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INTRODUT TTON

High pulsed power laser systems spontdnecusly »mit light hefare their main
ctimlatad Yight pulwe,  This spontanepus Yight, referced te qac ampltified
spentanpn.s emission TASTY g amplified by all cyhgoaguent active nptical
camponents i the Taser chain, and mav reach sufficient inten<ity to damaqe

Tacer tagion taraets heforp the armrival of the main stimplated omissinn

nglea. Thic ighl wayw o Sloacked by the gan ntoar electrapnt ol ehygtter, soch

'

3 d CUee !t e prcely mechanica'iv by a hiagh speed rotaring shutter or

crenpey whes

oo bas oty o tee window time ot the <hintter should he extremely short
et the gecse o Yo nptep Yotk ae passibhile, D eetrent e !
sk e poanita fast 0T v Rt oae tape aptical heam srze e rpasos,
Poeoapt s 2T active elemeal must alse ancvease along with cost. Tayalily the

cont cwopertrenalt oo al 1east the beam diameter squoved, Auanther approach

tr ol o hagh cneed eatating 4 sk with g wery aealt bt st eear th
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shitter system including the wheel decigqn, matar vequivements and the all

impoetant motor speed and svnchrontzition controls,

ical synchronizat on is parcieylar'y ditfien™ becagae o the Nova

Taser asystem fwenty hease must cp cwitched concivrert 1y bt nant quite simulta-
neausly,  That is, hecause of differences in individoal shurter Lo target

distegnces and shutter to master oscillator distances, each shutter wheel must
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Tais prahlem has S0

apen at a slightly AditTerent 13
synchranngs motors Ccanstant <oeed) aviven hy individzal phase contrnlable
power wupplicrg which are n turn syachranized ta 1 master rsciligtw.

“he o physical v ation of the wheel, at the cpntey of ar evacated spatial

Filter, rrpcente savp fnteresting mechanica] neohlems cancerninn Searing design
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Pae T hegh gt ysci™ pnv iroanmente, A magneticg

taves wen cvent o]y splected ard s ruvther explained an the paper,

Rotat ra waeel Desiagn
o s ool qpaed ol Her whee  were e opevate anoaie o aenieve
mae oy un o ede b owonld he Hmited to siogntly under sonic oyelor ity oo

Loep oo By oaperating Tnoa vacunm this spred range can be evtended te thal

by the density and strengil of the wheel material, To achieye

el etor e ot times, bwo connder et sbang wheelo on b b aed, bt
tar, e an dmplementation and ecenomic decicien thap o ottt
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mass <uycn that radist gpd tangenticl sirese cemponents a-e¢ ou3l throughout

th whee ', Since A7) portions of the whee! ave eaually <t-psced, the whee!

an lregs

acnieves minimum weight and maxipum peripoeral speed for any

Tevel,  The redial and Langenti Stregy is aiven hy




where is the material density, r. the peripheral <speed, and to/t the

ronter to edge thickness ratio, A plob of the edge to renter thirkness ratin
for several materials (each at a constant stress level) operating at var inus
aeripheral speeds is shown in Figure 1. Fach curve represents a different
material pvaluated at an optimum desige stress as listed it Tabhle 1. The
aperat ng stress level was selected based on consideration of each materizty
“atiqae ondurance <trenati, a confidence level for the material orapertien,
covre tian factors for surface roughness and stress concentration, and an
ustrort tnotare advsctage of fhe Tark Ihat the sivogs Jsvel never cycles
Pl compresginn during normal cye Ve stact-stap eperat o,

Tance tuanterral slress is o uniform oand epends anly on peripheral speed,
dons Ly, and thickness vatio, the cwrvas an Fiquee I olcac o an interesting
tone T, A edge spreds Tess thay N1 s s {275 mi b the chodee of
mator i1t 4 entirely artiteary and speeds exceedian T o nearly
imprssihle with any comhinat ior of aref-ic ov mateeial,

te=tainly carhon filament erwxios pe “form better than aeee Fatanium alloys
it by ey g ara T rarging This dacivale ©othat prapocfios bt than
steenath and density be given equal consideration during mat-raal selection,

vy Aenceaplpoag i

Per oo st 2 omagnet o hearine mobar, Tow wheo!
mininizes boaring electronics and power reguivements,  Low weight will alse
attow a smailer mator to be specified while maintaining a constant start-up
time,  The epoxy composite material aso has the advantage of lower <toved
eneray at any given peripheral speed, This combined with the delamination of
the material during explosion compared to letnial shrapnel released by a
metallic wheel at a similar speed led us to choose the composite wheel,

On the other hand, far less is known concerning the fatigue endurance

strength of compesite materials 3s compaved to say titanium alleys,  This can
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he compensated for hy using a targer factmr of safety, Epoary materials will
alsn nutaas substantially more than metals therehy tecreasing the vatoum
pumping toad aver metallic wheels. A receatly measured epoxy resin autgasssd

at A cate af 1x1077 Torr-</s cm' as compared to electropolished stainless

Q

stepd af sty Ay Tarr-»fs ::n)?,

cittie dq ater hnown conrereing the dofarmalion and erars ing gl will

neenr T4 fifament opoxy wheel resulting feom o <iress conceniration at tho
povimeter shere the shotter wheed glat wgs<t be placed. A metallin wheel would
fronaF it Seom A kevhole Lype slal o redure the ¢irngs conrentrat inn at the

hobtam b e 't bt Uhig techuique, wien applied 4n faverous matorials,

werg T4 simniy pepose more filameny ende. Kudkarnd ' has ponponed placing 3
alass-Fitament ppovy reinfrecing hand dround fhe oty pocimoter of fhn giee?

giak

Yo Yooy the cteesce feypl,  Thin appeasrs 5 hee 3 viable woluder bat has pnt

yol Feen tesied,
o compar Inon with dne 0oy wm Gl eene pent i g hes T fre gy i
Ao e arat gpeesd PhEaTaan o with oo Tl Tisy caet e g s amy Il eenteal by

by xhown i Faauee T A 1A wher T b Vet opne voonats g B of e

e e of Lhe uniform streogs whes) because of ite tndhiy Uty (o qupee ot 3 radial

<tress At the center,

Motor. and Bear ings
In designing a shufier vhecd morpr-hedring suppod avelew fn anerale in ap
npyacaated spatial filter, cancideration was aiven o I° 4 .hy Tywicalen
mechanitcal hearing motor submersed in the vacenm, 70 a2 wet ball hoeering solm
driving a vacoum feedthrough shaft, 3V a dry Bearing motor with varyum

submersed rator and externally mounted stator winding, and 4V 7 totally vacuus
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submersed motor with magnetic bearings. Only the latter magnetic bearing
motor was determined o be totally satisfactory.

Recause of space limitations, the wheel size was limited ta 300 mm
diametor, which at a periphera’ speed of 1 mm/4 s corvesponds to 64,000 rpm,
This velatively high ratational speed rosulted in rhe elimination of most of
the potential haaring schemes.

Nry lubrivated hall hearings have heen used successfully at speeds ap to
appraximate’y #,.000 ror in spacecraf! applications. These are special
wearinas with tefliop bal) retainers and propriertary graphite surface
troatments.  Yigher speeds cause qalling and rapid failure of the ha.ls in the
vicuum enyirenrant . The hearings 2re also relatively small and cannot sumport
var cal Tnaits cecpening amprovimately 13N (3 In),

A omagnetic fiaid weal onoa vacum we !l Feedlnrouagh has the potential of
appeocching the receisary robational speed hut no documented hijah-<pepd vacuum
custens cauld pe found., The shaft nize necessacy *o support a ? kg wheel also
Toans te shatt geripheral speeds that excoen present maageebic f10i0 rdesian
cvar bl

N

Ceps s deration w3s aleo alves oA ovier with oap irevac vl apd g

ceoanet jer v permeab e vacuum wall Tacatod bofweon the rator nd <tatar,  This

the potentialiv hingh outgas<ing motor statoy ontside ~f the vacuum
enclosure.  Unfartunately the design stil) leaves the shaflt hearings inside of
tee vachum chapber,

Mannetic bearings have severs! potentia® o

‘antages that eaqily make them
the First chaice for supporting a high speed wheal in a vacuum, Meagnetic
hearing stiffness may approach the stiffness of conventional mechanical ball
bearings (100 N/um) but in most cases this may not be necessary as absolute

shtaft localion accuracy is not necessary. A hald hearing mounted shaft and
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wheel comhination, for instance, must be carefully balanced to minimize
rotating masses and the farces they can aenerate on structures; whereas a soft
magnetic suspension will allow the shaft-wheel cambination to rotate about its
inertial axis even if ftnis doss not corrvesoond to the geametric center of the
shaft.

Resant fragaenc ies are <Hil! to he considered a proplem bt since the
hearsnn < iffpess v damping car be dynamicaily varied, 1o with (ertain
At tue o <usoonsion systems described Cater, operation near a resonance or
goasing theauagh resonant frequencies during start-up are easily handled.

s can atae o he eanity hardled hy ballery ' aov.gn cystoms which

',\w. .
cantd gty oparate mest o suppert systers for saveral minetes teoan
Aep e T Ecdent fime beoning the whan to 2 slhap before towering the shaf
antn e maanaiae faces,  Seryn-loon Failare dw harder to nrec lade, bul o can he
dosigme 0 g tiact by hay fog canvertinpal hatl hear fngs bacloap the sacaet e
.

seavings and cgre cata centact with the sha®t aely of the omagn ot e heac inags

farl.
The mannetic bearing wacpension sysbem, hemselyes oo be Diyrded inty

wlectrenically controiled Yar bty qyetems or "passive” shanent maqnet or

frxed curvent elec b omagretic systems,  Actyye cystems s Yec bremagnets

ey lusively and i to ten servo lToops., Passive svstems aue several fixed

field permanent magnets and several low pover balancing olectromagnets. Fully

passive systems are unstahls as first deduced in 18472,
Inductive or Hall effect sensors are used Lo sense the position of the
shaft and to close to servo loop. Active systems have the ahility to
incorporate damping into the control leop. This may be faken advantaae of
when passing through resaonance frequencies to prevent excessive shaft
.9.10,11

deflactions.  The bibliography lists several articles covering the

field of magnetic bearing design.

!
é




Several companies are now designing magqnetic bearing systems for special
applications, Cfambridge Thermionic Corp. Inc., Cambridge, Mass. has extensive
experience in small passive bearing systems and holds several exclusive
patents. They have heen building aernspace -omponents for NASA since early
1960, SKF, King of Prussia, Penn. in cooperation with Societe de Machanique
Magnetique [5P°M) in Vernon, France have concentrated on Yarge bearing-shaft
applicatinng. S2M and its predecessor Societe Europsene de Propulsion (SEP)
“ave been hui'ding fully active suspension systems since 1969. Spin & Space
'n Pheenix, Arizona is a recently formed company specializina in aerospace and
catellite romponents. Unfortunately there are no production maagnetic hearings
availahle off-the-shelf, and consequently any design tends to he customized to
the users application. Development nf a single prototype motor for thig

stttor whee? application will cost approximately 100 K3,

ASE Shutter Wheel Control System

The contrnl task for synchronization of several ratating chuttprg ig
iwo-fold. First, all the wheels must be synchronized to each other; and
seconrd | the wheels must he timed to the laser pulse arrival time.

A bysteresis synchronous motor was selected because it is necessary to do
phase cortrol to syachronize the wheels. It is inadeguate to just contrel the
speed of the wheels. The wheels must first he runnirg all at the same speed
and then adjusted in phase to allow the laser heams to pass through all the
slots at the correcl time, By using a synchronous type motor, the speed
problem is eliminatcd. A hysteresis tvpe motor was chosen because this type
of motor reeds no slip rings or brushes.

The major drawback of hysteresis type motors is their inefficiency: not

only do they require a larger frame size per horsepower but also their power
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factor is poor requiring a large power supply. This drawback may he overcome
by using a permanent magnet synchronous motor; however present construction
techniques for permanent magnet motors limit the speed of these devices. The
hysteresis motor because of its rotor construction can he suhjected to higher
mechanical stresses and itherefore reach the higher speeds required in this
application,

A rontrol strategy which accomplishes this task is bhlack diagrammed in
Figure 7. Ta synchronize the individual! wheels to each ather, each
mator-wheel cambination has its own dingital, closed loop, nhase contrnl
natwnek,  The phase control networks ave referenced tn a common timing
signal. This timing signal originates from a master oscillator and iy
adinsted in time with the laser pulse switchout by a computrr controlled phase
<hifter. The same computer that ¢antrols the phase shift alan controls the
qwitcroul, therobv timing the wheels to the switchout,

The computer controlled phase shifter is consivucted usina counters in a
ceurtdown mode.  The counters are prelpaded to the desiven phase shift hy the
computer,  The output is a 400 Hz reference.

The closed Tooaz phase synchronization system has been pratotyped using off
the shelf hardware. The motor is a two phase 130 vV, 0.1 hp, 8000 RPM, 400 Hz
nysteresis synchronous mator made by Ashiand Electric. The wheel is a flat
aluminum disk 200 mm in diameter, X mm thick, with two 1.5 mm wide by 4 mm
long slots milled 180° apart. At 8000 ~pm these slots provided a ?0 .5
window. The motor is driven by an in-house drsigned two phase power supply.
The feedback senso~ is a discrete LED and photo transistor pair.

The phase control network shown in Figure 3 consists primarily of two

counters and a comparator. The free running counter takes a high frequency



signal and divides by ?15

to nhtain the motor's Spput frequency of A00 Hy,
An up/cdown counter provides a phase shift. The up/down counter containe 2
vatue proportional ta the phase errar hetween the <ensor and »eforen o qiqnal
and is incremented or decremented depending upon whether the <ensar loac  or
1aqs the reference signal, The comparatar autputs a palae whoney e tho yalye
nf the hits /\0 ~A11 are equal ta the valtue of the hite P” L
Since hits Alﬂ and BIA are not rompared, the troquency of L0 - T s
This «1anal A-B in conjunction with o Dotype €335p tiop proy e, 1 nkyee
shifted 400 Hz signal. The amoun: 0of phase shift equa', the vi'ae ~ontarned
frnothe prase <hift counter myltiplied by the poriad of the "3 07 iy e dnc
The reealution is plas or minus pne caunt or 76,7 na,  fperataon of the
controller consists of determining a leading o laaaing cond it von, faagnty
increasing or decreasing the value contained -n thoe phase bt tang  ante
The rate at which tho error is corrected Jdepends npon the o Toee frogien
af the up/dewr courter, Que tn the highly undordanpe? phioae e o tir gt

Lhe potor, it was found a twa ¢lock rate carrettron tochr o worts wrh

better than a single fixed rate, When the crror s "large” tee oo, ryte e

Wigh, f] = 819.72 kHz: as the motar approaches svnchroprystren Vthe o Lo o
rate is decreased to a low value, f? = 23725 7L The slowor e oy al

kopt much less than the sampling rate of Fhe <pensor to ncure qtahility

The decision betweer large or smal'l errors is made ny an adfit-ona?
counter and comparator. The counter contains the magnitnde of the phacee
erior: and when the magnitude is Tess than a preset va'ue determined hy the
comparaior, the clock is switched from its high te low rate, The hest results
were ohtained when the clock rate was switched at an error magnitude of about

0,
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The prototype control system is capable of maintaining phase
synchronization with a jitter of ? ;s with a ?0 s window. This last
remaining jitter source was determined to be the circuitry which converts the
200 Hz digital signal to . sine wave as needed by the power supply driving the

motor.

Conclysions

A desian study has been completed on the use of a very high speed rotating
wheel 25 a shutter to Dlock liaht preceding the main laser pulse from reaching
a Yiger fusiap taeqet. Wheel peripheral speed is limited with the hest carben
“iber apoxy materials tn approximately 1 mmfis; consistent with lona wheel
life, safe aperation, aad reasanahle system reliability. A uniform stress
profile wheel with a 10:1 center to edge thickness ratig is praposed. With a
millimeter wide slot at the perimeter, submicrosecond opening times may he
achieved, The slpt is reinforced against cracking hy using a circurferential
wrapping of qlass or carbon filaments in epoxy.

The whee?, mator and shaft will he suspended by a series of magnetic
hearings a’lawing virtually frictionless operstion at 1078 Torr vacuum. The
motos ant hegring thermal losses will he removed by incarporating a ligurd
roal ng jacket within the motor stater. Excessive heating is detrimental n
that it can increase the outgassing of the mator substantially and require
exCASSTVe vacuum pumpinag.

An all digital wheel synchronization control system has heen designed and
prototyped. Tt will synchronize all wheels in the laser system to each other
and to the laser pulse switchout system. Synchronization has been

demonstrated :t hetter than 2 us with full expectatinn of reachinag 0.2 us.
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A< 15er aperture sizes increase, high speed mechanical shutter wheels
positinned near the focus of a spatial filter can compete very favorably with
»lectroptical shutters such as Pockels cells. They also have the potential
for Tower cost when compared to larqe aperture Pockels coll ar Faraday

ratators,

N0

[l o * was Drepaed asan aens,
T e Uy

I AR}

am fedness B . g
s wenhd e n

Cocomplelenoss

N, et

ERERNEN

onped e

Proadiet nane docs not iplv appro e

Ret IR R AR L [T AR AN
- b

wdact
te o lision o athes shat noay Beostabie

e U nnersany o Cdioen,

nend rton the

Bopaatment o e



!

References

pp. AG-05.

1077 Flwwheel Technnlogy Svmposium Proceedinas, Oct. 5-7. 1977,
Saw Francisco, CA. CONF-7710R823,

Eronomic and Technical Feasihility Study fov Fnerav Storage Flyeherls,
¥ay 1078 HOP/MIDAG-0T 11.S, Dept. af Frorav,

sitadata 0 Stear and Gas Turbineo | VeGrav-Hill, “ew York | NV, 1607

oarai, SV "Oevelopment nf a3 Dveatotvpe, Tapered-Thirkpess,

o

Sronnite /Ty Tornegite Fiywbenlt CUCRU-ROOIALT7E-4 0 awrence U Svermen.

v oavatpry,

VGTE pp, 1-7.

Doy, DUPLL Baoren, Bl andt Tander, BV ot imal b ey
Lo ar fewes Fuaian Dot PURES IR o |y
Canpratary, 19770 pe, 2.3,

Tarpshaw, T "Op the Nature of the Malecular Forces" | Cambsidgn Dhid,

e, e, 7012470 ppl 97-130,

Tears, Juov., "Maanotic Rearings”, Soc. of Automntive Fngra,, Autemnt e

.

Fraineerina Conavess, Tetrnit, Paper R10A, Jan, 1064,

Aeary, PLOL0 "Magnet icoanag Floctric Sugpenciane’ | S-ianptitic fnsteavend

Pogeanel Aggacialion Iratit it Raguyech Ropoet 27710 1061
G-itiser, .00 “A Mageetic Sappecl Tor Fleated Tapet 57 degres mant

Sralt Memerial Tounnation, Fiund Pape- FEZ7

May A6

.

Frackers, F.T., "A Mapetic Je:
¥ni, 272, 19RC, n, 272

nad Bearira", Phi'ias Tarkrical Reviow,



http://r-.rrl.--r

Appendix I

Manufacturers of Mechanical Rearing Hysteresis Svnchranous
Mators rar Vacuum or Space Environments

IMC Magnetics Corp,

Eastern Division

570 Main St.

Westbury, L.I., New York 11591

Schaeffer Magnetics
20416 Corisco St.
Chatsworth, CA 91311

American Electric
1600 East Valencia Driyo
Fullerton, CA 97631



Appendix 11

Manufacturers or Suppliers of Mechanical Bearings
for Vacuum and Space Environmente

Ball

Aercspace Systems Division
P. 0. Box 1067

Foutder, Cuicrado 80306
(302} 441-4000

Barton Rearings

Danbury, Conn.



Manuf acturers or Suppliers of Magnetic Bearing Motors

Spin & Space Systens
11007 Nerth ?4th Ave,
Suite 603

Dheopnix, Avizona 85023
(RO?) Q07.0514

SKF Technelegy Service Cenler
.0, Box 815

1100 st Ave,

Kina of Prussia, PA  1040R
(P18) 2RR-1000

Camhion, Cambridae Thermionics cerp,
A55 Concord Ave.
Camhridee, Mags, 022138

(617) 262-7087

Societe do Mpchanigue ¥agnetique " SUm
Verpen, Franre

feontart thepgah SKE®



Comparative specifications of =aterials selected for high speed shutter wheel use.

Table 1

The last

column labeled yield strenqth ta operating stress level represents the overall factor of safety.
The operating stress was selected based upon consideration of factors affectiny metal fatigue,
reliability, the effect of stress concentrations, surface finish and the probability of cracks.

Tensile Selected Yield
Yield Operating  Strength
Material Typical Specific Strength Stress Operating
Type Designation  Gravity MPa(kpsi) MPa(kpsi) Stress
Carbon Filament Celion 1.65 510 (73.9) 255 (37) 20
Epoxy 6000/5213
Magnesium AZ31B-H24 1.74 138 (20.0) 91.7 (13.3) 15
Alloy
Beryllium HIP-50 1.84 345 (50.0) 178 (25.9) 1.93
Alloy
Alyminum 7075-T6 2.79 503 (73.0) 225 (32.6) 2.24
Altoy
Titanium 6AlI-4V 454 827 (120.) 353 (51.2) 2.35
Alloy
Maraging 18Ni-300 7.70 1380 (200.) 676 (98.0) 2.04

Steel

L::
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. Carbon filament epoxy
. Magnesium alloy
Beryllium ailoy

. Aluminum altoy
Titanium alloy

. Maraging stee!

04

Edge thickness/center thickness

DG WwN =

02

ol v tred ey
1072 (R 1

Peripheral speed mm/us

Figure 1. Edge to center thickness ratio
for a Stodola or uniform stres- flywheel,
necessary to maintain the operating stress
level given in Tabel 1 at various
peripheral speeds. The circled (o) data
points represent the maximum peripheral
speed obtainable with a flat wheel (constant
thickness) containing a small central hole

) and operating at the stress levels given
‘ in Table 1.




BLOCK DIAGRAM OF ASE SHUTTER CONTROLS L5

Pl.ase o 2 Phase
control power Motor
network r’_"'l;supply
\ LED | P.T. Sensor I
Computer P
Master _| controlled
oscillator phase *
shifter L]
n motors
®
.
Phase £ Phase -
control power Motor |—
network supply *
S
_T LED I P.T. Sensor I
_ 1
Figure 2.0 Black diagrar of snutter wheel
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ASE SHUTTER PHASE CONTROL NETWORK

- - KTt — i

Dty
flip flop
Sensor D Q Lead _
Reference _ | — Lag
cC Q Exclusive OR Lf)l;:a'(l
osciliator
.\ Enable f =215 « 400 = 13.107 MHz
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838 §8¢ | P 5% £ 38"
P [<] a a = Q o
a Q H 54
Bis Az B3
A<B ——‘ 1 cL A=B
Bia
f=400H
Select ouT) - Slackout | D Q _—_>Ph 4 h'fz g
- > ase shifta
f=8192KHz | c ot
- D type
f, = 33.25 Hz . o
! flop

2 to 1 multiplexer

02-01-1079-4162

Figure 3.

network shown in Figure 2.

Shutter wheel phase control



