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1.0 PREFACE

This report is the second of several Quarterly Progress
Reports of Aeronautical Systems Division's Study Contract
AF33(657)-11040, dated April 15, 1963. The contract involves
a study of power generation and conversion techniques for supply-
ing high-frequency electric power for an electrie propulsion
engine. Study details conform to Exhibit "A" (revised) of
the Work Statement dated 29 August 1962, and modified by
supplemental agreement dated 21 May 1963.

Data and information in this report represents study effort

expended during the July 15 to October 15, 1963 reporting period.
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2.0 SUMMARY AND RECOMMENDATIONS

Analytic investigations are proceeding ahead of schedule. 800 KC
design concepts have been analyzed in thls second quarter of study

in order that weight versus frequency and efficiency versus fre-

"quency data for the three converter freguency levels might be pre-

sented at the earliest date possible. Analysis of three converter
concepts, previocusly formulated in the first three-month study period,
has continued throughout the second three-month period. These cor-
cepts are (1) a motor-generator unit, (2) a static {tudbe) unit and (3)
a static (transistor) unit. Each of these converter concepts is
discussed in a separate section of this report which also includes
the parametric data developed during this reporting period.

Figure 2.1-1 summarizes the three converter system concepts
(1¢ and 30) on a 1bs KW (without cooling) versus frequency basis. The
welght advantage of the static (transistor) converter concept (both
l¢ and 3¢) over the other two concepts at each of the three conversion
frequencies is quite evident. The motor-generator concept is competi-
tive with the transistofﬁunit in weight only at the 50 KC level
(within the design objective) but gets decidedly heavier at the 200 KC
f{equency level. It has not been considered at the 800 KC frequency
level because of the extreme number of poles and or hish rotor sreed
required for such a converter device. The weight of thg static (tube)
éonverter is heavy, but fairly independent of the frequency conversion
level for the 50 to 800 KC range.

Figure 2.1-2 summarizes in a similar fashion the efficiency versus
frequency for the three converter concepts. The static (transistor)
converter is the most efficlient of the three concepts with the statie

(tuve) converter being the least efficient. To be noted is the fact

g
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that the efficlency of the 300 KW static (transistor) unit exceeds
the design objective of 90%. Unit dimen;ions, ¢component weights and
Josses, and other required data are swmmarized in the separate con-
verter design sections.

Figure 2.1-3 summarizes high-frequency generator welght and
efficiency versus frequency. Efficiencies are higher and welghts
lower for the 50 KC wit than for the 200 KC unit.

Figure 2.1-4 is part of the thermal analysis work accomplished
during the second three-month period and shows the welght of the cool-
ing system (radiator)pumps, finld, and piping) in lbs/Kw of heat
radiated necessary to maintain different system operating temperatures.
Total system welght versus temperature results for the three converter
systems are compared in Figures 2.1-5 and 2.1-6.

| A more complete plcture of the effect of cooling system require-
ments on total system weight 1s given in each of the individual system
sections of this report. Curves showing the total system weight/Kw as
a function of temperature for each frequency range are included.

No experimental effort has been gerformed in the first six months
of the study. It is felt that experiments need to be performed in two
areas to verify bvaslc design assumptions. These two areas in which
exreriments are being rroposed under a separate letter are:
Determination of core loss data at the 50 to 800 KC fregquency level.
Only a limited amount of information presently exists concerning the
magnitude of losses at these frequency levels and at greater than room
temperatures. The data presented in a later section is a collection
of loss data from several sourcés. Information is lacking for the
800 XC range and thought not to be too accurate at the 100 to 200 KC

level. Since transformer weight is a major portion of the system




NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT
LOS ANGELES 9. CALIFORNIA

FORM 18.G-t REV. 9-61?

LBS/KW oy

NA 63=755=

100

2

98

96

% EFFICIENCY

NOTE s

TR

AT

| o 90

50 100 150 200 ] 50 100 150
FREQUENCY FREQUENCY

IN KILOCYCLES IN KILOCYCLES

S

Curves are tased on data of Table 3,2.1=1

Figure 2,1-3 Comparison of Weight and Efficiency vs,
Frequency for High Frequency Generator

e R

200




NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT
LOS ANGELES 9, CALIFORNIA

TOTAL IBS/KW OUT

FORN 18-G-1 REY. B-6

1000 y—

NA-63-755-2

..~.! .Cooling system includes

; B A
¥
; .
the following:--

UL prptng

i
107~

b cemebn e b
¥

T codams

- ‘.;_, o y————

2. Pump

' 3.. Radiator -

-

L

; R R
RS - 2 i e '
e = o { {
B | - ; : 1 ‘
T ! { T e
4T e e e gl aeials Shindah "'L - "

i

.5“

100

Figure 2.1-4

200

-300,

500 600

TEMPERATURE IN °F

1000

Analysis of Cooling System Weight vs System Operating Temperature




FORM 18-G-t REV.

NORTH AMERICAN AVIATION, INC.
INTERNATIONAL AIRPORT
LOS ANGELES 9, CALIFORNIA
NA 63=75C=2
POUNDS 60 KW - 19 POUNDS 60 KW - 3¢

3000‘

2000

Sas

I\

TEVPERATURE - OF

1000 §—
\ ‘%\
\ )
" _._._,x % I
| \ sy LUBE | MG ZOOKC)
\y\ 'W“mn-w\ t T U B E
G(200KC) i
Y - MM -
\LQ:M BT AR P i ; f,mm% e ﬁ&zﬁ
—— T . L TRANSISTOR —- 1 e A - TRAN§£§_}‘QI}_
‘”‘--v..,\" ng. MRS 3 Y|
MG(SOKC) o l MG(!SOKC)
0 TFXBYIY L-m’«‘ gy s . ! o R
200 400 600 800 1000 200 400 600 800 1000
TEMPERATURE - °F

Figure 2,1-5 Analysis of System Weight vs., Temperature for 60 KW Converter




NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT
LOS ANGELES 9, CALIFORNIA

NA 63=755=2

POUNDS : POUNDS

] 300 KW - 3
3500+ 300 KW - 1¢ r 0 d

A]
3000 ; 3 \
S e
B 1?\ \ e MG(200KC)"

2000 \

S i3
N 1
Y 14
1000 | \.\,l
| .
.. MG(50KC) , \ |
S i -1 e~
.
[P SIS PIRPIIOIPEPUS S, :\,‘%\ - e m
v, “edy : ] I\M.(:&&W TRA NSISTO
. R m -
;k.s&mw_,hﬁmm;m wede. - B VMRS ARSI RN e T G T O 3 30 i mm
200 400 600 800 1060 200 400 600 800 1000
TEMPERATURE - °F TEMPERATURE - °F

Figure 2,1-6 Analysis of Systern Weight vs, Temperature for 300 KW Converter

9

FORM 18-G-1 REV. 9.8%




FORM 18-G-1 REV. 9-81

NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT
LOS ANGELES 8, CALIFORNIA

2.

3o

Se

NA-63-755-2

weight for a static (transistor) converter and static (tube) converter,

losses in the core significantly affeet the system weight and also
the system ceooling requirements.

Verification of the response of power transietors in serles and in
parallel in a high power chopper circuit. The success of the power
chopper eircuit is dependent upon how well transistors in parallel
share currents equally and this aspect of the converter designs needs
experimental enalysis.

Recémmendations for the remaining portion of the study program are:
Concentration of major portion of the design effort on the static
(transistor) type of converter.

Performance of experiments to determine magnitude of magnetic material
losses when used in transformer cores at high frequencies (50 to 800 K
This would include testing of 10 to 15 small core samples (4 or 5
different types of materials) in core configurations and also in
typical reduced-size transformer configurations.

Performance of experiments using & limited number of power transistors
(lO to 15) in a power chopper circuit to determine the response of
these devices in parallel operation.

Continued design effort to determine parametric data for the 100 KC
hish-frequency generator and a refinement of 50 KC and 200 KC data.
This will include environment and thermal studies.

Summation of material, enviromment and reliability study informationm.

Completion and submittal of preliminary final report for ASD approval.

c)

10
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3.0 SECOND QUARTER PROGRESS

efforts:

Second quarter progress has included the following analytic

1, Conceptual converter designs of the following types:

e.
t.
£
h.

1.

J.

60 KW, 1§, 50 and 200 KC motbr—generator sets.

60 KW, 19, 50 and 800 KC static (tube) converter units.

60 KW, 1f, 50 and 800 KC static (transistor) converter units.
300 KW, 1¢, 50 and 200 KC motor-generator sets.

300 KW, 1f, 50 and 800 KC static (tube) converter units.

300 KW, 1f, 50 and 800 KC static (transistor) converter units.
60 KW, 3%, 50 and 200 KC motor-generator sets.

60 KW, 3¢, 50, 200 and 800 KC static (tube) converter units.

60 KW, 3B, 50, 200 and 800 KC static (transistor) converter
units.

300 KW, 1¢, 50 KC generator for 24,000 RPM turbine drive.

Further analysis of the original 60 and 300 KW, 1@, 200 KC cone

verter and hlgh-frequency generator designs.

Related studies in the followling areas:

8.

b.

Materials

Cooling system design

Preyparation of pavameiric data, mechanical details, and schematics

of the above items for use in this report.
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CONCEPTUAL CONVERTER DESIGNS
FOTCR GENERATOR
A. A 60 XW UNIT

The design of & motor-generator type of 60 KW converter has been
based on:

Input - 60 KW, 1 KC, L3.6/75.8 Volts, 3¢

Output - 10,100 Volzs, 50 - 800 KC, 1f and 3¢
Figure 3.1.1-1 illustrates a particular converter concept in which a
solid-rotor type of generator is used to generate high-frequency, high-
voltage power. The input frequency of 1 KC for the 60 XKW converter
requirement gives an operating speed of 30,000 RPM for a L-pole motor to
drive the generator. This speed has been select=d for the preliminary
design speed.

Paremetric data on weight, volume,losses, and efficiency for both
1¢ and 3@ 60 KW converter designs for several frequencies are tabulated

in Tables 3.1.1-1, 3.1,1-2 and 3.2.1-3. The effort to date has been

concentrated on single-phase 50 and 200 KC designs, and on a 50 KC three~

phase design. Due to the number of poles required in an 800 KC design,
the motor-generator concept has not been considered for the 800 XC
requirement.

Figure 3.1,1-2 shows mechanical details for a 60 KW, 1@, 50 KC unit
and Figure 3.1.1-3 shows details of the 200 KC unit,

Since a three-phase generator requires three times as many stator

slots as does a single-phase generator, a larger size stator is required

for the three-phase generator in order to accommodate the number of slots.

In order to limit the rotor stress to the design valve of 60,000 psi, it

12
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TABI_E 3;1.1“’1

SUMMARY OF 60 KW MOTOR-GENERATOR PARAMETRIC DATA

NA 63=755=2

19 50 KC 200 KC 800 KC
WEIGHT (1bs) 150 320 -
KW RAD (LOSSES) 10.1 13.5 -
KW OUT k9.9 4L6.5 .}:
EFFICIENCY (%) 83.1 "77.5 -
LENGTH (inches) 11.5 17.8 -
DIAMETER (inches) 10 12.5 -
VOLUME (cu. ft.) .52 1.3 -
IBS/KW RAD 13.9 23.7 --
LBS/KW OUT 3.0 6.8 -

30 50 KC 200 KC 800 KC
WEIGHT (lbs) 176 350 -
K RAD (LOSSES) 10.1 13.8 -
KW ouT Lkg.9 46,2 --
EFFICTENCY (%) 83.2 7 -
LENGTH (inches) 15.8 22 -
DIAMETFR (inches) 9.8 12 --
VOLUME (cu. ft.) .65 1.4 -
IBS/KW RAD 17.4 25.k4 -
IBS/KW OUT 3.5 7.6 --

NOTE: Values do not include cooling system weights.




NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT -
LOS ANGELES 9, CALIFORNIA

NA-63-755-2
TABIE 30101'2
60 KW MOTOR-GENERATOR 1@ DESIGN DATA
CONFIGURATION 50 XC 200 KC
OPERATING SPEED 30,000 RPY 30,000 RPM
WEIGHT (ILBS.)
Totor 60 60
Generator 70 . 2Lo
Controls ‘ 10 10
Cooling (Structure) S 5
Bearings 5 5
Total (Pounds) 150 320
STATOR LAMIMATIONS (.0005SM) . HY1U 80__ HOIU 80
GENERATOR LOSSES (WATTS)
Stator lron 1480 1610
Stator 523 760 920°
Field IR | L0 3920
Windage (2PSIA) 145 1510
Stray Load 1% 600 ‘ 600
Total (Watts) 3925 - TBYE0
GENERATOR EFFICIENCY % ok 87.5
'OTOR EFFICIENCY % 88.5 88.5
CONVERTER EFFICIENCY % 83.1 77.5
O’I‘HERM
Avg. Stator Tooth Flux Density
In Kilolines/Sq. Inch, 29.8 15.8
In Gauss L1610 2,0
Stator Conductor Current Density
In Amperes/Square Inch 6L0o0 6400
Field Conductor Current Density
In Amperes/Square Inch 3500 3500
Conductors 28 Ni-Cled Cu 28 Ni-Clad Cu
Curie Temperature °F 932°F B60CF

18-G-1 REV. 98-8t

ronmM
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NA-63-755-2
TABI.ES 30101'3
60 XW MOTOR-GENERATOR DESIGN DATA (3f)
CONFIGURATION S0 KC 3¢ 200 KC 3¢
OFERATING SPEED £,000 REM 30,000 RPM
WEIGHT (IBS.)
Votor 60 60
Generator 96 270
Controls 10 10
Cooling (Structure) 5 5
Bearings 5 5
Total %Pounds) 178 350
STATOR LA'TNATIONS (.000S") U 80 HYMU 80
GENERATOR LOSSES (WATTS)
Stator Iron 595 1975
Stator I2R 1435 1600
Field I2R 658 3900
" Windage (2PSIA) 265 1700
Stray Load 1% 600 600
Total (Watts) 3553 37715
GEHERATOR EFFICIENCY % 9L.1 83
}OTOR EFFICIENCY % 88.5 88.5
CONVERTER EFFICIENCY ¥ 83.2 17
OTHER DATA
Avg. Stator Tooth Flux Density 21.5 15.8
In Kilolines/Sq. Inch
In Gauss 3330 2Llo
Stator Conductor Current Density
In Arpere/Square Inch 4200 64,00
Field Conductor Current Density
In Ampere/Square Inch 3500 3500
Conductors S Ni-Clad Cu. 28 Ni-Clad Cu.
Curie Temperature °F 932°F 860CF

FORM 18-G-1 RKV. 9-01%
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is necessary to construct the three-phase generator using & cormon shaft
with three rotor sections on it, There are three separate ststors in the
design, eand the poles of the rotor sections are displsced 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 outputs in parallel, and their phase displacement such as to
achleve three-phase power at the output terminals, This concept is

illustrated in Figure 3.1.1-l4.
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A 300 K¥ UNIT

Design details of a motor generator type of converter unit to meet
the 300 XW power conversion requirements of the Work Staterent are
similar to those of the 60 ¥W unit as shown in Figure 3.1.1-1, The
basic/difference other than power handling level is in a different input
which is listed as follows:

Irput - 300 KW, 3200 CPS, 120/208V, 3@

OQutpu® - 50 - 200 KC, 1C,100 V, 1§ and 3¢
As in the cese of the 60 KW design a motor-generator unit was not consic
ered for the 800 XC requirement because of the extreme number of poles
required for such & unit,

The motor for driving each of the generators is a 120 volt, 3200
CPS, 3¢ synchronous solid-rotor type, turning at 2L,000 RPM, Parametric
data fcr a 300 KW converter (1f and 3@) is summarized in Tables 3.1.1-L.
Additicnal information is shown in Tables 3.1.1-5 and 3.1.1-6,

Mechanical detsils of S0 KC and 200 XC, 1¢ converters are shown in
Figures 3.1.1-5 and 3.1.1-6. Figure 3.1.1-7 shows a 3@, 50 KC unit in
which three separate generator sections are mounted cn a common shaft.,
The three rotor and stator sections are displaced from each other by

120 elzctrical degrees to produce a three-rhase voltage output.

21
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TABLE 3.1.1-4

NA 63=755=2

SUMMARY OF 300 KW MOTOR-GENERATOR PARAMETRIC DATA

1¢ 50 KC 200 KC 800 KC
vEIGHT  (1bs) 540 1500 -
K¢ RAD '(IJOSSES) 49.5 52.8 -
KW _OUT 250.5 27,2 ~-
EFFICIINCY (%) 83.5 82.4 -
LENGTH (inches) 13.5 35.6 -
DIAMETER (4inches) 16.0 17.8 -
VOLUME (cu. ft.) 1.6 5.3 -
IBS/KW RAD 10.9 28.4 .-
IPS/KW OUT 2.2 6.0 -
3¢ 50 KC 200 XC 800 KC
WEIGHT (1bs) 801 2000 -
KW RAD (LOSSES) 18.6 60 -
K+ OUT 251.4 2ko -
EFFICIENCY (%) 83.8 80 -
L:IGTH (inches) 26.5 70 -
DIAMETER (inches) 11 1k -
VOLUME (cu. ft.) 1.5 6.2 -
LBS/KW RAD 16.5 33.3 -
LBS/KW OUT 3.2 8.3 -

FORM 18-G-t NEY. 9-61

NOTE: Values do not include cooling system weights,
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TARIE 3.1.1-5

300 KW MOTOR-GENERATOR DESIGN DATA (1)

NA-63-755-2

50 ¥C 18

CONFIGURATION 200 KC 1
OPERATING SPEED 2l;,000 RPM 24,000 RPM
WEIGHT (1BS.)
otor 175 175
Generator 3Lo 1300
Controls 11 11
Cooling (Structure) 7 7
Bearings 7 7
Total (Pounds) L0 1500
STATOR LAMINATIONS (.0005") HYMU 80 HYMU 80
GENERATOR LOSSES (WATTS)
Stator lpon 10900 5600
Stator I“R 2370 6430
Field I°R 1285 3640
Windage (2PSIA) 633 L650
Stray Load 1% 3000 3000
Total (Watts) 18188 23320
GENERATOR EFFICIENCY % SL.L - 93.2
MOTOR EFFICIENCY % 88.5 88.5
*  CONVERTER EFFICIENCY % 83.5 82.4
OTHER DATA
Avg. Stator Tooth Flux Density 29.6 15.8
In Kilolines/Square Inch
In Gauss 4,L60 2,LLo
Stator Conductor Current Density 6,400 6,400
In imperes/Square Inch
Field Conductor Current Density
In Amperes/Square Inch 3,500 3,500
Conductors 28 Ni-Clad Cu 28 Ni-Clad Cu.,
Curie Temperature °F 932 932
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TABLE 3.1.1-6
300 XW MOTOR-GENERATOR DESIGN DATA (3¢)
CONFIGURATION | 50 KC 3¢ 200 XC 3¢
OPERATING SPEED 2L, 000 RPM ' 211,000 RPM
WEIGHT (IBS.)
Motor 175 | 175
Generator 601 1800
Controls 11 11
Cooling (Structure) 7 7
Bearings 7 7
Total (Pounds) 501 2000
STATOR LAMINATIONS (.0005") HYMU 80 HYMU 80
GENERATOR LOSSES (WATTS)
Stator iron 020 12655
Stator 52}1 6520 6800
Field IR ’ 1240 1250
Windage 1295 1295
Stray Load 1% 3000 3000
Total (Watts 16075 75000
GENERATOR EFFICIENCY % 9.6 91.6
NOTOR 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 2uh0
Stator Conductor Current
Density in Amperes/Sq. Inch . 61,00 64,00
Field Conductor Current Density ,
In Amperes/Square Inch 3500 3500
Conductors 28 Ni-Clad Cu. 28 Ni-Clad Cu.
Curie Temperature oF 932CF 9320F
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THERMAL DESIGN

The cooling system of the motor-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., Heat is removed from the stator by
means of conduction to the coolant which is pumped through the system
and to the radiators for dissipation to space.

Motor-generstor units are capable of opersting at temperatures
above 1000°F, However, most of the designs considered here are based on
coolant temperatures in the 500°F to 800°F range. Figure 3.1.1-8 shows
the effect of system motor generator on system weight for a 60 KW unit
and Figure 3.1.1-9 shows the same type of data for a 300 KW unit., Conm-
puted efficiences in the summary tables are based on loss calculations for

HYMU 80 materials of lamination thicknesses listed.
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3.1.2 STATIC (TUBE) CONVERTER DESIGNS

A. A 60 KW UNIT

One design concept for a 60 KW (1nput) static converter unit to
meet the high-frequency, high-voltage requirements of the Work
Statement involves use of a vacuum tube type of r-f generator. A
particular single-phase concept is shown in Figure 3.1.2-1. The
system is fairly simple and involves use of a ceramic type power
oscillator tube operating in Class C mode to generate S0 - 800 KC
output 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, vélumes, and efficlencies
are shown in Tables 3.1.2-1 and 3.1.2-2 for a single-phase concept.

The high-voltage plate power for the oscillator tube is furnished
by a typical series three-phase (quadrature operation) power supply
composed of a high-voltage plate transformer, three thyratrons and
three diodes. The D-C output from the power supply is filtered and
applied to the oscillator tube plate through two r-f chokes (Ll & I2)
which also serve as r-f isolators. Control of the grid circuit of
the gas thyratrons (Tl, ™, & ™) is provided by a phase-ghifter
technique which allows adjustment of the plate voltage and current to
the oscillator. The net result 1s a means of “arying the power output
to the load.

A three-phase concept is shown in Figure 3.1.2-2. As can be
seen from the figure, the three-phase concept involves a phase shift-
ing of the output from a typical single-phase output into a composite
three-phase output. This is done by a capacitive and resistive

network.
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TABLE 3 01. 2'1

SUMMARY OF 60 KW STATIC (TUBE) CONVERTER PARAMETRIC DATA

10 50 XC 200 XC 800 KC
WEIGHT (1bs) 358 347 3k5
KW RAD (LOSSES) 18.9 19.5 19.9
KW OUT | | 41.2 Lo.5 40.1
EFFICIENCY (%) 68.6 67.5 66.9
LENGTHE (inches) 26 26 26
WIDTH (inches) 19 19 19
HEIGHT (inches) 38 38 _38
VOLUME (cu. ft.) 10.9 10.9 10.9
IBS/KW RAD 18.9 17.7 17.2
LBS/KW OUT 8.7 8.5 8.5

¥ | 50 KC 200 KC 800 KC
WEIGHT (1bs) 363 353 349
KW R;.D ( LOSSES) 18.8 = - 20.0 21.8
KW _OUT h1.2 39.9 38.2
EFFICIENCY (%) 68.7 66.6 63.7
LENGTH (inches) 3 | 3l 3k
WIDTH (inches) 23 23 23
HEIGHT (inches) 39 39 39
VOLUME (cu. ft.) | 17.7 17.7 17.7
IBS/KW RAD 13.3 17.8 16.0
LBS/XKW OUT 8.8 8.9 9.1

PORM 18-G-1 REV. 9-81

NOTE: VALUES DO NOT INCLUDE COOLING SYSTEM WEIGHT
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TAELE 3.1,2-2
PRELIMINARY COMPONENT LIST FOR A €0 KW STATIC CCNVERTER (TUEE) (1¢)
: 50 XC 200 1C 800 XC
[ COVPONENTD WT 10555s | wr T LGoSES | T [ LO3SES
POVER SUPPLY (HIGH VOLTAGE) |
1 High Voltage Transformer (X7) |11k 640 | 11k 6.0 | 11k 640
1 ¥C, 3¢, 60 ¥W
1 Magnetic Switch 10 100 10 100 10 100
3 Filamer)\t Trensformers (X1, X2 9 6 9 6 9 6
& X3 '
3 Filament Transformers (XL, X5 8 12 8 12 8 12
& X6)
3 Thyratrons (T1, T2, & T3) 3 1300 3 1800 3 1800
3 Dicdes (Th, TS & T6) 3 378 3 378 3 378
OSCILLATOR SECTION
1 Oscillator Tube (T7) L5 |11,200 L5 11,200 LS [1,200
80% x 56 KW
1 Filement Transformer (X9) 5 105 5 105 g 105
1 Phase Shifter 15 100 15 100 15 100
2 Filter Choke (11 & L2) 9 3200 9 | 3200 9 | 3200
1 Filter Capacitor (Cl) 3 - 3 - 3 -
2 Coupling Capacitors (C2 & C3) L 120 L 120 L 120
2 Neutralizing Capacitors (CL & C5) 1 - 1 - 1 -
1 Tank Coil Capacitor (Ct) 2 60 2 60 2 60
3 Resistors (R1, R2, R3, Rk, RS) 2 - 2 - 2 -
1 Tank Coil 2 100 3 100 3 100
OUTRUT SECTION .
1 Yatching Transformer (X8) 17 1030 6 | 1650 b 2050
60 ¥wW, 18
MISCELLANEQUS
- Mounting structure 80 -~ 80 -~ 20 -
- Cooling Ducts 5 -~ 5 -~ 5 -~
- Controls 10 - 10 - 10 -~
- Wire and Hardware 10 -- 10 -- 10 -
TOTALS 3584 | 18851 | 3L7#{ 1oLy | 3LS#| 198T
Watts Watts Watts
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@ A of the output waveform is derived directly from the inverted
waveform (+ 180 degrees) of the transformer secondary. @ B is

shifted -60 degrees electrically and ¢ C is shifted + 60 degrees

. electrically. The three outputs then form a composite three-phase

voltage for use in the loaed. Power consumed in the phase-gshifting
capacitore and resistances 1s fairly low because of the low-current,
high-voltage output requirement.

Weights, volumes, and efficiencies for a three-phase converter
are sumarized in Table 3.1.2-3. To be noted is the fact that
veights and volumes for the threé-phase unit are not much greater

than those for the single-phase unit.
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TABLE 3,1,2-3
PRELIMINARY COMPONENT LIST FOR A 60 XW STATIC (TUBE) CONVERTER (3¢)
. 150 XC 200 ¥T 800 XC
NO, COMPONENT W1l TOSSEST WI i LO83IS | WT OS5
POWER SUPPLY (HIGH VOLTAGE)
1 High Voltage Transformer (X7) 1L 640 | 11k 6L0 § 114 €L0
1 KC, 3@, 60 KW
1l Magnetic Switch 10 100 100 100- { .»10 100
3 Filament Transformer (X1, X2 9 6 9 6 |- 9 6
& X3)
3 Filar;ent Transformer (XL, X5, 8 | 12 8 12 8 12
‘ X6
3 Thyratrons (T1, T2 & T3) 3 1800 3 1800 3 1800
3 Diodes (Th, TS & T6) 3 380 3 380 3 380
OSCILLATOR SECTION
1 Oscillator Tube (T7) 80% x 56 YW | LS | 11,200 LS {11,200 LS 111,200
1 Filament Transformer (X9) 5 100 S 100 5 100
1 Phase Shifter 15 100 15 § 100 15 100
2 Filter Choke (Il & 12) 9 3200 9 3200 9 3200
1 Filter Capacitor (Cl) 3 - 3 - 3 —
2 Coupling Capacitors (C2 & C3) k4 120 L 120 L 120
2 Neutralizing Capacitors (CL & CS)| 1 - 1 - 1 -
1 Tank Coil Capacitor (CT)
g Resistors 2 -- 2| -- 2 --
1 Tank Coil 3 100 3 100 3 100
OUTAUT SECTION
1 ¥atching Transformer- 17 907 7 2180 3| 3920
2 Resistors 1 10 1 10 1 8
2 Capacitors L 25 L 25 L 25
. "ISCELLANEQUS
- Younting Structure 80 -- 8o - &o -
- Cooling Ducts 5 -- 5 -- g -
- Controls 10 -- 10 - 10 -
- Wire and lardware 10 - 10 -- 10 -
TOTALS 363 #| 18,760 | 353#{20,033 | 3L9#|21,773
Watts Watts Watts
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A 300 X4 UNIT

The design of a single-phase 300 KW (input) static (tubde) con-
verter unit is based on the same schematic (Figure 3.1.2-1) as the
60 KW unit with a higher power input level being the major difference.
Power input to this converter unit ;qralSO at a different voltage and
frequency - 120/208 volts at 3200 cps&rather than the 43.6/75.8 volts
at 1000 cps of the 60 KW unit. Weights,volumes, and efficiencies for
& 300 KW unit are summarized in Tables 3.1.2-4 and 3.1.2-5.

A three-phase concept is shown in Figure 3.1.2-2. This concept
also involves use of the single-phase concept with the addition of a
phase-shifting network composed of resistors and capacitors. At the
present time wve are not sure of the power-handling capabilities of
this vhase-shifting network at the 300 KW level. It appears feasible
because of the fact that the power is at & high-voltage, low-current
level and IZR losses should not be too great.

Output to the load is from a 3@ transformer. Control of the
output power is through the individual grid circuits of each of the

thyratrons of the power supply section where voltage and plate cur-

w2

rent to the oscillator can be raised or lowered. Components of a 300
KW, 3¢ system plus weights, volumes, and efficiencies are summarized

in Table 3.1.2-6 for each of three frequencies.
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TABLE 3.1,2-h

SUMMARY OF 300 KW STATIC (TUBE) CONVERTER PARAMETRIC DATA

FORM 18-G-1 REYV. 9-81

1@ 50 KC 200 KC 800 XC
WEIGHT (1bs) 5T1 555 549
KW RAD (LOSSES) 91.2 92.6 91.4
KW OUT 208.8 207.k4 208.6
EFFICIENCY (%) 69.6 69.1 69.5
LENGTH (inches) 26 26 26
WIDTE (inches) 19 19 19
HEIGHT (inches) 38 38 - 38
VOLUME (cu. ft.) 10.9 10.9 10.9
IBS/KW RAD 6.3 6.0 6.0
LBS/KW_OUT 2.8 2.7 2.6

3¢ 50 KC 200 XC 800 KC
WEIGHT (1bs) 592 573 562
KW RAD (LOSSES) 91.5 94,3 94,1
KW_OUT 208.6 205.7 205.9
EFFICIENCY (%) 9.5 €8.6 68.7
LELGTH (incheg) 34 34 34
WIDTH (inches) 2;3, 23 23
HEIGHT (inches) 38 38 38
VOLUME (cu. ft.) 17.2 17.2 17.2
IBS/KW RAD 6.5 6.1 6.0
LBS/KW OUT 2.8 2.8 2.7
NOTE: Weight figures do not include cooling system weight
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TAHLE 3,1.2-5
PRELIVINARY COMPONENT LIST FOR A 300 X/ STATIC (TUEE) CONVERTER (1¢)
[ TS V.0 700 L 8OO 11
0, CTCVSONENT T . LOS BES | 7T TOZSES | wWr | LOSS%
TCWER SUPPLY (HIGH VOLTAGE) ~’
1 Plate Transformer X7 3.2 XC, 99 8350 99 8350 99 2350
38, 300 X
iy “agnetic Swtich 30 200 30 200 30 200
3 Tilsment Transformer 15 L8 15 L8 15 18
3 Filament Transformer 12 18 12 18 12 18
3 Thyratrons 12 {1h,000 12 {1l,000 12 | 1L,000
3 Diodes 6 495 6 L95 6 L95
OSCTLLATOR SECTION
1 0scillator Tube 80% . x 290 KW | 1LO {58,000 | 1Lo |58,000 | 1LO | 58,000
1 Filament Transformer 12 20 12 240 12 2L0
1 Phase Shifter 15 200 15 200 15 200
2 Filter Choke 35 7,100 35 | 7,100° 351 7,100
1 Filter Capacitor L -- N - L —
2 Coupling Capacitor I 600 L 600 N 600
2 Neutralizing Capacitor 2 - 2 - 2 -
1 Tark Coil Capacitor 2 300 2 300 2 300
Resistors "2 - 2 - 2 -
1 Tank Coil 10 250 10 250 10 250
~ CUTPUT SECTION
1 Vatching Transformer (X8) 36 1377 1 2796 86 1638
1¢, 300 KW
MISCELLANEOUS
- Mounting Structure Q0 - 90 - 90 -
- Cooling Ducts 21 -- 20 - 20 -
- Controls 10 - 10 - 10 -
- “Hire and Hardware 20 - 20 - 20 4 -
TOTALS 577#| 91,178 | 555#| 92,597 | SL9# | 91,L39
Watts Watts Watts
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TABLE 3.1.2-6

¥a-63-755-2

PRELIMINARY COVPONENT LIST FOR A 300 KW STATIC (TUBE) CONVERTER (3¢)

50 KC 200 70 800 KC
No, COMPORENT Wl 1I053ES| WT TOSSES| WT LOSSES
| POWER SUFPLY (HIGH VOLTAGE)
1 Plate Voltage Transformer 99 8350 99 | 8350 99| 8350
1 Magnetic Swtich 30 200 30 200 30 200
3 Filament Transformer 15 L8 15 L8 | .15 L8
3 Filament Transformer 12 18 12 18 12 18
3 Thyratrons 12 | 14,000 12 |1L,000 12 {1kL,000
3 Diodes é L9S 6| L9 6| L5
OSCILLATOR SECTION
1 Oscillator Tube 1,0 | 58,000 | 1LO }58,000 | 1LO }58,000
1 Filament Transformer 12 2Lo 12 2Lo 12 240
1 Phese Shifter 15 200 15 200 15 200
2 Filter Choke 351 7,100 35} 7,100 351 7,100
1 Filter Capacitor L - L - L -
2 Coupling Capacitor L 600 L 600 L 600
2 Neutralizing Capacitor 2 - 2 - 2 -
1 Tank Coil Capacitor 2 300 2 300 2 300
Resistors 2 - 2 - 2 -
1 Tank Coil 10 250 10 250 10 250
QUTPUT SECTION
1 I'atching Transformer 38 1460 19 | L2ko 7 3920
2 Resistors L 100 L 150 S 200
2 Capacitors L 120 L 120 ks 120
'ISCELLANEQUS
- Mounting Structure 90 - 90 -- 90 -
-- Cooling Ducts 21 - 21 - 21 -
- Controls 151 , -- 15 - 15 -
- Wire and Hardware 20 - 20 - 20 -
! v
TOTALS 1592 #] 91,L81L | 573#|9L,311 | S62# 9L,0L1 |
Watts " Watts Watts
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THERMAL DESIGN

Most triode tubes operating in Class C mode are up to 80%
efficient and such efficiency 1s assumed in this converter unit.
Ceramic~type tubes with exceptionally low driving power are being
developed and some have capabilities up to 400°F maximum.

Figures 3.1.2-3 and 3.1.2-4 show the total lbs/KW out for both
single-phase and three-phase converter, 60 KW and 300 KW, at 50 KC,
200 KC, and 800 KC frequency levels. The plotted curve indicates the
system weight incurred at various temperature levels. Since the tube
system is limited by temperature, the system operating point, as far
as system welght is concerned, is at the maximum tube operating tempera-
ture (400°F).

Design of the cooling system considers internal cooling ducts for
eaéh tube (or coolant jacket) and use of rugged ceramic tube types.
Cold-plate shelving for cooling all the other components is also con-
sidered in addition to internal cooling ducts for each of the trans-
formers. The possibility of using a liquid bath cooling technique,

enclosing all the gas tubes and maintaining a common operating tempera-

ture has been consldered.
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MECHANICAL DESIGN

The static (tube) converter unit can be packaged in an aluminum
container for partial protection from a radiation environment, for
mechanical support, for limited protection from meteriod damage, and
to serve as a heat sink. Typical structural design for a 60 KW, 38,
50 KC unit is shown .in Figure 3.1.2-5 A through D, and is based on maxi-
mum system reliability, minimum weight, and minimum volume. Weight
dimensions and volume data is shown in Tables 3.1.2-1 and 3.1.2-k.

Each tube will be mounted on its own filament transformer for
compactness and to make use of the transformer as a partial heat sink.
Tube cooling will be by inﬁégral cogling ducts for the oscillators and
cog}ing fluid jackets for the dilodes and thyratrons. 6ptimum cooling
for each of the transformers will be gained by mounting them back to
back on a common cold plate with coolant ducts carrying fluid through
each transformer.

Packaging for this concept is not too flexible because of the
tube volumes and shapes. Tube outlines used in the design layout are
of conventional units and are expected to become smaller in the future
as advences are made in the state-of-art. Packaging is dependent to a
great degree on the generator configuration and also the load configura-
tion. Only a preliminary concept can bve considered until more informa-
tioﬂ is available on these parts of the total system. Compénents in
a tube system are not as susceptible to radiation damage as semi-

conductor components and shielding is not too much of a problem.
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STATIC (TRANSISTOR) CONVERTER DESIGNS

A 60 KW UNIT

A transistorized 60 KW power converter is illustrated in Figure
3.1.3-1 and shown schematicslly in Figure 3.1.3-2. -~ Parametric data is
surmmarized in Tables 3.1.3-1 and 3.1.3-2,

The 43.6/75.8, 3@, 1000 cycle power is applied at the input terminsls
and is converted to.a pulsating D-C by diodes CR1 - CR6. Filter choke
Ll and filter capacitors C3 and C6 smooth the rectified A-C. This
filtered D-C is then applied through output transformer T2 to the
collectors of the power switching transistors Q3, Q5, Q7, Q9, Q10, and
Qll. The switching rate of the power transistors is determined by the
precision square wave oscilletor Q1 and Q2. The output from the square
wave oscillator is applied tc the impedance matching transistor Q4. The
output from QL is amplified by the driver transistors Q6 and Q8 and is
applied to the power switching transistors. Transformer Tl, filter choke
L2 and filter capacitors C7 and CB form the low-voltage power supply
which furnishes the power for the square-wave oscillator and the driver
transistors. Reference diode CR13 provides a regulated voltage for the
oscillator.

The selection of transistors for the power switching section will
depend on future current capabilitieg of power transistors, Serious
limitation of present-day semiconductor devices is in operating temp-
erature (100°C). However, new materials, including gallium arsenide, are
being developed which should raise their operating temperature capability
in the future to 40O C.
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TABLE 3.1.3-1
SUMMARY OF 60 KW STATIC (TRANSISTOR) CONVERT:KR PARAMETRIC DATA
19 50 KC 200 XC 800 XC
WEIGHT (1bs) 152 147 14k
KW RAD (Lossf:s) : 9.4 10.1 1l.b
KW _OUT 50.7 49.9 48.6
EFFICIENCY (%) 8Lk 83.2 81.1
LENGTH (4inches) 19 1h. 19.
WIDTH (inches) 16.5 16.5 16.5
BEIGHT (inches) 12 . 12 12
VOLUME (cu. ft.) 2.2 2.2’ 2.2 .
IBS/KW RAD 16.2 1k4.5 12.7
IBS, KW OUT | 3.0 | 3.0 3.0
3¢ 50 KC | 200 XC 800 KC
WEIGHT (1bs) . 195 178 175
KW RAD (LOSSES) 1.9 14.6 14.9
KW _OUT k5.1 5.5 45.0
EFFICIENCY (%) 75.2 75.8 ~__175.0
LENGTH (inches) 20 20 20
WIDTH (inches) 20 20 20
HEIGHT (inches) 15.5 15.5 15.5
VOLUME (cu. ft.) 3.5 3.5 3.5
> IBS/KW RAD 13.2 12.2 o
u LBS/KW_OUT .3 . 3.9 3.9
g NOTE: Values do not include cooling system weights.
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TABLE 3.1.3-2

NA-63-755-2

PRELININARY COMPONENT LIST FOR A 60 KW STATIC (TRANSISTCR) CONVERTER (1)

olxc 1 200 e 800 _KC
10, COMPONENTS WT O {LCTC7S] WT o O |1OSSES| WT  JLOSSES
POWER SUPPLY (LOW VOLTAGE)
6 g Rectifier, semiconductor 3.0 | 14ho 3.0.} 1Lko 3.0 }.1LLo
1 i Transformer, low voltage (T1) 11.7 207 | 11.7 207 t 11.7 207
2 i Capacitor, filter 2.0} 1.0 2.0 1.0 2.0} 1.0
1 | TFilter Choke (12) 15.85% 64,8 | 15,85} 6L.8 | 15.85} 6L.8
1 Dicde, zener reference (CR13) .1 2.0 .1 2.0 .1 2.0
1 Resistor .2 | 10.0 .2 | 10,0 .2 § 10,0
POJER SUPFLY (HIGH VOLTAGE)
6 Rectifier, semiconductor 3.0 | 1lo 3.0 | 1o 3.0 | 1kLLO
2 Capacitor, filter S| - Sto-- St o--
1 Filter Choke (11) 18,0 | 3520 | 18.0 } 3520 | 18.0 3520
OSCILLATOR SECTION
? Transistor, low power (C1, Q2) 1.0 2.0 1.0 2.0 1.0 2.0
7 Resistor 1.5 350 1.5 350 1.5 350
g Capacitor 1,25} --- 1.25) -- 1,25} ~---
WAVE SHAFER AND DRIVER
1 Transistor, power (Q8) 5 60 .5 60 .5 60
1 Transistor, med power (Q6) ol 5 .1 5 1 5
1 Transistor, low power (Ql) 051 .2 05 .2 050 .2
2 Resistor o1 20 o1 20 Jd 20
3 Resistor, power o2 300 o2 300 o2 300
DUTPUT SECTION
6 Transistor, power 3.0 360 3.0 360 3.0 360
6 Resistor, power 1.75¢ 600 | 1.75] 600 | 1.75}] 600
¢ Resistor, base drive 1.3 300 1.3 300 1.3 300
1 Transformer, output (T2) 13,0 680 8,09} 1Loo L&} 2675
HISCELLANEQUS
- Mounting plate and Enclosure L0.8 --- | 40.8 --- 1 L0,8 ——
- Cooling ducts 3.0 --- 1 3.0 -——- 3.0 -—
- Controls 10,0 --- | 10.0 --= 1 10,0} ---
- Wire and Ilardware 20.0 --- | 20,0 -—- 20.0 -——
51.94] 9362 [146.9% 10,082 hl3.7#
TOTALS 1.9# Jditt.s L 299 L3.7 13,357

FORM 18 a1 RERY. o441
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If the power switching circuit was designed using state-of-the-
art transistors, it would consist of 100 transistors, In order to
compensate for the voltage limit of most power devices, two transistors
would have to be used in series. Most devices are presently limited to
20 ampereé of current and this would require 50 pairs of traﬁsistors
in parallel for the 60 KW unit.

A three-phase converter is shown schematically in Figure 3.1.3-3
with parametric data included in Tables 3.1.3-1 and 3.1.3-3. 120/208
volt, 38, 1000 cps power 1is applied at the input terminal and is con-
verted to a pulsating DC voltage by the power diodes CRI-CR6, This DC
voltage is then filtered by filter choke L1 and filter cspacitors C

1
and Cop, This filtered DC is now applied directly to power transistors

Q19 through Q60.

The switching rate of the power transistors is determined by the
three-phase sine wave oscillator. The @A output from the oscillator is
applied to the impedance matching transistor Q7. The output from Q7 is
applied to the Schmitt trigger (square wave forming circuit) Q8 and Q9.
The output from 69 is then applied to the emitter follower Q61 which
feeds transformer T2 and povers the push-pull driver Q13 and Qlk.

The output from the push-pull driver is then applied through trans-
former TS to drive the power transistors., The same pattern is followed

with @B and @C. The final output is taken from three-phase output tras-

former T8.
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TABLE 3 .1 L) 3-3

NA-63-755-2

FRELIMINARY COI'PONENT LIST FOR A 60 KW STATT7 (TRANSISTOR) CONVERTER (3f)

PORM 18.G-t REV. $.61

. 5C T 200 KC 800 O
N0, COMPORENTS "‘ WT |LOS3ES| W@ JLOSSES| WT  [LOSSES
{ 5C/[ER_SUPPLY (LOW VOLTAGE) (watts) (Watts) (Watts)
H
2 ? Capacitor, filter 2.0 2.0 2.0 2.0 2.0 2.0
1 Filter Choke 10.C 17200 | 10.C § 1000 | 10.0 | 1000
1 Diocde, zener reference .1 1.0 .1 1.0 .1 1.0
1l Resistor .2 1 10, .2 | 1C.0 .2 | 10.0
6 Rectifier, semiconductor 1.5 3Lk 1.5 3uh | 1.5 3Ll
1 Transformer 18.0 |L22.5 | 1%8.0 {L29, 18.0 {L29.5
POVER SUPPLY (HIGH VOLTAGE)
6 Pectifier, semiconductor 3.0 | 220k 3.0 | 200k 3.0 | 2004
2 Capecitor, filter 5 -- Sl - S --
1 Filter Choke (L2) 31.0 200 | 31.0 200 | 31,0, 200
OSCILLATOR SECTION
3 Transistor 1.5 | 30.0 1.5 | 30.0 1.5 | 30.0
3 Capacitor 50 -- 51 -- 51 --
3 Resistor, base drive b1 6.0 b | 6.0 £ | 6.0
6 Resistor .6 6.0 b} 6.0 .6 6.0
"WAVE SHAPER AND DRIVER
L Transistor, low power .3 1.5 o3 1.5 o3 1.5
15 Capacitor L.o — 4.0 -—— 4.0 -
é Resistor (10W) L7501 £0.0 75| 60.0 .75} 0.0
N Transistor, med power L7551 20.0 751 20.0 75} 60.0
b Transistor, high power 1.0 | 20.0 1.0 | 30.0 1.0 | 30.0
26 | Resistor (1W) 51 25,0 .5 | 26,0 5 ) 26,0
GUTPUT SECTION
2l Transistor, power 8 { 2280 8 ] 5280 8 | 5280
2L Resistor, emitter 6 | 2Loo 6 | 2Loo 6 | 2Loo
1 Transformer, output 19 11019.67 6.7 968 S | 1645
3 Transformer, push-pull driver .95} 615 SL} 300 .18 68
3 Transformer, driver 36 30 .36 30 38 30
2 Resistor, base drive L1 1200 L} 1200 L} 1200
3 Pransistor 1] 123.S 1] 193.8 1 | 193.8
MISCELLANEOUS
- Mounting plate and Enclosure L0.8 - } 0.8 -~-- {1 L0.8 ———
haud COOling Du.cts 3.0 hadadnd 3.0 - 300 —— o
- Controls 10.0 --- 1 10,0 ~-~ 1 10,0 ——
et Wire and Hardware 20.0 - 20,0 -—— 20,0 ———
TQTALS 195.24)3L,908 L77.9% [LL,5L2]175.0# |1k, 987
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A 300 XW UNIT

A transistorized power converter for delivering single-phase,high
frequency power is shown schematically in Figure 3.1.3-L. Data is
summarized in Tables 3.1.3-L and 3.1.3-5. The operation of the circuit
is identical to that of the 60 KW unit. The 300 K4 input is 120/208 volt,
3¢, 3200 cps power rather than the L3.6/75.8 volt, 1C00 cps power for the
60 KW unit, The filtered DC from the rectifier section is applied to one
side of the output transformer T2, The other side of the output trans-
former is connected in series with this parallel group of power transistorg
which switch the DC voltage at a 50-800 X cps rate thru the primary wind-
ing of T2, The output from the secondary winding of T2 is then stepped
up to a value of 10,100 volis AC for the loed,

The switching rate of the power transistors is determined by the
precision square-wave oscillator., The output from the oscillator is fed
to the driver transistors Q8 and Q10 through the impedance matching
emitter-follower transistor QL. The driver transistors and oscillator
are powered by the low voltage power supply.

A three-phase design for the 300 KW (input) unit is shown in
Figure 3,1.3-5 and is almost identical to the 3@, 60 KW unit. Major
difference is in the number of power transistors in the power switch
section, Summarized data for this design is shown in Tables 3,1.3-4 and

301.3‘60
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TABLE 3,1.3-kL

SUMMARY OF 300 KW STATIC (TRANSISTOR) CONVERTER PARAMETRIC DATA

16 ‘ 50 KC 200 KC 800 XC
WEIGHT (1bs) 203 175 167
KW RAD (LOSSES) 13.9 13.7 13.9
KW OUT 286.2 286.3 286.2
EFFICTENCY (%) 95.k  95.k4 95.4
LENGTH (inches) 2k 2k 0
WIDTH (inches) 19 19 19
HEIGHT (inches) 11.5 12 1.5
VOLUME (cu. ft.) 3.0 3.2 2.5
LBS/KW RAD 4.7 1.2 12.8
LBS/KW OUT .71 .61 .58

3¢ 50 KC 200 KC 800 KC
WEIGHT (1bs) 265 206 194
KW RAD (LOSSES) 25.9 26.2 26.0
KW OUT 27h.1 273.8 273.9
EFFICIENCY (%) 91.h4 91.3 91.3
LENGTH (inches) | 2k.5 245 2k.5
WIDTH (inches) 22,5 22,5 22.5
HEIGHT (inches) 18 18 18
VOLUME (cu. ft.) ‘ 5.7 5.7 5.7
LBS/KW RAD 10.3 7.9 7.k
ILBS/KW OUT .97 .75 .70

FORM 12-G-1 REV. 3.81

NOTE: Values do not include cooling system weights. g9
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TABLE 3.1.3-5

NA-63-755-2

LIMINARY COMPONENT LIST FOR 4 300 K STATIC (TRANSISTOR) CONVERTER (1¢)

FORM 10-G-1 RV, 8.41

S0 ¥c 200 KC 800 ¥C
N CEOPCNENTS T, LOSSES)  WT LOSSES | WT , LCSSES
PCOVER SUPPLY (LOW POWER) 1 §
i '
6 Rectifier, semiconductor | 3.0 ! 1LLO 3.0 Lo | 3.0 1Lkho
1 Transformer, low voltage (T1) ! 18,0 !  L30| 18,0 430 | 16,0 L30
2 Capacitor, filter | 2.0 | 1.0 2.0 1.0 2.0 1.0
1 Filter Choke (L2) ¢ 31.0 200 | 31.0 20Q | 31.0 200
1 Diode, zener reference (CR13) ' .1 2.0 d 2.0 .1 2.0
1 Resistor : .2 10.0 .21 10.0 .2 | 10.0
i POWER SUPPLY (RIGH VOLTAGE) I
i
6 Rectifier, -semiconducter L 3.0 | ko | 3.01 1hko | 3.0 | 1LLO
2 Capacitor, filter ' > | -- .5 - .5 --
1 Filter Choke (L1) i 10.0 + 100 | 10.0 1000 | 10.0 1000
OSCILLATOR SECTION
2 Transistor, low power (C1l, Q2) 1.0 2.0 1.0 2.0 1.0 2.0
7 Resistor 1.5 ° 350| 1.5 35 1.5 35
S Capacitor 1025; - ‘ 1.25 - 1.25 ———
VAVE SHAPER AND DRIVER |
2 Transistor, power (Q8, ¢10) .5 60 .5 60 .5 60
1 Transistor, med power (36) .1 5 d o 5 .1 5
1 Transistor, low power (QlL) .05 o2 .05 .2 .05 o2
2 Resistor o1 30 .1 20 .1 20
S Resistor, power .5 500 .5 500 .5 500
OUTPUT SECTION
10 Transistor, power 2.5 2300 2.5 2300 2.5 2300
10 Resistor, power 2.0 1000 2.0 1000 2.0 1000
10!  Resistor, base drive 1.3 500 | 1.3 500 1.3 500
1 Transformer, output (T2) sc.7 Léz2 | 22.8 Lh72  j1h.36 | L622
I"ISCELLANEQUS
- Mounting plate and enclosure L0.8 -- | Lo.B - L0.8 -
- Cooling ducts 3.0 -- 3.0 -- 3.0 -
- Controls 10.0 - 10.0 - 10.0 -
- Wire and Hardware 20.0 - 20.0 - 20.0 -
TOTALS 203,14 | 13,882 175.2#13732.2 266.5# 13,882
Watts Watts Watts

60




R4 2 R7
18K § 47081
VeWsg t/ew

nent ! mesmsl
200 KW 34 — '
\ZD/ZD‘?‘J% ——" e —
3200
(R3
1 RS
O— &§ c32 b R8 Ri2
Y "-+4SOUF d"jpz;rjoup"\./‘\/\
CR2 —— -~_ T .
. F | fjooov T-1600v ,3§w
T cm% ‘ R14
S N °
T
LOW VOLTAGE
T POWER SUPPLY —=—=
g CR7 e
L §CRY
e | f c7 1€38
~ : - X 200UF X 200UF
g l 52V S50V
PN g |
CRIZ )
o
IOW R9
Rl
1.8K
12 W
c9
it
OIUF
25V

REFERENCE 0SCILLATOR




NR b3

Rog Qi3 R30 Q4 QA
-
R32 R
R2S R31 g
| R33
e : :
POWER SWITCHES
O—-
DUTPUNT
3UF | \D\Woo V, | fb
So-2800KC
; | o—
MR
Q4
RI3
V 0w
POWER DRIVER : FIGURE 3.i.3-%

PRELININARY SCHEMATIC (
19, STATIC (TRANSISTOR ) C




NRAb3-755-2

Q3 Q4 QL5 Qb

Ree R20 =
R32 gR_34
R35

Res R31 g
R33

® ®
1 " POWER SWITCHES

T2

DUTPUT
PRLVARE

So-200KCL E

QIO

R23
LAY
200W

OWER DRIVER . FIQURE 3.:.3-%

PRELININASY SCHEMATIC OF 300 KW,
1¢, STATIZ (TRANSISTOR ) CONVERTER” |

61




NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT
LOS ANGELES 9, CALIFORNIA

TABLE 3.1.3=6

NA-63-755-2

PRELTMINARY COMPONEND LIST FOR A 300 KW STATIC (TRANSISTOR) CONVERTER (3¢)

FORM 19.6-1 Ry, 981

[ 5CxC 20Q ¥C 500 _KC
RN COMPONENTS bWl LOZSES 1 WT LOSSES | WT LOSSkS
POWER SUPPLY (LOW VOLTAGE) (Watts) (Watts) (Watts]
2 Capacitor, filter 2.0 2.0 2.0 2.0 2.0 2.0
1 Filter Choke 10.0 1000 !10,0 1000 | 10.0 1000
1 Diode, zener reference .1 1.0 g .1 1.0 o1 1.0
1 Resistor : o2 16.0 .2 10.0 .2 10.0
6 Rectifier, semiconductor 1.5 3Lh 1.5 3 | 1.5 3Lk
1 Transformer 18,0 | L29.5 ;18,0 |L29.5 }18.0 {L29.5
POVER SUPPLY (HIGH VOLTAGE)
6 .Rectifier, semiconductor 3.0 200L 3.0 2004 3.0 2004
2 Capacitor, filter 5 - .5 -- .G --
1 Filter Choke 31.0 200 | 31.0 200 | 31.0 200
OSCILLATOR SECTION
3 Transistor 1.5 30.0 | 1.5 30,0 | 1.5 ] 30.0
3 Capacitor .75 -- .75 -- .75 -
3 Resistor, base drive 6 6.0 6 6.0 .6 6.0
& Resistor 6 6.0 .6 6.0 6 6.0
WAVE SHAPER AND DRIVER
4 Transistor, low power 3 1.5 .3 1.5 .3 1.5
15 Capacitor L.0 - L.0 - Lo -
6 Resistor .75 60.0 .75} €0.0 .75 60.0
L Transistor, med power .75 20,0 .75} 20.0 .751 20.0
L Transistor, high power 1.0 30.0 1.0 30.0 1.0 30.0
26 Resistor .5 26.0 .5 26.0 .5 26.0
QUTPUT SECTION
2 Transistor, power 1.0 | 10,732 | 1k.0 { 10,752} 1L.0 | 10,752
12 Resistor, emitter 10.5 L200 } 10,5 | L20O | 10.5 4200
1 Transformer, output 65.7 § 3362.3 | 18.8 3L23 | 10.0 2783
3 Transformer, push-pull driver 18.9 1065 €.0 1329 3.0 1818
3 Transformer, driver o3 10.0 o3 10.0 .3 10.0
3 Transistor 1.0¢ 199.8 1.0 199.81 1.0 { 199.8
L2 Resistor, base L0 2100 4.0 2100 L.0 2100
MISCELLANEQUS
- Mounting plate and enclosure Lo.8 - L0.8 - L0.8 -
- Cooling ducts 3.0 - 3.0 - 3,0 _—
_— Controls 10.0 - 10.0 ¢ - 10,0 -
_— Wire and Hardware 20.0 - 20,0 - 20.0 _—
TOTALS 265.3# 25859.0{205.5# 26,1831 193,741 26,032
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C.

NA-63-755<-2

THERMAL DESIGN

For purposes of a cooling analysis, it is assumed thst all transis-
tors will be mounted on a heat sink material which is part of the heat
exchanger or cold plate. In the thermal analysis, thermal drop through
electrical insulation, allowable junction temperatures of the transistors
and internal heat flow from each device to the heat exchanger were
considered,

Since present transistors are limited in temperature to below
BOOOF, this is the governing factor in determing the system operating
point. Figure 3.1.3-6 shows the total 1bs/KWout for both single-phase
and three-phase converter outputs at 50 KC, 200 KC and 800 KC for the
60 XW unit. The curves show the trend of system weight with temperature,
From these curves, the optirmuum operating point from a weight basis is
higher than the meximum transistor opersting temperature (BOObF). Lighter
welight systems are possible only as transistor temperature capabilities
are increased.

Figure 3.1.3-7 is an analysis of total system weight versus system

operating temperatures for the 300 KW (input) system.

6l
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D‘.

NA-63-755-2

MECHANICAL DESIGN

This converter concept can be packaged within an gluminum structure
for protection against radiation and space erosion. This structure will
provide minimum weight to maximum strength plus good thermsl conductance
characteristics. A preliminary package design for a 60 KW,1@, 200 KC
concept is typical of the other designs and is shown in Figures 3.1.3-84
- C. Unit dimensions and volumes for each of the concepts_are summarized
in Tables 3.1.3-1 and 3.1.3-L.

The internal portion may be considered 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 coclant tubes may be imbedded in them to form
a cold-plate structure,

In order to isclate the transistors and diodes from the high power
components, such as resistors and transformers, thin insulation barriers
may be set up around the transistors. These barriers will consist of
thin aluminum fcil against thin glass or asbestos cloth. This will
provide a means cf controlling the temperature of the transistors and
diodes which are the most heat sensitive of the electrical components.

Since the parts are in general rather smszll in a transistor type of
unit, there is greater flexibility in package design and this concept can

be packaged to match the generator configuration and the electric pro~

pulsion engine configuration.
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A.

NA-63-755-2

HIGH - FREQUENCY GENERATOR CONCEPT
300 KW, 50 KC AND 200 KC, 24,000 RPM (ELECTROMAGHETIC) GENERATOR
BASIC DESIGN
This generator design 1s similar to the generator design

considered for use in the 30C KW motor-generator concept and is
10 be driven direetiy from a turbine. In comparing the weight of
the two concepts, the generator system weight should be less than
the weight of the motor-generator concept by the amount of motor
veight required by the converter system. To be considered also
is tb? fact that this generator design is based on a 500 HP input
from the turbine which i1s really 373 KW input. Performance and
loss data is shown in Table 3.2.1-1 and 3.2.1-2 which follows for
aH§O XC and 200 KC high-frequency generator desizn, and is based
on inputs and cutputs shown in the block diagram below.

Figure 3.2.1-1 illustrates the basic generator concept and the
200 KC design is further described in mechanical detail ih Figure
3.2.1-2. Details of a 50 KC, 1§ generator concept are shown in
Figure 3.2.1-3. Design details for a 100 KC and additional details
for a 200 KC, 1§ configuration are being determined at the writing

of this report and will be available at the next report.

Controls

In Output
500 HP, 2%,000 RPM ° 10KV, 1¢
(from turbine) --~-- — . 5 200 KC & 50 KC

Coolant In §——| [=—a  coolant Out

BLOCK DIAGRAM OF: A HIGH FREQUENCY GENERATOR CONCEPT
)

[RURSE U ST S ————— Y - .




FORM 10.-6-1 REV. 9-61
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NA-63-755-2

TABLE 3.2.1-1

SUMMARY OF HIGH-FREQUENCY GENERATCR PARAMETRIC DATA

10 50 KC 200 KC
WEIGHT (1bs) 425 1525
KW RAD (LOSSES) 16.4 : 25.4
Kw ouUT 356.6 347.6
EFFICIENCY (%) 95.6 93.2
LENGTH (inches) ‘ 10.7 ) 28
DIAMETER (inches) 15.8 17.9
VOLUME (cu. f£t.) 1.2 b.1
IBS/KW RAD 25.0 £€0.0
IBS/KW_OUT 1.2 b.b

NOTE:

Values do not include cooling system weights
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TABLE 3,2,1-2

HIGH FREQUENCY GENERATOR DESIGN DATA

NA-63-755-2

9-81

FORM 18-G-1 REYV,

50 XC, 18 200 XC, 1¢
WEIGHT (1BS.)
Cenerator Loo 1500
Controls 1 n
Cooling (Structure) 7 7
Bearings 7 7
Total %Lbs) L25 1525
LAMINATION MATERIALS HYMU 80 | L8 Alloy | HYMU 80 | L8 Alloy
Thickness .0005" .0005" . 0005" .0005"
LOSSES (WATTS)
tator Iron 5900 11300 5600 8L50
Stator gna 3240 3600 €430 6700
Field I 527 586 3640 3800
Windage 1019 1019 14650 " L650
Stray load 3000 3000 3000 3000
Total (Watts) 13686 19505 23320 26600
GENERATOR EFFICIENCY (%) 95.6 9L.0 93.2 91.8
OTHER DATA
Avg, Stator Tooth Flux Density
in Kilolines/Square Inch 22.8 15.8
In Gausses 3,5L0 2,L00
Stator Conductor Current Density
in Amperes/Square Inch 6,L00 6,400
Field Conductor Current Density
in Amperes/Square Inch 3,500 3,500
Conductor 28 Ni-Clad Cu,
Curie Temperature CF 86¢° 932° 860° 9320

(5]
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NA-63-T55-2

Figure 3.2.1-4 ghows the relationship between rotor poles and sta-
tor 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 every
three poles of the fotor (counting both North and South poles). A
stator slot may have a maximum 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 direction;
in adjacent slots. Figures 3.2.1-1 and 3.2.1-5 show 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 electric;i
degrees from the teeth in the other axially displaced section as shown
in figure 3.2.1-4. The depth of slot depends on the air 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 is a dec 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.
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Outer Yoke - The outer yoke carries the flux from the North
stator section to the South stator section. The flux rotates in the
outer yoke at the same speed (RPM) as the rotor is turning, . It is
an unchanging.ér de flux for any load condition. The outer yoke is
shown as a tepe wound core and very little loss is generated by a
constant spinning flux. The outer yoke lamination may be from a
thicker and higher loss material than the stator iron, and be operated
at high flux densities.

Stator Iron - The stator iron is subjected to a pulsating flux
of the generating frequency of a single polarity in each stator
section. The flux 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 a low loss magnetic
material and of ve}y thin laminations to minimize iron losses at high
freguencies. Laminations of .00l inches and .0CO5 inch +thickness
have been considered in this design. The flux density must also be
at reduced values to minimize losses at high frequencies. Ferrites are
usable for this core, but limit the operating temperature to lower

values than possible with nickel-iron alloys.

8o
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THERMAL ANALYSIS

The cooling system of the high-frequency generator unit 1s made
up of thin parallel tubing located in the stator yoke. The parallel
tubes then converge into a collection ring at each end. Heat is re-
moved from the stator to the coolant fluid by means of conduction.

High-frequency generator units are capable of operating at temperatures

 above lOOOoF, but designs considered here are based on coolant tempera-

tures in the 500°F to 800°F range. Figure 3.2.1-6 shows the effect
of system operating temperature on generator system weight. Calculated
electrical losses for a 50 KC and 200 KC unit and other the:mal design
data including efficiencies for 48 Alloy and HYMU 80 materials are
shown in Tables 3.2.1-1 and 3.2.1-2.

Efficiency - Efficiency of the generator is reduced as the tempera~
ture of the generator iron increases. Figure 3.2.1-7 shows how the
efficlency changes as of function of temperature for a 300 KW,EOO KC
design. HYMU 80 material in .0005 inch laminations can be used to
nearly 800°F stator iron sgrface teﬁﬁeratures with a calculated
efficiency of 93.2% (Table 3.2.1-1). Alloy 48 1s shown on the
efficiency versus temperature curve at a lower efficiency and has been
considered for use because of its lower weight. If hlgher operating
temperatures are required, the silicon irons will have to be used with
resulting lower efficlencies. Effort will be expended to give an
indication of efficiency versus weight trade-off potentials.

Stator Iron losses - The iron losses at high frequencies become

very important in the deslgn of generators as they affect the tempera-
ture of the parts and the efficilency of the generator. The effect of

frequency on iron losses, magnetic materials, and various lamination
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thicknesses are reviewed in a later section on Materials. Only a limit-
ed amount of information exists on losses at the 50 to 200 KC level at
elevated temperatures. Tests need to be conducted to determine the
magnitude of these losses before finalized generator designs can be

made.

Copper losses - The conductor 12R 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 3.2.1-1) in the stator winding and a
lower current density in the field coils. These losses may te 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.

8L |
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RELATED STUDIES
ANALYSIS OF COMPONENTS
TRANSISTOR POWER CAPABILITIES

The design of the transistorized power converter was bassed on the
aveilability of & transistor capable of switching 100 amps of current
with & voltege rating of 500 volts and a frecuency capebility of 1
megecycle, Althoﬁgh this type of device is nct presently on the market
it should be avsilable in 5 to 7 years through normal development. Con-
sultation with several of the leading transistor research engineers hag
led to the conclusion that these devices can be made &sveilable sooner
with an accelerated development program, The probler~s associasted with
development of these devices are discussed in the section which follows,

The mesa transistor developed in 1956 initiated high-frequency
power trarsistor development, and, although it has largely been replaced

by the planar configurstion, the mesa type of transistor still hes the
important advantsge of high-voltage and high-current capability. First,
high collector breakdown voltage, difficult to realize in shallow planar
devices, is readily obtainable in the larger mesa junctions, Secondly,
by comparison with planar junctions, substentially larger mesa junctions
areas are economically feasible due to their relative freedeom from con=-
tamination-induced defects such as phosphorus "pipe", Figure 3.3.1-1
shows the power-frequency-material interrelationship (1563) for semi-
conductors. Power capebility in the 50 - 800 KC range is limited to a
1 KW.maximum (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 analyses attempting to improve

upon this theory. Most of these theories are multi-dimensional and non-

linear, and although these theories serve as a qualitative guide, they
fall short of a precise quantitative theory. 85
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Let us look at the T-equivalent circuit representations of a power

transistor as shown below:

Cq Ce
}lf _—H'_“'*;
E _ R c
N \N—7—0
O Q=g
. ° b 1 ¢
Ie‘ ,b aIe 14
r
b

B
We can write an erpression 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
where “f
Gp(m)“);\\// fb . 1 o o (I*Jff )
RS T3 1 J (1
A+ "i'; + T, ,
° A, e low frequency gain
and
fb = 1 fc - 1
21rrb' C, , 2 M (rg *+Te +rg) Ce
Te = Emitter parasite resistance
fe = __._1___._ rb = Base Parasite resistance
27rre Cq | Cc = Collector junction capacitance
re » 26

el’a
If we rewrite the equation and sutstitute values for Afo + fb + fe the

equations takes the form

G, (Bd)z -

1

A

(]

81rr

b Ce

L+ 2T (Fa + Fy'or) Coht 22T Gy AeM]
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This expression shows thet the frequency résponse is dependent

on certain RC time constants in the T-equivalent circuit.

Now, if we relate the gec-etry of a device to its effect on the

transistor parameters we note the following effects:

1. TFor high-cﬁfrent dersity, the active volume iill be much

smaller than the total available volume due to the "edge
effect". The current flow will be concentrated at the emitter
edge. Therefore, the major pover dissipation will take

place at the collector junctions opposite the emitter ~dge. The
active cross-sectiorna)l area of the transistor for high-current
densltles is proporticnal to the exmitter edge length 2L and
not to the emitter area.

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

Paraéitic resistances are inversely proportional to the croange
sectional area of the material through which the current

flows. Applying the geometry-parameter relationships to
low-power, high-frequency devices and scaling-up the dimensions
of the seniconductor ‘unctions has led to the development of
high-power, high-freguency, devices with linear geometry, or
interdigitated constructions. The scaling-up process is
limited so far by the size of a semiconductor Junction that

can be produced that {s free f{rom ccntaminant-induced defects.

an
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Now coneider seversl design parameters that srise from the foregoing

considerstions,

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., Maintain emitter efficliency
close to unity by means of hesvy emitter doping.

3, For low base resistence, the base layer should be thick.

L.,

For high collector to base breakdown voltage, utilize high

resistivity in the base regions.

From these considerations we notice several conflicting psarameters

which result in the necessity of trading off high-voltage for high

current or vice-versa. Present day requirements have been for the high

current capebility. The problem of obtseining increased pewer hardling

capabilities (higher current and higher voltzge in the same unit)can be

solved by materisl processing refinements and the use of different

diffused structures such as the NPiN structure,
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ANALYSIS OF YATERIAL
VAGNETIC YATERTAL CHARACTERISTICS

The frequencies considered for this study were 50 to 200 XC for
the high-frequency generator and 50 to 800 ¥C for the frecuency con=- -
verter units, Average coolant temperatures used in the design studies
were in the 200 to 1100°F range, Major determinants in the selection of
magnetic meterials for these cenditions are the Curie point, core loss
at the design frequency and operating temperature, and usazble flux density
at the design temperatures, Aspects of these determinants will be dis-
cussed in the section which follows with specific materials to be dis-
cussed later in this section,

Flux Density

A4 survey was made of the maximum flux density of various low-loss
magnetic naterials over the 100 to 200°C range. The results of this
survey are shovn in Figure 3.3.2-1, 4s can bte seen in this figure,
there is a decreasing maximum flux density in going to high temperature
operation, Oriented-silicon steels are best for flux capability with
low=loss ferrites being extremely temperature limited.

Curie Point

Care w21l have to be exhibited to insure that operating temperatures
of both transformers and generators will not exceed the Curie point of
the magnetic materials. The flux density value at which magnetic
materials tecore saturated decreases until at the Curie temperature,

approximately 750°C for silicon steel, 1t is totally non-magnetic.
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Core Lcss vs, Temperature

Core loss data for high temperatures and low frequencies is available
but not rmuch information is available on core losses to be expected in
high-temperature, high-frequency devices., From the report of a previous
stu&y,* it is indicated that core losses at 550°C are reduced to sbout
607 of room temperature values for various laminated core shapes. This
variation did not appear to be a function of flux density.

Typicel core loss vs., flux density and ccre loss vs. temperature
curves at the low frequencies and high temperastures are shown in Figure
3.3.2-2 and 3.3.2-3. The effect of temperature on total ccre loss
(including both eddy current and hysteresis loss) at 1KC frequency is
shown in Figure 3,3.2-lL. In general, the core loss for both HY1'U 80
and Supermalloy drops off steadily with increasing temperature., The
significant reduction in ccre loss in going from HYIU 80 to Supermglloy
is obvious from this data but Supermalloy is both temperature and flux
density 1limited as shown in Figures 3,3.2.-k.

Core Loss vs, Lamination Thickness

An examination was made of available data on variocus magnetiec
materials in order to determiﬁe the effect of using reduced thicknesses
of leminations. TFigure 3.3.2-% indicates that significant reductions are
achieved by going from two mil to one mil materials, and that even
greater reductions could be achieved by using 1/2 Mil or less. Unfor-
tunately, no data is presently available on the relative core losses of
ultra-thin laminations. A test program to evaluate such magnetie

materials aprears extremely desirable,

# WADC TRS57-L92 Vol I
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Core loss vs. Freguency

The effect of operating frequency on core loss is shown in Figure
3.3.2-6A and 6B, This figure is a compilation of core loss data from
"Reference Data for Radio Engineers" (Fourth Edition) for 60 cycle to
100 kilocyele operation with the addition of data from various core
material specification sheets at the 100 and 200 kilocycle frequenciles.
Information on care loss magnitudes at the 800 KC level has been unavail-
able in addition to core loss magnitudes to be encountered at elevated
temperatures.

It can be seen from this limited data that the use of conventional
oriented silicon steel material would result in comparatively high losses
at 200 KC unless extremely thin laminations are used. The superiority of
HYU 80 over other materials is evident in these figures with respec£ to
other low loss materisls. If thin laminations are used, the core losses
can be reduced to levels approaching that of the ferrites,

Loss calculations in this study have been based on data from these
curves., Before firm converter and generator designs for the high-frequency
ranges specified in this study can be completed it will be necessary to
perform experiments to determine the magnitude of actual core losses to
be encountered. OSuch experiments are being recommendsd as part of this
study program in & separate letter and also in the Summary and Recommenda-

tion section,
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SELECTION OF MATERIALS

MAGNETIC MATERIALS

Selection of magnetic core material for the £insl transformer and
generator designs will be besed on standard design criter%pn with the
additionel requirement of stability of the mzgnetic properties in the
specified environment. Bas=d on Curie temperatures, cobalt slloys must .
be used if the magnetic ccroonents are to coperaste at the maximum temp-
ereture of 1500°F, For & 1CO%F renge, the choice is between Hiperco 27
or Hiperco 35 with Hiperco 27 being favored. If the maximum temperesture
of trensformer operation is limited to IOOOOF,.oriented-silicon—iron
is recommended as the best raterial, Silicon-ircon has been used in the
prelininary transformation design celculations with HYU 80 being con-
sidered for the high frequency output transformers,

GE}TTRATOR NMATERIALS

Housing ~-Low carbon steel
Stator - HYMU 80
Rotor - Nickel-meraging Steel

Windings - Nickel <lad copper, or ceramic coated
cepper for high temperatures.

insulation ~ Cerzmic slot liners or mica sheets backed
with zlass cloth,

TRANIFORIER MATERIALS

Cores - Silicon-Iron (Low Frequency)
HYIU 80 (High Frequency)

Windings - Nickel plated copper

Insulation - Synthamica asbestos compound
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B. MATERIALS CONSIDERED

Information on the characteristics of ferromagnetic materials
&t other than room temperatures is not readily available. The magnetic
properties of all promising alloys must be evaluated as ruch as possible
over the selected temperature range in order to provide parametric data for
design trade-off studies.

The magnetic riaterials considered for this study ere commercially
available alloys and alloys under development which might be available
in the near future., These materisls include the following:

(1) Unoriented silicon-iron: A widely used transformer core

material with a Curie temperature of 127L°F.

(2) Oriented silicon-iron: Yaterial having supericr magnetic

properties in the rolled direction and heving & Curie temp-
erature of 136L°F.

(3) Hiperco 27 and Hirerco 50: 4 cobalt-iron alloy (27% for

Hiperco 27 and L®7 plus 272 vanadium for Hiperco S0) with
a high saturating flux density. The'burie temperature is
1780°F.

(4) Supermendur: A cobalt-iron alloy with the sarme composition as
Hiperco S0 but differs in that it tecomes annealed in a
magnetic field, It is characterized by high saturéting flux
density and low losses. The Curie temperature is 17960F, but
the alloy is known to undergo an order-disorder transformation
at lower temperatures thus limiting its usuable temperature

range,
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(5) Supermalloy: One of the latest developments in the field of
high permeability nickel-iron alloys. It is closely related
to HYU 80 in chenical composition and has the highest initial
and maximum permeability and the lowest core loss of any
corzmercially available material. but is temperature limited.

(6) Allcy L8 and L9: A material having high permeability

at low and moderate induction levels. Its initial permeability
is sbout twice that of the oriented silicon steels and one-
fifth that of HYMU 80,

(7) HEDT °0: 4n unoriented 79% nickel-iron-riglybdenium 2lloy which
offers very high initial permeability and maximum permeability
at Llow magnetizing forces with minimum hysteresis loss.

(8) Hypersil: A highly oriented cold rolled silliconsiron élloy.
The orderly prearrangement of the iron crystels assures much
layer 1osseé and higher permeability than that provided by
unoriented silicon:;ron alloys of similar chemical cdmposition.

(9) ¥N-£0 (KEARFOTT): A ferrite material used in transformer

cores. Losses are low but the material is temperature limited
for this application,

(10) -7 (illen-Bradley): 4 low loss ferrite used for transformer

gores. This material is also temperature limited,

WINDING FATERIA

Conductors and conductor insulations for the transformer and generaton
windings et three performance levels, SOOOF, 1000°F and 1500°F, are being
considered, Several insulations ere available at the SO0°F and 1000°F

ranges, but the selection is limited at the 1500°F level,
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SOOOF Insulated Conductor System - Copper and aluminum conductors

are svailable for use in transformers and generators. For equal
current-carrying capacity, the volume of copper is less than that
of alaminum, Aluninur electrical joints are fabricated more easily
now than previously, end aluninum can now be handled quite easily.

o
1C00 ® Insulated Conductor System - At the higher temperatures, copper

conductors must be protected by a coating of oxidation resistant
metal such as nickel. Cladding has the disedveantage of reducing the
conductivity of coprer, especially at the higher frequencies.
Inorganic insulations rust be cdnsidered at this temperature with
special attention given to assembly of comductors and insulation.

1700w Inéulated Conducter System - Stainless steel cladding or plating

over copper appears to be the most suitable conducter design for
1SOOOF. Refractory oxides appear to be the only insulations availsble

for use. Fabrics and papers will probebly be used as inter-layer

material and as wrappings.

INSULATION. MATERTIALS

Transformer and generator insulation is required to insulate electri-~

cal circuits from each other, from mechanical structure, and from the

magnetic circuits. Two types of insulation are considered, a major

insulation to provide electrical insulation and a minor insulation whose

function is mainly to add mechanical strength to the component,

lost materials have a rated operating temperature based on a given

life. When the component is operated above its normal operating temp-

erature, the average insulation life is shortened. Orgenic compounds,
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for the most part, will not withstand high temperatures. Common
organic materials can be used to about hOOOF and conventional polyesters
to a limiting temperature of 650°F.

Newly developed inorgenic insulations are avallable for use over
tre SOOOF‘to lSOOOF temperature range. They are not as good
electrically, mechanically or fabrication wise as the organic insula-
tions, but they are much more stable at the high temperatures. The
critical parameter for high temperature insulation is the flexibility.

The table 3.3.1-1 lists transformer insulations available for use

o]
in the 500 F, 1000°F, and 1500°F temperature ranges.
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