made using Shockley four-layer diodes. These inverters w.r be
ugsel for tue generation of alternating current from a direct current source..
With the addition of a transformer and rectifier, a direct current at a high
voltage can be obtained. The alternating current is obtained by switching a
consteant current first iato one side of a transformer and then into the other.

Two basic circuits are shown. The first is a high efficiency circuit
requiring a minimum of ~omponents. The second circuit provides extra protection
against lock-on from wide load changes, loads of varying power factor, or changes
in supply voltage. Several types of four-layer diodes are available providing a
range of current in tne primary of the transformer from ma to amperes. Supply
voltages up to 80 v,l.a may be used with a single four-layer diode in each side
of the inverter. Higher supply voltages may be employed by using several four-
layer diodes 1in serites.

Figure 2UA si.ows a high efficiency DC to AC power converter. The circuit
alternately switches a fixed current (supplied through Li) into the two halves
(P, and Pp) of the primary of a center-tapped transformer (Ty). The frequency
is controlled externally by pulses received at the trigger point. A cycle is
completed for every two pulses received at the trigger point.

The circuit can be designed to operate at any frequency from a few hundred
cycles to 20 kilocycles or wore. The DC supply voltage may be from six volts
to several hundred volts. The power output is limited by the maximum current
vhich may be switched in the primary. The circuit efficiency is a function of
DC supply voltage, with a practical maximum of 95 percent at higher supply
vc.tages and a winimum value of 75 percent for a six volt DC supply. For
supply voltages above 20 volts, efficiency is deteruined principally by losses
in the transforver (Tj) and the coil (Ij).

Tie circuit in Figure 24A operates as follows: When four-layer diode
4D, is conducting, current trom the DC supply is passed through the loop
composed of Ip, Py, and 4Dy. This current is limited by the impedance
refiected into Py from the secondary of the transformer. Point A will be
w* the holding voltage of 4D} and D in series (1 to 2 volts). The center
tr. of the transformer will be at V,, and point B will, by transformer
~oupling between Py and Po, ve at a voltage of 2Ve.
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A negative pulse of sufficient amplitude applied to the trigger point
will now switch 4D, into its conducting state. The voltage on the commta-
ting capacitor (cc7, which is coupled from the transformer secondary into
the two primary legs, will drive point A negative by a voltage of 2V ’
switching off 4D.. The DC supply current will thus be commutated from P
into P,. This clirrent may be assumed to be constant during the switching
transient due to the presence of L,. As the current and voltage reach
thelr steady-state values, point B"will be at 1 to 2 volts, point A will
be at plus 2Vo volts. '

The next negative trigger pulse will switch 4Dy on again, and the
commutating eapacitor will, through transformer action, switch LD, off,
completing the cycle.

The inverter efficiency is particularly sensitive to certain design
conditions. With proper care, however, a highly efficient, trouble-free
circuit may be obtained. The switching voltage of 4D, and 4D, must be at
least twice the DC supply voltage. A margin should b% alloweg to provide
protection against false firing due to noise, high temperature or other

- problems pecullar to special application. The maximum primary current

should be limited to twice the DC current rating of the four-layer diodes.
Also, the inductance I; must be large enough to insure constant current
during the switching transient. It must also be such that, in combination
with the reflected R and C provided by the transformer, oscillations in
the current do not occur which might turn the conducting diode off. For
maxfmum efficiency the coil should have a high Q (low re :istance).

The design or the transformer (T;) is most important. A unity coupl-
ing coefficient for all values of primary current 1s required. Transformer
efficiency must be high for maximum circuit efficlency. Saturatlion of the
transformer will cause the inverter to lock-on (see below). Poor coupling
reduces the range of load variation possible and requires a larger commuta-
ting capacitor. Poor coupling also tends to cause lock-one.

One of the standard problems of hi:h efficiency parallel inverters is
their tendency to lock-on; i.e., for both sides of the inverter to be
turned on and stay on. Protection avainc: this possibility may be provided
by using a normally eclosed relay in place of 11 and passing the DC supply
current through both the relay contacts and the actuating coil. The relay
should be selected to operatec at a currcent level scorewhat less than twice
the normil circuit current. Colid-state protection against lock-on in
place of the relay is discusced below.

e solld-state inverter circuit shown in Figure 24B provides unusually
reliable performince under cxtreme conditions of load variation, load power
factor, or supvly voltage variatvions. The circuit is fail-safe 1in that
the surnly current drors to zerc when the load is shorted. When the short
15 removed, normil operation is reguned. The circuit will continue normal
desplte 2oore changes in cupely volii-e or poor load power factors. A
modest loss of efflelency - ten rer ceont to fifteen per cent is required
to obiain *this protection when commred with the hign efficlency circuit
of Figure 2u4A.
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The high reliability circuit uses outrigger stages which definitely
turn off the adjacent conducting legs of the basic inverter when i trigger
pulse is received, independent of the state of the other basic inverter
leg. The onset of conduction in a given outrigger stage will also trigger.
the previously nonconducting inverter leg into the conducting state under
normal operating conditions.

Design considerations for the basic inverter are the same as described
above for Figure 2iB. Note the absence of the commutating capacitor in the
transformer secondary. This function is provided by the outrigger stages.

A Tunnel Diode Static Inverter - A simple static inverter circuit consist-
ing of two tunnel diodes and a transformer wound on a square-loop magnetie
core was reviewed earlier in this. program. The techniques are feasidble
and are described in limited detail in this section. The circult movides
a practical method for stepping up voltages of the order of 0.2 wolt *n
practical values.

In tice, the low voltage of a tunnel diode (a fraction of a volt
per unit) constitutes a problem, since connecting many units in series to
obtain useful voltage rapidly becomes uneconomical and unreliable. Based
on this inherent, problem, only a limited amount of study time was expended
on the tunnel diode technique."

It would be highly desirable to use a single high-current unit, chop
the current, pass it through a step-up transformer, and use the output
either in its AC form or rectify it for DC applications. However, no
sta*ic device at present is capable of being used as a chopper in such &
circuit, because the saturation resistance of the high-power transistors
and silicon-controlled rectifiers, while low, would still be much too high
for efficient use in such a low-voltage circuit. Even mechanical devices
would offer formidable contact problems.

A3 a solution to this problem, a high-power tunnel diode static
inverter, using very high-current tunnel diodes and a square-lppo magnetic
core transformer 1s required. Tunnel diodes are not affected by tempera- .
ture or radiation to the extent as are transistors and inasmuch as they
are used as switches in a circuit which consists entirely of static com-
ponents, the inverter should be both highly reliable and stable. The
circuit employed is skhwm in Figure 24C and consists of two tunnel diodes
and a square-loor magnetic core transformer. It depends for its operation
on the tunnel diod¢ characteristic, as shown in the Figure 24D.

The frequency of this circuit depends upon the size of the core, the
number of turus on the primary windings and the input voltage.

Since the input voltage 1is limited to approximately 0.2 volt (tor
germanium) it 1s obvious that to obtain any appreciable power, the peak
current of the tunnel diode must be very larie. At the present state of
the art, tunnel diodes are made in the *1,000 ampere range, but no
theoretical peak current limit exists. Apparently, the peak current 1is
only a function of cross-sectional area. Imgroved fabrication techniques
should produce the large-area uniform junctions needed for peak currents
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several orders of magnitude larger than those which are capable of being
produced at present.

The efficiency obtained for this converter circuit will depend largely
upon the ultimate characteristics of the improved tunnel diodes. Using
tunnel diodes in converter ciscuits in thermioni: and thermoelectric power
supplies is appealing and shouwsd be the subject (. further research.

#ASD Contract AF33(9657)-8964 with RCA
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RF GERERATOR ( VACUUM TUBE) SYSTEM CONCEP?

Vacuu: tubes are used extensively as a prime source of r-f power in
electrenic heaters. Vacuw:z tube oscillators have friquency capabilities
ranging from 100 KC to 1 MC and higher, with power outputs from 1 to 500
KW or more. Their greatest use is in the range from 150 to 500 KC at §
to 100 KW. With these known characteristics, an r-f generator coaverter
system appeared feasidble for use in a converter system. A por‘ion of this
study wvas centered on the design of such a systews.

In terms of electronics, r-f power generating equipment is not at all
complex. Usually a power triode is used with three related circuits -- a
power supply, & control circuit, and an output tank circuit. Energy froa
the power supply is changed into r-f energy by the oscillator-generator
and then applied to the lcad through a tank c'reuit and matching device ar
shown in Figure 2§. R-f pwer from a system such as this is used exten-
gsively for induction heating and makes use of Class C oscillatcr techniques.

A Typical RF System - An r-f power generation system is described in &
section on Stator Tube Ccaverter and uses & single high power oseillator
tube with thyratron tubes for control of the output power level. Line
power, such as would be available from the SNAP or S8PUR system, goes to
both the plate power and filament power circuits and to the control ecir-
cuit. Control of the grid ci:rcuits of the thyratrcn tudbes allows adjust-~
ment of the plate voltage ¢ the oscillator, which in turn waries the
power cutput to the load. Equipment protection features are required in
an r-f power system in additlon tc <ooling for the osnillator tube.

Tgure 25 is a typical r-f generatur system in which the source of r-f
load (work coil) power is the tank and oscillator tube circuit. Heve the
tank circuit is simply a parallel circuilt tuned to the required frequency
with the tank capacitor storing energy in the form of kilovolt-amperes and
then discharging it across the tank coil. The load (work coil) can be
either part or all of the tank coil, or it car dba the secondary of an r-f
transformer. Various basic tank circuits used are shown in Figure 26. The
following symbols are used:

a tank voltage

= dynamic tank-cireuit impedance

= tank circulating curreat

tank capacitor, source of tank kilovolt-amperes
= tank-coil #1ductance, including strays

= tank-coil resistance, including strays

= effective load (work ccil) inductance under load

= effectiv: load (work coil) resistance under load
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= coll or load current

= coil or load voltage

= c¢oil boosting or power factor correction capacitor
= transformer primary-winding inductance

= transformer primary-winding resistance

= transformer secondary-winding inductance
a power into tank circuit (from tube)

= effective tank circuit Q with loaded work coil

I

o
\/

o
c

P
L

P
R

P
M = mutual transformer inductance
L

(]

Pf
Rs coupled transformer secondary-winding resistance

The type of tank circuit used depends on range of generator aprlications.

Where loads of the r-f power system may vary considerably, but coupling to
the load is very low and values are not excessive, the coupled transformer
circuit of Figure 26D 1s most suitable. If the impedance varies considerably,
a varlable coupling concept should be used.. Ordinarily, the load impedance
is low with a low Q value. This means a high value of I_, usually higher than
IT, but it does not necessarily mean a high coil kilovolg-amperes if Q, 1s
low. This type of generator output is low-impedance or low KVA. Its main
disadvantage is that transformer KVA losses vary between 75 to 85 per cent
(variable coupling) and 60 to 75 per cent (fixed cocupling).

When the load impedance and Q values are high and many coil turns are
required, the split tank-coil circuit of Figure 26B can be used. It pro-
vides a higher coil KVA, in fact the load in this configuration can serve
a8 the complete tank coil if necessary. Current values are not so high as
in coupled ecircuits. Figure 26C is a coumpromise between high and low imped-
ance circuits and has a distinet advantage where automatic impedance matching
1s required.

Power losses in an r-f power system vary according to the Q of the load,
the coupling coefficient of the transformer (if used) and the stray losses.
The circult of Figure 26D may be between 75 to 80 per cent efficient for
@'s of five to ten, dropping to €5 to 70 per cent for Q's of 15 and 20,
Circuit of Figure 26B usually has to work into a high Q coil resulting in a
power efficiency of 70 to 30 per cent. Coil leads are very important in
these circuits and should be kept to 3 minimum length. Due to high KVA
required and the radio frejuencies enployed, the inductance of coil leads
can cause considerable losses.




Generator Tube Fower Supplies

The tube plate pover supply is a source of DC voltage, usually between
3,900 to 12,000 volts and is capadle of giving a DC plate current which may
range from 200 ma to 20 amperes, depending on the tube power requirements.
Most circuits include a high voltage transforzer and rectifiers. For
generators with outputs greater than 3 KW, circuits of Pigure 27A and 27B
are used. They present a balanced load to the supply line. The full wave
circuit of Figure 27A has less than five per cent peak ripple woltage and
requires no smoocthing circuit.

Oscillator ubes of the t used in this particular circuit and typi-
cal of tuose shown in Figure require liquid coolants. Liquid cooling of
the oscillator anode is by means of a fluid coolant jJacket around the tubdbe
in wvhich a continuous flow of coolant is maintained. For application to a
space system, a closed-loop type of cooling system with a circulating cool-
ant would be required. The tubes supply a high impedance constaut-current
source of power and have to match into widely varying ioads in a typical
induction heating circuit.  The design is usually rugged for industrial
purposes and is based on triode principles. Filaments utilize thoriated
+ungsten and have high emission and long life. Most triodes operate in a
Class C condition as oscillators at 70-80 efficiency.
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FREQUENCY MULTIPLIERS

Another approach to higl. frequency power is use of magnetic-multiplier
techniques. These were inv stigated and found to be feasible only in the
lower frequency ranges (possible to 20 KC). wWhere the quali.y of power
required is not too critical (as in the Litton accelerator), the reliability
and long life of a magnetic type of frequency multiplier is worthy of con-
slderation.

The size of magnetic multipliers in induction hz2ating power systems is
greater than an equivalent motor-generavor set and the efficiency tends to
be lower, but the device possesses advantages of simplicity, low maintenance
cost, ruggedness and static operation. A two-stage frequency sextupler was
one of the types analyzed during the study. (Figare 29 shows & typical
magnetic multiplier). The discussicn which follows gives an indication of
the simplicity and performance of typical magnetic-rmltiplier systems.

The major undesirable features of magnetic frequency muiltipliers are
the low input power factor and the relatively large size of equipment.

With the development of better core materials and circuits, a great
improvement in these features has been achieved receantly. Fower at fre-
quencies of two to six times the input frequency may be generated with
reasonable efficiency. ‘

Generally, in magnetic mutiplier circuits, non-linear magnetie
reactors are comnected in a symmetrical multiphase fashion using the cores
to produce harmonics, and using symmetrical interphase connections to
isolate desired groups of harmonics without the use of filters. The
synthesis and analysis of frequency wultipliers 1s complicated both by the
presence of non-linear elements and by the multiplicity of different linear
network connections which can be used in harmonic isolation. Selection of
a best circuit is related to economic and application factors; 1.c.,
whether input power factor, saturating ccre cost, or output voltage lavel
i3 most significant.

A Two-Stage Frequency Sextupler - Figure 29 illustrates an improved sex-
tupler circuit using a doubler cascaded with a symmetrical frequency
trivler. Here E. is the output of the tripler stage and is the supply
voltaze to the doubler stage and has an almost rectangular wave shape.

The load voltage E; is also a near-rectangular wave shape. The doubler
stage enters a current-iimited mode of operation when load R becomes less
than a certain critical value corresponding to a peak value of load cur-
rent equal to the DC bias I3 on the doubler. Similarly, the tripler stage
cannot supply an interstage current having a peak value greater than twice
the DC bias Iq on the tripler. Thus 1if 1

N
. S
e 1 Nl

then both the doubler stage inl the trirler stage will become current
limited for the same critical vilue of R, and the performance of the two-
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stage circuit will be optimm. During the current limited mode in which R
is less than critical, the circult becomes a source of sextuple fregquency ¢
current with rectangular wave of magnitude I; provided the equation above
is satisfied. Performance data of this two-stage circuit is shown in
Figure 29. It can be shown that the load voltage regulation of a two-
stage circuit is better than that of the simple one-stage sextupler circuit.
The performance of the gextupler can be improved by using an interstage
capacitor C to correct the doubler stage power factor, but this distorts
the interstage voltsge EC and gives E a saw-toothed shape.

The following conclusions can be drawn from this psrt of the study:

1. If phase-changing transformers are included in the circuit to pro-
vide multiphase star outputs, any number of multiplications is
possible. In practice, nine or eleven times appears to be a
reasonable 1limit to any one stage. The output, of course, can be
fed to ancther stage.

2. Upper limit in frequency is unknown (probably is near 20 KC).

3. At present, the size of multiplier devices in induction heating is
greater than that of the equivalent motor-generator set and the
efficizncy tends to be lower.

4. The inherent advantages of simplicity, low maintenance cost,
ruggedness, and static operation make these devices desiradble
for frequencies which are not too high.

5. The inherently low-input power factor requires considerable
correction.

TRANSFORMERS

As a part of the investigation of converter devices, a review of trans-
former design techniques was made. The general transformer equation can be
used to show how various parameters affect transformer size.

W, = 1/M5 £ F Fy B,\Ac A

where
Ac = area of core window
A1 = core cross-sectiocnal area
W} = load volt-amperes of transformer
= frequency in cycles per second
F = winding space factor

I‘-‘i a c¢ore space factor
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B = maximum flux density in kilolines per square inch

A = current density in kiloamperes per square inch of
conductor

Minimm size of transformer means using the best ratio of copper to
core material. If the coafiguration of the transformer is held constant
wvhile other parameters are varied, then the effect of these parameters on
transformer volume can be investigated. When all other size reduction
methods have been considered, an optimum configuration can then be computed
to give either minimum volume or minimm weight. To obtain an expression
for volure, the equation can be rewritten:

AN FEEER

V°<3.3, Aco(aa, AioCAa

where
V = volume and % = any linear dimension of the transformer
or L5 W 3/b

A configuration coefficient can then be defined such that

W b
VxR

We can now gee which parameters to manipulate in order to reduce transformer
size. To be considered at the same time are penalties in loss, regulation,
and heating which occur.

From the above equation it becomes evident that:
1. Transformer output (Wy) should be kept to a minimum.

2. The transformer should be used at the highest frequency (f)
possible.

3. Size 18 reduced by increasing the winding space factor (F.)
threugh improved insulations, and winding techniques (such as
foil methods).




k. Use of better core materials (higher flux density B) is necessary.

S. Current densities ( A ) shou’d be the highest possidble until loss,
regulation, and heating becox: l‘miting factors.

Reducing the s ze of transformers complicates the problem of cooling
because of increased losses and the fact that the increased heating is dis-
sipated from a smaller volume. Figures 30A and 30B show hcw the loss and
heat density are affected as size is reduced by increasing varicus parae
meters found in the denominator of the transformer volume equation. These
curves give the ratic of loss and heat density in the transformer of reduced
size to the loss or heat density of a standard design of the same configurs~
tion. It 1s assumed that the loss in the coil is equal to the loss in the
core.

The watts per cubic inch dissipated as heat is designated as heat
density. The temperature rise for any configuration will increase as thy
heat density increases, but it will not be directly proportionsl to the
heat density. The heat distribution between core and coil will usually
change as various parameters are changed. If the heat iistribution remsins
the same within the transforuwer, then the temperaturz rise for a given heat
density will be less with a small transformer than with a large one.

Figure 30C shows how temperature rise increases & the transformer size 1s
reduced. Experience has shown that transformer s:ies ~an be reduced to
less than one-half the size of conventional unite if -ue higher heat
density can be allowed in the smaller transformer.

This rise in temperature can be handled bty tv techniques. One method
is to use high teamperature insulation and let the transformer operate hot.
Channels for heat flow to the common heat sink of the unit must be provided
to limit the ultimate operating temperatures of the transformer. The other
method for eliminating heat losses 1s by acceleration of heat flow by use of
thermal conductors. Tkese thermal conductors may be metallic or a circulste
ing type of fluid system considered in this converter study and discussed
in more detail in a later section.

Design of each of the transformers for this study has been based on
providing minimum system weight. Cooling requirements have been considered
as part or the total converter system weight in each instance. Cooling
system studies have been performed and & cooling system weight penalty per
kilowatt of lcss has been establiched. This penalty is discussed and a
curve shown in the section on Cooling.

Design techniques for each power transformer include:

1. Ducting of coolant fluid over the core and through the coils
to reduce the temperature drop.

2. Use of tape-wound cores with an inorganic binder because of
cooling efficiency.

3. Use of advanced type of core materials.

€9
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L. ALl ducts and cooling plates are electrically insulated from the
windings.

5. Assumed 100% conductivity for copper at the temperature at which
losses are calculated.

Air core transformers eliminate the core loss problems of metallic
core transformersa, but coefficients of coupling for air core units are much
less than iron core units. In a converter eystem where heat efficiencies
are stressed,the low coupling of air core transformer (0.5 to 0.75) co-

.efficlent prevents their being selected for use. Coupling coefficients for

transformers using cores of high permeability iron may be as high zs 0.98.

Figure 30D indicates transformer weight changes as a function ot
frequency.
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SECTION II
CONCEPTUAL CONVERTER DESIGNS

OBJECTIVE AMD APPROACH

The objective of this part of the study program was to investigate
gpproaches snd establish conceptusl component designs for the conversion
of sinusoidal electrical power under the conditions stipulated below:

1. Conversion of 60 KW of electrical energy from 1000-cps,.3%,
43,6/75.8 volts to:

a. 50 KC, 3¢, 5810/10,)00 volts
50 KC, 1%, 10,100 volts

b, 200 XC, 3¢, 5810/10,100 volts .
200 XC, 1¢, 10,100 volts | :

c. 0800 KC, 3¢, 5610/10,100 volia
800 XC, 18, 10,100 volts

Deaigm objectives included conversion efficiency of not less than 907
aud over=all component weight of less than 300 pounds., Electrical power con=-
forms basicelly to energy available from a SNAP § power supply.

2. Conversion of 300 KW electrical energy from 3200 cps, 3@,
120/208 volts to:

a. 50 KC, 3@, 610,210,100 volts
50 KC, 1¢, 10,100 volts

b, 200 ¥C, 3¢, $810/10,100 volts
200 XC, 1@, 10,100 volts

c. 800 KC, 3@, 5610/10,100 volts
goc Xc, 1¢, 10,100 volts

Design objectives included efficiency of not less than 90% and over-all
componsent weight of less than 1000 pounds. Electrical power conforms basically
to energy svailable from a SPUR type electrical generator,

Based on the preliminary investigations of converter techniques, thrao

specific converter concepts were der.uved which follow and are discussed in
this section. The concents are:

1. Static transistor converter
2. Statioc tube converter

3. Motor-gensrater converter
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STATIC TAXANSISTOR CONVERTER DESIGNS

A 60 XW UNIT

The most promising of the three converter types for meeting the weight
and efficiency objectives of this study is a static transistor type of unit.
A transistorized 60 KW 1f power ccnverter is illustrated in Figure 31 and
shown schematically in Figure 32, Parametric data is summarized in Table I
which follows,

As can be seen from Figure 31, the packaging concept is compact and the
volume is slightly over two cubic feet., The static transistor converter con-
cept as detailed in this section will fulfill the S0 KC, 200 KC, and 800 KC
output frequency requirements and approaches the 90 per cent efficiency
objective, The weight and volumes are fairly constant throughout the fre-
quency range, Specific values are noted on Table 1,

Table I also surmarizes parametric data for a 3@, 60 KW converter unit
shown g~hematically in Figure 33. The three-phase unit is heavier than the
single .nase concept and is less efficient,

Operation of the single phase converter is based on a power chopper
technique and is explained in the section which follows. The L3.6/75.8 volt,
3¢, 1,000 cycle power is applied at the input terminals (Figure 32), and is
converted to a pulsating DC veltage by diodes CR1l - CR6, Filter choke L1
and filter capacitors C3 and C6 smooth the rectified DC voltege. This filtered
DC 1s then applied through output transformer T2 to the collectors of the
pover switching transistors 3, <5, Q7, Q9, Q1C, and Qll. The switching rate
of the power transistors is determined by the precision square wave oscillator
Q1 and Q2. The output from the square wave oscillator is applied to the
impedance matching transistor Qi. The cutput from Qi is amplified by the
driver transistors € and Q8 and is applied to the power switching trensistors.
Transformer Tl, filter choke L2 and filter capacitors C7 and C8 form the low~
voltage power supply which furnishes the power for the square-wave oscillator
and the driver transistors. Reference dicde CR13 provides a regulated voltage
for the oscillator.

The selection of transistors for the power switching section will depend
on future current cspabilities of power transistors, Serious limitation of
present dsy semiccnductor devices is in operating temperature (100°C), FHowever,
new materials, including gallium arsenide, are being developed whigh should
raise their operating terpersture capability in the future to L0O"C,

If the power switching circuit was desigred using state-of-the-art tren-
sistors, it would consist of 100 transistors, In order to compensate for the
voltage 1imit of most pswer devices, iwo trsnsistors wculd have to be used in
series, Since mcst devices aru presently limited to 20 amperes of current,
this would require S0 pairs of transistors in parallel for the €0 KW unit,

A three-phase convertar is shown scherstically in Figure 33 with para-
metric data included in Table T, L3.6/75.8 vslt, 3@, 1,000 cps pover is applied
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TABLE 1

SMCARY OF 60 KW STATIC TRANSISTCR CONVERTER PARMLLTR

iIC DATA

1¢ 50 KC 200 XC . 800 k¢

WEIGHT (1bs) 168.9 161.5 15%.1
KW RAD (Losses) 'ui 5.1 6.3
KW OUT 4 55.7 5k.9 53.7
EFFICIENCY (%) 93.0 91.6 89.4
LENGTH (inches) 19 19 . 19
WIDTHE (inches) 16.5 16.5 16.5
HEIGHT (inches) 12 12 12 i
VOLUME (eu. fit.) 2.2 2.2 2.2 ?
LBS/KW RAD 38.2 31.7_ 31.5 §
LBS/KW_OUT 3.02 2.91 2.87

3p 50 KC 200 KC 800 XC
WEIGET (lbs) 275.8 258.2 2Lk.0
KW R.D (losses) 9.8 11.1 13.1
K OUT 50.2 48.9 46.9
EFFICIENCY (%) 83.6 81.4 78.2
LENGTH (inches) 20 20 20
WIDTH (inches) 20 20 20
H=IGHT (inches) 15.5 16.4 17.2
VOLUE (eu. ft.) 2.5 3.8 4.0
I35/X.1 RAD 28.5 23.1 18.6 i
IBS/KW _O'IT 5.5 5.29 5.20 i

NOLZ:  VALUES DO ROT INCLUDE COOLIL
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at the input terminal and is converted to a pulsating DC voltage by the
power diodes CR1 - CR6, This DC voltage is then filtered by filter choke
L1 end filter capacitors Cy and Cp. This filtered i {3 now applied
directly to power transistors Q19 through Q60,

The switching rate of the power tramnsistora in this concept is deter-
mined by three-phase sins wave oscillator. The @A output from the oscillator
is applied to the impedance matching transistor Q7. The output from Q7 is
applied to 8 Schmitt trigger (square wave forming circuit) Q8 and Q9, The
output from Q9 is then applied to the emitter follower Q61 which feeds trans-
former T2 and powers the push-pull driver Q13 and Qll,

The output from the rush-pull driver is then applied through transformer
TS to drive the power trensistors. The same pattern is followed with @B and
§C, The final output is taken from three-phase output transformer 718,

Qutput Power Characteristics

Although the basic switching mode of the transistor power chopper gives
a square wave output and this is the input to the primary of the step-up
transformer, the output on the load side of the transformer is essentially
a8 sine wave, This results from the action of @ transformer on the incoming
wvave shape,

4 300 KW UNIT

A transistorized power converter for delivering 300 KW of single~phase
high frequency power is shown schematically in Figure 3L, Data for this
concept is summarized in Table 2, The operation of the circuit is identical
to that of the 60 KW unit and it differs from the 60 KW unit only in the
number of transistors in the chopper circuit. The 300 KW input is 120/208
volts, 3@, 3,200 cps power, rather than the L3.6/75.8 wolt, 1,000 cps power
for the 60 KW unit, The filtered DC from the rectifier section is applied
to one side of the outpvt transformer T2, The other side of the output
transformer is connnected in series with this parallel group of power tran-
sistors which switch the DC voltage at a 50 to 800 kilocycle rate through
the primary winding of T2, The output from the secondary winding of T2 is
then stepped up to & value of 10,100 volts AC for the load.

The switching rate of the power transistors is determined by the pre-
cision square-wave oscillator., The output from the oscillator is fed to
the driver transistors Q8 and Q10 th: ugh the impedance matching emitter-
follower transistor Q4, The driver transistors and oscillator are powered
by the low voltasge power supply.

A three-phase design for the 300 KW (input) unit is shown in Figure
35 and is slmost identical to the 3@, 60 KW unit., Major difference is in
the number of power trensistors in the power switch section,
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m Power Characterstios

A® in the single-phase converter concept, the power chopper section of
the three-~phase converter gives a square wave output, The waveshape that
appears aoross the output of the transformsr and available to the loed
device is essentizlly a sine wave,

COMPONENT CHARACTERISTICS

Tables 3 - 6 which follow list the components of 60 and 300 XW couverter
designs for both single-phase and three-phase configurations, They are
arranged in converter subsection headings and are identified on each of the
schematic drawings, Weight, size and internsl loss data have been listed
erd summarized as part of the study effort,

These static transistor converter concepts can be packaged within an
aluminum structurs for protection against radistion and space erosion. This
structure will provide minimum weight to maximum strength plus good thermal
conduotance cheracteristios, A preliminary ~-ckage design for a 60 KW, 1@
200 KC concept is typical of the other desigus and is shown in Figure 36,

Fignﬁ 37 shows a 60 KW, 3@ converter design for s 200 KC output, This
concept is typical of a unit for 50 KC and 800 KC output. The 300 KW concepts
are detailed in Figures 38 and 39,

The internal portion may be considcred to be in a tray configuration, in
which each tray holds a portion of the circuit. The trays are formed from
aluminum sheets so that coolant tubes mgy be imbedded in them to form a
cold-plate structure,.

In order to isolste the transistors and diodes from the high power come-
ponents, such as resistors and transformers, thin insulation barriers may
be set up around the transistora. These barricrs will consist of thin
aluminum foil agsinst thin glass or asbestos cloth. This will provids a
means of controlling the temperature of the transistors and diodes which gre
the most heat sensitive of the electrical components, Since the parts are,
in general, rather small in a transistor type of unit, thore is greater
flexibility in packege design, and thies concept can be packaged to match the
generator configuraticn and the electric propuision engine configurstion.




TABLE 2

SUMMARY OF 300 KW STATIC TR-NSISTOR CONVERTER PARAMETRIC DATA

1¢ 50 KC 200 KC 800 xc
WEIGHT (1bs) 278.9 249.3 225.8
KW RAD (Losses) 10.7 11.9 4.4
KW_OUT 289.3 2688.1 285.6
EFFICIENCY (%) 96.4 96.0 95.0
LENGTH (inches) 24 24 2k
WIDTH (1n§hes) 19 19 19
HBEIGHT (4inches) 11.5 11.5 11.5
VOLUME (cu. ft.) 3.0 3.2 3.5
LBS/KW RAD 25.9 20.9 16.5
LBS/KW_OUT .93 .86 19

3¢ 50 KC 200 KC 800 KC
WEIGHT (1bs) 518.9 451.0 402.7
X4 RiD (Losses) 22.3 23.8 27.2
XW_our 277.0 276.0 272.0
EFFICIENCY (%) 92.3 92.0 90.7
LENGTH (4inches) 2k, 5 25.5 L)
WIDTH (inches) 22.5 22.5 22.5
HEIGET (inches) 18 18 18
VOLUMZ (cu. ft.) 5.7 6.0 6.5
1.BS/KW _RAD 10.3 7.9 7.4
L3S5/X0 OUT 1.8€ 1.63 1.48
NOTS: VAIUTS DO NOT TUILUDE CCOLING SYoinM WEIGHTS,
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COMPONENT LIST ¥

0
COMPONENTS WI | LOSSES |
POWER SUPPLY (LOW VOLTAGE) (LBS) {(wATTS)
6 Rectifier, semiconductor 3.0 154
1 Transformer, low voltage (T1) 2.4 207
2 Capacitor, filter 1.2 1
1 Filter Choke -2, 15.8 8l
1 Diode, zener reference (CR13) 0.1 2
1 Resistor 0.2 5
POWER SUPPLY (HIGH VOLTAGE)
6 Rectifier, semiconductor 5.0 1,440
2 Capacitor, filter 3.5 1
1 Filter Choke (Ll) 22.0 258
OSCILLATOR SECTION
> Transistor, low power (Q} ,Q2) .1 1
7 Registor .1 2
5 Capacitor .1
WAVE SHAPER AND DRIVER
1 Transisor, pover (Q8) .5 60
1 Transistor, med power 2Q6; .3 5
1 Transistor, low power .3 1
2 Resistor (10wW) A 10
3 Resistor, power 2.7 175
OUTPUT SECTION
6 Transistor, power 3.0 360
6 Resistor, power (200W) 8.4 600
6 Resistor, base drive 5.4 300
1 Transformer, output (12) 18.0 630
MISCELLANEOUS
Mounting plate and Enclosure 43.1
Cooling ducts 2.8
Controls 10.0
Wire and Hardware 20.5
TOTALS 168.9 %,336
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TABIE 3
SF FOR A 60 KW STATIC  TRANSISTOR CONVERTER (18)

R ~ 200 KC — 800 KC____
5 SIZE WT IOSSES SIZE WP LOSSES STZB
B} (INCHES) (L8s) | (WATTS) {INCHES) (LBs) | (waTTS) {1NcHES )
1dx1tx3 3.0 1w {1t xaiixs 3.0 s 1dx14x3
2X2XhL 2.4 207 | 2Xx2x4 2.4 207 [2X2X4
21/8 pla. X 6 1.2 1 21/3 Dla. X 6 1.2 1 2 1/8 Die. X 6
ki x 3-3/bx5-1/81 15.8 84 | 4z X 33'kx51/84 15.8 b | b: X3 3/hx51/8
378 Dia. X 1 0.1 2 | 3/3Dia. X1 0.1 2 13/6Dpia. X1
1/2 pia. X 2 0.2 5 | L'2Dia. X 2 0.2 5 |1/2Dla. X2
1-7/6x1-7/8X4-1/146 5.0 1,440 1-7/8Xi-7/8Xh-1/06 5.0 1,440 1-7/8X1-7/5%4-1/16
LX5X63 3.5 1 | 4X5X6€ 3.5 1 J4x5x6}
W X b X 6-3/k 22.0 258 | 43 x b x €-3/4 | 22.0 258 |43 X 4 X 6-3/4
705 .1 1 | 105 1 1 | 705
iy MIL-R-11C .1 2 | 3w MIL-R-11C .1 2 | iW MIL-R-11C
MIL-C-5B .1 MIL-C-5B .1 MIL-C-5B
i¢xi1dx2 .5 60 | 12x13x2 5 6 |ji1itxiixoe
03 3 p T03 3 2 T03
{ 103 3 1 | 703 3 1 | T03
| 5/16 Dia. X 1-3/§ 4 10 5/16 Dia. X 1 3/4 .4 10 5/16 Dia. X 1 3/i
12t X3X7 2.7 175 | 28 X3 X7 2.7 175 {2t x3x7
1ix1-,’;x2 3.0 360 1§x1%x2 3.0 360 1%x1$x2
2¢ X3 X7 8.h 60 | 25 X3 X7 8.4 600 2y X3 X7
15 X 2-1/8 X 5% 5.4 300 1% X 2-1/8 X 53| 5.k 300 | 13 X 2-1/8 X 53
LX5XT3 13.2 1,800 | 32 x kX6 7.6 | 2,675 | 2-3/kx3} X h-37h
40.8 38.5
3-0 3.8
10.0 10.0
20.0 19.7
161.5 5,056 15k.1 | 6,331




COMPOIRENT LIST FOR A

50 XC
Ji0. | COVPONELTS WT I0SS:-S
POUZR SUPPLY (1OW VOLTAGE) (LBs) | (WATTS)
6 Rectifier, scmiconductor 3.0 LTS BT ¢
2 Capacitor, filter 1.2 1 [2-1/¢
1 Filier Choke (L-2) 15.8 8y Juix
1 Diode, zener reference .1 2 3/8 1
1 Resistor .2 5 j1i/21
1 Transforrer (pp) 2.% 207 |2x:
PCUZR SUPPLY (KIGH VOITAGE) = ¢
6 ! Rectifier, semiconductor 5.0 1,440 1.7/8
2 Capacitor, filter 3.5 1 hxs
1 Filter Choke (L1) 22.0 258 |8 x
CCILLATOR SECTION
3 Transistor .2 2 05
3 Capacitor .1 MIL-C
Fesistor, base drive) 1
2 Resistor ) -2 3 |dM
IWAVE SHAPER AND DRIVER
9 Transistor, low power 2.7 9 03
12 Capacitor 4 1 MIL-C-
3 Resistor (1OW) .6 15 |5/161
3 Trensistor, wed power .9 15 703
6 Transistor, high power 3.0 360 |1dx)
24 Resistor (1W) .5 12 | 1¥ MO
CiTFUT SECTION
24 Transistor, power 12.0 | 2,000 1§ X1
24 Resistor, emitter 34.0 2,b00 | 25X 3
1 Tr.nsforzer, output 18.0 1,020 3-3/k
3 Transforuer, driver 7.5 9 |2x2
24 Resistor, base drive 21.5 1,200 laxz2
3 l Trensformer - push-pull 6.0 615 X3
 MISCELLANEOUS
lounting plate and Enclosure 76.9
Cooling Ducts 5.0
Controls 10.0
Ulre 2ad Hardware 22.5
TOTALS
275.8 | 9,88k
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TABIE k

OR A 60 KW STATIC TRANSISTOR. CONVERTER (3f) |
T 200 KC 800 XC
SIZE Wl LOSSES SIZE WP 1GSSE5 BIZE
(mcEzs) (tes) | (warrs)|  (INCHES) (Las) | (waTrs)|  (INCHES)
1itxi1lxs 3.0 s 12 x1dx3 3.0 1w 1k x1#x3
2-1/8 Dia. X 6 1.2 1 |2-1/8 pia. X 6 1.2 1 |2-1/8 pia. X 6
13 X 3-3/bx5-1/8 | 15.8 84 | b3 X 3-3/4%5-1/8] 15.8 84 Iu% X 3-3/bXx5-1/8
3/8 Dia. X 1 .1 2 |3/86pia. X1 .1 2 |3/4Dia. X1
L/2 Dia. X 2 .2 5 {1/2Dia. X2 .2 5 {1/2 Dia. X 2
>X2Xh 2.4 207 2X2xkh 2.4 27 j2X2Xx4
.7/8Km-7/8x4-1/16 5.0 | 1,4k0 |1-7/8x1-7/8%k-1/36 5.0 | 1,440 [1-7/8x1-7/8x4-1/16
' XS X 6% 3.5 1 |[sxs5x6 3.5 1 |bX5X6
31X b4 X6-3/4 22.0 258 |43 X b X 6-3/b 22.0 258 (43 X + X 6-3/4
05 .2 2 | T05 .2 2 705
IL-C-5B .1 MIL-C-5B .1 MIL-C-5B
W MIL-R-11C 2 3 | 3w MIL-R-11C .2 3 |iw MIL-R-11C
03 2.7 9 | 7T03 2.7 9 {7103
IL-C-25 A 1 | MIL-C-25 & 4 1 |MIL-C-25
/16 Dia. X 1-3/4 .6 15 | 5/16 Dia. X 1-3/ .6 15 |5/16 pia. X 1-3/4
3 -9 15 T03 -9 15 {703
Lxidxa 3.0 360 |1t x1idxe 3.0 360 |1t x1dx2
¥ MIL-R-11C .5 12 | 1W MIL-R-11C .5 12 |1W MIL-R-11C
bx1lx2 12.0 | 2,000 1i X1t x2 12.0 | 2,000 jidx1tx2
cX3X7 3.0 | 2,400 |28 X3 X7 3.0 | 2,400 2} X3X7
3/bX5X6 13.2 | 1,700 | 3X5X6 7.8 | 2,920 |3 X 3§ X b}
x2l x4 5.5 152 {2X2X3 3.3 262 1%x2x3
;X 2-1/8 X 5 21.5 | 1,200 |13 x2-1/8xs5%| 21.5 | 1,200 {1i x 2-1/8 x 5%
X 33 X 4-5/8 5,0 | 1,050 | olx3x3} 2.h | 1,800 J2x2kx3
68.1 62.9
6.1 7.5
10.0 10.0
22.0 21.7
258.2 |11,061 2kL.0 | 13,141
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PY Zo R s L A I o ]

COIPONENT LIS

HO, COMPOIELTS WP LOSSES
POWER_SUPPLY (IC4 VOLZAGE) (LBs) | (WATTS
6 Rectifier, semiconductor 3.0 3k
1 Transforzer, low voltage (T1) 3.4 430
2 Capacitor, filter 1.2 1
1 Filter Choke (L-2) 19.0 200
1 Diode, zener reference (CR13) d 2
1 Resistor (R9) .3 6
POVER SUPPLY (HIGH VOLTAGE)
6 Rectifier, semiconductor 5.0 | 2,00k
2 Copacitor, filter 3.5 1l
1 Filter Choke (I1) 25.0 650
4 OSCILLATOR SECTION
2 Transistor, low power (Q1,Q2) .1 1
7 Resistor .1 2
5 Capacitor .1
« WAVE SHAPER AND DRIVER
2 Transistor, powver (G8) (q10) 1.0 120
1 Pransistor, wed power (Q6 .3 5
1 Transistor, low power (Q4 .3 1
2 Resistor (10W) b 10
5 Resistor, pover 5.0 325
QUTFUT SECTION
10 Transistor, power 5.0 600
10 Resistor, power (200W) 14.0 | 1,000
10 Lesistor, base drive (100W) 9.0 500
1 Pransforuer, output (T2) 90.0 4,572

MISCELLANF.OUS

Mcunting plate and Enclosure
Cooling ducts

Controls

Vire and Hardware

TOTALS

\n
\J’INFH
C O &

N =

218.9

10, 67k

- —————— —_— i ———




-

m [IST FOR A 300 KW STATIC IRAXSISTOR! CORVERTER (1f)

0 XC 200 KC T 806 KC__ ..
)SSES STZR Wo LCSCES SIZE WP 10S5= SI1ZE
TATTS ) (INCHES) (1Bs) | (warTs) (INCHES) (iBS) | (WATTS) (1nCHES)
3y Jirdx1d x3 3.0 3 i1t x1d x 3 3.0 s J1dx14 x3
430 2,3; X zg X 3.4 430 2§ X2 x bd 3.4 430 |2f X 28 X 4}
1 {2-1/8 Dia. X 6 1.2 1 {2-1/8Dpia. X6 1.2 1 ]2-1/8 Dla. X 6
200 j4xs5x%x6 19.C 200 |4X5X6 19.0 200 |[UX5X6
2 |3/8Dpia. X1 A 2 [3/8Dpia. X1 .1 2 13/8Dia. X1
6 |1/2Dpia. X 2 .3 6 |1/2Dia. X 2 .3 6 |1/2 Dia. X 2
00k | 1-7/8x1-7/8x4-1/16 5.6 | 2,004 | 1-7/8x1-7/8Xk-1/16 5.0 | 2,00k 1-7/8x1-7/8%4-1/16
1 {bxs5xé 3.5 i Jhxs5x 3.5 1 jUXSX
650 17T XhX63 25.0 650 | TXLX 25.0 650 |T Xk X
1 |To5 1 1 | TO05 1 1 |T05
2 | 1/2w MIL-R-11C .1 2 | 1/2W MIL-R-11C .1 2 {1/2W MIL-R-11C
MIL-C-5B .1 MIL-C-5B 1 MIL-C-5B
120 {13dxibxe 1.0 120 |Jitxaidxe 1.0 120 jidx1dx2
5 | TO3 3 5 | 703 .3 5 | TO3
1 | 7103 .3 1 | T03 .3 1 |[TO3
10 5/16 Dia. X 1-3/k A 10 5/16 Dia. X 1-3/h b 10 | 5/26 Dia. X 1-3/4
325 |2t Xx3X7 5.0 325 124 X3X7 5.0 325 |2t X3 X7
600 |idxibxoe 5.0 600 1ix1,}x2 5.0 €ro 1ix 12 x2
000 2% X3X7 10 | 1,000 | 2¢X3X7 1.0 ] 1,000 |24 X3 X7
500 |15 X 2-1/8 X 5% 9.0 500 | 15 X 2-1/8 X 5% 9.0 500 1% X 2-1/8 X 53
k72 1 6 X 8 X 113 63.5 | 5,710 | 6 X7 X 93 42,0 | 8,225 |5 X 6 X 8
48.5 46.0
5.0 6.0
12.0 12.0
24.5 24,0
57k 249.3 | 11,912 225.8 | 1k,k27

1




COMPOITENT LIST F(

‘ 50
1i0. COMPOLELTS WT LCSSES
PO.ER SUPPLY (LOd VOLTAGE) {LBs) (WATTS )
€ Rectifier, semiconductor 3.0 3k 1y
2 Capacitor, filter 1. 1 |2
1 Filter Choke (L-2) 19.0 200 ik
1 Diode, zener reference .1 2 13
1 Resistor .3 6 |1,
1 Transformer 3.4 430 |2
PCER SUI®LY (FIGH VOLTAGE)
6 Rectifier, semiconductor 5.0 2,004 |1.
2 Copacitor, filter 3.5 1 |4
1 Filter Choke {L1) 25.0 650 |7
OSCILTATOR SECTION
3 Trensistor .2 2 |
3 Capacitor 1 M
3 Resistor, base drive ) .2 3 {1/
6 Resistor )
WAVE SHAPER AiD DRIVER
9 Trensistor, low power 2.7 9 |1C
12 Capacitor 4 1 1M
3 Rosistor (1OW) .6 15 {5/
3 Tr:nsistor, med pover .9 15 | TC
6 Trensistor, high power 3.0 360 |1
2k Tesistor (1W) .5 12 | 1w
CUTPUT SECTION
42 Prunsistor, power 21.0 4,000 |1t
42 Resistor, emitter 59.0 4,200 2;
1 Trcnsforrar, output 90.0 6,300 ;6.
3 Tronsformer; driver 37.4 450 | 3
42 Resistor, base drive 37.8 2,100 | 1
3 Tronsformer - push-pull 20.0 1,165 | 3
MISCELLANEOUS
Mounting plate and “nclosure 134.0
Cooling Ducts 9.6
Controls 12.0
Wire and Hardvare 29.0
TOTALS
518.9 22,270




TARIE 6

T FOR A 300 K4 STATIC  TRAWSISTOF' CONVERTER (3f)

0 XC_ 200 XC 800 KC
r SIZE wl LGSSES SIzZe WP 1035eS SI7R
» (INCHES) (LBs) | (varrs) (INCEES ) (LBs) | (warrs) (IRCEES)
Chixidx 3.0 3 1dx1dx3 3.0 3% {18 X212 X3
| 2%1/8 Bia.3x 6 1.2 1 }|2-1/8 Dia. X 6 1.2 1 }2-1/8 1ia. X 6
LX5X6 19.0 20 |[bX5Xx6 19.0 20 |LX5X6
{3/8 pla. X 1 .1 2 |3/8 pfa. X1 cel 2 |3/8Dia. X1
|1/2 Dla. X 2 .3 6 {1/2 Dia. X2 .3 6 {1/2 Dla. X 2
lep x 23 x 4 3.k 430 l2lx2d x4 3.4 530 [24 x 2§ x 4
|1-7/8X0-7/8%4-1/14 5.0 2,004 [1-7/8x1-7/8%4-1/26 5.0 2,004 1-7/8x1-7/8xh-1/16‘
hbX5X 3.5 1 |[bX5X 3.5 1 hxsxgg
TXhX 25.0 650 |7 Xk X 62 25.0 650 |TXhX
| 105 .2 2 | 705 .2 2 | 105
| MIL-C-5B A MIL-C-5B el MIL-C-5B
1/24 MIL-R-11C .2 3 |1/2W MIL-R-11C .2 3 | 1/2w MIL-R-11C
703 2.7 9 | T03 2.7 9 | 103
| MIL-C-25 b 1 | MIL-C-25 b 1 | MIL-C-25
5/16 Dia. X 1-3/4 .6 15 |5/16 Dia. 1-3/b .6 15 | 5/16 Dia. 1-3/4
| T03 .9 15 1 T03 -9 15 | 703
fidxidtxa 3.0 360 {18 x1dx2 3.0 360 [ 1¢x1d x2
iW MIL-R-11C 5 12 | 1W MIL-R-11C .5 12 | 1W MIL-R-11C
itxitxoe 21.0 4,000 ;1ix 1ix2 21.0 | ‘4,000 | 1t x1dx2
23 X3X7 59.0 b,200 (28 X3 X7 59.0 k4,200 2} X3Xx7
i 6 X 8 X 113 63.5 7,400 {6 X7 X 93 k2.0 9,600 | 5 X 6 X 8%
3 x b x5t 26.3 700 | 3% X 3-3/b X h-sﬁs 17.8 | 1,480 X 3% x 43
13 X 2-1/8 x 5} 37.8 2,100 15 X 2-1/8 X 55 | 37.8 2,100 | 13 X 2-1/8 X 53
#FX5xT 15.0 1,370 3§ X4 x6 9.0 1,780 X 3-7/8 X 6
109.0 95.9
10.3 12.1
12.0 12.0
28.0 27.0
451.0 | 23,825 402.7 | 27,215
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THERMAL DESIGN

For the purposes of a cooling snalysis, it has been assumed that all
transistors asre mounted on a heat sink materisl which is part of the heat
sxchanger or cold plate. In the thermsl analysis, thermsl drop through
electrical insulation, allowable junction temperatures of the transistors
and internal heat flow from each device to the heat exchanger were con-
sidered., System cooling vas approached by treating the shelves as a heat
source, Each shelf has a certain number of computable heat losses by which
the total shelf losses were derived, The &0 KW, 1 transistor converter
has beon packaged so that the magnetic camponents (transformers and coils)
are in one area of the package and the non-magnetic components (transistors,
diodes, capacitors, and resistors) are basically together in the remsining
area of the package.

In this particular converter the heat losses of the magnetic and the
non-magnetic corponents were approximately equal. Using the cold plste
cooling technique, three cold plates were set up in parallel to ccol ths
non-magnetic components, and the coolant tubes converge to a common tube
and then flow to the magnetic components for further hest transfer. This
allows a greater overall coolant tempersture rise ( A T).

Flow rate is determined by using the following equation: W, = AV a
form of the contimuity equation where A is the conduit ares in s e feet
and V is the fluid velocity in feet/second, Knowing the flow rate required
per shelf, the different area requirements can bes obtainsd, giving us a
total inlet coolant tube ares requirement, This can be done by using values
of A and V which will insure turbulent flow., By keeping the overall coolant
tube area constant we can assume Ap to be zero; the only overall A p is due
to friction losses,

Figure LO shows the system flow schematics for the single phsse, 200
Kc, 60 KW units and is typical of the 50 and 800 KC designse AAT of
approximately 2L°C has been allowed across the non-magnetic components and
approxinately 26°C has been allowed across the magnetic components, It is
row clear that a greater overall A T can be obtained with a smaller flow
rate which is dependent upon the terperature range allowable, primarily by

the semiconductor components, Figure L1 is the 300 KW- analy 1is.: ~ .

In the single phase systems, the cutput sections consist of several
transistors in parallel, Since all the collectors are attached to s common
leed, these transistors can be mounted directly to the cold plate without
eny Iinsulating washers. This increases the thermal conductance and allows
the transistcrs to dissipsate more heat,

Knowing the heat lossus present per shelf, Figure 83 was used to
determine the coolsnt flow rate (We) required for each heat flow (q)e A
coolant temperature rise ( AT) of LU°C was assumed for this design besed
cn the probability that transistors will be available to operate st s high
enough temperature to allow such & range,

Figure L2 shows the total :bs/¥4 cut for toth single and three-phase
converter outputs at SC KC, 20C KC and S00 KC, The curves show the trend

8




of system weight with temperature, Since present transistors are limited

to sbout 300°F, this is the governing factor in determining
t!u systen operating point, hon these curves, the optimum opersting point
from & weight basis is higher than the maximum trasnsistor operating temp-
erature (3C0°P), Lighter weight systems are possibls only as transistor
temperature cspabilities are increased,

8l
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WATTS WATTS WATTS
COLD PLATE NO. 1 COLD PLATE NO. 2 COLD PLATE NO. 3
Wl = 8.4 W~ 9.4 Wi « 6
LB/MIN LB/MIN LB/MIN
AT = 40°C AT = 40°C AT = 40°C
COOLANT
ouT
o - L
T2-T1 = 40°C WI = 23.8 T2

(A) 60KW, 3§, 200KC UNIT

COOLANT ¢ _
e ¥ - 13.3 LB/MIN -

T1

Q = 512
Q = 857 Q = 1190 Q = 3134 WATTS
WATTS WATTS WATTS .
COLD PLATE NO. 3 L1 AND L2
COLD PLATE NO. 1| |cow PLATE NO. 2 _ T1 AND T2
Wi = 2.2 Wi = 2.9 Wi = 8.2
LB/MIN /MIN LB/MIN Wt = 13.3
4T = 25°C 4T = 25°C AT = 25°C LB/MIN

AT = 26°C

| | 1 i

T2
. i .

ZAT = (T2-T1) «(T3-T2) = 50°C
(B) 60 KW, 14, 200KC UNIT

Pigure 0, Thermal Flow Diacram for 60 K4 Static Transistor
Converter Unit
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A
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AT = 46°C AT = 40°C AT = 40°C AT = 4°C
Y Y Y Y
- —- - o . —- Tz;-
AT=T2-T1 = 40°C COOLANT
ouT
(A) 300KW, 38, 200KC UNIT
QOLANT
f,, Wi = 19.7 LB/MIN
L e o - \ =
Tl

Y Y

Q =
1130 WATTS

Q =
4848 WATTS

Q =
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Tl AND T2

COLD PLATE NO. 3 L1 AND L2

COLY PLATE NO. 2

COLD PLATE NO. 1

ouT
Wi = We = W = wf = 19.7 LB/MIN

33 LB/MIN 63.2 LB/MIN 3.2 LB/MIN .
AT = 23°C AT = 23°C AT = 23°C AT = 25°C

{ { { 3

T2

L 2 a g

EAT = (T2-T1) +(T3-7T2) = 50°C
(B) 300 KW, 18, 200 KC UNIT

Figure },3, Thermal Flow Diagram for 300 KW Static Transistor
Converter Unit
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Figure L2, Analysis of Zvstem .cizht Vs, Temperature
Jer Static Trancistor Converters
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STATIC TUBE CONVERTER DESIGNS
A 60 XW UNI?

- One design concept for a 60 XW (input) high-frequency static converter
unit involves use of & vacuum tube type of r-f generator. A particular
single-phase concept is shown in Figure 43. The system is fairly simple
and involves use of a ceramic type power oscillator tube operating in Class
C mode. Power in the 50 to 800 XC frequency range is generated in a
resonant tank circuit. Transfer of high-frequency, high-voltage power to
the single-phase load can be accomplished through a matching transformer.
Weights, volumes, and efficiencies are shown in Table 7 for a single-phase
concept. Figure LIl shows a schematic of this concept.

£

A
4
3
<
?

The high-voltage plate power for the oscillator tube is furnished by a
typical series three-phase (quadrature operation) power supply couposed of
a high-voltage plate transformer, three thyratrons and three diodes. The
DC output from the power supply is filtered and applied to the oscillator
tube plate through two r-f isolators. Control of the grid eircuit of the
gas thyratrons (T1, T2, and T3) is provided by a phase-shifter technique
vhich allows adjustment of the plate voltage and current to the oscillator.
The net result 1s a means of varying the power output to the load.

A three-phase concept is shown in Figure 45. As can be seen from the
figure, the three-phase concept involves a phase shifting of the output
from a typical single-phase output into a composite three-phase output.
This is done by a8 capacitive and resistive network.

Paage A of the output waveform is derived directly from the inverted
wvaveform + 180° of the transformer secondary. Fhase B is shifted -60°
electrically, and Phage C is shifted + 60° electrically. The three outputs
then form a composite three~-phase voltage for use in the load. Power con-
sumed in the phase-ghifting capacitors and resistances is fairly low because
of the low-current, high-voliage output requirement.

Weights, volumes, and efficiencies for a three-phase converter are
summrized in Table 7. To be noted is the fact that weights and volumes
for the three-phase unit are not much greater than thoae for the single-
rhise unit.

A_300 KW UNIT

The desizn of a sinzle-phage 300 Ky Sinput) static tube converter unit
{s based on the same schematic (Pigure bh) as the 60 K4 unit with a higher
power {nput level being the mujor difference. Power input to this con-
verter unit is also at a different voltage and frequency - 120/208 volts
(3,200 ops) rather than the 43.6/75.8 volts (1,000 cps) of the 60 KW unit.
«ie!ghtg, volumes, and efficlencies for s 300 KW unit are gummariged in
Table O.

A three-phage concept {s shown in Figure 45, This concept also involves
use of the single-phase concept with the addition of a phase-shifting network
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TABLE 7
SANARY OF 6O KXW UPATIC TUBS CONVERTER PARANETRIC DATA

1 50 X¢ 200 KC 800 xC
VEIGE? (1bs) 358 37 345
AD \logees 18.9 19.5 19.9
ok 0.2 50.5 40,1
CIENCY ($) 68.6 61.5 66.9
% (inches) 26 % 26
VIDT (inches) 19 19 19
| EEIR (dnches) B .38 .38
ou, %, ._10.9 0.9 10.9
| mamemp | 189 1.1 a2
|__1»s/xw our . 8.7 8.5 8.5
x 50 XC 200 XC 800 KC
|wEzoEe (1ve) 363 353 349
|__Xi RAD (1osses) 18.8 - 20.0 21.8
- - h.2 39:9 38.2
|__Errrcomcy (%) 68.1 66.6 63.1
120 (inches) 3 3 2
WIDTH (inches) 23 .23 23
|___HEIGET (inches) ' 39 39 39
VOLUME (cu. £%.) 17.7 17.T.C 7.1
_ LB3/K0 RAD - 19.3 17.8 16.0
LBS/KW_OUT 8.8 8.9 9.1
NOTE: VALUES DO NOT INCLUDE COOLING SYSTEN WEIIRT
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TABLE 8
SUMARY OF 300 XW STATIC TUBE CONVERTER PARAMNIRIC DATA

¢ 50 XC 200 XC 800 Ko
WEIGH? (1bs) ST1 555 549
KW RAD (losses) 91.2 92.6 91.h
Xi_OUr_ 208.8 207.4 208.6
EFFICIENCY (%) 69.6 69.1 69.5
LM"S?.nches). 26 26 26
WIDTR _(inches) 19 19! 19
|___EETGHT (inches) ‘ B 38 K3:)
_VOLOME (eu.’ £8.) __10.9 10.9 10.9
LBS/KW RAD 6.3 6.0 €.0
LBS/XW_OUT ) 2.8 ‘2.1 2.6
k' 50 XC 200 K¢ 800 KC
WEIGHT (1bs) . 592 513 562
KW _RAD (losses) 91,5 9k.3 9k.1
KW _OUT _ 208.6 205.7 205.9
| EFFICIENCY (%) 69.5 68.6 68.7
. LENOTH (inches) 3 3k 3
WIDTE (4inches) X 23 23 23
HEIGHT (inches) 38 38 38
| _VOLUME (cu. ft.) 17.2 17.2 17.2
LBS/KW RAD 6.5 6.1 6.0
LB3/KW OUT _ 2.8 2.8 2.7

NOTE: WEIGHT FIGURES DO NOT INCLUDE COOLING SYSTEM WRIGHT
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composed of resistors and capacitors. This pbase-gshifting network appears
feasivle for ths 300 KW level because of the fact that the power is at &
high-volta e, low-current level and I2R losses will not be too great.

Output to the load is fro: a three-phase transformer. Control of the
¢ st power is through the iriividuwal grid circuits of each of the
thyratsons of the power supply section where voltage and plate current to
the oscillator can be raised or lowered. Components of a 300 KW, three-
phase system plus weights, volumes, and efficiencies are sumarized in
Table 8 for each of three frequencies.

CENERAL DESIGN CONSIDERATIONS

Input characteristics to the power supply pert of this converter are
not 00 eritical for this unit, since it is capable of handling fairly
large transients. ‘Tubes are most reliable when filarent voltages are
constant, so0 1t is important that fluctuations in filament voltages be
held to low level in order to achieve long tube life. Tube manufacturers
state that filament voltages should be within one per cent either side of
the nominal value for mercury~vapor rectifiers. Voltage-regulated trans-
formers of the self-saturating type, with tuned primary windings can be
used vhen needed to provide the constant filament voltage input. Initial
oscillator tude filament current must be limited to a maximm value of
approximately 1.5 times rated hot value. This is necessary since the cold
filament resistance is usually as low as one-tenth its hot value, and the
surge currents at switching could damage the filament.

The generator 1g designed with an isolating magnetic switeh to isolate
the power supply from the power source. The filament transformers must de
isolated from the power source by a separate switch in order that filaments
may be allowed to warm up bvefore plate power is turned on. A protective
device to prevent plate power twrn on before coolant filuid flow has
started is also a part of the design.

Several methods for control of power from an r-f generator are avail-
able such as: (1) Variable-coupling r-f output transformer, (2) saturable-
reactor system in high voltage systen, (3) saturable-reactor system in
supply line, and (%) thyratron control. Variable ccupling transformers
are not attractive for this lightweight, high efficiency converter applica-
tion, and the saturable reactor techniques are much too heavy to be con-
sidered. A thyratron technique has been used in this system. The main
characteristic of the thyratron is that it will not conduct unless the grid
voltage is at some vilue less negative than the critical grid voltage. If
a constant DC bias is applied to the grid and an AC voltage superimposed on
this, the thyratron will conduct at the point where the AC voltage exceeds
the critical voltage. Once the tube has f{ired, it will continue to con-
duct even whern the AC grid voltage fails below the eritical voltage, and
will stop conducting only when the plate voltage is less than the cathode
voltige. If this AC grid voltage 1s made to alter its phase angle with
respect tn the plate voltage by a prhasing network, the firing or conduction
angle will be increased. This results in retarding the plate current and
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voltage conducting point, as shown in Pigure 46A. The resulting DC plate
voltage along with the DC plate current is reduced and the total DC
voltage to the oscillator tube plate is reduced. The r-f output of the
generator 1is thereby reduced. ‘The thyratron is stable and does not arift
with time, but these tubes are sensitive to line voltage variations, which
change the eritical grid voltage. Figure 46B shows a typical phasing
circuit, the output across x and y is connected across the grid and
cathode with a bias voltage in series with the thyratroa.

C nt Characteristics - Tables 9 and 10 1i * individual components for
KW single-phase and three-phase converters aud Tables 1l and 12 for 300
KY single-phase and three-phase converters. Components listed are also
shown in the high vo e power supply, oscillator and ocutput sections of |
the schematic dia.gramm%ﬁgure 44 and 45). Weight, volume, and loss para-
metric data is listed for comparison with other converter techniques.

The thyratron and diode types considered for the high valtage power
supply section are based on conventional units presently available for
power supply use. Operating characteristics are typical of conventianal
units, Only the volume of the oscillator tube has been reduced somevhat
to take advantage of expected improvements in state of the art for power
tubes. The other tube dimensions used for packaging are realistic state
of the art. The oscillator tube characteristics are similar to those of
the RCA 5671 (9C22) for the 60 KW unit and the RCA 6949 for the 300 KW
unit. As discussed in the sectiorn on Cooling, use of a coolant octher than
water and one compatible with liquid cooled tubes has been a basic design
assunption.

Transformer and choke units are based on conventional designe using
low-loss magnetic cores with fluid coolant circulating between core and
vinding to remove excess heat. Heat loss data for each of the transformers
is based on loss data extrapolated from availlable loss curves and test data
derived during the experimental part of this study program.

. Resistor and capacitor components are conventional designs with low-
loss characteristics. Each has high temperature capabilities and is
derated to achieve long life expectancy. Remainingz parts of the unit
include mounting structure, wire and hardware, and cooling ducts and
these are listed so that a total weight can be calculated.

MECHANICAL DESIGN

The static tube converter unit can be packaged in an aluminum con-
tainer for partial protection from a radlation environment, for mechanical
support, and for limited protection from meteroid damage. The container
can be designed to serve as & heat sink. Typical structural design for a
60- KW, single~phase, 200 KC unit is shown in Figure 47, and is based on
maximum system reliability, minimum weight, and minirum volume. Weight,
dimensions and volume data 1s shown in Tables 7 and 8.

Each tube will be mounted on its own filament transformer for com-
ractness and to make use of the “rnsicrmer 4s a partial heat sink. Tube
cooling will be by inter-ral coollin: lucts fcr the cscillators and coolinr
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- “50 k&
COMPORENTS L wr Jiocss | oW
POWER SUPPLY (HIGH VOLTAGE) (Les) | (wares) (DK
1 High Voltage Transformer (X7) 11k 640  [18x:xb
1 Xe, 3@, 60 KW
1 Magpetic Switch 10 100  |5x3xk
3 Fihaet)rt Transformers (X1, X2 9 6 |25/6x31/
& X3
2 Filﬁx)xt Transformers (¥, X5 8 12 |5x5x3 3/¢
&
3 Myratrons (T1, T2, & T3) 3 1800  {1017/32x!
3 Picdes (T4, TS & T6) 3 378 |14 7/16x5
OSCILIATOR SKCTION
1 Osciliator Tube (T7) 45 ﬁ,eoo 25x8 3/2 1
1 Filament Transformer (X9) 5 105  [Sxhixh
1 Phase Shifter 15 100  [5x513/16a
1 Filter Choke (11 & 12) 9 3200
1 Filter Capacitor (C1) 3 - 6 1/2x5xh
2 Coupling Capecitors (C2 & C3) - b 120 |6 1/2x5xh
2 Neutralizing Capacitors (Ch & C5] 1 - 6 1/2x5xk
1 Tank Coil Capacitor (Ct) 2 60 |6 1/2x5xh
5 Resistors (R1, R2, R3, R4} 2 2  |9/16x3/16
1 Tank Coil 2 100
OUYFUT SECTION i——-—wx&n
1 Matching Transformer (X8) 17 1030)
MISCELLANEOUS
- Mounting structure 8o e
- Cooling ducts 5 -
- Controls 10 —_—
- Wire and Hardware 10 -
TOTALS 358 118,453
i r—— TR



. TABLE 3 ."

-

R A 60 KM STATIC CONVERTER TUBE (1)

B . 200 KC_ - 800 KC___
25+ 4 wr __T1OSSES _ SIZE. wT @.&_sns_.'__;m_____f'
(IMCHES) (13s} | (wATrs! (TwcHES ) (18s) | (warrs) (mcaxs)
X6 21k o |18xauxb - | 6o |18akes
10 100 | 5x3xh 10 100 | S5x3xh
31/16x3 3/16 9 6 [25/8x3116x3346] 9 6 |2 5M8x31/16x3 316
3/8 8 12 |5x5x3 3B 8 12 |5x5x338
2x2 3/8 Dia 3 18c0 |10 17/32x2 38 Dia 3 1800 |10 17/32x2 3/8Dia
6x5 1/8 Dia 3 378 }14 7/16x5 1/8Dia 3 378 11k 7/16x5 1/8D1a
/2 Dia L5 11,200 }25x8 1/2 Dia 45 11,200 |25x8 1/2 Dia
5 105 5 105
f16xh 11/16 15 100 |5x5 13/16xh 1116 15 100 | 5x5 13/16x4 1/15
9 3200 9 3200
ik 3 - 6 1/2x 5xb 3 - 6 1/2x5xh
xh b 120 |6 1/2x5xk b 120 |6 1/2x5xh
ik 1 - 61/2x5xh 1 ~ 6 1/2 x5xh
ol 2 60 |6 1/2x5xk 2 60 [61/2x5x
/16 Dia 2 2 19/16x3/16 Dia 2 2 |9/16x3/16 Dia
3 100 3 100
3 e 3% 3%3 - 7x3x3
6 1650) 1 2550
80 - 80 .
5 -- 5 --
10 hadad lo -
10 - 10 -
347 19,473 348 19,953




TABLE
PRELIMINARY COMPONENT LIST FOR A 60 I

S0_XC.

RO, COMPONENT Wr. [LOSSES SIZE
LBS ) | (WATTS INCHES
POMER SUPPLY (HIGH VOLTAGE) (zzs) ) ( )
1 gghegolhge‘kmfmr (xt)r1xc, | 114 | ‘640 J18X14X6 )
KW
1 &éneuc Sviteh 10 00 ]5x3Xh
3 | Filament Transformer in, 2 & xs; 9 6 { 2-5/8 X 3-1/16 X 3-3/1
3 | Pllament Transformer (X, X5 & X§ 8 1215X5X3-3/8
3 | Tyratrons (11, T2 &713) 3 | 1,800 | 10-1/2 X 2-3/8 aia.
3 | Diodes (Th, TS & 76) 3 380 ! 14-7/16 X 5-1/8 dia.
OSCILIATOR SECTTION
1 | Osciliator Tube (77) 8C% X 56 KW 45 }11,200 { 25 X 8-1/2 dia.
1 | Filement Transformer (X9) ‘ 5 100 [ 5XbX5
1 | Phase Shifter 15 100 | 5 X 5-13/16 X 4-3/8
2 | Filter Choke (I1 & I2) 9 | 3,200 | 5-1/2 X 5-1/2 X k.1/2
1, | Pilter Capacitor {Cl) 3 - 6-1/2X5X 4
2 | Coupling Capacitors (C2 & C3) b 120 { 6-1/2X5X 4
2 | Heutralizing Capacitors (Ch & C5) 1 - 6-1/2X5X k4
1 | Tank Coil Capacitor (CT) 14 -- 6-1/2X5 X4
5 | Resistors 2 - 6-1/2X5X%
1 | Tank Cofl 3 100 {10XT7X3
OUTFUT SECTION
1l Matehing Transformer 17 907 §10X7X3
2 | Resistors 1 2 | 2 X 1/2 dia.
2 | Capacitars 4 25 16-2/2X5X %
MISCELLANEOUS
- | Mounting Structure 80 -
- | Couoling Ducts 5 -
- Controls 10 -
- | Wire and Hardware 10 -
TOTALS 3€3 118,770




ABLE 10

160 KW STATIC TUBE CONVERTER (3§6)
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PRELIMINARY COMPORENT LIST FO

91,180

— 50 KC
{10, COMPORENTS AT T0SSES
WATTS
1 Plate Transforser X7 3.2 XC, 99 8350 13x5x
3§, 300 XN

1 Hagnetie Switeh 30 200 6x5x5
3 Filament Transformer 15 58 |hxSxh
3 Filament Transformer 12 18 Ixhxhs
3 - Thyratrons 12 14,000 §1hkx5 1
3 _ Diodes 6 hos |19x71

OSCILLATOR SECTION
1 Oscillater Tube 80% x 290 XW 1%0 58,000 |} 34x10
1 Filament Transformer 12 250 Jix5xh
1 Phase Shifter 15 200 |5x57/8
2 Filter Choke 35 7100 -
1 Filter Capacitor L - 6 1/2x5
? Coupling Capecitor L 600 161/2x5
2 Neutralizing Capacitor 2 .- 6 1/2¢5
1 Tank Cofl Capacitor 2 300 |6 1/25
3 Resistors 2 2 |9/16x3
1 Tank Cofl 10 250

OUTPUT_SECTION ] 1ows
1 Matching Transformer (X8) 36 1377

1§, 300 KW )

MISCELLANEOUS
- Mounting Structure 90 -
- Cooling Ducts 21 -
- Controls 10 -
- WIZ‘C m B&ﬁm 20 -

TOTALS 5T7




PABLE 33 . -]

I FO! 4 300 KW STATIC TUBE, CONVERTER (1)

C — 200K . — ____joo KC__
‘ - ST7R. WT LOSSES ~SIZ8 144 LOSSES 5138
{.DKCHES ) (188) | (WATTS) {IMCHES) (LBs) | (warrs)] (ImcEES
ix5x11 99 8350 | 13x5x11 99 8350 | 13x5x11
e5x5 30 200 | 6x5x5 30 200 | 6x5x5
Sk 15 48 | husxh 15 48 1 LxS5xh
dexds 12 18 | 3xkx¥ 12 13 | 3xbxh
x5 Dia 12 14,000 | 14x5 Dia 12 14,000 | 14x5 Dia
7 Dia 6 kos | 19x7 Dia 6 k95 | 19x7 Dta
x10 Dia 140 58,000 | 34x10 Dia 140 58,000 | 34x10 Dia
5xli 12 2k0 hx5xds 12 20 bxSxl
57/8:4 3 /% 15 200 | 5x5 7/8x4 34 15 200 | 5x5 7/8xk 3/4
T 35 7100 35 7100
/2x5xdt b - € 1/2x5xh L - 6 12 x5xh
/x5 b 600 |6 1/2x5xh L 600 | 6 1/2 x5xk
L/2x5xh 2 - 6 1/2x5xh 2 - 6 1/2 x5xk
/2x5 x4 2 300 |6 lfex5xh 2 300 | 61/2 x5xh
16x3/16 Dia 2 2 | 9/16x3/15 Dia 2 2 | 9/16x3/16 Dia
10 250; 10 250
LOXk x5 }_’__ | 10xkx3.5 i__ 8xltx3.5
1k 2796 8.6 1638}
9 - 90 -
20 - 20 o
10 - 10 -
20 - 20 -
555 92,599 549 91,531
s a3 . *




TABLE 12 . -

PRELIMINARY COMPONENT LIST FOR A 300 KW STATIC '[UBE  CON

200 }

NO. COMPONENTS Wl SSES -.SIZE WI LOSLES
POWER SUPPLY (HIGH VOLTAGE) (i33] | (WATTS) {INCHES ) ‘IES) | (WATTS)
1 Plate Voltage Transformer 99 8350 12%19x5 99 8350
1 Magnetic Switch 30 200 6x5x5 30 200
3 Filament Transformer 15 L8 lx5xk 15 48
3 Filament Transformer 12 18 bx34ade 12 18
3 Thyratrons 12 1k , 000 21x7 Dia. 12 4,000
3 Diodes 6 hos 1hx3 Dia. 6 495
OSCILIATOR SECTION
1 Oscillator Tube 140 58,000 36x10 Dis. 10 p8,000
1 Filament Transformer 12 240 Y x5 12 2o
1 Phase Shifter 15 200 5 3/16 x5x5 15 2
2 Filter Choke T70.5 | 7,100 b 3/ x5x57/8 70.5 {7,100
1 Filter Capacitor b4 - hx5x L -
2 Coupling Capacitor b 600 4x5 L 600
2 Neutralizing Capacitor 2 - l1xe5 b -
1 Tank Coil Capacitor 2 300 hxSx 2 300
Resistors 2 20 1ix4 Dia. 2 20
1 Tank Coil 10 250 Dl 10 250
QUTPUT SECTION '
1 Matching Transformer 45 1460 10xh Dia. ko h2ho
2 Resistors 4 240 132 1 Bx5% 2 60
2 Capacitors L 120 Lx5x 4 120
MI SCELLANEQUS
- Mounting Structure 90 ~- 90 -
- Cooling Ducts 21 -~ 21 -
- Controls 15 - " 15 -
- VWire and Hardware 20 e 20 -
TOTALS 634.5 |91,781 627.5 | 94,281
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FENT LIST FOR A 300 KW STATIC TUBE' CONVERTER (3¢)

0 XC | 200 X& BOO: KC .
..SIZE Y LOSCES 1STZE, “WI___ | LOSSES B1ZE.
) {INCHES ) (LBS) (WATTS] [~ (INCEES) | (iBS) (WATTS ) (IRCHES])
12x19:5 99 8350 12x19x5’ 99 8350 12x19x5
6x5x5 30 200 6x5x5 30 200 6x5x5
x5k 1 L8 bixSxl 15 48 bS5l
bx 34 12 18 bx3, 5xh 12 18 hx3,5xh
21x7 Dia. 12 114,000 21xT Dia, 12 ]h,000 21x7 Dia,
1kx3 Dia, 6 h95 14x3 Dia. 6 Los 14x3 Dia,
36x10 Dia. 10 8,000 36x10 Dia, 10 8,000 36x10 Dia,
Lx5xlh 12 240 L x5xh 12 240 hx5xh
5 3/% x5x5 15 200 5 34 x5x5 15 200 | 53/ x5x5
L 3/4 x5x57/8 70.5 {7,100 | b 3/x5x578 70.5 17,100 | 4 3/ x5x57/8
thx L - hx5x L -n hx5x
bx5x L 600 hx5x b 600 xS
L x5x -4 - bxsx 2 - l&x’jx
kx5x 2 300 Lx5x 2 300
14x4 Dia. 2 20 14x4 Dis, 2 20 1§x§ Dia.
bty e 10 250 bl 10 250 Lixhxh
10xh Dla. ko 240 10x3 Dia. 26,6 | 3920 10x3 Dia.
18x5% 2 60 6{8 x54 .5 17 |1
thx N 120 thx 120 2t
90 - ) -
21 - 2) -
15 .- 15 --
20 ~e 20 -
627.5 | 94,201 610.6 193,964
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flnid Jackets for the diodes and thyratrons. Optimm cooling for each of
the transformers vill be gained by mountinz Lhem back to back on a common
cold plate with coolant ducts carrying £1-14 chrough each transformer.

Packaging for this concept iz nol too flexible because of the tube
volumes and shapes. Tube outlines used in the design layout are of coa-
ventional unite and are expected to become smuller in the futuvre as
adwances are made in the state of art. Unit packaging 1s dependent to a
great degree on the generator configuration and also the load configuration.
Only a preliminary concept can be considered until more information 1is
available on these parts of the total system. Components in a tube system
are not as susceptible to radiation damage as semiconductor components and
shielding is not too much of a problem.:

Design of a 60 KW, three-phase, 200 KC converter is shown in Figure 48.
330 KW converters both single-vhase and three-phase, are sbown in Figures
m*. ‘

THERMAL DESIGN

Most triode tubes operating in Class C mode are up to 80 per cent effi-
cler’. and such efficiency is assumed in this converter unit. Ceramic-type
tuber #1th exceptionally low driving power are being developed and some
have capabilities up to 4OOOF maximum,

Figure 51 shows the total 1bs/KW out for both single-phase and three-
rhage converters with cutputs of 60 KW and 300 KW at 50 KC, 200 KC, and
800 XC frequency levels. The plotted curve indicates the system weight
incurred at various temperature levels. Since the tube system is limited
by temperature, the system opersting point, as far as system weight 1is
concerned, 1s assumed to be at the maximum tube operating temperature

(400°F).

Design of the cooling system considers internal cooling ducts for
each tube (or coolant jacket) and use of rugged ceramic tube types. Cold-
plate shelving for cooling all the other components is also considered in
addition to internal cooling ducts for each of the transformers. The
possibility of using a liquid bvath coolirg technique, enclosing all the
gas tudbes and maintaining a common operating temperature has been con-
sidered, but has been rejected in favor of the ducted coolant system.

The tube cooling system, in general, must consist of a source of
coolant, a feed-pipe system which carries the coolant through coolant
pipes to the outlets of the oscillator tube and 2 radiator for heat dis-
sipation to space. For check-out purposes, a provision for interlocking
the coolant flow through each of the cooled elerients with the power supply
must be made. When the plate : at high potential above ground, the feed-
pipe system should have good insulating qualities and proper design to
reduce leakage current to a negligible valve. The coolant system analysis
will need to consider reaction of the coolant with the piping system in
order trat contamination of the coolant can be held to a minimum. Proper
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Figure S1. Analyeis of System Weight va, Temperature for Static Tude
Converter
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function of the coolant system is absolutely necessary in the static tube
converter system. The heat of the tube filament will lead to tube de-
struction in & short time if coolant is not flowing. A method of prevent-
ing tube operation until ccolant flow has started must be provided.

System cooling for the tube circuit converters was approached by
computing the heat losses per component on each shelf. In the 60 KW con-
verters the heat losses were concentrated roughly as 50 per cent of total
1uminthooac1mw(ﬂ)md50percentmd1¢tributedmthrn

shelves. See Mgure 52.

Assuming & coolant temperature rise ( AT) of 50°C, pa.rmelcooung
can be applied to the shelves as one unit and the oscillator tube as
another mait. The oscillator tube has a coolant jacket around it so that
heat transfer is dependent upon the coolant flow rate and the coolant
temperature rise ( AT). The shelf on which the other wnits sre mounted
can be cooled by cold-plate techniques except where the thyratrons and
diodes are mounted. A coolan: Jacket is planned for both the thyratrons
and diodes witk coolant flow and through the tube bases. Here again
parallel cooling is used. The coolant flow (We) 1s controlled by using a
form of the continuity equation

vhere A is the area in square feet and V is the velocity in feet/second.

We is now in terms of cubic feet per second and can be converted into
weigat/aecmd By inserting values for the coolant flow {W,) required,
using a velocity high enough to insure turbulent ’low, the coolant tube
area can be computed. The inlet coolant tube area is then determined by
finding the sum of the individual areas. By keeping the sum of the arsas
constant, J\ P can be assumed to be equal to zero. The only )\ P encountered
wvould be due to friction losses.

The 300 KW converter system thermal analysis is performed in the same
manner except that the oscillator tube losses represent over 60 per cent
of the total losses. A coolant flow diagram is shown in Figure 53.
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MOTOR GENERATOR DESIGK CONCEPT
A 60 XW UNTP

The design of a motor-generator type of 60 KW converter bas been based
on:

Input - 60 XKW, 1 KC, 43.6/75.8 volts, three-phase
Output - 10,100 wvolts, 50 to 200 KC, 1@ and 3¢

Pigure 54 illustrates a particular converter concept in which a solid-
rotor type of genzrator is used to generate high-freguency (50 KC to 200 KC),
high-voltage power. The input frequency of 1 KC for the 60 KW converter
requirement gives an operating speed of 30,000 rpm for a four-pole motor to
drive the generator. This speed has been selected for the design speed.

. y w@mmm“ P

Parametric data on weight, volume, losses, and efficiency for both 1f
and 3@, 60 KW, converter designs for several fiequencies are tabulated in
b Table 13. Parametric data has been derived on single-phase 50, 100, and
; 200 KC designs, and on a 50 KC uad 200 KC three-phase design. Due to the
number of poles required in an 800 KC generator design, the motor-generator
concept has not been considered for the 800 KC converter requirement.

1 G g

Since a three-phase generator requires three times as many stator slots
as does a single-phase generator, a large size stator is required for the
three-phase generator in order to accommodate the number of slots. In order
50 limit the rotor stress to the design value of 60,000 psi, it is necessary
to construct the three-phase generator using a common shaft with three rotor
§ sections on it. There are three separate stators in the design, and the
poles of the rotor sections are displaced from each other by 120 electrical
degrees. In effect, the three-phase output is achieved by installing three
single-phase generators in a common frame with their voltage cutputs in
parallel, and their phase displacement such as to achieve three-phase power
at the output terminals.

A 300 KW UNIT

Design details of a motor-generator type of converter unit to meet the
300 XW power conversion requirements of the Work Stateusent are similar to
those of the 60 KW unit as shown in Figure 54. The basic differeuce other
than power handling level is in a different input which 1s listel as
follows:

e

Input - 300 KW, 3,200 cps, 120/208 v, 3¢
Output - 50 to 200 KC, 10,100 V, 1f and 3¢

As in the case of the 60 K4 design, a motor-generator unit was not considered
for the 800 KC requirement tecause of the extreme number of poles required
for such & unit.

R et R o

The motor for driving each of the generators is a 120 volt, 3,200 cps,
three-phase synchronous solid-rotor type, turning at 24,000 rym. Parametric
data for a 300 KW converter (1§ and 30) is swmmarized in Tavle 1k.
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Tsble 13

Summary of 60 XW Motor-Generstor Parametric Dete

1y S0 KC 100 XC 200 XC

— (n,.) N -
KW RAD (LOSSES) 10.1 11.5 13.5
KW oUr - 9.9 8.5 46.5
EFFICIENCY (%) g : 81.8 - TT.5
LERGTH (Inches) 11.5 13.5 17.8
DIAMETER (Inches) 10 10.3 12.5
VOLUME (cu. fit.) .52 .62 1.3 |
LBS/KW_RAD _13.9 16.8 23.7 |
IBS/KW_OUT 3.0 4.0 6.8

n 3 '50 KC 200 KC 800 KC
WEIGET (1us.) 176 - 350 -
KW RAD (LOSSES) 10.1 13.8 -
KW our k9.9 46.2 -
EFFICIENCY (%) 83.2 1 -
LENGTH (Inches) 15.8 22 -
DIAMETER (Inches) 5.8 12 -
VOLUME (cu. ft.) .65 1.b
LDS ‘K4 RAD 17.4 25.4 -
IBS/KW OUT 3.5 7.6 -

A —a T o e + 1

NOTE: Values do not include cooling system weights,
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Teble 1

Summary of 300 KW Motor-Generator Paramestric Dets

S0 KC
K#¥ RAD (LOSSES) 49.5 51.0 52.8
Xv_our 250.5 249.0 247.2
| EFFICTENCY (%) 83,5 83.0 82,4
| 1ENGTH (Inches) 13.5 16.0 35.6
DIAMETER (Incles) 16.0 16.0 17.8
| VOLUME (cu. ft.; 1.6 1.8 5.3
____IBS/KW RAD 10.9 12.7 28.4
1BS/KW_OUT 2.2 2.6 6.0
k] 50 KC 200 KC 800 KC
WEIGHT (1lbs.) 801 2,000 -
KW RAD (LOSSES) 148.6 60 -
KW OUT 251.4 20 -
EFFICIENCY (%) 83.8 80 -
LENGTE (Inches) 26.5 70 - |
DIAMETER (gchu) 1 14 -
VOLUME {cu. ft.) L 6.2 -
LBS/KW RAD 16.5 33.3 .
ﬁms/xw our 3.2 8.3 -

NOTE: Values do not include cooling system weights,




Mechanical details of 50 KC and 200 KC, single-phase converters are
shown in the sectica which follows with a three-phase, 50 KC unit in which
three separate generator sections are mounted on a comon shaft. The
three rotor and stator sections are displaced from each other by 120
electrical degrees to produce a three-phase voltage output.

GENERATOR DETAILS

Stator-Rotor Relationship

Figure 55 shows the relationship between rotor poles and stator slots
for the proposed generator. The south poles of the rotor are displaced
axially from the rotor north poles. The stator slots are so chosen that
adjacent stator slots are located one for =very three poles of the rotor
(counting both North and south poles). . stator slot may have a maxirum
width of a pole pitch, the distance from the center of a north pole to the
center of a South pole. This places the slots so that the induced voltages
are in opposite directions in adjacent slots. Figure 55 shows cross sections
through the generator.

Rotor - The rotor is made of a high-strength, solid magnetic material and
the outer circumference is slotted to form poles similar to gear teeth.
The teeth in one section are displaced 180 electrical degrees from the
teeth in the other axially displaced section as shown in Figure 55. The
depth of slot depends on the : ‘r gap between stator and rotor teeth and
must be sufficient to reduce the flux from the space between poles to the
stator to a low percentage of the flux from the teeth to the stator. The
two sections of the rotor are spaced by a nonmagnetic material to minimize
flux leakage between the north and south section.

The flux in the rotor i1s a DC flux and produces no loss during steady-
state operation. A ripple flux in the pole tips will produce some losses;
this loss may be reduced by reducing the stator slot opening to less than
the width of a rotor tooth to prevent the flux from changing in the teeth.

Stator Iron Configuration - The stator iron is subjected to a pulsating

fiux of the generating frequency of a single polarity in each stator

section. The flux also rotates in the yoke section of this lamination at

a rate the same as the rotor speed (rpm) and is pulsating at the generating
frequency. This material must be of low-loss magnetic material and of very
thin laminations to minimize iron losses at high frequencies. The flux
density must also he at reduced values to minimize losses it high frequencies.
Ferrites are usable for this core, but limit the operating temperature to
lower values than with nickel-iron alloys. Powdered metal cores made in thin
laminations may also possibly be used for this core. The notches located

in the outer periphery of this lamination 1s to provide for coolant fluid
flow and are located at the source of heat generation.

Quter Yoke Configuration - The outer ycke carries the flux from the porth
stator section to the soutin stator section. The flux rotates in the outer
yoke at the same speed (rpm) as the rotor is turning. It 1s an unchanging
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or DC flux for any load condition. The outer yoke is shown as a tape wound
core, and very little loss is generated as the ocuter yoke is laminated and-
the loss is generated by a constant spinn ng flux. The outer yoke lamina-
tion may be from a thicker and higher loss material than the stator iron
and be operated at bigh flux densities. -

Stator Alr Gap - The stator alr gap, clearance between rotor and stator,
could be reduced to .00l inch and result in a more efricient electrical
desizn and sufficiently large field MMF to compensate for demagnetizing
stator MMF at 200 KC. The gap has been increased to 0.010 inch in comn-
sideration of practical manufacturing tolerances. Reducing this gap would
result in a cne to one-and-a-half ver cent increase in efficiency.

Converter Drive Motor

The electric drive motor i1s a synchronous, solid-rotor NADYNE type.
A solid-rotor type was chosen because its field winding is static and its
efficiency and power factor are nigher than an induction type of motor.
The power factor may be adjusted to unity by adjusting the DC excitation
power to the motor field coils. Its rotor speed is not limited other than
by the limitations imposed by the strength of the steel used in the rotar
construction. Solid-rotor NADYNE type motors have been built and tested
and are identical to solid-rotor types of NADYNE generators.

At 1,000 ecps input the motor is desigmed with four poles for 30,000
rpm. Motor design speeds of 60,000 rpm with two poles and 20,000 rpm with
six poles are other possible combinations. The 60,000 rpm design would
result in the minimum motor weight.

A detailed perspective drawing of the NADYNE synchronous motor (Figure
56) shows the physical arrangement of parts and magnetic flux eircuit.

MECHANICAL DETAILS OF 60 KW CONVERTER

Details of the 60 KW converter are shown in the figures which follow
for these configurations and design data is included in Tables 15 and 16.

1. 60 XW, 1¢, 50 KC  (Figure 57)
2. 60 KW, 16, 100 KC (Pigure 58)
3. 60 KW, 1¢, 200 KC (Figure 59)
4, 60 ¥W, 39, 50 KC  (Figure 60)

As indicated in a previous section, this concept is not feasible for the
800 KC design because of the inability to get the required number of poles
on the periphery of the rotor and stator. Rotor and stator configurations
are to the dimensions shown on the drawings. Additional details are dis-
cussed in the section on Generator Detalls. The motor is a three-rhase,
30,000 rpm, 1,000 e¢ps unit and has a voltage rating to match the output of
the SNAP 8 power system (43.6/75.8 volts AC). The same motor is used for
each of the three frequency concepts.
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TABLE 15
60 KW MOTOR-GENERATOR 1¢) DESIGN DATA

CONFIGURATION 50 KC 100 KT 200 KC
OPERATING SPEED 30,000 RPM 1 30,000 RPM
WEIGHT (LBS) '
Motor 60 60 50
Generator 70 124 2ho
Controls 10 10 10
geoolins (Structure) 5 5 5
; 8 2 2
Totel ?Pounda) 150 - 2£ 320

osmany PRt g ermag e P

STATOR LAMINATICNS (,0005") HYMU 80 HYMU 80 | HYMU 80

GEFERATOR LOSSES (WATTS)
Stator iron 1480 1602 1610
Stator I%R 760 2197 920
Field IR 9%0 165 3920
Windage (2PSIA) 145 350 1510
‘Stray Load 1% 600 600 600
Total (Watts) 3925 191k 8560
GENERATOR EFFICIENCY % ol 92.4 87.5
MOTOR EFFICIENCY % 88.5 88.5 88.5
CONVERTER EFFICIENCY % 83.1 81.8 TT.5
R DATA
Avz, Stator Tooth Flux Density
In Kilolines/Sq.Inch,’ 29.8 10, 15.8
In Gauss 4610 1550 2ulo
Stator Conductor Current Density
In Amperes/Square Inch 6400 6400 6400
Field Conductor Current Density
In Amperes/Square Inch 3500 3500 3500
Conductors 28 Ni-Clad 28 Ni-Clad
Cu, Cu,
Curfe Temperature OF 860OF G6OOF 860°F
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60 KW MOTOR~GENERATOR DESIGN DATA {3§)

16

| cowrzcuraron 50 KC 3¢ 200 XC 3¢
OPERATIONG SPERD 30,000 RPN 30,000 RPM
WEIGHY (LBS)
= Fotor €0 60
Generetor 96 270
Controls 10 10
Cooling {Structure) 5 5
Total zpom) 176 350
STATOR LAMINATIONS {,0005") HYMU 80 HYMU 80
GENERATOR LOSSES (WATTS)
Stator 5 1975
Stator I“R 1435 1600
Fleld I 658 3900
Windage (2PSIA) 265 1700
Stray Load 1% 600 600
Total {Watts) 3553 oTrs
GENERATOR EFFICIENCY % 9,1 8340
110TOR EFFICIENCY % 88.5 88.5
CONVERTER EFFICIENCY % 83.2 T7.0
OTHER DATA
Avg. Stator Tooth Flux Density 21.5 15.8
In Kilolines/Sq. Inch
In Gauss 3330 240
Stator Conductor Current Density
In Ampere/Square Inch _ 4200 6400
Field Conductor Current Density
In Ampere/Square Inch 3500 3500
Conductors 28 NieClad Cu. o8 M«Clad Cu,
Curie Temperature OF 360°F $60OF
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50 KC Motor-Generator
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MECEANICAL LETATLS OF 300 KW CONVERTER

The 300 KW motor-generator design is similsr to the 60 KW unit. Design
details appear in the figures which follow for taese configurations and para-

metric data is shown in Tables 17 and 18.

1. 300 kv, 1§, S0 XC  (Figure 61)
2. 300 KW, 1§, 100 KC (Pigure 62)
3. 300 KW, 1, 200 K¢ (Pigure 63)
k. 300 XW, 3¢, 50 K¢ (Pigure 6%)

The inability to design a rotor and stator to contain the required number of
poles makes the motor-generator concept not feasible for the 800 KC concept.
Dimensions of the converters are shown on the face of the drawings and dis-~

cussed in a previous section. The motor is a three-phase solid-rotor concept
operating from the 120/208 volts AC output of the SPUR type of power system.

The design is the same 24,000 rpm, 3,200 cps machine for each of the 300 KW
converter units.

THERMAL ANALYSIS

The cooling system of the motor-generator unit is made up of thin
parallel tubing located in the stator yoke. The paralle]l tubes then con-
verge into a collection ring at each end. Due to the short length of 200l-
ant tubing, multiple coolant passes may be required in order to achieve s
reasonable value of AT without resorting to unrealistically small tubing.
Heat is removed from the stator to the coolant fluid by means of conduction.
High-frequency generator units are capable of oparating at temperatures in
the S00°F to BOOOF range. Figure 65 shows the effect of system operating
temperature on generator system weight. Calculated electrical losses for a
50 KC, 100 KC, and 200 KC unit and other thermal design data including
efficiencies for HYMU 80 materials are shown in Tables 15 through 18.
Figure 66 1s a coolant flow analysis for this system. Coclant flow rates
and coolant temperature rise will vary from design to design of a given
size of motor-generator. The iron losses are a function cf flux density,
iron volume, frequency, and material used in the laminations. Substitution
of 48 alloy for the HYMU 80 reflected in the 200 KC, single-phase, 300 KW
generator, Table 17, would increase the losses more than 3 KW. This would
require increased coolant flov to maintain the same coolant AT,

Efficiency - Efficiency of the generator is reduced as the temperature of
the generator iron increases. Figure 67 shows how the efficiency changes
as & function of temperature for a 60 K4, 50 KC design. HYMU 8C material
in ,0005 inch laminations can be used to nearly 5500F stator iron surface
temperatures with a calculated efficiency of 94 per cent (Table 15).

Alloy 48 1is shown on the efficlency versus temperature curve at a lower
efficiency and has been considered for use because of its lower weight.

If higher operating temperatures are required, the silicon irons will have
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TAELE 17

300 KW MOTOR-GENERATOR DESIGN DATA (1)

CONFIGURATION SOKC 1§ | 100Kk | 200 kC 19 |
OPERATING SPEED 24,00C 7PM | 24,000 RPM|2k,000 RPM
WEIcH? (IBS.) )
= Moter 175 175 175
Generster 340 | his 1300
Controls ) 1 1 1
Cooling (Structure) 7 T 7
Zotal zm) '53% '6‘4'57"' "'“'1"1500
S-aTOR LAMCRATIONS {.0005") HMU 8 |How 8 |EyMu 8o
GEHEPATOR LOSSES (WATTS)
Stator 10900 10,500 5600
Stator IR 2870 b, 850 6430
Field IR 1285 200 3640
Windage (2PSIA) 633 1,700 k650
Strey Loed 1% 3900 22000 | 3000
Totnl (Watts) 18188 20,250 23320
“ GENERATOR EFFICIENCY % ol k4 93.8 93.2
MOTOR EFFICIENCY % 83,5 88.5 88,5
CONVERTER EFFICIENCY % 83,5 83.0 82.k
OTHER DAT:
T Avg. Stator Tooth Flux Density 29.8 15.5 15.8
In Kilolines/Square Inch _
In Gauss b, 460 2,360 2,440
Stator Conductor Current Density | 6,400 6,400 6,400
In Amperes/Square Inch
Fleld Comductor Current Density | 3,500 3,500 3,500
In Amperes/Square Ineh
Conductors 28 Ni-Clad 28 Ni-Clad
Cu. Cu.
Curie Tempersture °F 860 860 860
“"” TS

- s — or————




TABIE 18

300 KW MOTOR-GENERATOR DESIGN DATA (3f)

CONFIGURATIOR 50 KC 3¢ 200 Kc 3¢
OPEPATING SPEED 24,000 RPM 24,000 RPM
WEIGHT (LBS.) .
Motor- 175 15
Generator 601 1800
Controls 11 1
Cooling (Structure) 7 7T
Be 8
Total iPmmds) - 86:1:!:' "ﬁ"
STATOR LAMINATIONS (.005") EYHU 80 EYMU 80
CENERATOR LOSSES (WATTS)
Stator I 4020 12655
Stator 6520 6800
Field ISR : 120 1250
Windage 1295 1295
Stray Load 1% 2000 3000
Total (Watts) 1 25000
GENERATOR EFFICIENCY % 9.6 91.6
MOTOR EFFICIENCY % 88.5 88.5
CONVERTER EFFICIENCY % 83.8 8o
OTHER DATA
Avg., Stator Tooth Flux Density 21.21 15.8
In Kilolines/Sq. Inch
In Gauss 3300 1T
Stator Conductor Current
Density in Amperes/Sq.Inch 6400 6400
Field Conductor Current Density
In Auperes/Square Inch 3500 J
Conductors 28 Ni-Clad Cu, 28 Ni-clad Cu.
Curie Temperature % 860°F 860°F
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Figure 67. Efficiency versus Temperatures for Motor Generator
Converters
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£0 be used with resuliing lower efficiencies. The efficiency versus veight
curves for different magnetic materials {shown in section em 300 KW design)
emphasizes the fact that there exists a mximm efficiency at & given fre-

quency for each material. Fozr any given material, weight may be varied for
an increase in efficiency vp to a maximum efficiency.

Stator Iron losses - The iron losses at high fraquencies (50 KC to 800 KC)
become very important in the design of generators since they atfect the
temperature of the parts and the efficiency of the generator. The effect
of frequency on iron losses, magnetic materiale, and various lamination
thicknesses are reviewed in a later seption on materials. Only a limited
anount of informtion exists on losses at the 50 to 200 KC level at elewated
tenperatures. Tests have been conducted as part of this program to deter-
mine the magnitude of these losses. Data 1s included in the experimental
data section concerning this portion of the program and the magnitude of
losses which can be expected at the higher frequencies.

Copper losses - The conductor IZB losses vary directly as a function of
resistivity and the square of current density and indirectly with temperature.
All the copper losses have heen calculated for the same material resistivity
and current density. (see Table 15).in the stator winding and a lower current
density in the field coils. These losses may be reduced by additional con-
ductor material and weight. 7The increase in this loss due to increase in
conductor resistance as a function of frequency (skin effect) can be mini-
mized by using small diameter conductors in parallel.




Section III
HIGE FREQUENCY GENERATOR CONCEP?

A portion of the program effort wvas devoteld to investigation of con-
ceptual designs for the generation of high frequency electrical power by
rotary electromechanical machines and conversion techniques. (The high
frequency term used in the discussion refers to a freq higher than
conventional power frequency and in the range of 50 EC to EC). The
mechanical sha”t power available for use in this generator design was 500
bp at 2,000 rps. The electrical power requiremen. was for 50 XKC, 100 XC,
and 200 XC, single-phase, 10,100 volts. Design objectives included effi-
ciency of not less than 85 per cent and overall weight of 1,500 pounds.
The ghaft temperature was considered to be 1,000°F and the generatsr life
expectancy objective was 1C,000 hours.

BASIC DESIGN APPROACH

This generator design 1s similar to the generator design considered
for use in the 300 KW motor-generator converter concept and is to be
driven directly from a turbine. Pigure 68 illustrates the basic generator
concept considered for this 50 KC to 200 KC generator concept. The
generator is a solid-rotor homopolar, inductor type operating at the
specified 24,000 rpm. HNote that the field windings are static and located
on the stator. This particular type of machine was selected for this
application after preliminary investigation of the various types of machines
available for use. Analysis curves of uency versus power output and
Istimated weight for this machine ccacept (Configuration B) are found in
the section on Electromagnetic Generators. This type of solid-rotor
generator possesses high rmm and high temperature capabilities, and is
capable of opersition above the 90 per cent efficiency lewel.

ia comparing the weight of the generator in the converter system with
this generator, the turdine driven generator system weight should be less
than the weight of the motor-generator concept by the zmcunt of motor
veight required dy the converter system. To be considered aiso is the
fact that this generator design is bvased on a 500 hp irput from the turbine
vhich 1s really s 373 KW input. Performance and loss data for this design
concept are summarized in Table 19 and 20 which follow for a 5C KC, 100 KC,
and 200 KC high-frequency generator design. Tnis data is based on inputs
and outputs as shown in the block diagram which fellows.

8Specific details of a turtine driven generator to produce a » KC
single-phase 10,100 volt output are shown in Figure 69. Figures 70 and T1
show pertinent detafls of the 100 KC and 200 KC designs. A thermal analysis
follows the section on Mechanical Details.
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TARLE 19
SUMMARY OF HIGH-FREQUENCY GENERATOR PARAMETRIC DATA

¥ S0KC | 100 KC 200 XC
WEIGHT (1bs) k2s SL8 1525
KW RAD (Losses) 13,7 22,3 23.3
¥ 0UT 300 300 300
EFFICIENCY (%) 9546 93.3 92.8
LENGTH (inches) 0.7 | 1n 28
DIAMETER (inches) 158 16 17.9
VOLUME (cu. ft.) 1.2 1.3 Lol
LBS/XW RAD k1 2h.6 67.2
LBS/XW OUT 1.k3 1,83 5.08

NOTE: Values do not include cooling system weights
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TARIE 20

HIGH FREQUENCY GENERATOR DESIGN DATA

(300 KW)
50 XC 1 100 200 KC 18
degg ‘1b302
Generator 100 523 1500
Controls n ol 11
Cooling (Struoture) 7 7 7
Bearings A 1 7
Total (1bs,) k25 sL8 1525
AU 80| L8 ALLOY| HYMU 80 HYMU 80f L8 ALLOY
Lerdnation Materials
Thickness «0005" | ,000R" .0005" | ,0005" | ,0005"
Losses (Watts)
Stator Igon 5900 | 11300 12178 | 5600 8450
Stator 32,0 3600 50,3 | 6430 8700
Field IR 527 586 200 | 36k0 3800
Windage 1019 1019 1870 | Lké50 1650
Stray Load _3000 3000 3000 ! 3000 3000
Total (Watts) 13686 | 19505 22,296 123,320 26,600
Cenerator Efficiency (%) 95.6 93.1 93.3 92,8 92,0
Other Data
Aug. Stator Tooth Flux
Density in Kilolines/
Square Inch in Grausses 22,8 22,8 15.5 15,8 15,8
Stator Conductor Current
Density in Amperes/
Square Inch 3540 3sko 2360 2L00 2,00
Field Conductor/purrent
Density Amperes/Square
Inch €L00 €00 €L0o 6L00 6400
Conductor 28 N1 Clad Cu.
Curie Temperature OF 860° 932° 8éo° 86c® 932°

. A i g A o gt
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Figure 69, Preliminary Mechanical Design of a 50 KC High
Frequency Generator
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500 HP, 24,000 rpm KV,
(from turbine) Generator D0 50 KC, 100 XC, & 200 XC
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GENERATOR DETAILS

Stator Rotor Relationship

Figure 71 shows the relationship between rotor poles and stator slots
for the proposed generator. Tne Bouth poles of the rotar are displaced
axially from the rotor north poles. The stator slote are 8o chosen that
adjacent stator slots are located one for every three poles of the rotor
(counting both north and south poles). A stator slot may have a maximm
width of a pole pitch, the distance from the center of a north pole to the
center of a South pole. This places the slots 8o that the induced voltages
are in opposite directions in adjacent slots. A view of Figure Tl shows
cross sections through the generator.

Rotor - The rotor is made of a high-strength, solid magnetic material and
the outer circumference is slotted to form poles similar to gear teeth.

The teeth in one section are displaced 180 electrical degrees from the teeth
in the other axilally displaced section as shown in Figure 71l. The depth of
a rotor slot depends on the air gap between gtator and rotor teeth. The-
slot depth must be sufficient to reduce the flux from the slot to one stator
to a low percentage of the flux from the teeth to the stator. The two
sections of the rotor are spaced by a nonmagnetic material to minimize flux
leakage between the north and south section.

The flux in the rotor is a DC flux and produces no losgs during steady-
state operation. A ripple flux in the pole tips will produce some losses;
this loss may be reduced by reducing the stator slot opening to less than
.he width of a rotor tooth to prevent the flux from changing in the teeth.

Quter Yoke - The outer yoke carries the flux from the north stator section
to the #outh stator section. The flux rotates in the outer yoke at the
same speed (rpm) as the rotor is turning. It is an unchanging flux tor
any load condition. The outer yoke as shown in i tape wound core and very
little loss is generated by a constant spinning flux. The outer yoke
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lamination may be from a thicker and higher logs material than the stator
iron, and could be operated at higher flux densities. ’

Stator Iron - The stator iron is subjected to a pulsating flux of the
geuerating frequency of a single poiarity in each stator section. The
flux rotates in tle yoke section of this lamination at a rate the same
as the rotor speed {rpm) and is pulsating at the generating frequency.
™is material sust be of 4 lov-108s magnetic material and of very thin
laminations to minimize ircn losses at high frequencies. Iaminations of
.001 inches and .0005 inch thickness have heen considered in this design.
Tae flux density must &. 50 be at reduced values to miniwmize losses at high
frequencies. Ferrites are usable for this core, but limit the operating
tearerature to lower values than are achievable with nickel-iron alloy
laminated ccres.

OTHER DETAILS

The most difficult area of generator manufacture is in the assenbly of
the AC stator section parts. 4s the use of thin laminations {.0005 to .00l
in.) 1s desirable, metheds for assembly of the laminations would have to be
developed. One colution is to fabricate the laminations from .00l inch
laminations which have been built up frois bonded layers of thin lamiration
material in the sheet form. If this were done, then fabrication c¢ar easily
be accomplished as if .010" thick laminations were being used. Other manu-
facturing operations may be sccomplished using techniques which have been
developed for manufacture of generators and motors for other applicatioms.

The mounting and coupling of generator to turbine may be accomplished
by presently developed methods and requires coordination with the turbine
manufacturer,

Cooling - The cooling system of the high-fregvency generator unit is made
up of thin parallel tubing located in the stator yoke. The parallel tubes
converge into a collection ring at each end. Due to the short length of
coclant tubing, multiple coolant passes may be required in order to achieve
a reasonable value of A T without resc.ting to unrealistically small tubing.
Heat is removed from the stator to the coolant fluid by means of conduction.
High-frequency generator units are capable of operating at temperatures
above 1,0000F, vut deslgns considered here are based on coolant temperatures
in the S00CF to SO0CF range. As part of the generator system thermal
analysis, data was plotted in Figure 72 to show the effect of system operat-
ing vemperature on generator system weight, Calculated electrical losses
for a 50 XC and 200 KC unit and other thermal design data, including effi-
ciencies for 48 Alloy and HYMU 80 materials, are shown in Tables 19 and 20.
Figure 73 is included to show coolant flow requirements for a typical 50 KC
design. Coolant flow rates and coolant temperature rise will vary from
desizn %o design of a given size of generator. Since iron losses are a
function of flux density, iron volume, frequency, and material used in the
laminations, various magnetic materisls must be considered in the design.
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Figure ¢y, Thermal Flow Diagram for High Frequency Oenerator
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Substitution of 48 &lloy for the EYMU 80 in the 200 KC, single-phase, 300 XW
generator as cshown in Table 20, would increase the total losses by more than
three XW, Suci an inzrease would require increased coolant flow to maintsin
the same coolant QA T.

Efficiency - Efficiency of the generatcr is reduced as the temperature of
the generator iron increases. FPlgure 74 indicates the manner in which the
afficiency changes as a function of temperatura for a 300 KW, 200 KC design.
EYMJ 80 material in .0005 inch laminations can be nsed to nearly 500°F
stator ircn surface temperatures with a talculated efficlency of 93.3 jper
cent (Table 20). Alloy 48 is shown on the efficiency versus temperature
curve at a lover efficiency and has been consilered fur use bLecause of its
lower weight. If higher operating temperatures are required, the silicon
irons will have to be used with resulting lower generator effici:reies.
Before a gensrator design can be finalized, effort must bte expezded to give
an indication of effic'ency versus weight trade-off potentials.

Efficiency Versus Weight - The caiculated values of efficiency versus
generator weight are plotted on Figure 75. These curves were obtained by
varying magretic flux densities. It can be seen that for a given frequency
there exists a maximum value of efficiency which is also a funetion of
magnetic material employed in the design. The highest afficlency can be -
achieved by using HYMD 80 in laminations of .0005 inch thickness.

At higher temperatures where materials iike HYMO 80 lose their magnetic
properties silicon steels are employed. The higher unit volume loss results
in lower efficlencies for the generator.

Stator Iron Losses - The iron icvsses at high frequencies become very import-
ant in the design of generato:s as they affect the temperature of the parts
and the efficiency of the generator. The effect of frequency on iron losses,
magnetic materials, and varicus lamination thicknesses are reviewed in a
later section cn Materials. Only a limited amount of information exists on
losses at the S0 to 200 K. ‘evel at elevated temperatures. Tests have been
conducted as part of this program to determine the magnitule of these losses.
Data is included in the evperimental data section concerning this portion

of the program and magritude of losses which can be expected at the higher
frequencies.

Copprer Losses - The conductor 133 losses vary as a function of temperature,
resistivity, and the square of current density. All the copper losses have
been calculated for the same material resistivity and current density (see
Table 20) in the stator winding and a lower current density in the field
coils. These losses may be reduced by additional conductor material and
weight. The increase in this loss due to increase in conductor resistance
as a function of frequency (skin effect) can be minimized by using small
diameter conductors in parallel.

Weicht Versus Termperature - The curves of weight versus temperature show
that the higher the operating temperature, the larger the generator. The
increase in size or welght with temperature results from an increace in
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mgnetic material as a result of reduction in permissible operating flux
density as temperature is increased for any given magnetic material.

Lower weights can be obtained at the higher temperatures by changing to

the use of higher loss materials which have higher allowable flux densities
and Curie temperatures. As s result, the weight versus temperature has
se.ral slopes; one for each material considered, and can remain constant
over a temperature range for high flux density material wvhich is being
utilized at a low value to minimize losses. Specific weight versus tempera-
ture curves for HYMU 80 and silicon steel are shown in Figures 76 and T77.
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IRTRODUCTION

Section IV
RELATED STUDIES

This section is included in the report as additional informaticn affect-
ing the design of the converter and generator conceptual designs resulting
from the study. This inforation supplements the information in the opening
section of generation and conversica techniques and informaticn contained in
each of the conceptual design sec'tions.

Specific information is divided irto the following areas and & dis-
cussion of each is found in the seetion which follows:

1.
2.
3.
b,
5e
ENVIRONMENT

Environment

Approach to system cooling

Analysis of mterials

Radiation resistance of converter components
Reliability

Analytic studles have touched mainly on problems of temperature, radia-
tion, corrosion, and vacuum. Others considered are listed below and involve

prelaunch, natural and induced environmental conditions.

Pre-iaunch Envir~nment

Corrosion
Extreme Temperature

Natura). Environment Induced Environment
Ambient Temperature Mechanical Vibration
High Vacuum Acoustic Vibration
Solar Radiation. Acceleration

Ionized & Dissociated Gases Temperaturs
Van Allen Radfation Shock

Nuclear Radiation

1%




ENVIRONMENT (NATURAL)

Ambient Temperature - Sources of heat which influence the amoient tamperature
in a major way are thiermal radiation from direct sunlight and heat generated
within the equipment {tself. The solar constant is 2.0 calories/eq. ca-min.
at the earth's wean dlstance from the sun. Since henting and cooling of
equipment in gpace is by radiation only, the problem of controlling ambient
temperature is 8 major one.

The -effects of increased ambient temperature in power conversion
eyuipment are:

1. loss of mechanical integrity.

2. leckage of sealed units, particularly at the union of dissimilaur
metals.

3. Material expansicn, metal creep, and fatigue.
ho Material sublimation.

Design countermeasures involve use of absorptive and veflective sur~
faces, separation of equipment into temperature range categories, and use of
radiation and conduction heut transgfer cooling techniques. A standard com-
sideration is the use of heat-resistant materials wherever possidble.

High Vacuum - At 10 to 120 miles above the earth, atmospheric pressures
represent partial space equivalent. Beyond 120 miles pressures are frwa 1.5
X 10~6 mn of Hg to an estimated 1.5 X 10-12 for outer space in the sola>
system.

Arc-over and corona discharge are to be considered in space in addi-
tion to bYoiling of liquids at lower temperatures, vibration problems due
to lack of air for damping, explosive decompression of hermetically sealed
units and sublimation and evaporation of inorganic materials. In sealed
units thit are not vacuum-tight, more volatile materials may evaporate frow
hotter pa.sts and condense on colder cnes as thin films., Outzassing can have
corrosive, plating, and chemical effects. It is known that certain nylon,
polyesters, and epoxies lose up to ten per cent of their weight per year in
a vacuum at slightly above room temperatures.

Materials for use in a power conversion system must have low sublima-
tion rates. Insulating materials must adequately provide protection from
arc~-over and corona discharge, as well as resist sublimation and also ha e

high temperature capabilities.

Solar Radiation - For equipment that may undergo long exposure periods to
solar radiation, exti'a shielding of semiconductor devices is required. The
most significant effect of solar radiation appears to be on organic materials
in the ultra-violet band below 2,4COA. Rubbers and polyesters are sus-

ceptible to damage.




Jonized and Dissociated Gases - These gases form atl altitule as solar radia-
tion mg chewical activity of normal gases. Hypersonie flight can also
induce temperature extremeswithing vehicle vhich can produce dissocistion
and ionizntion of gases. In altered or excited state, dissoclated gases may
have highly arzelerated oxidation rates. These gases can do actual damage
to equipment, e.g. monatomic oxygen reacts very readily and rapidly (forming
oxide) with mterials like Fe, Fe oxides and alloys, Cn, Ag, and many
organic materialis.

Design techniques to offset this envircmmental limitation include pro-
tective coatings for suscejtible yarts and sealing of ccapartment after all
the air has been avacuated from both the compartment and individual packages.

Van Allen Radiation - mgniﬂeant damage to semiconductors can be expected in
mgnetic and semiconductor devices only after prolonged exposure. For pro-
longed exposure times, shielding of this type of component is required.
Figure 78 indicates the electron and proton intensity to be encountered in
typlcal earth orbits.

Kuclear Radiation - Natural space radiation and neutrons, alpha, beta and
ganma, rays from primary and secondary power plants must be considered in -
pwer eonversion uni: design if resistors and semicondvctors are used.
Resistances decrease with releases of new current carricrs or may increase
with production of new scattering centers.

Shielding and selection of radiation - resistant camponents are measures
tQ be used to offset the effects of nuclear radiation. Semiconductors must
be protected from radiation. Recommended components to be used include;
ceramic and subminiature tubes; ceramic, glass and mica capacitors; wire-
wound resistors, ceramic and other organic insulators and glass-bonded
nica connesctors.

ENVIRONMERT (INDUCED)’

Mechanical Vibration - Power conversion units deaigned {ox space vehicles with
boost glide, low orbit flight profile, or restart capabilities may be sub-
Jected to frictional or combustion vibration problems. Otherwise, except for
the launch enviromment no serious electirical cr mechanical design problems
are contemplated.

Methods which will aild in overcoming mechanical vibration include apeci-
fying the use of module type of packaging, particularly the solid or potted
types, selection of eyuipment with high mass-area and high stiffness-mars
ratios, requiring all free space in packages be filled with foam or denser
materials, and requiring that all suspension mounts be of the iscelastic

type.
Acoustic Vibration - Fluctuating sound pressure fields generated by rocket

engines during the launch boost phase are of primary concern to designers
of electronic components and other equipment for space vehicles. Of
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secondary importance 1s boundary-layer turbulence. Acoustic stresses, which
would occcur only in very exceptional cases in spece, never approach the

intensity of those in the docst phase.

Some of the average sound levels commonly associated with space vehicle
launches are:

1. Payload and nose-cone electronics of ballistic missiles and
boosters, 155 ab.

2. Booster compartment and pods at sides of booster, 165 db.

Generally the same design methods used to dampen mechanical vibration
apply as countermeasures for eliminating acoustis vibration.

Acceleration ~ A potent threat to suspended units and elements during the
launch and boost period are forces resulting from acceleration. Major
sources of sustained acceleration for these converter uuits is booster

promilsion during launch.

Fredicted sustained launch and boost accelerations for space vehicles
are 8 to 100 g's.

Here again measures taken to alleviate vibration problems will provide
good solutions for acceleration problems. In general, substitution of solid
devices and components for those in which dynamic balance or orientstion i3
eritical will solve the problem.

Temperature - The main induced thermal stresses affecting components in

space vehicles are self-generated heat, frictional heating, and internal
gradients. Damage to components and materials can also occur due to thermal
ghock at temperatures lower than the 800CF limited to the best items now
available. Another formidable problem is posed by the internal heat expected
from vehicles with nuclear engines. Design will involve considerable effort
on radiation and conduction heat sinks since they are the most practical
methods of heat transfer in space.

Shoek - The problem posed here, similar to that noted rreviously for mechani-
cal and acoustic vibration, is one of severe stresses which occurs only
during the launch and boost rhase. The diflerence hetween shock and vibra-
tion is one of degree. Shcecx can occur as abrupt chance in magnitude or
direction of velocity or in previously steady irplied force. Levels at
which it will occur depend on the type of vehicle flight profile and condi-
tion and methods of packaging. Shock level of 25 to 50 g's can be expected
with booster separaticn raising this to 200 g's for one to two milliseconds.
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APPROACH 70 SYSTEM COGLING
THERMAL ANALYSIS

Radiation cooling of individual components has been eliminated from
cousideration for primary cooling becazuse of the high ratio of ares
necessary to dissipate the heat directly to the total exposed surface area.
Batural convection is sutcmatically eliminated from consideration due to
the zero-g-environment. ‘

Conductive cooling i3 considered for each of the converter and genera-
tor units and the mechanical designs have proceeded with this in mind. The
basic conduction equation

Q@ = XKAAT
L

indicates the prerequisites of efficient heat transfer (large g&‘)’ These
prerequisites are:

1. Selection of material with high therml conductivity, K.
2. Adequate cross~sectional area of heat flow, A.
3. Mnimum heat transfer path, L.

The choice of material is limited to a few of the better conductors
that have reasonable weights. The cross-sectional area is directly pro-
portional to the weight of the conductor and this helps in determining this
limitation. The heat transfer path length, L, that the heat must travel
thus becomes a critical parameter in evalusting the success of conduction
as the predominant mode of heat transfer. Emphasis will be placed on high-
density packaging within the limits of electrical separation and component
replaceabllity while maintaining full flexibility and reliatility.

Figure 79 1s part of the thermal analysis work accomplished during the
study and shows the weight of the cooling system {radiator, fluid, pumps
and piping) in lbs/KW of heat radiated to maintain different system opera-
ting temperatures.

Figure 80 shows a typical cooling system used for space applications
and ig representative of the system considered for each of the converter
systems plus the high-freguency generator concept. It consists of pumps,
piping, cooling fluid, and a radiator. The major weight producing component
of the cooling system is the space radiator. In considering the design of
a minimm welight radiator, simultaneous consideration of many factors is
required. These include a variety of heat transfer probvlems, meteoroid
protection, and radiator geometry effects. Figure 81 shows some aspects
of the radiator design considered in arriving at a total system weight for
the converter concepts and the high-frequency peneritor. Some of the basic
assumptions are listed. A copper coating was assumed to be used to dis-
tribute the heat evenly between the tubes. The odd shape of the meteorite
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Pigure 80, Typical Space Cooling System
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armor protection affords a constant tnickness of heat exchanger material as
protection for the tubes containing the coolant, regardless of the direction
of an entering metecrite particle.

The msjor factor in determining the size, and therefore, weight of a
space radiator is the coclant outlet temperature. Figure 82 shows how the
radiator area per XKW of heat radlated wvaries with coolant outlet tempera~
ture. By using the fact that radiator weight is directly. proportional to
its size and then adding the weight of fluid, pumps, and piping, the curve
ia Figure 79 was obtained. It shows the variation in total cooling system
veight with changes in coolant outlet temperature. This particular curve
1s based «: the use of 08-12% (Polyphenol Ether) as the cooling flutd. A
second curv: vas added to show the cooling system weight when a lightweight,
minimm meteorite protection radiator was used. The weight of the heavier
cooling system has been used in all the analyses of this study because of

a desire to be very realistic as far as the cooling system weight penmalty
is concerned. The trends in each case are the same.

By taking converter system weight and dividing it by the converter
system losses, a weight/KW paq figure is obtained. The cooling system
weight/KW .4 from Figure 79 and the converter system weight/KW pq are
added and then multiplied by

l-"¢

!l't
KW oyt where Vl t 1 the coanverter system efficiency at each temperature.
This gives the total system weight as a function of temperature. The weight/
KW raa and weight/KW figures are computed so that a transistor system
operating at 3000F a motor-generator system operating at 800°F can be
compared on an equal btasis. System weicht versus temperature re_ults for
the three converter systems are compared in the Summary Section at the
beginning of the report. Curves showing the total system weight/KW .. as

a function of temperature for each frequency are included individual
section.

ANALYSIS OF POSSIBLE COOLANTS

Coolants have been considered for several temperature ranges - 0° to
200°¢, 2009C to 500°C, and over 5009C. A comparison of coolant properties

wvas made in these three temperature ranges and 1s shown in the tables
which follow,

Table 21 lists coolants considered in this study, along with some of
their general properties. Studies were limited to liguid coolants since
gaseous coolants for large power systems require bulky transport systems
with resulting greater system weight. Among organic coolants the Coolanols,
Aroclors, 3kydrauls, and Pydrauls were rejected because of their poor radia-
tion resistance. FC-75 (filuoro-chemical), water, and a water-ethylene
glycol solution were rejected because of their low boiling points. These
coolants would require a hign pressure system a: temperatures near 2000C,
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L U W N

TP, DIBLECTRIC RADIATION OTHER
COOLANT RANGE (€) |proPerries |mesrsramce | commwrs
-1 -1 [ .
Vater C-200 Poor Corrosive,Low
- Boiling Point
Water-Ethylene Glycol 0-200 Poor Corrosive,;Low
Boiling Point
FC-T5%% 0200 Good Lov Boiling Pt.}
Skydrauls# 0200 Poor
Pydrauls® 0-200 Poor
Aroolors 0-200 Poor
Coolanols 0-200 Poor
Biphenyl T0-250 Good Good .JHigh Melting
‘ Point
Moa(w:l 1 Biphenyl 0-200 Good Good Recormended
MIPB
Dn:gmwl Biphenyl 0-200 Good Good Recomsended
0S~124% 200=500 Good Good Recommended
Molton Salts 2C0=500 None Good
Liquid Sodiwm 200500 Kone Good
1iquid Potassium 200-500 None Good
Sodius Potassivm
Eutectic Solution 200-500 None Good
Liquid Sodiua 500 KNone Good Reconmended
Liquid Potassimm 500 None Good Low Specifi:
Heat
Sodiwr Potassium
Eutectic Solution 500 None Good Recormended*
0S=124:% 500 Unstable

% Legistered Trade Mark « lionsanto Chemical Coupany
x* Reglstered Trade lark - Minnesota liring & 'anufacturing Company
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Yolyphenyls, thus far, have shown the best radiaticn resistance of
coolants. Only monoisoprophyl biphenyl (MIFB) and diisopropyl biphenyl
(DIF3) have sufficiently lowv melting pcints to be fluid in the 09C to 200°C
range. MIFB was chosen as a typical coolant for further consideration in
this temperature range.

In the 2000C to 500°C temperature range only 0S-124, among the organie
coolants considered, has sufficient thermal stability and a sufficiently
high boiling point for use to S00°C without undue pressurization. 0S-10%
is a mixed-isomeric rolyphenyl ether with the best thermal stability and
widest fluid temperature range of any organic coolant. The liquid metal
eutectic solution of sodium and potassium (NaK) was also considered for
use in this temperature range.

Above 500°C the only coolant given serious consideration was eutectie
NaK. It 1s possible to use 0S-12% at temperatures near 600°C for short
periods of time6 but NaK is a better candidate as a coolant for tempera.
tures above 500°C. Liquid sodium has much better cooling properties than
eutectic RaK, but the eutectic has a wider fluid temperature range.

Other organic coolants are being developed which will have better pro~
prerties than MIPB or 0S-124, but information is limited and mostly unavail-
able. Organic coolant characteristics are shown in Tabie 22 with other
inorganic coolants shown in Table 23.

Table 22 shows a variation in specific heat o1 two to one for the
organic coolants over the temperature range of 0° to 1,000°F. Inorganic
coolants have considerably less variation as shown in T-ble 23. For
analysis purposes, the following specific heats are usuzd in tnis study:

MIPB 0.464 BTU/IB - P &t 2X0VP
05-124 0.5 BTU/IB - P at VNP
Eutectic NaK 0.21 BTU/ILB - F al 7500F

Each 18 assumed constant so that charts showing the development of fluid
flow rate versus temperature rise for the coolants may be developed.
These curves are formulated from the basic heat flow equation:

Q = .JfCPATt

where
Q = heat absorbed by a fluid
Wf = fluid flow rate
c P = gpecific heat of fluid
ATf = temperature rise of fluid
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PROPERTIES OF ORGANIC COOLARTS

mw?mmm . (grams/cc) (Bru/#:) m%_
| [ o {
F) MIPB |DIPB PS-124 | iIPB DIPE ':i;_suwh MIPB | DIPB
0 10 015 00 m - 0. 371 G 385 - - - L od
& - - 1.20!‘“ - LA -~ » - L J
100 0. 973 O. 950 1. 187 Oahla O.h31 On 3& - - -
Zm 0- 932 00 we 10 11"3 0- h@& Oo h?é 0. 2&00 00 55 00 21 -
210 - - 1. lhl L L] - -» - -
300 0.890 [0.857 {1.100 | 0.512 |0.522 ] 0.432]1 9.5 (3.9 | =
400 0.849 |0.825 |1.057 |0.557 |0.568 | 0.4651 75| 32 -
500 0.808 10.735 {1.013 § 7.60k |0.614 | 0.4961 370 | 170 | 0.7
600 0.765 |0.743 10,971 | 0.649 §0.660 ] 0,528 1300 | 610 | 5.3
700 0.725 |0.703 {0.926 } 0.697 }0.705 | 0.560 } 5.3at]1850 26
800 0,680 |0.660 [0.880 | 0.742 }0.750 o.ggln.zat 16.6at] 103
900 - - ]0.,833*] - - 0. - - 330
1000 - « }0,783%! = « |0.,660} =~ - 900%
* Extmpolatiopo " 68.1? at - Atmospheres
{ ¢TPRE DATA MIPB| DIFB | 0S-12%
Helting Potat (¥) 65 |- | %o
Boiling Point (¥) (760 mm of Bg) §63-572l6m-6311 982
Flash Point (¥) 315 | 340 550
Fire Point (¥) 340 | 365 660
Thermal Stability (°F) Isoteniscope - - 87
Autoignition Temperature 850 | 850 | 1135
Thermal Conductivity (BIU/Hr~FtsF) .070 }.068 |.0658
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TABLE 73
PROPERTIES OF INORGAJIC COOLANTS

SPECIFIC THERMAL
DENSITY HEAT CONDUCTIVITY,
TEMPERATURE (# per cu. ft.) (BTU/#-F) (BIU/Hx, oFt.oF)
*T F 73 Tek¥ | HA Tak WA__J_ Jak |
0 32 - - - 0.238 - -
100 212 57.9 52.9 0.3305 - k9. 72 1k.1
1& 219 - - - - - -
170 33% - - - - - -
2% 3% - - 0.3200 0.217 . h?om -
250 h82 55.6 50.6 - - - -
572 - - - - 43.76 -
koo 752 53.3 48,4 0.3055 | 0.210 . | &1.15 15.4
932 - - - - 38.61 -
550 1022 5100 hsol - - - -
600 112 - - 0.2998 | 0.209 - -
700 1292 b8, 7 k3.9 - - - -
800 W72 - - 0.3030 | 0.213 - -
OTHER DATA RA NaX
Melting Point g) 208 12
Boiling Point (F) at 760 mm of Hg. , 1621 43

#NaX - Eutectic Solution (22% NA, T6%K)

Data from Reactor Handbook, Volume 2-Engineering; Chapter 2.2, Table 2,2,1,
Pages 256 and 257; declassified edition published by Technical Information
Service of United States, AEC, May, 1955.
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Assuming the heat flow and specific heat constant, the variation of
temperature rise with fluid flow may be plotted as a logarithmic curve or
as a straight line curve on log-log paper. Figure 83 is a fluid-flow-rate
versus fluid-temperature-rise for various values of heat flow for 08S-12k.
Fros this curve, vhen the required heat rejection of any component is known,
the camdinations of possidle coolant flow and temperature rise may be
quickly and easily determined.

The convection temperature drop acruss the boundary layer film between
& heated surface and the coolant is also important. Expressions for this
drop are derived from a similar beat flow expression:

- hcA' A?l'c

vhere
hc = convection film coefficient
A' = convective surface area
ATc = temperature drop through convection film
defining ¢ = Q/ A, the above equation becomes

Q = hc AT o
If nonboiling, turbulent forced-convection of organic liguid coolante in a
cylindriecal conduit is assumed, th: rilm coefficient (h,) may be determined
from the expression: ‘

NM = 0.023 r°.8 P e

T
h o D
vhere KM = RNussgelts' number = x
R‘ = Reynolds' number = DG

C
Pr = Prandtl number = kEF

h, = f£ilm heat transfer coefficilent

D = conduit diameter

k = fluid thermal conductivity

¢ = fluld mass velocity W/ (m 0o/k)
M = fluid viscosity (absolute)
Cp

» tluid specific heat
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Substituting the relationship for ¥
R = 023k (8) (2
From Reynolds' number and the definition G, the diameter (D) is:

. 2
IR,
Substituting for D in the equation of hc gives

Be

The terms k, # , and P, are properties of the ccoling fluid and are constant
for a given type of ﬂuid and temperature. Defining-x as a constant wvhich
includes k, M , Py, and the mumerical values of the equation, the above equa-
tion becomes:

1.8
- Bt

e
If the same conditions are imposed on the liquid metal coolants as imposed on
the organic coolants, Kusselts' number for the liquid metals can likewise be
obtained. In a similar fashion, the film heat transfer coefficient can dbe

obtained.

.018 B,y
K (r,)%(e,)

TRANSFORMER COOLING

Because the numerous variables in transformer design are dependent on a
particuiar design and/or application, only generalized cooling requirements
have been considered. Transformer weight usually runs about .1 pound per cubiec
inch and convective heat dissipation from cooling surfaces @ill normally vary
from 2.5 to 3.5 watts/sg. in. Where cooling is available from external sur-
faces only, the overall A T between transformer hot spots a.nd coolant tempera-
tures is normally about 200°F. This may be reduced to 70°-80° when the coolant
is ducted between windings and directly along the core surfaces. For the
larger units internal cooling ducts bave been considered.

Figure 84 represents a cooling concept for each of the large trans-
formers considered in this study. Coolant ducts rise upward through the
vindings and connect a lower cold-plate reservoir to the upper cold-plate
reservoir. The coolant fluid is circulated in one side and out the other
side to remove the excess heat resulting from losses in the transformer core
material and its ISR losses in the conductors. Heat sink material of both
metal and conductive epoxy can be used to conduct the heat to basic structure
and away from the transformer. In the case of transformer cooling, maximum use
of the mounting shelf can be obtained by using the shelf as a heat sink.

The need may arise for isolating the transformer from the other system
components, if it operates at 2 higner temperature than the other components.
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This isoclation can be scuieved by bonding an insulating sheet of mylar or
glass fiber to the inzide of the transformer case to serve as a heat ghield.

TRANSISTOR COOLING

Transistors junction temperatures must be kept within certain linits
tc prevent failure and thermal runaway. In a space environment the only
mcde of heat transfer is radiation, either directly from the transistor or
from a heat sink to vhich the transistor is thermally coupled. The surlace
area of a trangistor is fairly emall and can only provide a few milliwatts
of direct radiative power whereas most high power transistors must dis-
sipate over one hundred watts. Therefore, the problem reaolves itself into
an investigation of the thermal path between the transistor jJunction and
the heat sink and making the thermal conductance as high as possible.

FPox purposes of a cooling analysis, it is assumed that all transistors
will be mounted on a heat sink material which is part of a heat exchanger
{cold-plate). Thermal design will consider thermal drop through electrical
inmlation, allowable juncticn temperatures of the transistors, and internal
heat flow from each device o the heat exchanger. Figure 85 shows how &
typical power transisto- will be mounted in a heat sink. Two thermal paths
are available: One from the case, through the top washer, to the heac sink
and the other from the case through the stud and nut, through the bottom
washer to the heat sink. Jiotn paths are essentially in parallel.

The net thermal resistance desirably should be as low as possible.
However, it is often necessary that the transistor be electrically insulated
from the sink., This means that some sort of device, such as a washer,
must be used to provide good thermal conductivity while serving as an
electrical insulator. Further, if washers are to be used, they must have
good mechanical properties to resist crankiag when the nut on the transistor
is tightened during mounting. DMiterials satisfying these specifications, to
& greater or lesser degree, are beryllium oxide, mica, and aluminum oxide,

Figure 86 1llustrates the increase in thermal resistance between the
transistor case and the heat sink in a vacuum as compared with the resistance
in air. In a vacuum the only mode of heat flow between the surfaces is con-
duction through the few discrete contatc poiv.cs; in air there is also the
possibility of heat convection between the surfaces of heat conduction across
the narrow air layer. The presence of a vacuum thus tends to amplify the

cooling problem.

The increase in thermal resistance is due to the fact that surfaces
are not perfectly smooth, and actually touch at only a limited number of
points. The remainder of the space is nonconducting vacuum. Variables
affecting the contact resistance include the pressure between the two sur-
faces, the smoothness of the surfaces, the materials themselves, and the
possible addition of greases, solders, or some soft materials to fill the
empty regions between the surfaces. Figure 86 illustrates the effect of
surface pressure on contact resistance. The thermal resistance decreases
linearly with surface pressure. The limiting factor in this case is the
amount of pressure that the washer can withstand before cracking.
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Filgure 566 1llustrates the effect of using foils along the interfaces of
the BeO washers in a vacuum environment to f£ill the void between the heat-
conduction materials. In each case, a foll washer with the same surface
dimensions as the BeO vasher was placed between the transistor case and the
top vasher, between the top washer and the heat sink, and between the bottom
washer and the heat sink. The graph shows that the use of any of the three
interface mterisls lovered the thermal resistance from case to heat sink.
Indiwx foil, however, proved most effective and lowered the thermal resist-
ance tc 0.61 °C/watt, approximately 1/8 of its value without interface
material. Another method of reducing thermal contact resistance is to
solder the surfaces together.

Cenerator Cooling - Many variables also enter into the thermal design pro-~
blem for the rotary generator and converter concepts. Liguid coolant 1is
considered in the cooling system design at temperatures between 500°P and
1,100°P. Stator cooling will be provided by ducts in the outer periphery.
This system places the cooling fluld adjacent to the iron hot spots. The
iron surface temperature referred to in the data tables is the temperature
of the iron adjacent to the cooling fluid. The cooling fluid temperature
will be less than the surface iron t.mperature by an amount depending on
the coolant used in the system and the fluid flow rate in the ducts.
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X \GREYT MATERTAL CHARACTERISTICS

The frequancies considered for this study were 50 to 200 KC for the high
frequency generator and 50 to 800 KC for the frequency converter vnits.
Average coolant temperatures used in the design studies were in the 200 to
1,100 range. Myjor determinants in the selection of magnetic materials for
these conditions are the core and other losses at the design frequency and
operating temperature, usable flux density at the design temperatures, and
Curie point. Aspects of these determinants will be discussed in the section
which foliows with specific materials to bde discussed later in this section.

Flux Density

The size of an electramagnetic device is directly related to the allow-
able flux density of its magnetic material. A mgnetic material may have
small core losges, but due to its lov saturation flux density, a very large
volume of material may be required to generate appreciadble voltages. On the
other hand, a magnetic material may have a very high saturation flux density,
but its core losses may be prohibitively high. As an example, molypermalloy
powdered cores have low core losses, but can carry only about 4,000 gauss of
flux while oriented silicon steel laminations have much higher core losses,
but can carry about 18,000 gauss without reaching saturation. It can,
therefore, be seen that reducing the flux density in a design in order to
reduce the core loss or to make possible the use of a material having lower
losses may result in significant weight increases for a given power level
and frequency. The wide range of maximum flux densities for various magnetic
materials is shown on Figure 87.

At power frequencies the designer would ordinarily choose that material
vhich provides the highest flux density, since less iron and copper are
required and light weight can be achleved at high efficiencies. The effici-
encies are high at power frequencies because the core losses are small’
compared with the total power ocutput of the devica.

A survey was made of the maximum flux density of wvarious low-loss
magnetic materiale over the 100 to 800°C range. The results of this survey
are shown in Figure 87. As can be seen in this figure, there 1s a de-
creasing maximm flux density in going to high temperature operation.
Oriented-silicon steels are best for flux capability with low-loss ferrites
being extremely temperature limited.

losses in Ferromagnetic Materials

The core loss in & magnetic core is commonly divided into the eddy
current loss, the hysteresis loss, and the residual loss. Eddy current
losses are induced by varying magnetic fields in ferromagnetic materials
(vhich are generally good conductors). On the other hand, hysteresis
losses are due to the fact that all of the erergy stored in a magnetic
material i:s not returned to the circuit when the {ield is collapsed. Part
of this energy is converted into neat in the rocess of aligning the domains
in the ferromagnetic material. I’ {he migretization is carried through a
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complete cycle of a magnetomotive Zcrce, trne nysteresis loss is proportional
to the area enclosed by the familiar B-H lcop. Comparative B-H loops for
Orthonal, 48 Alloy, and HYMU 80 are shown in Fizure 85. It can be seen from
a comparison of the areas covered by the loows of these materials that HYMU
80 has the lowest DC hysteresis loss. HYMUJ CO retains this advantage at
high fregquencies as well.

All ferromsgnetic material losses that canrot be attributed to either
eddy current or hysteresis losses are classified as residual losses. The
origin of these residual losses is not compietely nown, but they are
associated with such phenomena as éorain wall relaxation and domain wall
resopance.

Even at low flux density aprlications, the residual losses contritute
a large portion of the total core losses in ferrite materials. The rapid
increase of residual losses with frequency as the ferrozasnetle resonance
is approached, results in an effective urrer fregueacy limit for any given
ferrite material.

The calculated power loss In ferromagnetic core subject to an alter-
nating magnetizing force is the sum of the hysieresis and the eddy current
losses. This power loss can be written:

P = hysteresis loss + eddy current loss

c
K,£212B Max
= KnfBx ¢
1" “Max T
where h = hysteresis loss coefficient

£ = frequency in cycles per second
max = maximm flux density in gausses
X = hysteresis loss exponent
%t = thickness of core laminations in mils
r = resistivity in nicrohm-centimeteors

It can be seen from this equation that the eddy current loss can be
reauced by reducing the thickness of the material or by going to a miterial
having a higher resistivity. Figure 89 shows the effect of increasing the
silicon content of electric steels on core loss, resistivity, and coercive
force. The reduction in core loss is seen to be rrorortional to the silicon
content. The hysteresis loss which is proportional to the ccercive force,
18 also reduced by the increased silicon content.

As shown in the first term of F,, the lLysteresls lc:3 should not vary
with thickness, but actually this loss does vary to some extent due to
differences in processing treatments. Also, the eddy current losses for a
given grade do not vary exactly as the square of t&  hickness in the
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thinner gages, but better agreement with the eddy current term above is had
in the thicker gages. The effect of grain size and boundary conditions and
ninor thickness variations as well as slight differences in silicca content
are among the major factors causing this discrepancy.

The hysteresis loss is shown by the first term to increase linearly
with frequency while the eddy current loss increases as the square of the
frequency. As a result, although the hysteresis and eddy current losses
are of the same order of magnitude at 60 cycles per second, the eddy cur-
rents at high frequencies are the major factor in determining the core loss.
It is interesting to note that increasing temperature results in a small
reduction in hysteresis loss. This is due to the fact that the saturation
flux density and the coercive force are reduced as the temperature goes up.
In the audio frequency range (500 to 15,000 cps) both the hysteresis and
eddy current casponents of core loss become important and moderate magnetie
flux density is required to reduce losses.

Above the audio frequency range, however, the eddy current component
of the core loss becomes of primary importance not only to reduce core
losses, but also to reduce the skin effect produced dy eddy current shield-
ing. Since the flux density in the ferromagnetic material is usually re-
latively large, and since the resistivity of ordinary electric steels is
not extremely high, the induced eddy currents may became appreciable if
means to minimize them are not taken. The eddy current loss in this case
is of considerable importance in determining the efficiency, the temperature
rige, and hence the rating of the electromagnetic device.

In addition to creating heat losses in the magnetic material, eddy
currents screen or shield the individual sheets of magnetic material from
the magnetic flux, and bring about a higher flux density near the center
of the lamination than at the surface. The total flux tends tc be crowded
towards the center of the laminations, and the effective cross-sec*tional
area of the magnetic material 1s reduced.

Core Loss Versus Frequency

The effect of orerating frequency on core loss is shown in Figure 90.
It can be seen here that the use of conventlcial oriented silicon steel
material would result in compiratively high losses at 200 KC unless
extremely thin laminations are used. The superiority of HYMU 80 is evident
in these figures with respect to other low-loss materials. If thin steel
laminations were used, the core losses could be reduced to levels approach-
ing that of the ferrites witnout their disadvantage of a low operating
temperature and flux density (see also Fijure 91).

Hysteresis loss

The hysteresis loss can be made smill by the use of a material which
has a hysteresis loop of smill area. Although these loops would broaden
out at higher frequencies, the relative advantace of HYMU 30 (and super-
malloy) would continue to exist over more conventional materials such as
48 Alloy.
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of room temperature walues for various laminated core shapss. This varia-
tion did not appear to be a function of flux density.

Typical core loss versus flux density and core loss versus temperature

eurves at the lov frequencies and high temperatures are shown in Figures G2A

and 928, The effect of ture on total core loss (including both eddy
current and hysteresis loss) at 1 KC frequency is shown in Figure 93A. In
general, the core loss for both HYMU 80 and supermlloy drops off steadily
vith increasing temperature. The significant reduction in core loss im

going from EYMU 80 to supermalloy is cbvious from this data, but as shown
in Figure 934, supermalloy is both temperature and flux density limited.
Figure 938 indicates that significant loss reductions ars achieved by going
from tvo mil to one mil materials and that even greater redustion gould be
achisved by using 1/2 mil or less laainations.

Curie Folnt

Care will have t0 be exhibited {0 insure that operating temperatures of
both transformers and generators will not exceed the Curie point of the
mguetic materials, The flux density value at vhich magnetic materials
become saturated decreases until st the Curie tenperature, approximately

750°C for silicon stesl, it is totally nonmagnetic.

The range of maximu flux density for various magnetic materials and
the corresponding Curie points for those materials are shown in Figure 87.
The boundaries of these intersections point up the fact that increasing
flux density is asccompanied by gensrally higher Curie pointa,

The iron loss data used in the various generator designs covered in
this study is shown on Figure 94, These ocwrves represent the best esti-
mated from data availsble for the matorials considered at the time the
design caloulations vers perforned.

It oan be seen from this limited data thut the use of conventional
oriented silicon stesl material would result in comparatively high lossue
at 200 XC unless extremely thia laminitions are uced. The supariority of
EYMU 80 over other materials is evidont in these figures with respsst to
other lowv-loss metorials. If thin laminations are used, the cors lossss
can be reduaed to levels approaching that of the ferrites.

Ioss caloulations in thia siuldy have been hescd on irvta from these
curves. Before detailed converver and anerator designs i'or ¢he highe
frequancy ranges specified in this study can bte completed, 1t will be
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necassary to perform additional experiments to determine the magnitude of
actial core losses to be encountered.

8election of magnetic core material for the final transformer and
generator designs vill be based on standard design criterior with the addi-
tional requirement of stability of the magnetic properties in the specified
environment. Pased on Ciurle temperatures, cobalt alloys must be used if
the magnetic comupcuents are to operate at the maximum temperature of 1,500°F.
For a 1,000Frangs, the choice is between Biperco 27 or Hiperco 35 with
Eiperco 27 being favored. If the maximm temperature of transformer opera-
tion is limited to 1,000°F, oriented-silicon-iron is recommended as the best
mterial. S8ilicon-iron hes been used in the preliminary transformer design
calculations with HYMU 80 being considered for the high-frequency output
transformers.

GENERATOR MATERIALS

Housing-low carbon steel
Stator - HYMU 80 or Alloy 48
Rotor - Nickel-maraging steel

Windings - Nickel clad copper, or ceramic coasted copper
for high temperatures.

Insulation -~ Ceramic slot liners or mica sheets backed
with glass cloth.

TRANSFORMER MATFRIALS

Cores -~ Silicon-iron (low frequency)
HYWU 80 (high frequency)

Windings - Nickel plated copper
Ingulation - Synthamica asbestos compound
ROTOR MAGNETIC “ATERIALS

Mechanical strength, as well as high saturation flux density, is an
important consideration in the cholce of magnetic materials for the generator
rotor. Mechanical strength is of special importance since the centrifugal
force at a design speed of 24,000 rpm is very high, and the use of material
with a high yleld strength at the design temperatures is essential. The
wide range of saturation flux densities ind yleld s.rengths for various
magnetic steels 1s shown on Fizure 9. As a general rule, the hurder and
stronger the steel, tlie higher its coercive force and the lower its
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saturation flux density. It should be notei, however, that the 18 nickel-
maraging steels (recent de-elorment) have very high saturation flux density
despite their higher yield strengths.

Since the magnetizing force is essentislly constant under constant
generator load, solid steel rotors are recomended for use in this design.
The matter of low eddy current and hysteresis loss is of secondary coa-
sideration in the rotor. For this reascn, a swrvey vas made of comercial
available materials having reascvnadly high yield strengths and saturation
flux densities. The swrvey of materials is shown in Figure 95. In general,

‘it can be said the materials having a high saturation flux density have a

relatively low yield strength, and materials having a high yield strength
have a low saturation flux density. DMaterials having both a high yield
strength and a high saturation flux density are limited.

The Eiperco's and the Permendurs were eliminated from consideration in
this study because of their long half-life when exposed to muclear radiatiom.

Both AISI 4130 and 4340 are low-carbon, low-silicon steelg that have
found considerable use in the past for rotors. Of these two alloys, 4340
has somewhat higher yield strength at a slightly lower saturation flux
density than 4130.

The one per cent Chromium low-carbon steel looks like an especially
rromisin> rotor material since its yleld strength even in the annesled
condition .s high, and its yleld strength in the hardened condition is
almost double that of the ordinary steels used for high speed rotors.

Effect of Ambient Temverature on Yield Strength - In evaluating magnetic
materials on the basis of their yicld strength, the effect of ambient tem-
perature on yield strength must be taken into consideration. As indicated
on Figure 96, the 18 per cent nickel-maraging steels have a very high yield
strength, but are useful over a smaller temperature range then either the
low-carbon steels or Westinghouse Niveo-10. The corresponding usable tem-
perature-yield strength range for other high strength materials 1s also
shown on Figure 96.

WINDING MATERIALS

Conductors and conductor insulation for the transformer and generator
windings at three performancc levels, 5CCOF, 1,CCUOF, and 1,5C0CF were con-
sidered. Several insulations are available at the luwer levels, but the
choice is extremely iimited at the 1,3CCOF level.

500°F Insulated Conductor System - Copper and slumirca cconductors are
available for use in transformer and generators. ror equal current-
carrying capacity, the volume of corper is less than that of aluminum.
Aluminum electrical Joints are fatricated more easily now than pre-
viously, and aluminum can nuw be handled quite easily.
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%:000% Insulated Conductor System - At the higher temperatures, copper
ors must bs protected by a coating of oxidation resistant metal
such as nickel. Cladding has the disadvantage of reducing the econ-
dnetivity of copper, especially at the higher frequencies. Inorganie
insulations must be considered at this temperature with special atten-

tion given to assembly of conductors and insulation.

1,500°F Insulated Conductor System - Stainless steel cladding or plating
over copper appears to be the most suitable conductor design for 1,500°F,
Refractory oxides appear to be the only insulations available for use.
Fabrics and papers will probably be used as inter-layer material and as

wrappings.

% Wire - Magnet wires intended for use at elevated temperatures (as high
as- and in intense nuclear radiation have been the subject of much

industry.research. The discussion which follows concerns several of the most
avallable magnet wires.

In order to maintain reasonable conductivity, it 1s necessary tc employ
copper or silver. However, thesa metals must be protected from the oxidizing
effects of the atmosphere. This has been done by the use of nickel cladding
over the copper or silver. This technique works well up to about 400°C for
copper. At higher temperatures, nickel can co-diffuse into the copper re-
sulting in loss of conductivity. By comparison, solver and nickel do not
exhibit barufal co-diffusion even at temperatures approaching the melting
point of the silver. Stainless steel has also been used as a cladding over
gopper, and is useful up to 500°C. The size of the wire needs consideration
in the choice of the conductor comstruction since diffusion proceeds in equal
thicknesses of layers. Thus, fine wires exhlibit marked loss of conductivity
while large wires change slowly. Pure copper suffers from severe oxidation
when expcued during high temperature insulation cure cycles and when exposed
to chlorinated silicone coolant fluids.

Nickel Clad, Nickel Plated, and Stainless Steel Clad Wires - Nickel clad wire
is a very acceptable material for use in stator windings operating up to adbout
o007, However, there are problems assoclated with the use of nickel plated
wires. The daiffusion of the nickel and copper can cause a permanent change

in the registance of the material, particularly above 500°C. Coating elonga-
tion can aleo cause problems; for example, winding under excessive tension
can prodnce a break in the coating and expose the conductor. Nickeli plated
wire offers little protection against oxidation.

Stainless clad copper or nickel clad copper with a ceramic-silicone
coating is poteniially useful where the operating temreratures do not exceed
750 tc 84O°F. Stainiess steel clad copper wire shows unusual DC resistance
stabilily even after exposure for 1,00C hours at 1,100°F. Unfortunately,
slectrical properties of this type of wire deteriorate rapidly at this
ambient temperature.

Siiver Clad Copper and Silver Wire - Silver clad copper wire is unsatisfactory
Tfor high temperature use since silver will migrate into the covper at elevated
temperatures. Silver wire ls more exvensive than other forms of wire, but hes

192




the advantage of good electrical conductivity at high temperatures, is ductile,

and 1s readily joined by welding.

Ceramic Coated Copper Wire - Fhelps Dodge manufactures a high temperature
magnetic wire known as ceramic-eze, which is available in round sizes from
18 AWG through 36 AWG. This 1s a flexible, windable, abrasion resistant
wire for usc at temperatures up to 650°C. The total film buildup is on the
order of 0.3 tc 0.7 mils on all sizes of wire. The standard product is a
72 per cent copper, 28 per cent nickel clad conductor having a 72 per cent
conductivity. For applications about 1,000°F, Phelps Dodge can furnish &
20 per cent nickel-clad silver conductor with their standard ceramic-eze
coating. Ceramic-eze magnet wire has excellent chemical resistance. Acids
and alkalies have no appreciable effest.

This insulation is also completely insoluable in water. Because the
insulation is not completely viireous. water will be absorbed on the surface
and tenaciously held. For this reason it is recommended that the stator
encapsulation system have a completely vitreous surface.

Glass-Served Copper Wire - Glass-served magnet wire employs a serving of
glass fiber impregnated with incrganic binders and fillers. The insulation
system consists of nickel plated copper wire covered with two layers of
glass fiber. The composite is vassed through a suspension of powdered mica
and a phosphate solution and fired at 480°F. When sultably formulated, the
insulations resistance is equivalent to that of glass-served organic-coated
wire.

Another glass-served system sultable for use at 930°F consists of two
layers of glass impregnated with silicone resin. The silicone provides
strength for winding and is subsequently volatilized by heating four hours
at 930°F. This tends to make the glass somewhat fragile; however, if it is
properly supported in the stator coil, 1t can remain undisturbed during
mechanical stress. The glass serving adds about eight mils to the conductor
diameter, and is compatidle with most tase conductor materials.

Magnet Wire Insulated with Glass Fiter and Orranifc Fonding A-ernt with Dise-
persed Ceramic Flller - The insulation consists of one cr more servings
bonded with a varnish in which ceramic or glass powder is thoroughly dise
persed. The conductor is copver-core with an oxidation rrotective cladd-
ing. The varnish is completely fucitive when hezted sufficieatly. The
ceramic or glass filler can then te fused or sintered to im,rove the mechan-
ical and electrical characteristics of the insulation. This type of wire
has a thermal rating of 650°C, and is available in round sizes 12 to 30 AWG
with single or double servings.

INSULATION MATERIALS

Transformer and generator insulation is required to insulate electrical
circuits from each other, from mechanicil structure, wnd from the magnetic
circuits. 1Iwo tyres of insulation are considered: A major insulation to
provide electrical insulation,and a niner insulation whose function is
mainly to add mechanical strenth to the component.
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the advantage of good electrical conductivity at high temperatures, is ductile,
and 1s readily joined by welding.

Ceramic Coated Copper Wire - Phelps Dodge manufactures a high temperature
magnetic wire known as ceramic-eze, which is available in round sizes from
18 AWG through 36 AWG. This 1s a flexible, windable, abrasion resistant
wire for usc at temperatvres up to 650°C. The total film buildup is on the
order of 0.3 tc 0.7 mils on all sizes of wire. The standard product is a
72 per cent copper, 28 per cent nickel clad conductor having a 72 per cent
conductivity. For applications about 1,000°F, Pnelps Dodge can furnish a
20 per cent nickel-clad silver conductor with their standard ceramic-eze
coating. Ceramic-eze magnet wire has excellent chemical resistance. Acids
and alkalies have no appreciable effe~t.

This insulation 1s also completely insoluable in water. Because the
insulation is not completely viireous., water will be absorbed on the surface
and tenaciously held. For this reason it is recommended that the stator
encapsulation system have a completely vitreous surface.

Glass-Served Copper Wire - Glass-served magnet wire employs a serving of
glass fiber impregnated with incrganic binders and fillers. The insulation
system consists of nickel plated copper wire covered with two layers of
glass fiber. The composite is pvassed through a suspension of powdered mica
and a phosphate solution and fired at 480°F. When sultably formulated, the
insulations resistance is equivalent to that of glass-served organic-coated
wire.

Another glass-served system suitable for use at 930°F consists of two
layers of glass impregnated with silicone resin. The silicone provides
strength for winding and is subsequently volatilized by heating four hours
at 930°F. This tends to make the glass somewhat fragile; however, if it 1s
properly supported in the stator coil, it can remain undisturbed during
mechanical stress. The glass serving adds about eight mils to the conductor
diameter, and is compatible with most tase conductor materials.

Magnet Wire Insulated with Glass Piter and Or-anlce Fonding Avert with Dis-
persed Ceramic Filler - The insulation consists of one cr more servings
bonded with a varnish in which ceramic or glass powder is zhoroughly dis-
persed. The conductor is copver-core with an oxidation rrotective cladd-
ing. The varnish is completely fugitive when heited sufficieatly. The
ceramic or glags filler can then be fused or sintered to imyrove tlhe mechan-
ical and electrical characteristics of the insulation. This type of wire
has a thermal rating of 650°C, and is available in round sizes 12 to 30 AWG
with single or double servings.

INSULATION MATERIALS

Transformer and generator insulation is required to insulate electrical
circuits from each other, from mechinic.l structure, ind from the magnetic
circuits. 1Two tyres of insulation are considered: A major insulation to
provide electrical insul-tion,and a minor insulation whose function is
mainly to add mechanical stren_th to the component.
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MAJOR MINOR i
MATERIAL TEMP MATERIAL TEMP MATERIAL TEMP ’
Beryllin Oxides {4OOO P
Alumina 99% 3540 F
Boron Silicides {2500 F|] Tipersul 2200 ¥
fFipersul 2200 F | Tipersul 2200 F| Silicone Stlicate}2000 P
Asbestos Compound
Bynthaxics 1550 F | Silico Ceramice
S{licic Acid 2000 ¥
Isomica 1550 F | Synthetfic Mica
Cement 2000 ¥
Quinorgo R4 1000 F |Isomica 1000 F | Lead-Oxide/Boric~
Oxide Eutectic {1000 F
Samics 1000 F |Steatite at High
Volt 1000 F
Alkaphos 1000 ¥
MicavFlakeg- Silicone Micarta | 500 F| Silicone SO
Silicone Bonded| 500 F
feflon 500 ¥ [Micalex SO0 F

T
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Magnetic Steel Insulation

w ~ During the processing of the core steel, a magnesium asilicate is
ormed on the steel surface. Much of the steel has an additional phosphate
type coating formed on it for greater insulation strength. These coatings,
although very thin, are of nigh rosistance, and are hard and abrasion resis-
tant. Thay bhave the further advantage of extreme heat resistance and
stability, and a smooth surface for handling ease.

Ratural Oxide Finigh - The low loss magnetic materials, such as supermalloy,

, and Alloy are composed of high content nickel alloys, and inter-
lamination insulation cax be achieved in the ordinary processing of these
materials in the form of a natural oxide finish. A thin coating of Sterling
5-678 red core plate would provide additional protective material and reduce
the effect of aging on core loss and excitation current.

Bonding of Stator Stack laminations

Adhesives can be used to bond the ultra-thin stator laminations togetaer,
but they are too thin for any other type of fastening. Thermo-setting resin
compounds are available vhich cure without the application of pressures, and
which provide a strong bond between the surfaces while at the same time form-
ing a dielectric layer between the parts they bond. A good example is
Colunbia Technical Corporaticns AC-523 adhesive which is rated for up to
350°C application. This material can be applied to the laminations over the
oxide or varnish coating which provide the primary insulating coating.

Another type of material for bonding is an inorganic coating-cement
composed essentially of ceramlc filer bonded with an air settirg temperature
resistant binder. It can be applied as a paste or by spray, dip or brush.
The mad;eria.l has excellent thermal shock and has a rated use Lemperature of
2,300%F.

Encavsulation of Stator

The stator of a high-frequency generator will probably consist of low-
loss high rermeability laminations of from cne to two mils thickness. Dis-
tortion is undesirable physically, but more important, it ruins the magnetice
properties of the core. Slot windings must be rigidly supported im order to
prevent conductor abrasion. For this reason the stator must be properly
potted .and encapsulated in the housing.

Potting and Embedding Compounds

Several air drying cements can ve used for potting ind embedding the
stator at temperatures well over 9300F. Muny of these materials were ori-
ginally developed as high temperature thermal insulations for furnaces and
thermocouples, but they can be used to electrically insulate and protect
stator windings at high temperatures. Air drying cements are quite porous
and tend to absordb moisture, but this would not be a great problem in a
generator that is continuously operated ut high temperature. The problem
can be minimized with a suitable glaze or cement.
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Fusion-Bonded Insulation System

The stator can be protected against the high operating temperature by
coating or bonding the coils with an inorganic material which 1s sintered
or bonded into place. The bond obtained with fusion bonded inorganic
materials is better than that obtained with other high temperature materials
anl is most nearly similar to that obtained with the lower temperature
plastics.

A process developed by Westinghouse Electric consists of the following
steps:

1. Coating and/or potting the components with a' porous material con-
taining reactive components. This material is applied to the

stator during winding as an interlayer coating and/or impregnated
into the winding from a slurry, or solution.

2. Vacuum impregnating the stator assembly with certain glass com-
positions at high temperature. The best impre, ts evaluated
to date are a lead oxide-boric oxide eutectic (88Pb0 -~ 12 31203)
which reaches sufficient fluidity for vacuum impregnation at
about 1,160°F, and a lead oxide - bismuth trioxide eutectic
(72 P00 - 28 B1,0,) which reaches sufficient fluidity at about
1,2500F. 2’3

3. Heat treating the assembly until the impregnant reacts with the
potting compound and the internal inorganic insulation. During
heating, the composition of the impregnant changes so as to
improve the physical and electrical properties of the insulation
Bystem-

Phelps Dodge has developed a synthetic mica-aluminum phosphate encap-
sulation system that has performed satisfactorily at temperatures up Lo
1,200°F. This system requires a vitreous coating to be applied to the en-
capsulant in order to provide an overglazed surface.

RADIATION RESISTANCE OF CONVERTER COMPONENTS

The radiation tolerance of generating system materials and subcomponents
has been investigated in previous studies. The investigation was conducted
through a literature survey of reported radiation effects on generating
system type of materials. This study was hampered by the fact that most of
the radiation testing of electrical components has utilized standard, off-
the-~ghelf, low temperature equipment. Awailable data for high temperature
equipment is limited.

A portion of the radiation resistant material was derived in connection
with development of the HOTELEC generating system. A general summary of
this information is presented graphically in Figure 97, and an expanded dias-

cussion on specific materials and components is presented in the sections
which follow.
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The results of these studies lead to the evident conclusion that excireme
high temperature capabilities and radiation resistance are generally synony-
mous. As a class, the organic or covalent compounds are less resistant than
the inorganic and ionic compounds to tie damaging effects of these two
environmental conditions. The high temperature requirements of the power
conversicn system will eliminate most organic campounds from consideratioa
as candidate materials, without the added factor of radiation induced damage.
The single class of organic materials which will be considered is that of
fluids for lubrication and heat transfer.

Structural Metals - Experimental evidence to date indicates that structural
metals are quite resistant to muclear radiation, although not all the useful
or potential alloys suitable for nuclear-powered-air vehicle construction
have been adequately investigated. On the basis of out-of-pile tests, fast
neutrons in integrated flux levels above 1019 n/cm@ represent the only reactor
radiation that can significantly affect the properties of nonfissionable
metals. This is ccnsiderably above the levels anticipated and thus no great
problem is anticipated for structural metals.

Neutron effects in metals have been studied at integrated fluxes detween
1015 and 1022 n/em? (fast) at temperatures between 30 and k0OOC. Such investi-
gations have included carbon steels, stainless steels, aluminum alloys, nickel
alloys, cobalt allcys, magnesium alloys, titanium, zirconium, molybdenum,
tungsten, tantalum, copper and beryllium. Radiation effects in metals are
analogous to those of cold work, but are less severe and by different mechan-
isms.

Electrical Insulating Materials - The failure of conventional electrical in-
sulation in nuclear radiation environments is primarily due to the mechanical
and physical deterioration of the materials rather than to gross changes in
their dielectric properties. The ionizing effects of radiation in organic
insulators lead to a series of complex chemical reactions which drastically
alter the nature of the material. Elevated temperature, a common adjunct of
a nuclear radiation environment, tends to advance the deterioration of organiec
materials.

Inorganic materials are, in general, much more resistant to radiation
damage than are organic materials. This is due to the type of damage which
occurs in the materials. Atomic displacements, which constitute only a small
part of the damage in orpganic polyers, account for nearly all of the permanent
damage in inorganic insulators. Ionization and excitation of atoms lead to
no new bond formations so that the irradiation of inorganic substances leaves
the material unaltered chemically. Since most inorgunic insulators are stable
ceramic oxides, radiation promotes no chemical reaction of the insulation with
its environment.

There is, however, a strong rhotoconductive effect accompinying the ir-
radiation of most inorgunic ceramics. A large part of the energy of incident
radiation is absorbed by electronic excitation and ionization. Although
this excitation does not lead to bond breakage or formation, it does produce
quasi-free electrons which are free to mcve under the influence of an electrie
cal field. Since tne mobility of ceharge carriers in inorganic compounds is
higher than that in organic polymers, there is a corresponding difference in

199




the sagnitude of the radiation induced photocurrent. This effect, however,
is not expected to seriously impar the usefulness of inorganic insulators
in & rediation field.

Atomic displacements lead to vermanent changes in inorganic insulators
vhich are manifested as changes in the lattice parameters, density, strength,
and electrical properties. For crystalline bodies (crystalline guarts,
AL04, M0, etc.) radiation bombardment results in lattice expansion and a
eorrgsponding decrease in density. However, the flux levels for this pheno-
mena are considerably above the levels anticipated by this program.

The best experience indicates that most ceramic insulators, with the
notable exception of glass, are satisfactory up to integrated fast fluxes
of 1022 n/em®. Since the damage in inorganic insulators is due primarily
to.atomic displacements, gamma rays are not expected to offer much of a
Frodlem. It is true that the Compton electrons produced by gamma ray
scattering will cause some atomic displacements, but experience with gemi-
conductors indicates that this damage is small in comparison with that
caused by fast neutrons.

In addition to the comparative radia~ion resistance of inorganic insula-
tors, they possess much greater temperature stability than do organie
materials. In fact, operation at elevated temperatures allows thermal
annealing to take place, which lessens the amount ol damage suffered by the
inorganic materials.

Effects of Nuclear Radiation on Magnetic Materials - The magnetic properties
of materials have been measured in many nuclear irradiation experimente,
They have, however, been used primarily for following solid-state reactions
and not for examining the effects of radiation on the properties of magnetic
mterials. Although little information is available concerning the basic
mechanisms of radiation damage in magnetic materials, some insight may be
gained from investigations of radiation effects in metals, alloys, and semi-
conductors. It would be expected that those properties of a ferromagnetie
mterial that are structure sensitive, such as permeability, remanence, and
cosrcive force, would be affected by radiation, while such nonstructure
gensitive properties as the saturation magnetization would not be affected.
Much of the available experimental information confirms the above statements
and adds to the precent understanding of radiation effects on materials in

general.

The U. S. Naval Ordnance Iaboratory has studied the effects of reactor
irradiation on a number of magnetic materials including the following
classes: Highenickel-iron alloys, >0 nickeleiron alloys, silicon irons,
aluminum irons, and 2V Permendur. These materials were exposed to reactor
flux levels up to 1017 n em? (fast). ‘he associated gamma latensity
(1 to 2 Mev) was approximately 3 X 107 rads, and the temperature was
approximately 60°C. The following magnetic properties of the laminated
and tapewound cores were measured before irradiation, during irradiation and
after irradiation: (1) Normal DC induction curve and hysieresis loop,
permeabilities, coercive force, remanence, and maximum induction at a field
of 30 oersteds, and (2) AC induction curves and dynamic loops at 69 cycles
and 400 cycles. Lcss measurements at higher frequen 4es were made on the
powder and ferrite cores before and after irradiation.
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The hizh nickel-iron alloys, which have the higher permeabilities and
the lowest coercive forces, changed the most upon irradiation. Their high
permeabilities were drastically lowered and their low coercive forces vere
correspondingly raised. The properties of the 50 nickel-iron allosy change
markedly, but not so much as thoze¢ of the high nickel-irons. Silicon irons,
aluminum irons, and 2V Permendur cores proved to be radiation resistant to
the neutron and gamma exposures used, their changes in properties deing small
or negligible. The results of these experiments are summrized in Tabdble 25.

Effects of Nuclear Radiation on Capacitors - The feasibility of using various
types of capacitors in a radiation environment can be estimated from available
information of a general nature. Figure 98A indicates the approximate amount
of radiatioc that various capacitor types will withstand and still be opera-
tional. This information is not design data, dbut only an indication of the
suitability of a particular type of capacitor.

The important and most obvious factcr to consider in choosing a capaci-
tor for use in a radiation enviromment is the choice of an inherently
radiation-resistant material. Inorganic materials, such as mica, glass,
and ceramics, exhibit the greatest resistance to radiation induced damage.
Capacitors using these dielectrics have showg negligible damage after being
egfgsed t0 integrated fluxes as great as 10t n/cm2 (fast) and greater than

n/cm< (total).

Aluminum 1s the usual plate material for capacitors and causes little
trouble because it is not subject to radiation damage at exposures usually
encountered and ic¢cs small neutron cross-section results in low residual
activity. Several government spoisored programs are now under way for the
development of high-temperature radiation-resistant capacitors to operate
in a radiation environment and at temperatures as high as 5000C, The
approach to this problem is to use new dielectric materials. Aluminum
oxide, magnesium oxide and boron nitride are under consideration as dielectric
materials with boron nitride presently receiving the most attention.

It is necessary to consider the total environment under which the unit
must operate, that is, the intensity of and exposure time to radiation,
temperature, humidity, and mechanical stresses. It must be known, at least
approximately, how much variation in capacitor usually is exhibited in three
vays: (1) Change in capacitance, (2) increase in dissipation factor, and
(§¥ decrease in leakage resistance. The change in these characteristics at
the peak radiation levels shown in Figure 98A may be sufficient to cause im-
proper functiouing of the unit. For example, an increase in leakage current
usually accompanies exposure to gamma radiation as the result of gamm-
induced ionization in air paths and in the dielectrie material.

Effects of Nuclear Radiation on Resistive Components - It has been pointed
out that nuclear radiation affecls all components and materials in some way.
The type and extent of damage observed in resistors depends upon the
materials used, the interaction between materials, and the application of
the resistors. Since some resistor applications are more critical than
others, the proper selection of radiation-resistant resistors is an
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TABLE J5

PERCENTACE CHANGE IN D-C MAGNETIC PROPERTIES OF VARIOUS MAGNETIC ALLOYS
AS A RESULT OF IRRADIATION WITE APPROXIMATELY 1017 FAST ¥ CN.2

Per Cent
Change in Per Cent Per Cent Per Cent
Permeability Change in Change in Per Cent Change &z
{Induction Maximum Coercive Change ia Loop
Material of 20 Gauss) Permeability Force Remanence Rectangularity

High Nickel-Iron Alloys

Supermalloy =93 =93 815 -38 ~36
4.79 Mo Pernalloy -89 -79 ko3 b4 <k
Mumetal -65 -38 158 «26 «23
30 Nickel-Iron Allays
48 nicksl-irom «T0 «10 99 26 =26
50 nickel-irom -31 . 15 «28 24 21
(ortented)
S1licon Irons, Aluminum Irons, and 2V Permenduwr
3.5 silicon-irom 8 -l 6 H 1
3 silicon-iron 18 1 -2 3 S |
(oriented)
3-1 silicon-alunie
nm-iron 1 b § 2 =l
16 aluinum-iron
(ordered) W 15 -8 8 13
16 aluninme-iron
2V Permendur 3 2 -2 -l (o}
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important initial step toward good design of systems that will functiom
reliably when exposed to intense nuclear fields. ‘

Presently available data provides a rough estimate of the relative
stability of various types of resistors under nuclear radiation, dbut does
uot provide any dasis for estimatirg damage thresholds. The relative raldia-
tion resistance of various types of fixed resistors in order of increasing
sensitivity to radiation is as follows:

l. Wire wvound.

2. Metal film.

3. Crystalline carbon film.
Carbon composition.

5. Borocarbon film.

High and low-temperature, meisiondwireawomd resistors and power-type
vire-wound resistors have sed2 radiation up to approximately

1 X 1019 (av )t and 5 X 101 fastncm . The effects of radiation on the
elecirical puranetern of all types of fixed wire-wound resistors are
negligible. Regardless of manufacturer and of resistance value, the mean
deviation in resistance attributadble to radiation are approximately 0.05
per cent. Attempts to examine the transient effects have been unsuccessful
because the changes during irradiation are less than the accuracy of the
instrument used for measurement. Bar charts illustrating the comparative
effects of reactor radiation on various types of resistors are shown in

Figure 98B.
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RELIABILITY

A preliminary study of converter and generator reliability has been con-
ducted mainly to irdicate relative reliability of the conceptual designs and
indicate areas for future research. As part of the prototype unit design and
prior to construction of a breadboard unit, converter reliability require-
ments will have to be determined and mean-time-to-failure {MIF) figures for
each individual component of the converter established. A systematic listing
of each component must be made as part of a conceivadble failure analysis. In
analyzing conceivable failures, all possibilities are considered aind listed,
both degenerative and catastrophic. The mission profile and environment oa
materials and components are listed for quick reference in determining
failures induced by envirommental stresses. Failure mechanisms-the "thing"
vhich causes a failure-must also be listed Iif reliability of design is to be
achieved. Oftentimes it is the most remote of failure mechanisms which leads
to unit failure.

Consequence of fallure on overall mission must be considered-especially
performance which becomes degraded with the passage of time. Where faflure
of any type cannot be tolerated, alternate components operating in parallel
or redundancy must be considered in the original designs. Methods of
eliminating failures and reducing the effect of fallures are other items to
be considered as the basic design is formulated. All the above analysis
must consider state-of-the-art components and known MIF figures. Where MIFP
figures are not known, testing to determine failure rates will be required.

Figure 99 gives an indication of the MIF required for a 10,000 hour -
mission and shows how the MIF inereases greatly as the required reliability
increases and also as mission time 18 increased.

Techniques which can be applied to achievement of reliability in con-
version systems are:

1. Simplicity of design.

2. Use of perferred components with component derating and control
of ambient environment.

3. Reduction of failure effects by redundancy and alternate modes.

Reliability of Static Transistor Converters

The reliability of a static transistor converter is directly dependent
upon the life of the individual transistors. Simplicity of design is a
necessity for long life along with control of ambient environment for the
transistors. Derating of each of the transistors and use of redundant cir-
cuitry is planned in order to achieve a reasonable converter life. Shield-
ing of the transistors from the radiation environment must be accepted as
a firm requirement when SNAP 8 and SFUR type power sources are coasidered
since all semiconductor devices are weak in radiation resfstance.

Most life tests of power transistors relate reliability to temperature.
It has been found that failure mechanisms other than temperature exist and
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one of these is called "secoundary breakdown" of the collector, or a collector-
to-emitter short. This breakdown is a characteristic of collector curreat and
voltage vherein the current is concentrated at a point in the dbase, and the
resulting temperature rise melts the base. Failures occur if energy per unit
volume within the base beccmes excessive. Maximum allowable energy is a
function of both current and voltage in this instance. 1In actual use, the
collector current and voltage have excursions which are functions of time,
gsupply voltage, input signals, loads and other variables.

In design of the power chopper device, consideration must be given to
these excursiocmns, or transient surges, as well as the steady-state power
dissipation for safe operation of the power transistor. Ths maximum stealy-
state power dissipation of the power transistor may be safely exceeded if
the excursion time is short. "Safe-operating graphs” are prepasred by tran-
sistor manmufacturers and these may be used in obtaining good reliable
transistor design.

AMequate cooling must be available at all times for each power transistor.
Long converter life then is dependent also on design of the cooling system
vhich circulates fluid through the heat sink mounting plate.

Reliability of Static Tube Converters

The basic components in the static tube converter fall into the following
categories: }

lc me.. *

2. Transformers.

3. Controls.

4, Resistors and capacitors.
5. Wiring.

6. Coolant system.

T. Structure.

The most vulnerable components in this type of converter unit are the
tubes. Design has been based on use of the latest in ceramic-type tubes
operating in a derated mode to give maximum life. These ceramic tubes are
rugged in design with greater life expectancies than conventional glass or
metal types. Iong life is dependent upon proper cooling at all times,
protection against conditions of overvoltage and vibraticn, and proper
warm-up and operating conditions. Input and output transformers can be very
reliable if operated in a lerated mode and with proper cooling. The same
techniques apply to resistor and capacitor components and good rellability
can be expected. Wire-wound resistors and capacitors using inorganiec
materials are best. Controls must be simple in order to be reliable.
Redundant circuits can be considered in this particular design especially
in the phase shifter portion of the circuit. Wiring and connections are
important components of the converter, although not usually considered in
a reliability analysis. Extreme environments of temperature, radiation,
and vibration must be considered when selection of conductors is made.
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Radiation-resistznt conductors such as nickel-plated copper or stainless
steel elad copper must be used in radiation and high-temperature environ-
ments for long life. Paralleled pumpi and coolant flow paths.are methods
of schieving good coolant system reliability. Structure reliadbility st
be inmherent in the tasic design.
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Section V

MEASUREMENT OF CORE LOSSES

In designing the converter systems it was found that a substantial
portion of the losses within each system ozcurred in the components containe
ing magnetic materials, such as transformers and chokes, and the magnetic
portions of the generators, This is largely a result of the high frequencies
involved. Low frequency core loss curves were developed from known deta and
extrapolated to the higher frequencies, These are shown in the section on
Materials under the core loss versus frequency discussions, These curves
were used as & basis for each of the converter designs st SO KC, 100 KC,

200 XC and the 800 KXC level,

Several importent results and observations were obtained from the
experiments conducted in this portion of the program.

1. Numerous core loss essumpiions made in preliminary designs
were verified,

2. 4 flux density of 2300 gauss for high fregquency core designs
is feasible and this level was demonstrated at 500 KC, 100 XC
and 200 KC levels,

3. PFerrite materiecls sre temperature limited for this applicstion,
and even though they hsve very low loss characteristics, they
can not be considered in high frequency transformer designs,

ke Core losses decrease with a decrease in lamination thickness,

This test program was conducted with the objectives of verifying the
original sssumed loss data for transformer and generator designs., At the
same time, &n evaluation of various magnetic materials at each of the high
frequencies could be made, Both wound cores and molded cores were tested
and 2 toroidal configurstion was used for ell these tests, The materiels
that ware tested ere listed as follows:

Number Weight Cross Lamin
Taterial of Cores (ibs) OD(In.) ID{'m,) Section Thick
Silectron 2 «23 3.0 2.8 5 X .25 1ml
Supermalloy 2 2k 3.0 2.5 S x .25 1 ml
L~79 Mo-Permalloy 2 .238 3.0 2.5 B x .25 1ml
Deltamax 2 o224 3.0 2.5 5 x,25 1mid
W-07 Ferrite 2 LD 3.0 2.5 65 X 025 we=
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Ww-03 Perrite | 016 2,375 1,625 o3TXITB  —
1H-60 Perrite 2 10 2,0 1.2 328 -
Carpenter 1S-5 Alloy 1 605 3.0 2.5 S xS 2m1

CORE J.0SS VERSUS FREQUENCY

A suwation of core loss magnitudes for the various materials tested at
frequencies between 50 XC and 800 KC is found in Figures 100 and 101, This
deta has been taken from Tsbles 26 and 27 which sre derived data from the
core loss tests, Core losses were measured in the 2000 to 3000 gsuss flux
density range for each of the samples st the 50 XC, 100 KC and 200 KC levels.
A limited output of the oscillator at the 800 XC level prevented schieving
more than a 1100 to 1200 gauss flux density in measuring core losses at ths

800 XC frequency,
VATERIALS TESTED

Speciiic cores tested during the program, as listed in a previous table,
were of various materials generaly used in transformer core designs, Each
material is discussed in the section which follows,

Silectron - Silectron cores are manufactured from a highly grain-oriented,
cold-rolled grade of 3% Silicon Steel, I{ has a high saturation flux density
and lower core losses and exciting volt-smperes than regular silicon steels,
The high degree of orientation obtained in Silectron permits operation of

the core materisl at higher induction levels and can result in reduced com-
ponent weight and size., The cores tested were tape-wound toroids of 1 mil
Silectron materisl and each was enclosed in 8 nylon case and impregnated with

greass,

No unusual results were obtained from the S50 XC tests., Roth samples
showed fairly low losses at this frequency and at 2330 gsuss were below the
saturstion 1level of the materisl., At 100 KC, the core losses incressed con-
sideradly, but distortion was not noticed at the 2330 gauss level, At 200 KC
the losses doubled in magnitude and the output waveforms began to show dis-
tortion at the 2000 gauss level as seen in Figure 102A, The loss at 800 KC
was less because the flux density was lower (the oscillator not being able
to furnish sufficient power to produce more than approximately 600 geuss),

SuEmllg

Supermalloy is closely related to L-79 Mo-Permalloy in composition and
is one of the latest developments in high permeability nickel-iron elloys.
It exhibits an extremely low hysteresis loss, Tape-wound cores are used in
rudar pulse transformers and for low-level magnetic amplifiers, The Super-
nalloy cores tested were tape-wound toroids of 1 mil lsminations. They were
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TABLE 2§
PARAMETRIC DATA ON CORE TESTS

* MATERIAL-STLECTRON
“ Sample Number 1 2
Frequency (xc) 50 100 200 800 50 100 200 800

Core loss (Watts/1b) 83.6 623 963 918 79.2 505 1150 1000
Flux Density (Causs) 2180 2660 2000 625 2055 2130 1800 587

MATERTAL-SUPERMALLOY
Sample Number b § 2
Frequency (XC) 50 100 200 800 50 100 200 800
Core loss (Watts/1b) 84.2 621  10k0 962 86.3 575 958 965

Flux Density (Gauss) 2120 2240 3360 945 2300 2130 3400 1010

MATERIAL-DELTAMAX
Sample Number 1 2
Frequency (XC) 50 100 200 800 50 100 200 800
éore Loss (Watts/1v) 72.6 723 Th3 608 98.2 735 786 698
Flux Density (Gauss) 2147 3480 2810 705 2340 3425 3260 920
MATERIAL 4-79 MO-PERMALLOY
Sample Number 1 2
Frequency (KC) 50 100 200 800 50 100 200 800
Core Loss (Watts/lbs) 82.7 617 1060 1000 80.6 578 8ok g5
Flux Density (Gauss) 2210 3680 3520 1060 <zh32 3220 3W00 1100
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TARIE 23
FARAMETRIC DATA ON GORE TESTS

MATERTAL MN-60 FERRITE (KEARFOTT)

Saxple Number
Frequency (XC)

Core Loss (Watts/1bv)
Flux Density (Gauss)

MATERIAL W-O7 FERRITE {ALLEN-BRADLEY)

Sample Numbey
Frequency (Kn)

Core Loss (Watts/1b}
Flux Density (Gasuss)

MATERIAL W~03 FERRITE (ALLEN-ERADLEY)

Sample Number
Freguency (k)
Core Loss (Watts/1b)
Flux Density (Gauss)

MATERTAL CARPENTER ALZOY 45

Sample Number
Frequency (KC)
Core Loss (Watts/1b)

Flux Density

1
50 100 200 800
6.2 k22 T2 1350
2160 3695 =20 837
1
50 100 200 800
27T.2 219 425 655
21k0 3680 2910 1280
1
50 100 230 800
36.b  2th 325 477
2050 3860 2940 887
1
50 100 200 800
2615 159 198 200
270 2620 2340 1100

.)J_}_L
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2025

50
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100
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Figure 102, Trensformer Core Output Voltege Weveforms for Verious Materduls




nylon cased and impregnated with gresse.

Theso samples at 50 XC had approximately the same losses at comparable
flux densities as the Silectron cores and showed no sign of saturation st
50 KC. At 100 KC, the output waveshsp began to show signs of core satura-
tion, Inoressed distcrtion was evident in the output at the 200 KC lavel
as shown ‘n FPigure 102B, No distortion was noticed in ths ocutput et approxi-
mately 1000 gauss and 800 KC, but this was due to operation a% & point much
below the saturation lsvel for this frequency.

L~79 Mo-Permalloy

=79 ¥o-Permalloy is a L% molybdenum, 79% nickel - and iron allcy. The
material is not grain-oriented and is svailable in tapes of various thick-
nesses, Specific spplications include cores for current transformers, pulse
transformers, and wide-band comminication transformers of many types., The
cores tested were tape-wound torocids of 1 mil laminated materisl and were
nylon encssed and greaze impregnzted.

The 50 XC core loss tests indicated low losses for this material and
no saturation in the 2200 to above 2L00 geuss range. At 100 KC, the output
waveshape was distorted, but the material was operating much above the 2330
gauss design level, (See Figure 1C2C), The seme was true of operstion at
200 KC where the flux density level was over 3500 gauss, and the losses were
correspondingly heavier than at the 100 KC level. The response of the L-79
Mo=Permalloy cores were quite similar to the Supermalloy cores.

Deltamax

Deltamax is & grain-oriented 50% nickel-iron alloy having & rectangular
hysteresis loop snd is used in saturable core reactors and particularly in
magnetic amplifiers, It is available only in thin strip form and wound-core
construction is generally used., Little AC data has been published on this
raterial, The cores tested in this study were also tape-wound toroids of
1 mi] material and were nylon encased and grease impregnated,

The core losses in Deltamax material followed the same trends as in the
Li=79 Mo-Permalloy materisl, The major difference was in the output wave-
shapes (Figure 102D)., Here the material demonstrates a much higher maximmum
flux density characteristic and no distortion was noticeable at 2610 gauss
flux level (200 KC).

Cerpenter L5-5 Alloy

Carpenter L5-5 is a nickel-chromium-iron alloy developed to match the
thermal expansion of certain glasses, This core sample was one available
for testing from our own materials lsboratory and was tried along with the
other samples, The material was a toroid also, but was rolled of 2 mil
material, The sample had the lowest loss of any of the cores and this fact
is attributed to the high resistivity of the L5-5 slloy material. The
semple performed well at flux densities of over 2700 gauss at 50 KC and over
2300 gauss at 200 KC., At 200 KC, there appesred to be only slight distortion
at the 2300 gauss level,
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This is seen in Figurs 1034, 4s 1a the cther samples, operation at the 80C
KC level was much below the maxirum flux density level and also telow the
design level of 2300 gauss. Howevsr, observation of the output waveshape
showad the core to be temperature sensitiv», Output distortion increases
slightly with increases in temperature.

Ferrites

All ferrite samples tested were molded rings. W-07 forrite (4llen
Bradley) is & low-loss material used for transformer core., but is temp-
erature limited for this particular application.

Both semples tested had lower losses than any of the tape-wound corss
with the exception of the Carpenter L5-5 Alloy material, The core lossis
increased with frequency as with the cther cores and core saturation wés
not evident at 50 XC at & flux level of 21,0 gaus:., The 200 KC tests were
run at 2780 gauss and a slight degree of saturation was noticeable as shown
in Figure 103B, In completion of the tests with this material, it was
noticed that the cores were split in several places due to internal heating.
Ferrite materials are peculisr in that they can reach extremely high internal
temperatures while the exterior shows almost no noticesble change. The
cracks produce air gaps and necessitate an increase in excitation current to
sustain the same flux density levels as in the uncracked cores, The output
waveform seemed unaffected by the air gap.

L W-03 Ferrite (Allon-Bradley) was tested, although only one sample of
this material was available (donsted by the supplier), Maximum flux density
appeared to be above 250C gauss ot the 100 KC level and noticeable distor-
tion was present in the output waveform at the 200 KC lsvel, (See Figure
103C). An oscillatory or "ringing" effect was noticesble at both the 10C KC
and 20C KC levels,

MN-60 Ferrite (Xeuvfctt)

MN=60 ferrite is also a low=-loss material and like the other ferrites,
it is temperature limited,

The ccre losses increased with freguency in these samples &3 in the
others, but were the highest of the ferrites tested, The losses were of the
same magnitude as the tape wound cores. Rinzing was noticed in this sample
also as shown in Figure 103D, which shows a waveshape at the 200 KC level
and at 2680 gauss, This core alsa split under the influence of high internal
tempersturas resulting from cores losses,

LABORATORY SETUP

Two different laboratory set-ups were used tc obtain the core loss data,
The 50 ¥C test circuit is shown in Figure 10LA, Figure 105 is a view of the
laboratory set-up., This method for deriving 50 KC data provides for direct
reading of the core losses, but is limited to frequencies below 80 KC due
to che instrumentation involved, For the 100 KC, 200 KC and 800 XC %ests,
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Figure 103, Transformer Core Output Waveforms ( Including Ferrites )
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The test circuit of Figure 103 was used, The actusl test set-ur is chovm
in Plgures 106 and 107. A standard cscillator oircuit vas modified for

the tests and providad 50D watts of I pcwer %o the cores. The amount

of loss 4a5 cbteined by a heat substitution methcd, The caloiimeter tempera-
turs versus time characteristics were first recorded using a ¥nown voltage
level, <Lach core was then plsced in the calcrimeter and the starting and
fingl temperstures and the elapsed time were recorded, This data was com=
pared with the calibration curves and the w tsge loss was obtained,
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TRANSISTOR CHARACTERISTICS IN PARALLEL OPERATION

It has been found that parallel operation of new high power semiconductor
devices with their fast switching speeds lend themselves quite readily to high
frequency power conversion applications. In the past transistors have not had
the power capacity appliceble to most needs. With the advent of new devices
their f:asibility has become more promising, Although these new devices have
good switching characteristics when operated separately, their operation in
parallel wes not clearly defined. The purpose of these tests was to deter-
mins current sharing and switching characteristics for parallel operation of
power transistors.

Conciusions:

The results of the transistor tests did illusirate the feasibility of
utilizing semiconductor devices in parallel operation for high power appli-
cation, The frasquency response figures pointed out that *he transistor out-
puts wers almost exact representations of the input for various frequencies,
Comparing the frequency response oscillographs, one can see that less dis-
tortion existed at 100 and 200 KC than at 800 KC, It was concluded that the
transistor cspecitance created this problem, In the final design a semi-
conductor would be chosen which has the proper characteristics for the
selected design. By observation of the data in Table 28 and Figure 108 it
can be seen that conditions can be created which will cause the paralleled
units to share current equally. In summation, it can be said that the
characteristics of parallel transistor operation were defined, and ths resulis
demonstrated their feasibility for power applicatiocans,
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®izure 108, Current Sharing Waveforms
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TABLE 28
CURRENT SHARING RESULTS

OUNIT RESISTANCE VOLTAGE AT 35A VOLTAGE AT 70A
NO, (ret re)(ohms) (Volts) _ _{valts)
1. 0.182 C.180 0.355
2. C.181 0.180 0,355
3. 0.183 0.185 C.360
k. 0,180 0.178 0.355
Se 0.180 0.178 0.355
6. 0.180 0.173 0.355
7. 0.179 0.178 0.355
8. 0.179 0.178 0.35¢%
9. 0,183 0.185 0.362

10. 0.181 0.183 0,360

11, 0.179 0.180 0.358

12, 0.175 0.172 0,350

13, 0.178 0.175 0,350

1, 0.179% 0.17% 0.350

1c, 0.179 0.180 0.360

16. 0,181 0.180 0.361

17. 0.181 0.178 0.360

18, 0.181 0.180 0.360

190 0.180 0.181 00363

20, 0.179 0.182 0. 365

21, C.180 0.182 0.365

22, 0.182 0.185 0.368

23, 0,182 0.183 0.365

2., 0.177 0.180 0.362

25, 0.177 0.180 0.362

26, 0.180 0.180 0.362

27. 0.182 0.185 0.368

28. 0.181 0.182 0.360

29. 0.179 0.180 0.355

30. 0.178 0.180 0.356

3. 0.179 0.180 0.356

32, 0.180 0.183 0,360

33. 0,182 0.185 0,365

3. 0.181 0.184 0.365

35. 0.180 0.184 0.364
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TEST PROCEDURE

The tests were all directed to prove feasibility of powsr switching and
proper current sharing. T» illustrate current sharing the smiiter resistance
and voltage of sll units in parallel was recorded for a given input voltage
and frequency. Also, the waveform of 12 sample units (out of 25? was
obtained, The latter was to insure equal turr-on-time., Frequency respcnse
tests were also performed. These consisted cf holding & constant output with
a varisble input frequency and recording the emitter signel with various com-
binations of parallel devices,

In Table 2, ~ne can observe the current sharing test results. This test
served to pruve thaet each semiconductor wes carrying approximately the same
amount of emitter current., Thirty-five units were switched on and the
collector voltage was set at & negative 25 volts., 4 negative DC input was
adjusted until the lcad current was 35 amperss. The value of emitter poten-
tisl was then recorded, This was done again for a load current of 7C amperes,
From the date of emitter voltage and resistance an emitter current was
obtained for esch device. In comparing these values 1% was demonstrated
thet the semiconductors were sharing current properly.

Data for Figure 108 was obtained in approximately the same menner as
above, In this case the cnly change was the DC input was reroved and & 50
KC square wave was inserted., Sample waves are shown in the illustrstion to
demonstrate that each device had approximstely the sae rise time, This was
to insure that individual units were not drawing more current then others in
the transient period between off and on. D3Since sll the signals appeared
similer, it was believed thet twelve samples would s sufficient,

By observation of Figures 109 through 111 cne can see the frequency
characteristics., In these tests the input frequency wes varied from 10 to
200 kilocycles per second for five, ten and twenty psrallel units. The
waveforms of frequency response are shown in & similar manner. 1In each
Figure A& » 8nd Dy, are the inputs tc the parallel group. A4lso,
Apy Bp, Co, an Ez reprebent the emitter signal with approximstely one
ampere per device. 43 ¥3p Oy, and D, ure emitter signals with about twe
amperes per device, 1t was iftended ghab the cscillographs shown would
demonstrate switching time and cffer a comparison between input and cutput
wave fnrms,

Ir. the figures of frequency response a certein amount ¢f ringing was
detected at turn-on end turn-off, This was a2ttributed to inductance in
the long connection leads of the test set-up, A final design would have
froger comporent placerent and added capacitive reactance to compensate for
any inductive components in the circuit. » slight tlurr, as shown in
Figure 111 (43), appears on some cf the oseillographs. This came atout
from +he switching of external envircnmental test equipment in the immediate
area causing transient loads cr the input power at the instant the photo
was takon.
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Figure 109A, rroquency Response Waveforms ( 5 Parallel Transistors )
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Figure 109B, Frequency Response Waveforms ( 5 Parallal Transistors )
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Figure 110A. PFrequency Response Waveforms ( 10 Parallel Transistors )
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Figure 110B, Frequency Respcnse Waveforms ( 10 Parallel Transistors )
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Figure 111A. Frequency Response Waveforms ( 20 Parsllel Transistors )
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Pigure 111B. PFrequency Response Waveforms ( 20 Paralle) Transistors )
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The transient over-shoot spikes, as show in Pigurs 109B (41), wers
8 result of fast rise time in conjunction with the trensistor internal
capacitance, These spikes were diminiszhed as the current through the device
was increased, This can be seen by vomparing Migure 109B (C2) and (C3).
Also, since the spikes did sppear on the imput, another remedy would be
the addition of zemer diode clipping networks on tha input,

It was observed that the oufput was a closer approximation of the
input for larger emitter currents. This can be seen by comparing signals
1, 2 and 3 of the frequency response figures, It is believed this resulted
from an inorease in current csusing the transistor tc be operating in e
more linear region of its operating characteristics,

In comparison of the oscillographs, it was observed that as the number
of devices in perallel was incressed tie¢ input waveform was distorting,
and in turn, the output did too. This was a result of the input impedance
of the parallel networks decreasing as the number of dovices was increased
which causad a mis-match of the driver sutput impedance to the network
input impedunce. Proper irpedance matching in the final design would
corrae’, thls situation, or~e a frequency was decided upon,

23k

T e X VU R




TEST SETUP

The circuit schematic used for these tests is shown ia Tigure 112, The
transistors were 2N1907 from Texas Instruments, A brief descriptior 1s ss
follows: An input from a square wave generator is directed to & driver cir-
cuit where current amplificstion is obtained, Varial™ e rapacitor Cl is for
the purpose of speeding up the rise time of the square wave for different
input frequencies. Capacitor C, was to decouple any AC signals from the DC
supply. The square wave was thendirectly coupled to the parallel transistors
through a benk of six switches., Switches were used in order that different
parallel combinations could be obteined. A common connection was made
between all the semiconductors to one cormon load, and the other side of the
load went to the negative terminals of the DT supply. All emitter resistances
were connected to a comon point which was returned to the positive terminal
of the DC supply.

The emitter resistences (Ra) were constant for &ll transistors., A value
of 0,1 ohms was useds In order to insure current sharing, the base resistance
(Rb) for each device was fixed at a value dependent upon each specific ampli-
2ication (B) factor., The circuit shown below was used to determine this
resistance,

"15-0 V DC

Ry was adjusted for a current of one ampere in the emitter leg. This was aone
for each unit,

Figure 113 illustrates the compisted layout used for the test, Base
resistors, emitter resistor and switches were mounted on & separate bread-
board, Connections are then made to transistor sockets mounted on a copper
plate, The transistors are then inserted intc the sockets from the back
sid. ~* the plate, Copier tubes were brazed %c the coppsr plate between
the semiconductors., These tubes were connected to two manifolds for the pur-
pose of conducting water tc cool the devices, Since ths cooling plate was
copper, the units were mounted directly to the plate and the plate wes used
as the common collector connection,

Pigures 11l and 11Y show the complete bench setup. The carbon pile load
is shown in the foreground of Figure 110, Table 29 lists the instrumentation
utilized for the tests. 4ll equipment was calibreted prior to starting of
tests, It was beliesved that this setur would prowe sufficient to define the
parallel operating charecteristics desired,

235




*2

. m—

— v - -

W e e o - o—

Rg31 K32

Rp31 Rp32

Figure112,Test Circuit Schematic

238

PRe. RIS — -

V1




INSTRUMENT
V.T.V.M,
Wheatstone Bridge
0scilloscope

Square Wave Gen-
erator

D.C. Power Supply
D.C. Power Supply
D.C. Power Supply
D.C., Ammeter

Difi'et‘antill Doc .=
A.C. Voltmeter

TABLE 29

- nmme e e—

MANUFACTURER
Howlett-Packard

Leeds & Northrop
Tektronix
Hewlett-Packard

Con Avionies

N.J.E. Corp,
Generator Equipment
Westinghouse

John Fluke Co,
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MODEL NUMBER

L10B

Type RN
Type S35
2114

Y 50-2
CR-36-20
R300-28
Type NX-35
803

RATED ACGURACT

3% of full scale
1% of full scale
3% of full scale

3 of full scale
4 0.05%
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Figure 113,
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Pigure 11k. Test Setup Showing Transistors and Instrumentation

239




:

JTAT

—————

Lram

Transistor Test Setup Showing Power Supplies

Figure 115.

240




SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS
Conclusions reached at the end of the atudy program are:

1. Three techniques are feasible for converting SNAP 8 (60 KW) and
SPUR (300 KW) types of power to high-voltage, high-frequeucy
power suitable for electromagnetic engine use.

a. Static transistor techniques.
b. Statiec tube oscillator technique.
¢. Motor-generator unit.

2. Of the three tecnniques enalyzed during the prcgram, the static
transistor converter was lightest in weight and most efficient,
as shown in Figures 1 and 2 in the Progrem Summary section.

3. The motor-generator concept is competitive with the statie
transistor unit at the 50 KC frequency, but becomes less
appealing at the higher frequencies.

L, The static tube converter concept possesses both high-voltage
and high-frequency capabilities. The overall efficiency of the
tube system is below the design obJective and inherent limitae
tions of vacuum tubes prevent much improvement in this area.
There is doubt as to the reliability of such a system in a space
environment.

5. It is possible to produce the high-voltage, high-frequency power
(10,100 volt, 50 KC to 200 KC) using an electromagnetic generator
driven directly from a turbine. The technique involves use of a
high speed (up to 30,000 rpm) solid-rotor machine in which the
field windings are mounted in the stator section. Efficiencies
of thio type of generator fall in the 92 to 95 per cent range
and weights are below the design objective of 1,000 pounds.
Specific data is shown in Figures 3 and 6 in the Program
Summary section.

AREAS FOR FUTURE RESEARCH

CPATIC TRANGISTOR CONVERTER

Very preliminary tests performed in the experimental portion of the pro-
,ram to determine the response of transistors im parallel verified the power
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chopper technique, Areas recommended for research includes

l. Further testing on the laboratory test specimens to determine
maxirum safe output levels for the power transistors and to
determine {as much as possidle) the reliability of the units
in continuous operstion,

2, Building of s converter unit, 60 XW, if possible, using the latest
silicon power transistors in a protolype of the unit detailed in
the report. (The test specimens used lower priced germanium
transistors.) Test this unit with a specific engine load to deter-
rmine load matching, power handling, effect of transient, throttl-
ing and other integrated system chsracteristics,

3o Anslyze the y-wer chopper technique, as analyzed in the study
for an electromagnetic engine, for possible use in an AC to DC
converter for ion engine use,

STATIC TUBE CONVERT:R

Resesrch in tube power converters should be performed in the following
sreass

1, Optimizing a tube powsr converter to a specific existing electro-
magnetic propulsion engine design. The high-frequency power for
most known electrormagnetic propulsion engine research today is
furnished by laboratory type r-f generator systems.

2, Building a prototype (btreadboard) of & tube power converter (scaled
down perhaps) to match a specific existing electromagnetic pro-
pulsion engine and testing to verify load matching, power haendling,
and other charscteristics of the integrated systenm,

VOTOR~GENERATOR

Research proposed in this area includes:

1. Building of a breadboard €0 KW motor-generator unit to produce a
10,100 volt, 50 KC output using the solid-rotor technique enalyzed
during this study and detailed in the report. Research on materials,
including beering and seals, has proceeded to the point where this
type of machine is feasitle for a €0 KW, high~-frequency design.
(%%c?ines at this power level at 1 - 3 KC are presently under develop-
ment)e

HTGH FRECUENCY GEI'ERATOR

Research in the area of high~frequency generstor techniques really parallels
any work that —ight be performed in the erea of a high-frequency motor-generator
research, CSpecific research which should be performed in either area, and
which would bene’it btoth is:
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1,

Building a high speed, rulti-pole generator unit using a solid-
rotor technique to produce & high-voltage, high-frequency output,
Such & unit would prove-out the high frequency capsbility of
such a concept. 1'ith bearing, seal, magnetic material, and

other component technologies now available for use in this type
of gznerator, a prototype unit could gquite easily be built for
test and evaluastion,
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TRANSFORMER DESIGN TECHNIQUES

TRANSFORMER DESIGN FACTORS

The key factors in power transformer design sre the selection of a
core or lamingtion, the distribution of ccre and copper losses, and the
purposeful design for the temperature rise &nd regulation requirements,

Core - Design of the transformers to be used in these power converter
concepts has been based on a core type of device using laminations of
the following material types: (See section of Materials for additional
information).

S4iicon - Iron (1 m1) 1-3 XC
HYMU 80 (1 mil) 50-800 XC

Ferrite cores have been considered for use in this applicatiecn,
but they are limited because of their low Curie temperature,

Bazie construction, both l-phase and 3-phase is as shown in Figure
84, The coolant tubes sre mounted flush with the core and tend to f£i11
the gap between the winding and the ccre., For any given application,
reduction of the cross-sectional ares of the core requires a related
incresse in the numbor of turns of wire to produce the same flux density.
This has 8 number of consequences. The core window area rmst be increased
to accomodate the larger number of turns, The weight of wire and wire
losses increas: vhile the weight of iron and core losses decrease, A4
square cross section area has been assumed,

Laminstions = In order to reduce the eddy current losses within the trans-
Torner ccre, it is necessary to use s core of thin laminated meterial.
Lsmination thicknesses es low as 1/8 il have been used in corrmunication
work, and in this way magnetic oores can ba obtained ‘hat have fairly low
loss even at high frequencies., One mil laminations are considered in these
transformer designs, Additional tests should be perforned on cores using
&vailable halfe-mil lamination,

In3ses « With the flux densities fixed in core and copper, the minimu~
total loss transformer is the one for which the core loss is aprroximately
equal to the copper loss at fll loads OSuch a transformer will hav: max-
irum efficisncy at full load.

The loss per pound for the transformer cores have been deterrined
from Figures 90 and 91 for each of the designs., Copper loss has been
directly calculated in esch instance from the winding resistances and
current through the winding,

De<i;n Iguations - Flux densities for each of the transformer designs
were taren as 90,000 lines (13,750 ,&usz) for the 1 and 3,2 KC designs
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and 15,000 1lines ( 2330 gsuss ) for the 50 KC to 800 KC design, Current
density in the copper windings was established at 1500 amperes/sq. in,

Transformer design has been based on the following equation

The induced voltage, E = L.LL(£)(t)BA,10"8vo1te \1)
I-= (A)(sg) (2)
vhere f = frequency (cpe) A = 1500 amperes/sq.in,
t = number of turne B = flux density (lines/sq.in.)

8, * conductor cross sectional area Ac = area of core section
I = current (amperes)
In the design of each transformer, @t was essily derived when the turns

ratio was established by the voltage requirements and thc converter frequency
was gelected. Total flux becomess

fo= By x 108 11nes (3)
LLL(L)(ty)

Where @y = BA; , Ey, = high volisge and t), = number of turns in high
voltage coil

With #, known, A, vas determined., The current in the high voltage
winding was determined by

In = KVA x 107> amperes (L)
By
And in the low voltage.windings,

Iy = ty x I, amperes (5)
tr

The cross sectional ares of the conductor for the high voltage and low
voltage windings is

Seh” Ib 8q.in, (high) (6)
'y
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2 (Low)
8 ™ 8q.in, (low
SN (7

To obtain the desired ratio of core loss to copper loss, core window
dimensions were chosen to

h /W =3
where: h, = window height and W, = window width

The copper space factor, f4 that is, the ratio of the net copper area
in the window to the area of the window, varies with the capacity of the
transformer and with the voltage of the windings, Values for fqused for
various transformers in designs was .36 for the three phase designs and .12
to .16 for the single phase designs,

For single phase transformers, the area of the window

hy Wy = .2_(:%'3.‘.'_‘2 £q.in. (8)

and for three phase cors type transformers

hy Wy, = ___"(';__h*'h) 8q.in, (9)
a

Coro weight is calculated then from the volume of the core block minus
the volums of the window area times the specific density of the core material,
Wire weight was easily csloculated by multiplying turns by the mean diameter
of a single turn times cross-sectionsi area of the wire,

As discussed esrlisr in the section of Transformers in the preliminary
concept portion of this report, the frequency level at which power is trans-
formod plays a significant part in determining the weight of a traensformer,

In each of tne converter design concepts, the voltage transformation (step-up)
was made after the frequency change, in order to gain the weight advantage which
comes with transformation at the higher frequencies. In the converter designs
where & power supply in the output stage was required, the transformer

woight was a significant part of the total weight,
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ALLLYSIS OF SCR FREQUEKCY POWER CONVERTER

A 60 KW SCR CONVERTER DESION

4 82licon controlled rectifier power converter is shown in Figure 116,
Parametric data is summarised in Table 30, The design of the SCR converter
is based on the free running power chopper., The design was based on the
future availability of an SCR capable of switching 150 amperes of curreat
and sble to withstand blocking voltsges up to 600 volts.

The 43.6/75.8, 38, 1,000 cycle power is applied to the full wave bdridge
composed of diodes CRL to CR6, The pulsating DC is smoothed by filter choke
17 and capacitors C] and Cp. The filtered DC is then applied to the anode of
CR7 to CR10 through the current balancing resctor L. Upcn application of the
DC voitage, capacitor C» starts to charge through resistor Ry toward the applied
voltage level, When the voltage across Co reaches ths breakdown value of Dy,
Dy starts to conduct applying a positive-going pulse to the SCR's CHl to CRIO
gates, causing them to conduct., 1he load current (600 amps) is applied through
the primiy of Ty to the ground returns, At the same instant CR7 to CRLO
starts to conduct, capacitor C, starts to charge through resistor R,. When
the voltage across C3 reaches breakdown value of Dy, D, starts To conduoct
applying a negative-going pulse to SCR CR7 to CR1O gates csusing them to
return to their blocking state., The cycle then rep;:t;a :t a ;ato determined

the charging time constant of Co-Ry and Ca~Roe aistors Ry-Rg are

Dhserted inths SR gate oircutt 32 thsure LREtZeach SCR will Burd on at
the sare time. Inductor 1, is used to force esch SCR to share the sams
amounit of current,

The frequency limitation of present SCR devices is such as to prevent
operation in excess of 35,000 cps, However, it is anticipated that future
developments in semi-conductor technclogy will produce SCR's capsble of operat-
ing frequencies approaching 1,000,000 eops.

Comparison of SCR Statiec Converter and the Transistor Static Converter

A comparison of the SCR static converter with the transistor convsrter
for a 60 KW, 50 KC, 1 unit shows that the SCR converter is approximately
20 pounds heaviesr, Additional weight is due to the surrent balancing
resctor required to assure squal current division betwesn SCR's, The SCR
converter is more efficient than the transistor converter due mainly to
the fact that SCR's are capadle of handling more power per device than
trmgtora. However, the transistor is capabls of higher operating fre-
quencies,

The SCR's used in tha converter deaign are presently not available, tut
should be available in the nsar future. An exemination of the SCR pralimiv-
ary schematics shows that the SCR convertsr contains & lot less components than
the trsnsistor converter, and therefore, should be more reliable,

A few basic design differences between the SCR and tranaistor converters
exist which affect the number of components used, The frequency stability
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43.6/15. 8V

Figure 116¢ Schematic of €0 K¥, 50 KC 3CR Inverter
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TAKIE 30
FRELIMINARY COMPONENT LIST FOR

60 KW STATIC (SCR) CONVERTER 1

"o, COMPONENTS Wl - IBS | LOSS « WATYS
6 Rectifier Semiconductor 3.0 L0,
2 Capacitor, Filter S ——
1 Filter Choke 18.0 3520,
Switching Section
6 Resistor Ko § 3.
2 Capsoitor Tuning 3 ——
Diodes, Breaskover (Shockley) o2 0.5
1l Transformer Output 13.0 680,
6 Silicon Controlled Rectifier 3.0 600,
1 Current Balancing Reaotor 8.3 éoo,
Mounting Plate & Enclosure 35.0
Cooling Ducts 3.0
Controls 10,0
Wire & Hardware 18,0
TOTALS 172,3 | 6843.5
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of the transistorized converter is controlled by an oscillator whereas the
SCR converter frequency is controlled by the charging and discharging of an
RC network, If extreme frequenc” control were required, the SCR converter
could employ an oscillator similar to the one used in the transistorised
converter, thereby increasing the totsl component count.




~ TRANSISTOR POWER CAPABILITIES

The design of the transistorized power converter wasz based on the
svailability of a transistor capable of switching 100 amps of current [
with a voltage rating of SO0 volts and s frequency capability of 1 L
megacycle, Although this typs of device is not presently on the market
it should be available in 5 to 7 years through normal development, Con-
sultation with several of the leading transistor resesrch engineers has
led tc the conclusion that these devices can be made gvailable sooner with
an accelerated development program. The probtlems asscciated with develop-
ment of these devices are discussed in ths section which follows,

The masa transistor developed in 1956 initiated high-frequency power
transistor development, and slthough it has largely been replaced by the
plansr configuration, the mesa type of transistor still) has the important
adventage of high-voltage and high~-current cepability. First, high
collsctor breakdown voltage, difficult to realize in shallow planar devices
is readily obtainagble in the larger mesa junctions, Secondly, by con-
parison with planar Juncticas, substantially larger mesa jJunctions areas
are econorically feasible due to their relative freedom from contamination-
induced defects such as phosphorus "pipe,” Figure 117 shows the power
frequency-matorial interrelationship (1963) for semiconductors, Power
capability in ths 50 - 800 KC range is limited to a 1 KW maximm {which is
the product of voltage and current),

If we review some of the basic design theories of power transistors,
we find that the theories consist of the original junction transistor
theory of Shockley plus a collection of analysis attempting to improve
upon this theory. Most of these thaories are multi-dimensiona) and non-
linear, and although these theories serve as & qualitative guide, they
fall short of a precise quantitative thecry.

Let us look at the T-equivalent circuit represintations of a power ¢
tranaistor as shown below,

10.
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We can write an expression for a figure of merit of a transistor, and
if we use the power-gain bandwidth squared product, we will have an
expression relating the high frequency performance of a transistor to the
product of certain device parameters.

A
A 0
1 vhere f =
T Tl o 1+J f/f‘

A e T °

2 5

B
Gp(

)
= : T = -
b a2n Ty cc ¢ 21N (re'+ Te + rc) cc

vhere A_ = low frequency gain
r, = emitter parasite resistance
r,' = base parasite resistance
Cc = collector junction capacitance
r = 26 '
I A C
r.' = collector resistance
G_ = power gain
B4d4 = Dbandwidth
f. = Ybase frequency

f = collector frequency

e
]

emitter frequency

(D)
[}

enitter capacitance

If we rewrite the equation and substitute values for Ar t 6, + fe
tbe eguations take the form A o
b g

Gp (80)° - ,6« 1'c ) (1 Y CEy +°r')c .V

P ol el aa
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This expression shows that the frequency response is dependent on
certain RC time cons.ants in the T-equivalent circuit.

Now, if we relate the geometry of a device to its effect oun the tran-
sistor parameters,we note the following effects:

1.

2.

For high-current density the active volume will be rmuch smaller
than the total available volume due to the "edge effect.” The
current flow will be concentrated at the emitter edge. Therefcre,
the major power dissipation will take place at the collector
Junctions opposite the emitter edge. The active cross-sectional
area of the transistor for high-current densities is proportional
to the emitter edge length 2L and not to the emitier area.

Junction capacitances are, to a first order approximation, pro-
portional to the geometry areas involved, and are, therefore,
proportional to L.

Parasitic resistances are inversely proportional t¢ the cross-
sectional area of the material through which the current flows.
Applying the geometry-parameter relationships to low-power, high
frequency, devices with linear geometry, or interdigitated con-
structions. The scaling-up process is limited so far by the size
of a semiconductior junetion that can be produced that is free
froem contaminant-induced defects.

Now consider several design parameters that arise from the foregoing

congiderations.

1. For high current gain, the base must be thin.

2. To reduce effects of high-current density, utilize thin bases
with low resistivity material. Miintain emitter efficiency
close to unity by means of heavy emitter doping.

3. For low base resistance, the basc layer should be thick.

4. TFor high collector to basz breakdown voltage, utiliz. high

resistivity in the base regions.,

From these considerations we notice several conflieting parameters
which result in the necessity of trading off high-voltage for high current
cr vice-versa. Present day requirements have been for the high current
capability. The problem of obtailning increased power handling capabilities
(higher eurrent and higher voltage in the same unit) can be solved by caterial
processing refinements and the use of different diffused structures such as
the NPIN structure.
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