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LEGAL NOTICE 

This repor t was prepared as an account of Government sponsored work. Neither the 
United States, nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representat ion, expressed or implied, with respect to 
the accuracy, completeness, or usefulness of the information contained in this report , 
or that the use of any information, apparatus, method, or p rocess disclosed in this 
repor t may not infringe privately owned rights; or 

B. Assumes any liabili t ies with respect to the use of, or for damages result ing 
from the use of any information, apparatus, method, or p rocess disclosed in this 
repor t . 

As used in the above, "person acting on behalf of the Commission" includes any 
employee or contractor of the Commission, or employee of such contractor , to the 
extent that such employee or contractor of the Commission, or employee of such 
contractor p repa res , disseminates , or provides access to, any information pursuant 
to his employment or contract with the Commission, or his employment with such 
contractor . 
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ABSTRACT 

The rotat ional speed control for the SNAP 2 power conversion 
sys tem employs the concept of controlling speed by electr ical ly 
loading the a l t e rna to r . Speed is controlled in this manner to 
± 1% of nonninal. This r epor t covers work performed from 
March 1, I960 to July 1, 1961. 
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1.0 INTRODUCTION 

Previous analysis and work with sys tems s imi la r to SNAP 2 had shown 
that the bas ic power conversion loop is unstable in the absence of a 
suitable control sys tem. This instability is caused by pump p r e s s u r e 
being developed as a function of speed squared. Thus, turbine output 
power is a lso proport ional to speed squared. Because the normal 
sys tem load is proport ional to speed, the sys tem will tend to run away 
at speeds above design level or s ta l l at speeds below design level with­
out some type of compensating control . 

This r epor t desc r ibes the philosophy used in designing a pa ras i t i c 
loading type of frequency control for the SNAP 2 power conversion 
sys t em. It d i scusses the design and development of a two-phase b r ead ­
board model, p resen t s t es t data on this low t empera tu re breadboard 
model, d i s cus ses the availability of high t empera tu re components, and 
explains the design approach for a s imi la r control suitable for environ­
mental t empera tu re s of 350° C. 

Assuming a constant input of heat to the boi ler , two basic approaches 
a r e applicable for control of SNAP 2 rotat ional speed: 

1. control turbine output power, 

2. control a l te rna tor loading. 

The first approach woxild employ a type of flow modulating valve ei ther 
to throt t le the input to the turbine or to act as a by-pass control around 
the turbine . The second approach, which uses a controlled e lec t r ica l 
load in para l le l with the sys tem load of the a l te rna tor , has the following 
advantages: 

1, maintains operation of the entire sys tem at one set design 
point (full load), 

2, has a fast response , 

3, has no moving pa r t s , 

4 . has a high degree of rel iabil i ty, 

5. is re la t ively easy to develop, 

6. has readi ly adjustable sys tem gain. 

6 



TRW ELECTROMECHANICAL DIVISION 

T H O M P S O N R A M O W O O L D R I D G E INC 

These advantages make control of a l te rnator loading using a paras i t i c 
load super ior to the modulating valve type control for the SNAP 2 
sys t em. 

A pa ras i t i c load frequency control is one that p resen ts a variable 
controlled load in para l le l with the sys tem load. Power to this var iable 
load is increased as the a l te rna tor speed and frequency inc rease and is 
dec reased as the speed dec r ea se s so as to stabil ize the systenn for 
var ious sys tem loads with a speed droop cha rac t e r i s t i c . This control 
has a range that is adequate to overcome any speed changes resul t ing 
from sys tem load changes, external pe r tu rba t ions , l imited excess 
power input, or sys tem component performance var ia t ions . The 
pa ras i t i c load is e lec t r ica l in na ture and is imposed on the a l te rna tor 
output, thus giving a high degree of accuracy and fast r e sponse . This 
type of control allows the rmal and rotating components to operate 
consistently at design point, r e g a r d l e s s of the a l ternator useful load. 

I This r epo r t covers work performed during the period from March 1, I960 
: to July 1, 1961. 
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2.0 SUMMARY 

The pa ras i t i c load speed control for the SNAP 2 power conversion 
sys tem consis ts of a frequency d i sc r imina to r low level magnet ic 
annplifier, magnet ic amplifier power s tages , and a r e s i s t ive load. 
Design and development have p rog re s sed to the point where exper i ­
menta l r e su l t s have confirmed the presen t breadboard design approach. 
Frequency is controlled within ± 1% and all functional control spec i ­
fications of the SNAP 2 sys tem have been me t . High t empera tu re 
component test ing has shown that basic components a re available for 
operation at elevated t empera tu re (350° C) in most a r e a s . High 
t empera tu re diodes a r e st i l l r equ i red . Work is p rogress ing on a 
flight package to meet flight specif icat ions. 
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3. 0 DESIGN OB JECTIVES 

Control development work for SNAP 2 has three main objectives: 
design of a breadboard control such as showai in Figure 1, design of 
a flight package, and design of a high t empe ra tu r e (315° C) cont ro l le r . 
In addition to meeting sys tem specifications, some other objectives 
in the design of the SNAP 2 control a r e as follows: 

Frequency range (steady state) 1980 to 2020 cps 

P a r a s i t i c power at 2020 cps 3450 watts 

Alternator voltage (two phase) 110 + 5% volts 

Total harmonic content 7% 

Effective response t ime 0,020 sec max 

The control mus t in no way initiate or sustain an unstable condition 
in the sys t em. The power, weight, and size of the control ler mus t be 
held to a minimum, and only circui ts exhibiting maximum rel iabi l i ty 
can be incorporated in the design. 

The pa ras i t i c loading type of frequency control, shown in Figure 2, 
senses the operating frequency and, by means of amplification, uses 
signal to control the magnitude of the pa ra s i t i c load that is applied to 
the a l ternator output. The a l ternator output is a two-phase voltage in 
quadra ture . According to specifications, the pa ras i t i c load may be 
requi red to consume as much as 3450 watts at an a l te rna tor voltage of 
110 volts ± 5%. Since we d e s i r e a control that will control at leas t 
3450 watts for a 40 cps change, it was neces sa ry to choose the design 
l imits somewhat c loser to include the voltage var ia t ions (104. 5 to 
115 volts) as well as component value var ia t ions and ambient changes 
in t e m p e r a t u r e . A design t rans fe r fimction of 3450 watts for 20 cps was 
selected. This should l imit transient d is turbances of speed to ± 1/2%. 

Gains in the f i rs t breadboard control were proport ioned in the following 
way. Assuming no power gain within the frequency discrinainator, since 
it is only a sensing device, we obtained 4 mill iwatts of output power for 
a 20 cps change in frequency. The preamplif ier stage exhibited a power 
gain of approximately 2100, while the power gain of the combined power 
s tages was approximately 420. This r e su l t s in the 3450 watts being 
controlled over a 20 cps range at 25° C ambient t e m p e r a t u r e . 
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CONTROL BLOCK DIAGRAM 

T H O M P S O N R A M O W O D L D R I D G E INC. 

ALTERNATOR 

(^B 

N 

* A 

FREQUENCY 
DISCRIMINATOR 

PREAMPLIFIER 

I 
5 POWER 
STAGES 

t̂  
5 POWER 
STAGES 

RESISTOR 
LOAD 

RESISTOR 
LOAD 

FIGURE 2 

11 



TRW ELECTROMECHANICAL DIVISION 

T H O M P S O N R A M O W O O L D R I D G E INC. 

• 

The t ime constant of the rotating member is re la ted to the energy 
s tored in the member and to the energy lost from the member per 
unit t ime . The SNAP 2 shaft has a t ime constant of approximately 
3 seconds . If the sys tem load is dropped to zero , the frequency will 
inc rease by 20 cps (+1%) in about 90 mil l iseconds at design conditions 
without a control . A computer study, utilizing a control gain of 3450 
watts per 17 cps and two lags each with a t ime constant of 20 mi l l i ­
seconds, indicated sat isfactory operation with about a 50% overshoot 
in frequency for any given load change. Where the power changes a r e 
1500 watts , 50% overshoot r ep re sen t s 3.25 cps . The control design 
gain of 3450 watts per 20 cps with three lags of about 5 mil l iseconds 
each should yield a sat isfactory overshoot and stable operation should 
be achieved. 

12 
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4. 0 COMPONENT DESIGN 

4, 1 Disc r imina tor 

The d i sc r imina tor provides a pass ive frequency reference and 
frequency compara tor whose output is a function of the input 
frequency. It is composed of two L-C tank c i rcui ts that sense 
frequency and generate a signal proport ional to frequency e r r o r 
in the frequency range of in te res t . The bas ic type of d i sc r imina to r 
c i rcui t used is shown in F igure 3. Design of the d i sc r imina to r to 
provide a maximum gain was based upon the chosen circui t 
configuration, published and exper imenta l core cha rac t e r i s t i c s , 
and an analysis of the c i rcu i t s . The operating Q resul t ing from 
this approach influences the width of the operating frequency band 
and the r e sponse t ime . Computed gain is 4. 2 mil l iwatts per 20 
cps change. Experimental data indicate 4. 0 mil l iwatts per 20 cps . 

The d i sc r imina tor was designed to be l inear within 5% over a 
20 cps deviation from the center frequency. F igure 4 is a plot 
of exper imental data. The t rans ien t response of the d i sc r imina tor 
output for a step change in frequency to provide a 2 mi l l i amperes 
change in output cu r ren t is shown in Figure 5. Also, the frequency 
of the d i sc r imina to r input was varied sinusoidally at a constant 
amplitude and the output was measured and compared over a wide 
range of modulating frequencies . The resul t ing gain and phase 
ve r sus frequency curves a re shown in F igure 6. 

4 . 2 Preampl i f i e r Stage 

The preamplif ier s tage is used to match the d i sc r imina tor to the 
power s t ages . Its power gain is based upon the d i sc r imina to r 
power output and the power input r equ i rement s of the power s t ages . 

The preampl i f ie r is controlled by the differential magnetomotive 
force of the d i sc r imina to r output cur ren ts in the two equal control 
windings* As the frequency inc reases from 1% below nominal to 
1% above nominal, the preampl i f ier output cur ren t var ies from 
about 5% to 8 0% of maximum, and is used as the control cu r ren t 
for the five power s t ages . To avoid some interaction, a short t ime 
constant f i l ter is placed in this lead. Figure 7 shows the basic 
preampl i f ie r c i rcui t . 

13 
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The requi red cu r ren t gain and output cu r r en t range a r e obtained 
with one pair of cores and a min imum number of components . 
It is important to note that no bias is used in the preampli f ier 
s tage . Although the d i sc r imina tor p r imar i ly de te rmines the 
center frequency, a shift in the cur ren t t ransfer cha rac te r i s t i c s 
of the preampl i f ier , as shown in F igure 8, will effectively shift 
the center frequency about which control takes p lace . By using 
the negative cur ren t available from the d i sc r imina tor , full 
advantage is taken of components a l ready avai lable . 

The feedback winding in the preampli f ier s tage s tabi l izes the 
stage, l inear izes the t ransfer cha rac te r i s t i c , improves the 
response t ime, and adjusts the control range to be compatible 
with the d i sc r imina to r output. The effective t ime constant of 
the preampli f ier is approximately 4 .5 mi l l i seconds . 

4 . 3 Power Stages 

If a device which conducts during a portion of every half cycle, 
such as a magnetic amplif ier or sa turable reac to r , is used to 
control the rea l power consumed in a single r e s i s t o r pa ras i t i c 
load, it adverse ly affects the sys tem in at least two ways . F i r s t , 
the a l te rna tor would be subjected to la rge cur ren t s during cer ta in 
port ions of each half cyc le . Secondly, the harmonic content of 
the a l te rna tor voltage woiold be increased by the magnetic amplif ier 
type of step loading. 

For these reasons a mul t ip le -s tage pa ras i t i c load was chosen. 
Such an a r r angemen t crea ted a logic or switching problem which 
is d iscussed l a t e r . To equalize the load in two-phase or mul t i ­
phase sys tems , the power stages a r e a r ranged so that all phases 
have the same number of s tages conducting. 

Two mult iphase breadboard sys tems were designed. The f i rs t 
sys tem had five stages per phase and the second sys tem consisted 
of two stages per phase . In both sys tems each stage for a given 
phase was controlled over its full range , and the succeeding 
stage did not begin to conduct until the preceding stage was full 
on and conducting all the t ime . In this way the a l ternator load 
changes during a half cycle were much reduced compared to the 
single stage case; thus the a l ternator loading and the harmonic 
content of the voltage wave were held within acceptable l im i t s . 

18 



TRW ELECTROMECHANICAL DIVISION 
T H O M P S O N R A M O W O O L D R I D G E INC 

The power s tages were designed conventionally to provide 
adequate gain and short t ime constant, while maintaining 
compatabili ty with the load r e s i s t ance and preampl i f ie r . 
Attention was given to maintaining a minimum power dissipat ion 
in these stages to aid in maximizing overal l sys tem efficiency. 
Minimum power diss ipat ion tends to reduce the t empe ra tu r e 
r i s e of the toroid a s sembl ie s for a given physical environment. 
When a stage is not sa turat ing during any portion of the cycle, 
the power consumed in a pair of toroids is that lost in the core 
as heat as the BH loop of the core is t r a v e r s e d . When the stage 
is sa turated, power is lost in the gate windings because of load 
cu r ren t I 2 R l o s s e s . The hys t e r e s i s power loss of the twenty 
power stage toroid cores (two cores per stage, five s tages per 
phase, two phases) is 51.6 watts and r e p r e s e n t s par t of the 
min imum power consumed by the contro l ler . The effective t ime 
constant of a single power stage for the two-phase sys tem was 
m e a s u r e d to be 7 mil l i seconds and 4 mil l i seconds , turn-on and 
turn-off t ime respec t ive ly . 

When five stages a r e connected, using the logic c i rcui ts d i scussed 
la ter , the response t ime is approximately the same as a single 
s tage . If the control cu r r en t r i s e s from zero to that value requ i red 
to jus t turn on all s tages , all s tages a re initially over -dr iven in 
the absence of logic cu r ren t s and tend to turn on rapidly and 
simultaneously. As the logic cu r ren t s begin to flow, the turn-on 
of some stages is only slightly r e t a rded . Turn-off conditions can 
be r ega rded in the same manner where all the logic cur ren t s 
tend to turn off the las t s tage very rapidly . The net effect should 
be r e sponse t imes approximating those of a single s tage . Exper i ­
ments indicate the tu rn-on and turn-off t imes of the five s tages 
of one phase of the two-phase control ler a r e 8 mil l iseconds and 
5 mi l l i seconds , respect ive ly . 

The power diodes and their heat diss ipat ing mount ings a r e ra ted 
and calculated to operate sat isfactor i ly in free air at I T C C 
ambient t e m p e r a t u r e . The bias supply is not unusual, and s e rves 
to bias the power toroids to the proper operating point. The 
s e r i e s bias r e s i s t o r has been chosen to consume as l i t t le power 
as poss ible consistent with maintaining adequate response tinne 
in the power toroids . Al ternator power to the bias c i rcui t is 
approximately 3,5 wat t s . 

Having decided upon a mioltiple stage control ler , attention was 
turned to the problem of applying the pa ra s i t i c load in some p r e ­
de te rmined logical manner . A study of various schemes of logic 
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switching was made with the favored c i rcui t being one that could 
be incorporated in the power s tages , taking advantage of the 
diodes a l ready p resen t in the power stages to provide the d i rec t 
cu r r en t logic information requ i red . 

Consider the f i rs t stage reac to r , SC lA of phase A, shown in 
the schemat ic Figure 9. As the control cu r ren t inc reases from 
zero , the power s tages tend to be turned on (saturation angle 
decreased) by the magnetomotive force (MMF) of the control 
cu r r en t through the control windings connected in s e r i e s . Some 
of the output cur ren t from the f i rs t stage is rectif ied and passed 
through R l l and through the logic windings of the subsequent SC's 
(saturable c o r e s ) . The MMF of this logic cur ren t tends to cancel 
the MMF of the control cur ren t and thus the subsequent s tages do 
not turn on. As the control cur ren t i nc reases , the saturat ion 
angle of the f i r s t stage continues to d e c r e a s e until it r eaches 
ze ro and the pa ras i t i c load cu r ren t and the logic cur ren t of the 
f i r s t s tage a r e a maximum. 

A further inc rease in control cu r ren t tends to turn on the subse­
quent s t ages . However, the logic cu r ren t from the second stage 
cancels the effect of the control cur ren t in stages beyond the 
second and only the second stage actually tu rns on. To maintain 
power balance in a two-phase control ler , a s tage in each phase 
tu rns on simioltaneously. In the event a malfunction occurs within 
a s tage, control action is not lost; only the effect due to the loss 
of the s tage that is inoperative is apparent . 

Although the logic cur ren t was descr ibed as cancelling the effect 
of the control cur ren t , complete cancellation does not occur 
because of the nonlinear re la t ionship between effective control 
cu r ren t and effective logic cur ren t . Theoret ical ly, complete 
cancellat ions occur only at saturat ion angles of 180 degrees and 
0 d e g r e e . Because of unavoidable p rac t i ca l var iat ions in s tages , 
the cancellation va r i e s from the theore t ica l . In the two-phase 
sys tem having five stages per phase, the minimum value for the 
saturat ion angle of a subsequent s tage is approximately 155 d e g r e e s , 

4 .4 P a r a s i t i c Load 

Use of a r e s i s t ance element load appears to be the s imples t 
means for consuming the pa ra s i t i c load power . The power is 
then diss ipated in the form of heat by radiat ion, conduction, or 
convection. In the load bank used with the breadboard control in 
ea r ly sys tem t e s t s , the heat was c a r r i e d away p r imar i l y by 
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forced convection. In the case of an orbi ta l vehicle, radiat ion 
d i rec t ly to space is poss ib le . Conduction may be through 
e lec t r i ca l insulating coatings to a f rame, shell, skin, or some 
device which r equ i re s heating, or through re tu rn to the sys tem 
where d e s i r a b l e . Convection cannot be considered when 
operating in space . 

The maximum power to be consumed by the pa ras i t i c load is the 
maxim\im power available from the a l te rna tor minus the minimum 
external load power . Should the pa ras i t i c load be found wanting 
because of any combination of influences, the sys tem would over-
speed. 

The r e s i s t o r load bank for use in the tes t cell consis ts of twenty 
200-watt, tubular, c e ramic f o r m r e s i s t o r s mounted ver t ical ly 
in an open cage to pe rmi t forced convection cooling. They a r e 
connected to provide ten 400-watt r e s i s t ive loads of 31.5 ohms 
r e s i s t ance ± 1% at 25° C for use with the five s tages per phase 
naodels. Later naodels of two stages per phase r equ i re four 
lOOO-watt loads of 12. 6 ohms ± 1% at 25" C. The t e m p e r a t u r e 
coefficient for la ter models is +20 p p m / ' C to 100" C with a 
slightly higher coefficient from 100° C to 300° C, their full load 
hot spot t e m p e r a t u r e . A blower having a capacity of 300 cubic 
feet per minute is required to ca r ry away the heat. 

At p re sen t two schemes a r e under considerat ion for the flight 
load. One is a load bank made up on r e s i s t i ve elements that 
would be required to diss ipate all of its heat by radiat ion di rect ly 
or indirect ly to external space. The other scheme involves putting 
the heat of the paras i t i c load back into the sys tem at a des i rab le 
and useful point. The heat of the paras i t i c load will be smal l 
compared to the total heat of the sys tem and for this reason 
should in no way impair the overal l sys tem operat ion. This 
second scheme has one par t icu lar advantage, that of maintaining 
the load at a near ly constant t empe ra tu r e and thus reducing load 
var ia t ions due to the rmal cycling of the res i s t ive e lements . 

4 . 5 Breadboard Tes t Data 

The response t ime of a complete f ive-stage breadboard unit was 
obtained by observing the voltage drop ac ross a line cur ren t 
shunt on an oscil loscope for a step change in frequency. The r m s 
line cur ren t as a function of t ime is plotted in F igures 10 and 11. 
F igure 10 is for frequency l imits from load full off to load off on. 
F igu re 11 is for frequency l imits to provide power l imi ts between 
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25% and 75% current change. The overshoot in Figure 11 is 
caused by the overshoot in the d i sc r imina tor cha rac t e r i s t i c . 
In Figure 10 the power s tages a re in effect sa turated and cannot 
ref lect the d i sc r imina tor overshoot . 

Harmonics tes ts were a lso run on the f ive-stage, two-phase 
breadboard control ler pr ior to operating with the sys tem. These 
t e s t s were run using a var iable a l ternat ing cu r ren t drive motor 
to dr ive the SNAP 2 a l te rna tor at rated speed. Harmonic content 
of the a l te rna tor output voltage wave was measu red while supplying 
cur ren t to a r e s i s t ive load, and then measu red again at var ious 
levels of pa ras i t i c load. The total harmonic content was found to 
be well within the requi red specif icat ions. Therefore , a two-stage, 
two-phase control ler was constructed and s imi la r tes t data were 
taken. The magnitude of total harmonic content was sti l l found 
to be sa t isfactory and within specif icat ions. 
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5.0 HIGH TEMPERATURE CONTROL APPROACH 

The two main de t e r r en t s to the design of a high t empe ra tu r e control 
a r e the sensit ivi ty of the magnetic m a t e r i a l to high t empera tu re and 
the lack of power r ec t i f i e r s . These facts have dictated a thorough 
evaluation of existing ma te r i a l s and components along with a study of 
fabrication techniques. The approach to the problem was to attempt 
to find all m a t e r i a l s and components requi red to build a control that 
would withstand 315° C. If in any a rea this could not be achieved, an 
a t tempt was made to use a component of lower t empera tu re rat ing 
until the s ta te of the a r t is advanced. 

An investigation of high t e m p e r a t u r e components and m a t e r i a l s has 
been underway for the past yea r . F igure 12 shows a group of var ious 
high t empe ra tu r e components investigated. The re su l t s to date a r e 
d iscussed below. 

5. 1 Capaci tors 

At the p resen t t ime only two sources for 400° C capaci tors have 
been found. Bendix Aviation Corporat ion has 315° C capaci tors 
in production. Their values range from 0. 05 to 4. 0 mfd at 
600 volts DC. Under development, they have capacitors ra ted 
for 400° C operation with values ranging from 0.001 to 6.0 mfd, 
at both 150 volts DC and 600 volts DC. Several of these 
capaci tors have been tested and appear to be quite sa t is factory. 
They are being used in the design of the SNAP 2 high t empera tu re 
speed control . Airborne Acces so r i e s also has high t empe ra tu r e 
capaci tors avai lable . General E lec t r ic s ta tes they have 500° C 
capaci tors in the mic ro -mic ro fa rad range . 

5. 2 Magnetic Core Mater ia l s 

Although many alloys have been developed to obtain des i rab le 
fe r romagnet ic p roper t i es for magnetic cores , not all a r e suitable 
for use in extreme environments . The selection of sat isfactory 
core ma te r i a l s to be used in magnet ic type components design 
was accomplished through a l i t e r a tu re sea rch of available data 
plus exper imental t e s t s covering the a reas that were found to be 
lacking in published data . In general , only a small amount of 
data was available above 250° C. Data from test ing of var ious 
alloys at t empera tu re s up to 370° C indicated that powdered iron 
cores of 81% nickel, 2% molybdenum and the balance iron a r e 
quite sat isfactory as inductors in tuned c i r cu i t s . The choice for 
sa turat ing core devices reduced to cores having from 1.5 to 5% 
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s i l i c o n and the b a l a n c e i ron , o r a m a t e r i a l hav ing 49% coba l t , 
2% v a n a d i u m , and the b a l a n c e i r o n . 

5 . 3 M a g n e t W i r e 

It w a s r e c o g n i z e d v e r y e a r l y t h a t one of t h e m a j o r p r o b l e m s to 
b e o v e r c o m e b e f o r e t h e d e s i g n of h igh t e m p e r a t u r e c o m p o n e n t s 
could be c o m p l e t e d is t he p r o c u r e m e n t of a s u i t a b l e m a g n e t w i r e . 
At l e a s t two i m p o r t a n t f a c t o r s m u s t be c o n s i d e r e d in the s e l e c t i o n 
of th i s w i r e . One is the i n s u l a t i o n over t h e w i r e and the o the r is 
the conduc to r i t se l f . 

Some of the t y p e s of i n s u l a t i o n a v a i l a b l e t ha t wi l l w i t h s t a n d 315 to 
370° C c o n s i s t of a c e r a m i c f i red in p l a c e , g l a s s f i red in p l a c e , 
C e r a m i c i t e * , anod ized a l u m i n u m and a double g l a s s s e r v i n g 
i m p r e g n a t e d wi th s i l i c o n e v a r n i s h . The f i r e d - i n - p l a c e c e r a m i c 
o r g l a s s did not a p p e a r to be p r a c t i c a l in the winding of t o r o i d a l 
c o i l s , s i n c e th i s type of i n su l a t i on m u s t no t be m o v e d a f t e r be ing 
f i r e d . Anodized a l u m i n u m h a s ou t s t and ing d i e l e c t r i c qua l i t i e s as 
i n s u l a t i o n but t h e r e is no s a t i s f a c t o r y m e t h o d for e a s i l y jo in ing 
the b a s i c a l u m i n u m w i r e . E a r l y in our i n v e s t i g a t i o n of w i r e , 
C e r a m i c i t e s e e m e d to be a s a t i s f a c t o r y in su la t ion ,bu t a f t e r s e v e r a l 
t o r o i d s -wound -with th i s t ype of i n s u l a t i o n d e v e l o p e d s h o r t s bet-ween 
t u r n s , it w a s abandoned in favor of a doub le g l a s s s e r v i n g 
i m p r e g n a t e d wi th s i l i c o n e v a r n i s h . At p r e s e n t , the type be ing 
u s e d is " S i l o t e x " s e r v e d by A n a c o n d a . Th i s h a s p r o v e n s a t i s ­
f a c t o r y no t only f r o m the s t andpo in t of o p e r a t i o n unde r high 
t e m p e r a t u r e e n v i r o n m e n t s but a l s o b e c a u s e c e r t a i n s i z e s can be 
wound wi th a r e a s o n a b l e d e g r e e of s u c c e s s on a t o r o i d a l coi l 
w i n d e r . 

V a r i o u s t y p e s of c o n d u c t o r s a r e a v a i l a b l e t oday . Som e of t h e s e 
a r e m a d e f r o m only one m a t e r i a l whi le o t h e r s a r e a c o m p o s i t e , 
wh ich t a k e s the f o r m of a p l a t e d o r c lad c o n d u c t o r . A l u m i n u m , 
c o p p e r , s i l v e r , s i l v e r - p l a t e d coppe r , s i l v e r - p l a t e d c o p p e r w e l d , 
n i c k e l - p l a t e d c o p p e r , n i c k e l - c l a d c o p p e r , I n c o n e l - c l a d c o p p e r 
and s t a i n l e s s s t e e l - c l a d coppe r a r e a few of the types a v a i l a b l e . 

T e s t s of c o n d u c t o r s in the SNAP 2 p r o g r a m have been confined to 
c o p p e r , n i c k e l - c l a d coppe r and s i l v e r . S i lve r w i r e h a s a l o w e r 
r e s i s t a n c e than copper , but at p r e s e n t th i s does not a p p e a r 
e s s e n t i a l to our p r o g r a m . A c o p p e r c o n d u c t o r in a h igh t e m p e r a ­
t u r e e n v i r o n m e n t wi th oxygen p r e s e n t wi l l ox id ize r e a d i l y . Th i s 

* Deve loped by Conso l ida t ed E l e c t r o d y n a m i c s , G lenda l e , Ca l i f o rn i a 
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is the reason for using a nickel-c lad copper conductor. The one 
drawback with nickel-c lad copper is the permanent change in 
res i s t iv i ty associa ted with a long aging period at high t e m p e r a ­
t u r e s . P r e s e n t information indicates this change s t a r t s to 
manifest itself around 426° C. Data from tes t s run at 370° C 
ambient t empera tu re indicate n ickel -c lad copper to be quite 
stable with regard to aging. 

5. 4 Semiconductor Diodes and Rect i f iers 

Some of the work going on in the semiconductor field indicates 
that high t empera tu re semiconductor components will be available 
in the near future. 

At p resen t we have successfully tested a smal l number of si l icon 
carbide diodes for some 750 hours at 370° C, but we a r e unable 
to obtain any m o r e . The manufacturer has stated their output 
yield of this unit is very bad. This combined with a very smal l 
ma rke t potential has forced them to temporar i ly r e v e r t to the 
r e s e a r c h and development s tage . 

To date the test ing of galliuna a rsenide diodes has not proven 
sa t is factory . These were tested to the Manufacturer ' s specifi­
cations of 400° C. The percentage of fai lures and depar ture from 
specifications was quite high after only one week of tes t t ime . 

Due to some initial tes t r esu l t s of a cer ta in type silicon diode at 
315° C and the availabili ty of these units , it was decided that 
these units be put on a life tes t at 204° C in an effort to de te rmine 
their re l iabi l i ty at this t empe ra tu r e . To date these units are 
showing sa t i s fac to ry r e s u l t s . 

Res i s to r s appear to be no problem. At leas t two types have been 
tes ted to 537° C while operating at 100% rated power. 

5. 5 Miscellaneous High Tempera tu re Mater ia l s 

A survey was made of miscel laneous m a t e r i a l s , hardware , and 
components applicable at high t e m p e r a t u r e s . While these i tems 
are not in general considered to be control components, application 
could a r i s e in a specific sys tem for one or m o r e i tems of this 
na tu re . Also, it is quite evident that a need exists for high 
t empera tu re insvilations in the form of varnish, res in or potting 
compounds. 
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To date, a res in , a cement, and a high t empera tu re paint have 
been under tes t for over 500 hours at 370° C„ These i tems a re 
all being tested on toroidal t r a n s f o r m e r s as a means of both 
anchoring the windings and insulating between t u r n s . 

5. 6 High Tempera tu re Circui t Design and Testing 

Based on the above information for available ma te r i a l s and 
components it was decided that a control using one frequency 
d i sc r imina tor , two preampl i f ie rs and four sa turab le r e a c to r s , 
as shown in the block d iagram of Figure 13, be the circui t 
configuration for the high t empera tu re control . The high 
t empera tu re control would be constructed to operate with as 
high an ambient t empera tu re as the p resen t state of the a r t 
p e r m i t s . 

A digital computer p rogram was initiated to evaluate the effects 
of various p a r a m e t e r s of the frequency d iscr imina tor on its gain. 
This was done because it was rea l ized that the gain of the overal l 
sys tem would be reduced by the high t empera tu re requ i rement 
and every effort mus t be made to inc rease the gain of all of the 
component p a r t s . 

F igure 14 shows a d i sc r imina tor that has been operated some 
700 hours at 370° C. Its cha rac te r i s t i c s show very little change 
due to aging. This unit has all high t empera tu re components, 
including silicon carbide diodes. 

Exper imenta l tes t r esu l t s showed that an inc rease in gain could 
be made by using l a rge r cores and making appropr ia te design 
changes. These changes would be included in the design of the 
high t empe ra tu r e d i sc r imina to r . 

P r e s e n t plans a re to investigate two types of c i rcui ts for use as 
a magnet ic preampl i f ie r . The first is that of a standard full wave 
magnetic amplifier, and the second is a Ramey type c i rcui t . 

The full wave preampl i f ie rs have been made and tested to 370° C 
except for diodes that were kept outside the oven at room t e m p e r a ­
t u r e . The toroidal cores were constructed and tested p r imar i ly 
to tes t two types of core mate r ia l , Mo-Permal loy* and Silectron*. 
As expected, the hys te res i s loop became m o r e nar row and the 

'-Arnold Engineering Company, Marengo, I l l inois. 
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saturat ion flux level decreased with an inc rease in t e m p e r a t u r e . 
Mo-Permal loy , which has des i rab le cha rac te r i s t i c s at room 
t empera tu re , proved to be quite unsat isfactory for use at 370° C. 
In the case of Silectron, the degree of change from rooin t e m p e r ­
a ture to 370° C was much l e s s . For this reason, it would be 
acceptable for high t empera tu re use as a magnetic amplifier 
despi te its re la t ively low gain. Other core ma te r i a l s yet to be 
investigated a r e Supermendur* and Deltamax*. Deltamax is 
known to be s t ra in sensi t ive, but this t r a i t could be minimized 
by proper packing or packaging of the core ma te r i a l . 

A sa turab le r eac to r power stage would be used in the high t e m p e r ­
a tu re control because high cur ren t rec t i f ie rs a re not avai lable . 
The sa turable r eac to r gain is not as sensi t ive to t empera tu re 
var ia t ions as a magnet ic amplifier c i rcui t because its gain is less 
dependent on the core ma te r i a l p rope r t i e s . The reac to r , however, 
is penalized by la rge s ize and slow r e sponse . Some stabilizing 
and compensating technique will undoubtedly be neces sa ry to 
s tabi l ize the loop and to improve response of the control systenn. 
A computer simulation may be neces sa ry to de te rmine the 
t rans ien t response that can be expected of this control sys tem. 

To date, a sa turable r eac to r designed to control 800 watts has 
been operated sat isfactor i ly at 315° C. 

* Arnold Engineering Company, Marengo, Illinois, 
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• 

6.0 CONCLUSIONS 

The breadboard speed control having a s teady-s ta te to le rance of ± 1% 
and a response t ime of l ess than 20 mil l iseconds has proven quite 
sat isfactory for ground operation and tes t cell use where it is not 
requ i red to be subjected to the ex t reme t empera tu re s of the SNAP 2 
sys tem. 

The high t empera tu re control design will be subjected to a much m o r e 
s eve re environment than the breadboard v e r s i o n . For this reason the 
s teady-s ta te to lerance will be broader and the r e sponse of the control 
will be s lower. Also, because of the t e m p e r a t u r e environment along 
with shock and vibration specifications, the size and weight a re 
expected to i n c r e a s e . 

The flight package control for the SNAP 2 sys tem will evolve from the 
information and test data obtained during development of both the bread­
board and high t empe ra tu r e controls . Only c i rcui ts and components 
that tes t ing has shown will mee t all required specifications and exhibit 
a high degree of rel iabi l i ty can be used. 
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7.0 RECOMMENDATIONS 

Although sat isfactory p rog re s s has been made to date, cer ta in a reas 
have not been sufficiently covered thus far in the p r o g r a m . Areas that 
s t i l l r equ i r e much work a re those involving the life of ma te r i a l s and 
components in both vacuum and nuclear radiat ion environments . 
Although many papers and much information a r e available in both a r e a s , 
the data a re genera l . Questions with r ega rd to the operation of the 
SNAP 2 rotat ional speed control in these environments can only be 
answered by data obtained from specific t es t s in these a r e a s . 

P r i o r to final packing of the flight vers ion, thermoanalys i s will be 
requ i red to insure equal heat dis tr ibut ion throughout the control, thus 
preventing internal hot spots . Cor rec t location of the control with 
r e spec t to ambient t empera tu re s and ease of heat dissipat ion also 
w a r r a n t considerat ion. 

« 
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